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I. Abstract

Introduction: Ischemic heart disease (IHD) is one of the leading causes of death from 

a non-communicable disease globally. Multimorbidity - the co-occurrence of two or more 

chronic conditions - is becoming highly prevalent in patients suffering IHD. Recently, mood 

and metabolic disorders have been found to share mechanistic pathways in disease progression, 

with mood disorders such as major depressive disorder (MDD) and chronic stress (CS), and 

metabolic disorders such as obesity, type 2 diabetes mellitus (T2DM), and metabolic syndrome 

(MetS) contributing to cardiovascular disease (CVD) risk and development, and worsening 

cardiovascular outcomes in IHD sufferers. The intertwining pathological mechanisms of how 

these metabolic and mood disorders promote cardiovascular disease (perhaps synergistically) 

is not well known and is currently under investigation. Emerging research suggests that 

subclinical levels of CS and consumption of a Western diet promote pathological impairments 

in cardiac infarct tolerance and may diminish the heart’s innate protective signalling pathways. 

We further investigated these claims and examined the impacts of CS exposure and/or WD 

consumption on cardiometabolic risk factor development, mood impairment, and cardiac 

responses to classical pre-conditioning stimuli.  

Methods: 64 male C57BL/6J 8-week-old mice were randomly allocated to one of four 

groups (control diet, CD; Western diet, WD; control diet + restraint stress, CD + RS; or a 

Western diet + restraint stress, WD + RS). Mice were fed either a CD (calorie content: 14% 

fat, 59% carbohydrates, and 19% protein) or a WD (57% carbohydrates, 32%, fat, and 11% 

from protein) for 17 weeks. At week 15, mice in RS groups were exposed to 14 days of two-

hour daily RS in a clear Perspex restraint device. Behavioural analyses (open field test and 

sucrose preference test) were undertaken at baseline (week 0) and post-intervention (week 17) 

to determine if these interventions had an impact on markers of mood. Fasted circulating 

glucose was measured at baseline and post-intervention, with serum samples taken at these 
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times for subsequent assessment of fasted insulin, triglycerides, and cholesterol. After post-

intervention behavioural assessment and blood collection, mice were anaesthetised and 

euthanised via heart excision. Serum samples were taken from the thoracic cavity immediately 

after heart removal for assessment of circulating markers. These hearts were used for 

immediate Langendorff perfusion experiments. Hearts were divided into two groups: one group 

that underwent ischemia and reperfusion (I/R), and one that was subjected to an ischaemic pre-

conditioning (IPC) protocol (3x cycles of 5 minutes ischemia/5 minutes reperfusion) before 

exposure to I/R. Myocardial ventricular tissue was isolated and underwent analysis via ELISA 

and Western Blot assessment. Efflux of the two cell damage markers, lactate dehydrogenase 

(LDH) and cardiac troponin, was assessed.   

Results and conclusions: The WD resulted in significant weight gain and development 

of insulin resistance, without changes in the lipid profile. RS alone did not have an impact on 

metabolic parameters. Mood disturbances were found in the mice exposed to RS, however the 

WD did not improve or worsen behaviour (in the absence or presence of RS). No differences 

were found in intrinsic cardiac function between the control or the intervention groups. The 

protective efficacy of IPC was reduced in hearts from WD vs. control diet animals. However, 

WD hearts were nonetheless able to be pre-conditioned, with improvements found in % 

recovery of left ventricular developed pressure (LVDP) and absolute recovery of end-diastolic 

pressure (EDP). Regardless of diet, chronic RS impaired or eliminated reperfusion function 

protective effects of IPC, an inhibitory effect associated with reduced AKT expression and a 

trend to increased GSK-3b phosphorylation (significant in WD+RS hearts). Thus, both a WD 

and chronic stress are detrimental to cardioprotection and kinase signalling, with these adverse 

effects of stress more pronounced than those of diet.  
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1.1 Incidence of Metabolic and Mood Disorders and its Impact on CVD 

Non-communicable diseases such as cardiovascular disease (CVD), metabolic syndrome 

(MetS), and mood disorders are the primary cause of premature death. Worldwide, 126 million 

people suffer from ischemic heart disease (IHD), with 9 million deaths resulting from this 

condition per year1. In 2021, one quarter of the population in high income countries had 

obesity2. MetS is estimated to impact a quarter of the global population, although it is difficult 

to determine its prevalence due to differing diagnostic criteria3. We are also currently facing a 

mental health epidemic in the developed world. 1 in 16 Australians are currently suffering from 

a depressive disorder, while 1 in 7 are suffering from anxiety4. More than  half of the mental 

health diagnoses are made before an individual is 25 years old5. It is becoming increasingly 

common that patients experiencing long-term psychological stress or depression may also be 

overweight or obese, and that these psychological and metabolic disorders may act together to 

cause or worsen disease, such as IHD6,7. 

1.2 Multimorbidity in Contemporary Society 

Multimorbidity is the co-occurrence of two or more chronic conditions, where no 

individual disease or disorder is given precedence over another in a person8,9. People with 

multimorbidities are difficult to treat and place a great burden on the healthcare system, with 

the incidence of multimorbidity increasing in older adults9. Those suffering multiple non-

communicable chronic diseases typically pay more in healthcare than what each disease would 

cost individually10. Multimorbidity has become the ‘new normal’ in IHD, with ~2/3 of acute 

myocardial infarction (AMI) sufferers having at least two comorbid conditions11. Recent 

findings suggests that metabolic and mood disorders may act synergistically as they share 

mechanistic pathways and neuroendocrine and metabolic sequelae12. However, current 

research evidence is contradictory. How metabolic and mood disorders interact to promote 

CVD is poorly understood and should therefore be investigated. The CVD promoting effects 
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of and interactions between metabolic (eg. MetS) and mood disorders (depression, chronic 

stress) are considered below: these are two of the most common and strongly interlinked 

comorbidities in CVD13,14.  

 

1.3. Impacts of Dietary Obesity and Metabolic Disorder on CVD 

1.3.1 Metabolic Syndrome 

It is estimated that by 2025, 75% of Australian females and 83% of males aged 20 years 

and over will be overweight or obese15. Currently, 35% of Australians over the age of 18 have 

been diagnosed with metabolic syndrome16. Globally, 3% of children (aged 6-12 years old) 

and 5% of adolescents (aged 13-18 years old) suffered from MetS in 202017. Metabolic 

syndrome (also known as syndrome X) encompasses a constellation of cardiovascular and 

diabetic risk factors including hyperglycaemia, high blood pressure (BP), dyslipidaemia, and 

abdominal obesity – all which typically manifest due to an imbalance in energy expenditure 

vs. intake, a sedentary lifestyle and/or genetics3,18-20. There are differing definitions for MetS - 

e.g., WHO requires type 2 diabetes mellitus (T2DM), insulin resistance or impaired glucose 

tolerance along with two other previously mentioned criteria (which can also include 

microalbuminuria). The Adult Treatment Panel III (most commonly used for MetS diagnosis) 

requires any three of the four formerly specified CVD risk factors be met for a positive 

diagnosis3,21,22. The pathological effects of MetS risk factors overlap, with one factor of MetS 

manifesting and promoting development of another and vis versa23. However, obesity typically 

develops first, followed by dyslipidaemia, insulin resistance, then hypertension. Primary 

treatment for MetS involves lifestyle changes, including daily physical exercise, weight loss, 

and a healthier diet (e.g., lower caloric diet consisting of lower levels of sugar and saturated 

fat, along with high fibre). However certain medications targeted at treating specific risk factors 
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such as statins and angiotensin converting enzyme (ACE) inhibitors are prescribed to some 

patients20.  

 

1.3.2 Mechanistic changes in MetS and its relation to CVD.  

1.3.2.1 IHD and MetS: 

The pathological cardiovascular impacts of obesity are thought to be due to the influences 

of the other MetS risk factors, with individuals who are not metabolically healthy found to have 

an increased risk of developing CVD - including IHD - irrespective of BMI category18,24.  The 

pathological effects of obesity are thought to be caused by the insulin resistance promoted by 

obesity, rather than obesity itself12. However, overweight or obese individuals have a higher 

CVD risk compared to those of healthy weight, regardless of metabolic health12,25,26. IHD is a 

hallmark of MetS and obesity, with MetS increasing the risk of developing IHD threefold27. 

Each risk factor of the metabolic syndrome is individually linked to increased risk of CVDs. 

Both MI and IHD risk is increased through pathological changes in the endothelium, nervous 

system, and immune system. These mechanisms and their role in atherogenesis and IHD will 

be discussed.  

Visceral obesity and insulin resistance are associated with endothelial dysfunction - and 

therefore atherosclerosis. These changes are due to elevated non-esterified fatty acids, impaired 

suppression of lipolysis in adipocytes, decreased adiponectin levels, systemic and local 

inflammation, increased e-selectin, leptin resistance, and abnormal leptin and ghrelin levels28-

32. Acute increase in non-esterified fatty acids in obesity results in hyperinsulinemia by 

decreasing glucose uptake in tissues, while chronic increases act to promote lipotoxicity and 

pancreatic b-cell apoptosis, which can lead to cellular dysfunction and death, and result in 

T2DM33-36. A decrease in amino acids in the bloodstream occurs in the presence of chronically 

elevated non-esterified fatty acids, resulting in an inhibition in nitric oxide production due to 
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decreased circulating L-arginine which, along with endothelial nitric oxide synthase (eNOS), 

produces the vasodilator, nitric oxide23,33.  

Higher levels of activated hepatic lipase and cholesteryl ester transfer protein have been 

found in individuals with MetS, particularly in those with visceral obesity and insulin 

resistance. High levels of small dense low-density lipoprotein (LDL) particles in these 

syndromes are lipolysed by these proteins resulting in smaller, denser LDL particles. These 

particles can easily pass through the endothelial lining of the blood vessel wall, causing damage 

resulting in atherosclerosis, and are more susceptible to modification (i.e., by glycation or 

oxidation). In MetS, macrophages uptake more oxidised or acetylated small dense LDL 

primarily via scavenger receptors (e.g., CD-36 and SR-A receptors) compared to the LDL 

receptor, thereby causing foam cell formation28,37,38. 

Systemic and local adipocyte inflammation can occur in obesity and MetS due to 

release of interleukin-6 (IL-6), tumour necrosis factor-a (TNF-a), C-reactive protein (CRP), 

plasminogen activator inhibitor-1 (PAI-1), VCAM-1, fibrinogen, and P-selectin. Release of 

these inflammatory markers increases risk of CVD and IHD occurrence. These inflammatory 

responses can promote progression to insulin resistance, atherosclerotic plaque formation and 

rupture, and MetS development in obese individuals23,28,39,40. IL-6 and TNF-a are released 

from adipocytes and induce the secretion of the inflammatory marker, CRP, in the liver, which 

has been seen to increase the CVD risk of males with MetS when elevated39,41. IL-6 has also 

been linked to increased coagulation and dyslipidaemia and plays an important role in linking 

endothelial dysfunction in visceral obesity to oxidative stress39. Atherosclerotic plaque 

formation may also be promoted by the reduction of adiponectin in obese and insulin resistant 

individuals since the adipokine has anti-inflammatory and anti-atherogenic properties29,42,43.  

Ghrelin has been found to be lower in individuals with obesity, insulin resistance and 

T2DM and exists in two forms: acylated ghrelin and unacylated ghrelin. Obese individuals 
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with MetS have a higher circulating acetylated:deacetylated ghrelin ratio despite having lower 

levels of unacetylated and total ghrelin compared to non-obese individuals with MetS44,45. 

Ghrelin is regarded as the ‘hunger hormone,’ being released as a signal to eat food, and may 

play a role in adipocyte production, lipid accumulation, glucose metabolism and insulin 

regulation46-48. Under normal conditions, ghrelin has also been shown to play a role in 

protecting the heart against myocardial ischemia/reperfusion (I/R) injury due to the high 

density of ghrelin receptors in the aorta and myocardium49,50. The involvement of ghrelin in 

protection against I/R  has not been fully determined but could be linked to PKC activation51. 

Ghrelin is thought to play a role in atherogenesis in pathological states, such as MetS. Low 

circulating ghrelin levels potentially results in lower levels of nitric oxide production, impaired 

suppression of pro-inflammatory cytokine production (Il-6, TNFa), and increased 

mononuclear cell binding (ICAM-1, VCAM), thereby increasing risk of IHD development52-

54.  

Hyperleptinemia is often seen in obese individuals with MetS55-58. The adipokine, 

leptin, reduces food intake and increases energy expenditure, reflecting an individual’s adipose 

tissue storage55. Independent of insulin resistance, the occurrence of hyperleptinemia and leptin 

resistance in obese individuals may increase CVD risk by promoting atherogenesis. Potential 

mechanisms through which leptin promotes atherogenesis include promoting thrombosis, 

endothelial wall calcification, reduced arterial compliance, stimulating smooth muscle 

proliferation, hypertrophy, and migration, and increasing oxidative stress - therefore leading to 

arterial wall injury28,59,60,61,62,63. Obese individuals also exhibit leptin resistance in the 

hypothalamus, modifying the effect high leptin levels normally have on energy expenditure 

pathways and eating behaviour, eventually leading to the promotion of insulin insensitivity and 

the progression of obesity into MetS in these patients59,64,65. Leptin resistance therefore 

promotes hyperleptinemia and overindulgence of food.  
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1.3.2.2 Promotion of hypertension and sympathetic dysfunction in MetS, and its relation to 

CVD risk:  

Hypertension is one of the key factors that increase IHD risk in MetS patients and is 

caused by a number of factors, including raised insulin levels, increased sympathetic nervous 

system activity, and renin-angiotensin-aldosterone system (RAAS) overactivity (increasing 

angiotensin II production). Patients with MetS and hypertension have a significantly higher 

risk of a CVD incidence, independent of conventional cardiovascular risk factors, with the risk 

of CVD increasing as the number of MetS risk factors increases66. In MetS, RAAS activity is 

increased due to increased IL-6 and TNF-a levels, enhanced renin production via SNS 

overactivation or via the macula densa sensing reduced levels of sodium in the circulation. This 

results in an increase in angiotensin II production, reducing plasma potassium levels and 

increasing plasma sodium levels, consequently leading to increased blood pressure due to water 

retention. Increased RAAS activity also promotes sympathetic nervous system (SNS) 

activation, which creates a positive feedback loop as the SNS stimulates renin release, further 

stimulating RAAS activity, which further promotes SNS activity. SNS overactivity can cause 

hypertension in individuals with MetS through systemic vasoconstriction, increasing vascular 

resistance through arteriole remodelling, and increasing sodium reabsorption from the renal 

tubule. SNS overactivation drives an increased release of noradrenaline from the adrenal glands 

resulting in vasoconstriction of arterioles, inducing increased blood pressure. Cardiac output is 

increased because of the direct effect of increased circulating noradrenaline on the heart. The 

increase in circulating non-esterified fatty acids seen in obesity is partially due to increased 

plasma noradrenaline, which promotes lipolysis in white adipose tissue.  

Hypothalamic-pituitary-adrenal (HPA) dysregulation occurs in individuals with MetS, 

with increased cortisol levels – a risk factor for IHD - associated with hypertension, 

dyslipidaemia, and T2DM67-70. Other factors influencing the development of endothelial 
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dysfunction and associated high blood pressure include low adiponectin, increased levels of 

leptin and insulin, increased cytokines (TNF, IL-6), and leptin and insulin resistance71. Insulin 

promotes fluid retention via increasing sodium and water reabsorption in the proximal tubule. 

Since individuals with insulin resistance have higher levels of insulin than normal, this effect 

is exacerbated in MetS and untreated obese individuals with insulin resistance. Insulin also 

promotes endothelin-1 and its vasoconstrictive actions on the arterial wall, along with smooth 

muscle hypertrophy - increasing arterial wall thickness. However, it is important to note that 

while many papers have found an association between hypertension and insulin resistance, 

some have suggested that insulin resistance plays a role in sustaining hypertension, rather than 

being a cause of it14. Long-term elevated circulating leptin levels primarily increase blood 

pressure through promoting vasoconstriction through chronic adrenergic activation72. While 

reduced levels of ghrelin in the circulation (of which has vasodilatory effects) have also been 

found in those with hypertension.  

 

1.3.3 Cardiac Remodelling, Heart Failure, and Tolerance to I/R in MetS: 

MetS promotes cardiac remodelling and contractile dysfunction, leading to an increased 

risk of heart failure, atrial arrythmias, and cardiac arrest. Myocardial morphological changes 

arise in MetS due to numerous interacting factors, including hypertension, hyperlipidaemia, 

elevated levels of advanced glycation end products (AGEs), oxidative stress, cellular apoptosis, 

and impaired cardiovascular compliance28,73,74. Hyperglycaemia causes extracellular matrix 

modifications (leading to cardiac fibrosis) and impaired calcium handling. While insulin 

resistance and hyperinsulinemia stimulate an increase in circulating AGEs, oxidative stress, 

SNS dysregulation, and growth-promoting function, resulting in increased myocardial mass 

and reduced arterial compliance75.  Glucose transport into myocytes is reduced due to impaired 

glucose transporter type 4 (GLUT4) translocation and reduced GLUT4 in insulin resistance76. 
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LV dysfunction may be promoted in individuals with insulin resistant MetS due to impaired 

insulin signalling of AKT and FOXO177-79. Fibrosis, reduced angiogenesis, apoptosis, ROS 

production and impaired mitochondrial function are promoted due to diminished insulin 

signalling in the heart80-83. Due to decreased glucose transport into the myocyte, FFAs are the 

primary source for energy production in insulin resistant individuals, impairing the heart’s 

ability to adapt to increased energy demand. Due to the myocardial cellular changes that occur 

during insulin resistance (previously mentioned), cardiomyopathy and heart failure are 

promoted84-86. Decreased myocyte autophagy in patients with MetS stimulates cardiac 

apoptosis, with apoptotic markers present in early diabetic cardiomyopathy87. MetS has been 

found to be independently associated with worsening of diastolic dysfunction across several 

studies, with participants presenting with reduced early diastolic velocity and a higher early 

mitral inflow velocity to mitral annular early diastolic velocity (E/E’) ratios - indicating 

impaired relaxation14,88. Development of diastolic dysfunction precedes systolic dysfunction in 

diabetic cardiomyopathy, with suggestions of myocardial apoptosis being a key factor in 

promoting the progression from diastolic to systolic dysfunction in this disease state87.  

It has been suggested that obesity is the likely driving force for several cardiac structural 

changes in MetS, including increased end diastolic volume, narrowing of aortic valves, reduced 

ejection fraction, and increased left ventricle and interventricular septum mass89-91. Heart 

damage may occur due to the accumulation of lipids in the myocardium, with cardiac 

lipotoxicity an established cause of left ventricular dilated cardiomyopathy in T2DM and 

obesity92. Obesity and cardiac hyperlipidaemia impair cardiac electrophysiological activity, 

likely through increased cardiac fibrosis impeding the electrical signal conduction between 

cardiac myocytes in these patients, leading to cardiac arrythmia93-95. Cardiac fibrosis in MetS 

patients may also be due to RAAS overactivation, oxidative stress, and increased AGEs.  
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Cardiac remodelling occurs at sub-clinical levels of obesity in Wistar rats fed a WD for 

6 weeks96. The WD fed rats displayed diastolic dysfunction, biventricular cardiac remodelling, 

and larger subcutaneous and visceral adipose tissue deposits despite no significant weight gain. 

While these high-fat diet fed rats maintained their body weight, they presented with metabolic 

dysfunction, exhibiting hyperglycaemia, insulin resistance, and glucose intolerance96. 

Gonçalves, et al. 96 found increased levels of galectin-3 in non-obese WD fed animals, which 

is believed to play a role in promoting fibrosis, inflammation, and cardiac hypertrophy96. 

Increased collagen deposition, and cardiac remodelling mediators including TNF-a, IL-6, and 

chemotactic and proliferative agents were present, contributing to diastolic dysfunction96. 

These mice were also insulin resistant, which has been suggested to be the first indicator of 

myocardial changes in the heart, due to the impact insulin resistance has on endothelial 

dysfunction and fibrosis deposition75. Left ventricular diastolic dysfunction was evident in the 

animals with this pre-diabetic state88.  

In obesity/MetS, insulin resistance appears to the be primary mechanism through which 

myocardial ischemia/reperfusion (I/R) tolerance is impaired, typically through impairment of 

the reperfusion injury salvage kinases (RISK) pathway. Cardioprotective AKT and GSK-3b 

have been reported to display altered expression and phosphorylation of these proteins in obese, 

insulin resistant mice97,98. Isolated obesity has been found to be protective against I/R injury 

(the obesity paradox), but these effects are abolished in obese, insulin insensitive phenotypes99.  

 Overall, dietary obesity, insulin resistance, and MetS have been found to have a 

significant impact on cardiovascular function, morphology, tolerance to I/R exposure, and heart 

failure progression. In addition to profoundly influencing risk of cardiovascular disease, these 

conditions may also impair the heart’s ability to withstand disease associated damage and 

respond to potential protective interventions. These will be discussed later. 
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1.4 Stress, Major Depressive Disorder, and Ischemic Heart Disease  

1.4.1 Major Depressive Disorder, Stress and CVD Risk 

Chronic stress (CS) and associated mood disorders may be key determinants of CVD 

risk and outcomes. There is a strong association between stress, major depressive disorder 

(MDD), and CVD development. Individuals who have MDD, regardless of presence of pre-

existing CVD, have an increased risk of suffering from IHD100,101. CS induced MDD has been 

reported to promote cardiac hypertrophy, hypertension, diastolic dysfunction, fibrosis, 

inflammation, and cardiac nitrosative and oxidative stress markers102,103. The INTERHEART 

study investigated the effect of CS on the cardiovascular system (CVS). This study found that 

chronic external stressors - including financial stress, stress at work or home, depression, and 

a sense of lack of control - increased the risk of AMIs to a quantitatively similar extent as 

typical risk factors (smoking, hypertension, hyperlipidaemia, and diabetes)102. Financial stress 

in particular was associated with increased IHD risk. The Jackson Heart study found that 

participants who experienced moderate to high financial stress were at increased risk of CHD 

compared to those that did not experience financial hardship, and that financial stress and CHD 

may be related through psychological/emotion-based pathways. The data also suggested that 

aside from financial hardship being a risk factor for IHD, it is also a significant risk factor for 

hypertension, diabetes, and depressive symptoms104. This again highlights the potential 

interactions among metabolic and mood disorders in the context of CVD.  

 

1.4.2 Mechanisms Linking MDD to Cardiovascular Pathology/Abnormalities 

1.4.2.1 Cardiac Cellular Abnormalities in MDD/CS 

As discussed above, there is ample support for detrimental impacts of CS and MDD on the 

heart. However, the mechanistic basis of these outcomes remains to be defined, though several 

candidates are implicated. MDD and CS appear to impair all major cellular components of the 
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heart. Cardiac myocyte abnormalities include changes in the mitochondria, sarcoplasmic 

reticulum, and cell nuclei, along with cellular oedema, myofibrillar damage, and impaired 

myocyte contractility105-107. In addition, nitrosative and oxidative stress markers have been 

shown to be involved in the worsening of myocardial infarction due to CS exposure103. 

Decreased intracellular Ca2+ levels have been observed, which is thought to reflect decreased 

Ca2+ loading in the sarcoplasmic reticulum, likely contributing to cardiomyocyte contractile 

dysfunction observed in models of MDD107. Myocardial contractile dysfunction is also related 

to abnormal rates of myocyte apoptosis, as cardiomyocytes are not renewable106. A significant 

increase in myocyte apoptosis is observed in models of MDD induced by chronic mild stress 

(CMS), correlating with increased levels of pro-apoptotic Bax mRNA and protein expression, 

and decreased levels of anti-apoptotic Bcl-2 expression106,108,109. Interestingly, normotensive 

rats exposed to stress have a higher risk of post-ischemic arrythmias due to contractile 

dysfunction, while stressed hypertensive rats had improved contractile function and decreased 

risk of post-ischemic arrythmias. Additionally, myocardial ultrastructure was greatly changed 

in these normotensive rats post-CS, however hypertensive rodents exposed to stress did not 

display a great change in ultrastructure compared to non-stressed hypertensive rats110. This 

suggests that hypertension causes adaptive changes in the heart, resulting in it being able to 

better withstand the impacts of CS on cardiac tissue compared to normotensive rats. 

 

1.4.2.2 Systemic dysregulation in CS/MDD and the promotion of CVD and I/R intolerance 

Myocardial tolerance to ischemia has been found to be impaired under CS 

conditions103,111,112. Larger post-ischemic infarcts, worsened left ventricular developed 

pressure (LVDP) recovery, and arrythmias have been found post-I/R in studies on mice110,113. 

Sympathetic over-activity, vagal under-activity, HPA axis abnormalities, and changes in 

immune function and inflammation are four inter-connected systems that are altered with CMS 
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exposure and are thought to possibly cause dysregulation of cardioprotective pathways, 

resulting in the heart being more susceptible to I/R injury and infarction13 (Figure 1). The HPA 

axis and sympathetic nerve activity are both involved in the innate stress response and are over-

stimulated under conditions of CS114. Chronic stimulation of the HPA axis and sympatho-

adrenomedullary pathway promotes development of IHD, metabolic dysfunction, and mental 

health problems115,116. CMS has also been shown to reduce heart rate variability and increase 

cardiovascular reactivity and heart rate as a result of increased sympathetic vs. decreased 

parasympathetic tone117-119. The sympathetic nervous system (SNS) releases catecholamines at 

the neuromuscular junction for a prolonged period under these conditions, which increases the 

risk of arrythmias. Long-term activation of the SNS in CS and MDD can increase reactive 

oxygen species and activate apoptotic pathways114,120. As previously discussed, excessive SNS 

activity will also drive hypertension and cardiac hypertrophy, impairing function and ischaemic 

tolerance121. Pro-death processes are also promoted, including altered Bcl-2 protein expression 

and increased NADPH oxidase activity, excessive nitric oxide production, and reactive nitric 

oxide species122,123. These are promoted by increased stimulation of b-adrenergic receptors, 

which interact with immune-inflammatory function to exacerbate these responses further124,125. 

Dysregulation of the immune-inflammatory response includes increased release of pro-

inflammatory cytokines (IL-1a, IL-1b, IL-6, and TNF-a) in models of CMS, promoting HPA 

axis overactivation and depressive behaviours, including social isolation, anhedonia, altered 

cognition, and drowsiness. Multiple studies confirm the presence of chronic low-grade 

inflammation in MDD, which is considered an important mechanism in promoting its 

development126-128. Interestingly, direct immunoinflammatory challenge (eg. LPS) induces a 

series of behavioural outcomes - termed 'sickness behaviour' - that mimic MDD and anxiety-

like symptoms. These symptoms are diminished after anti-depressive treatment127,129. 

Inflammation will in turn impact the cardiovascular and other systems130. In addition, increased 
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release of macrophages in CS has been found to promote IHD and worsen myocardial ischemic 

recovery131. 

The HPA axis regulates the body’s natural stress response and is overactivated during 

CS. Under normal conditions, the anterior hypothalamic release of corticotropin-releasing 

hormone (CRH) and pituitary secretion of the adrenocorticotropic hormone stimulate secretion 

of glucocorticoids (including cortisol) by the adrenal cortex. When cortisol levels rise in the 

bloodstream, this causes inactivation of the HPA axis through a negative feedback system, 

resulting in normal resolution13,132. Note that the stress response evolved as a short-term 

biological adaptation to acute environmental threats (eg. predation), enhancing physiological, 

metabolic, and behavioural preparedness133. However, with 'chronic' stress this normal 

feedback control response is impaired, resulting in abnormally prolonged increases in cortisol 

and downstream adrenal catecholamines13. This occurs as the negative feedback loop is 

disrupted by the progressive downregulation of the glucocorticoid receptors in response to CS, 

resulting in a continual release of CRH132,134. As stress can be defined as a combination of the 

type of external stimulus (both actual and perceived) combined with an individual’s internal 

perception of that stimulus and behavioural outcomes, the threshold of where the stress 

becomes pathological varies with each individual135,136. Over-activation of the HPA axis in 

MDD and CS has been well researched and is thought to have both direct and indirect effects 

on the heart’s structure (remodelling), function, and tolerance to ischemia.  

Excess cortisol during HPA axis overactivation promotes inflammation, despite 

cortisol being an anti-inflammatory mediator under healthy conditions. Due to glucocorticoid 

receptor downregulation in CS, cortisol is unable to assert its anti-inflammatory effect on these 

receptors. The inflammatory mediators: cytokine IL-6, eicosanoids, platelet activating factor 

and serotonin appear particularly important in HPA axis activation under conditions of CS 

13,137. These inflammatory mediators are risk factors for metabolic dysregulation and IHD 
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development138,139. Glucocorticoids influence cytokine expression, increase cardiac output, 

elevate blood pressure, and promote CVS sensitivity to catecholamines (adrenaline, 

noradrenaline) through increasing arteriole b-adrenergic receptor binding affinity13,140. The 

RAAS system is upregulated by these catecholamines, resulting in a prothrombotic state and 

endothelial dysfunction. RAAS activation in this state in turn promotes activation of pro-

inflammatory cytokines and adhesion of leukocytes – encouraging endothelial dysfunction. 

Furthermore, angiotensin II promotes oxidative stress, hypertension, shear stress, and 

atherosclerosis115.  

Overstimulation of the HPA axis under CS conditions promotes hyperglycaemia (via 

insulin inhibition and stimulation of lipolysis) and further advances insulin resistance via 

cortisol promotion of angiotensin II activity. The insulin resistance then further exacerbates 

hyperglycaemia and impairs myocardial ischemic tolerance13,141-143. Atherosclerotic plaque 

formation is promoted through HPA axis overactivation, through cortisol induced AMPK 

inhibition in heart tissue and activation in the liver, resulting in promotion of VLDL formation, 

in addition to cardiac lipotoxicity, oxidative stress, and insulin resistance115. Stimulation of the 

HPA axis also reduces secretion of gonadal hormones (limiting the protective cardiovascular 

effects of gonadocorticoids) and decreases production of IGF-1 and growth hormone, (which 

have a role in protecting myocardium from I/R injury and reduce CVD risk)140,144,145. It is clear 

that CS and MDD share mechanistic pathways in disease pathology with obesity, T2DM, and 

MetS. Chronic activation of these pathways further promotes mood and metabolic disease, 

while increasing CVD risk.  
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Figure 1: Potential signalling pathways between four inter-related systems impacted in MDD  

    that govern cardiovascular stress phenotype13. 

 

1.5 Integration of System-Wide Mechanisms - the PINE Network: 

The development of and relationships between major chronic diseases such as MDD, 

T2DM, MetS, and CVD can only be adequately understood from a holistic 'systems biology' 

perspective. Mood and metabolic disorders are prevalent in modern society, and frequently 
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comorbid with shared risk factors, co-occurrence, and bi-directional influences on disease 

outcomes pointing to more than mere association. These chronic conditions (together with 

associated CVD) may share important pathogenic mechanisms spanning regulatory networks 

and organ systems7,116. Obesity and MDD are strongly interlinked conditions. Weight loss is 

associated with the more prevalent or typical form of MDD; however, it is thought that obesity 

can promote the onset of typical MDD. The atypical MDD subtype - major depressive disorder 

with atypical features (MDD-AF) – specifically promotes an obese phenotype7. In an attempt 

to better understand not only MDD development but its relationship with other chronic 

diseases, an inter-related regulatory network of pathways has been proposed, including the 

varied paths already discussed above. This psycho-immune-neuroendocrine (PINE) network 

includes the CNS, immune, autonomic, gut, and endocrine networks. The PINE network 

provides a holistic systems biology view of disease development, and is proposed as existing 

in 3 states: the PINE physiome - considered the healthy state, the PINE pre-diseasome - the 

reversible unstable pre-disease state induced by exposure to CS (for example), and the PINE 

pathome - the stable but potentially irreversible disease state, resulting in MDD146. Transition 

from the physiome state to the pathome state is critical in disease development and may be 

heralded by the release of biomarkers or other changes specific to elements of this network7,147. 

In the PINE network model, it is proposed that MDD arises over time with exposure to different 

forms of CS, which causes dysregulation of normal PINE network pathways. As outlined in a 

recent paper, this may involve shifts from a healthy dominance of physiological negative 

feedback loops to a growing dominance of pathological positive feedbacks, pushing the entire 

system into a disease state146,148. Thus, MDD results when CS drives the system beyond a 

threshold over time marking the transition to the PINE pathome state146.  

Two proposed models for the development of typical MDD in the presence of pre-

existing obesity have been forwarded7. The first suggests that CS and MDD share the same 
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metabolic, inflammatory, neuroendocrine, and gut-related pathways as obesity, resulting in 

pre-existing obesity promoting the pathways involved in MDD pathogenesis and thus 

influencing its development. The second proposed model (Figure 2) suggests that the 

psychosocial consequences of obesity, in particular body image perception, results in CS which 

causes exaggerated dysfunction of the PINE network into the PINE pathome state. This second 

model involves impairment of inflammatory pathways, the autonomic nervous system, levels 

of leptin and ghrelin (of which result in energy imbalance), and microbial imbalance7. While 

providing a systems biology perspective on MDD, metabolic disruption, and other disease 

development, how these psychological and physiological disorders interact specifically to 

impair cardioprotective responses and increase CVD risk factors is yet to be established. In 

particular, how highly prevalent sub-clinical stress and metabolic disturbance (e.g., WD) 

interact to influence the heart is unknown and a topic worthy of investigation.  

Figure 2: Proposed mechanisms of how obesity may cause MDD through PINE Network 

Dysfunction7 
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1.6 Subclinical Levels of Stress and a Western Diet – Unappreciated CVD Risks 

Conflicting evidence surrounds the possible synergistic effects of CS and a WD on 

cardiometabolic outcomes and whether CS exacerbates the metabolic effects of a high fat diet. 

There is some evidence to suggest that stress-dependent reduction in feeding and thus body 

weight may attenuate cardiometabolic risk outcomes6,149,150. CS has also been found to both 

worsen and ameliorate metabolic dysfunction, in particular T2DM and insulin sensitivity151,152. 

Research has been conducted investigating the combined impact of a high fat diet (HFD) and 

chronic social/psychological stress in mice on the cardiovascular system153,154. Findings 

indicate that the combination of stress with a HFD results in systolic-diastolic dysfunction, 

interstitial collagen deposits, cardiomyocyte apoptosis, remodelling of coronary arterioles, and 

inflamed myocardium, without histological hallmarks of hypertrophy present153. One study 

suggested that the HFD may have been protective against common anxiety and depression 

symptoms induced by stress in mice, however another study in female rats found that the 

combination of a cafeteria diet and chronic stress showed higher anxiety levels and depressive 

behaviours154,155. Psychological stress was also suggested to act synergistically with obesity to 

alter both the levels of the neurotrophin brain-derived neurotrophic factor (BDNF) and function 

of its TrkB receptor, promoting a highly oxidative environment in the heart, together with left 

ventricle dysfunction and myocyte apoptosis153. However, little research has been conducted 

into the combined effects of sub-clinical, apparently benign levels of stress and a WD on the 

CVS. While a moderately elevated caloric intake and mild levels of stress may be relatively 

benign individually, emerging evidence indicates that when combined, they may have additive 

or synergistic impacts on cardiovascular health and infarct tolerance. Du Toit, et al. 12  recently 

investigated the impact of these commonly co-existing risk factors on myocardial infarct 

tolerance, metabolic homeostasis, and CVD risk. Levels of stress and a WD that did not 

independently impact the heart were discovered to synergistically worsen metabolic 
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homeostasis and mood, along with cardiac ischaemic tolerance. There was evidence of 

emerging depressive and pre-diabetic states in these mice, independent of weight gain, while 

ischemic intolerance was found to be independent of post-ischemic apoptosis and expression 

of pro-death proteins12. These findings are significant as they highlight the importance of 

investigating the combined effects of what may appear to be relatively benign levels of stress 

and a WD on different organ systems, in particular the heart, with these conditions widespread 

in modern societies, and multimorbidity increasingly the new normal in IHD. 

 

1.7 Ischemia/reperfusion injury 

In Australia, 440 people are hospitalised per day due to IHD156. Myocardial ischemic events, 

cardiac arrest, and heart surgery all lead to myocardial I/R injury, including arrythmias and 

cardiomyocyte death. Ischemia is classified as a period in which oxygen supply doesn’t meet 

demand due to reduced or no blood flow to an area – resulting in ATP depletion and cell 

death157. Reperfusion is essential to prevent necrosis and irreversible tissue damage. However, 

it has been found to also cause injury to the ischemic tissue at its commencement due to 

pathological opening of the mitochondrial permeability transition pore (mPTP) at the 

beginning of reperfusion. Opening of this pore at reperfusion has been deemed one of the 

primary mechanisms through which cell death occurs during an episode of I/R, however the 

cardioprotective signalling processes that occur during both ischemia and reperfusion 

determine if the mPTP is opened158-161. Cardioprotective interventions that inhibit mPTP 

opening during reperfusion to reduce cell death have been thoroughly investigated in the past 

several decades.  
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1.8 Ischaemic Pre-conditioning 

Protective interventions to reduce damage to the heart in IHD and with surgical 

ischemia (e.g., percutaneous coronary intervention, transplantation) - clinical cardioprotection 

- remains an elusive goal in cardiology. Most research and trials to date focus on so-called 

'conditioning' responses. Pre-conditioning is an experimentally effective cardioprotective 

procedure that may be utilised to decrease myocardial susceptibility to I/R and reduce 

myocardial infarct size162-164. Pre-conditioning exerts its protective effect through the 

activation of pro-survival kinases in the PI3K/AKT RISK pathway via a pre-ischaemic 

stimulus. As a generalised overview of the pre-conditioning response (figure 3), release of G-

protein coupled receptor (GPCR) agonists are stimulated via periodic non-injurious ischemia 

(thus 'conditioning'), which in turn inhibits pro-death or injury pathways (eg. GSK-3b 

signalling) and activates the pro-survival RISK pathway. This pro-survival pathway then acts 

on the mitochondrial permeability transition pore (mPTP) and ATP sensitive potassium (KATP) 

channels on the mitochondria, preserving their function and limiting the activation of death 

paths. Survival kinase AKT (also known as protein kinase B) is activated in the RISK pathway 

via the accumulation of adenosine, bradykinin etc, phosphorylating eNOS (among other 

targets), which in turn activates the PKG pathway (which targets the mitochondrial KATP 

channel and Na+ proton exchanger), inhibits Bax, Bad and GSK-3b, and activates Bcl-2 and 

p70s6K (decreasing cell apoptosis), thus inhibiting opening of the mPTP and activation of cell 

death processes165. When activated, PKG may inhibit the opening of the mPTP through 

upregulating PKC activity (activating ERK 1/2 which then inhibits the activity of GSK-3b) 

and inducing the formation of NO. Activated PKG may also limit Ca2+ overload via interacting 

with phospholamban on the sarcoplasmic reticulum to limit Ca2+ uptake165. PKA activates 

eNOS increasing NO synthesis, reduces lactate dehydrogenase release, and increases cAMP 

phosphorylation166. A certain number of cycles of non-injurious ischemia/reperfusion are 
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required to exert a protective effect in the heart (due to GPCR agonists having an additive effect 

during these cycles). But too many or too few cycles (or cycles that are too short/long) can 

result in a diminished cardioprotective effect167-170. 

While highly effective in experimental models, ischemic conditioning has not 

translated well clinically and multiple trials have yielded disappointing outcomes, certainly in 

comparison to profound outcomes in animal models165,171. While few investigate the basis of 

this bench-to-bed disconnect, evidence suggests that common comorbid conditions in patients 

may impair RISK related signalling and interventions that target these pathways. These 

cardioprotective stimuli are rendered ineffective in the presence of pathological conditions, 

including obesity, T2DM, and depression99,172,173 
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Figure 3: Generalised overview of cardioprotective signalling in response to conditioning 

stimuli.  

 

1.8.1 Pre-conditioning responses in MetS 

Limited research has been conducted on myocardial conditioning responses and MetS 

components, with much of the current research conducted having focussed on ischemic post-

conditioning responses rather than pre-conditioning174,175. While much remains to be 

determined, one potential mechanism by which MetS abolishes post-conditioning responses is 

thought to involve impaired GSK-3b, as seen in mice with MetS (resulting in increased 

incidence of mPTP opening), impairment of phosphorylated AMPK to total AMPK ratio and 
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phosphorylated levels of ERK 1/2 and p70S6K1174,175. As post-conditioning shares similar 

pathways as pre-conditioning, it is suggested that these impairments may be present in the pre-

conditioning pathway in MetS individuals.  

Regarding obesity, smaller infarct size and higher levels of active AKT and eNOS, and 

inactive GSK-3b have been found in diet-induced obese rats compared to control, indicating 

improved cardioprotective response to ischemia and reperfusion99,176.  Nonetheless, obese 

hearts could not be conditioned via ischemic pre-conditioning (IPC)176. Others investigating 

the efficacy of post-conditioning in an obese phenotype report decreased levels of 

phosphorylated AKT, p70S6K1, AMPK, ERK 1/2 and eNOS and failed attempt to reduce 

infarct size, supporting the findings that the obese myocardium cannot be conditioned175.   

Hyperlipidaemia has been found to independently diminish cardioprotective pre-

conditioning stimuli and thereby worsen infarct tolerance. Reduction of ecto-5-nucleotidase 

activity (which plays a role in the production of adenosine in the IPC response), activation of 

metalloproteinases, and increased cardiac nitrosative stress (causing reduced nitric oxide 

bioavailability) have been suggested to contribute to this impaired protective response in 

hyperlipidaemia157,177-179.  

Numerous studies have reported diminished cardioprotective efficacy of IPC in T2DM, 

with diabetic hearts presenting with arrythmia, Ca2+ handling abnormalities, K+ efflux, 

increased Na+ accumulation, and increased infarct size when compared to control hearts180-182. 

IPC has also been shown to worsen myocardial ischemic tolerance compared to non-IPC 

diabetic hearts182. However, some findings suggest that increasing the intensity of the IPC 

stimulus in the diabetic myocardium may in fact result in reduced myocardial susceptibility to 

ischemia in T2DM hearts. This has been suggested to be linked to AKT phosphorylation 

levels183.  Impaired humoral signalling has been proposed to be a potential cause of diminished 

cardioprotective efficacy of remote ischemic pre-conditioning in early T2DM, with depletion 
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of exosomes in the serum in T2DM mice found to be cytotoxic, worsening cardiac infarct 

size184. Insulin resistance, whether co-morbid with another MetS risk factor or an isolated 

phenotype, impacts cardiac ischemic tolerance and ischemic pre-conditioning, with reports of 

disrupted mitochondrial K+ channel activation in this disease state185. This is consistent with 

IPC in T2DM findings, and highlights the importance of insulin insensitivity, suggesting that 

a pre-diabetic phenotype is just as susceptible to impaired myocardial protective mechanisms 

against I/R. How these cardioprotective processes and outcomes are influenced by commonly 

comorbid mood disorders, such as MDD, remains to determined.   

 

1.8.2 Effects of CS and MDD on Cardioprotection   

While there is growing evidence for worsened outcomes from IHD and ischemia with 

CS/MDD, much less is known about its effects on cardioprotection. How pre- and post-

conditioning affect the heart in depressed individuals is currently not well researched. One 

study has provided evidence that depression diminishes the cardioprotective effect of post-

conditioning in a rat model of depression, and this diminished capacity is likely due to impaired 

AKT and STAT3 activation at reperfusion173. However, this is currently the only study 

investigating the impact of CMS induced depression on myocardial pre-conditioning, and 

further studies investigating how both pre- and post-conditioning are affected by MDD and CS 

are needed to corroborate the findings of this single study and better investigate underlying 

mechanisms.  
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2.0 Aims and Hypotheses  
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The aim of this study is to investigate the individual and combined effects of a WD and low-

level CS on cardiometabolic risk factors, mood, myocardial ischaemic tolerance, and the 

myocardial response to a classical pre-conditioning stimulus.  

 

It is hypothesised that: 

1. A WD will worsen cardiometabolic risk factors and myocardial ischemic tolerance.  

2. CS will worsen cardiometabolic risk factors and mood.  

3.  The WD and chronic low-level stress will act synergistically to worsen 

cardiometabolic risk factors, mood, and myocardial ischemic tolerance.  

4. The combination of a WD and exposure to mild stress will diminish the 

cardioprotective effects of a classical pre-conditioning stimulus.  
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3.0 Methods 
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3.1 Animal Model: 

A total of 64 male C57Bl/6J 8-week-old mice were obtained from the Animal Resources Centre 

(ARC, Perth, Western Australia) in two batches of 32 mice per batch, one month apart. 

C57Bl/6J mice were chosen as they are a well-established mouse model for studies in both 

cardiovascular and mood disorders. Mice were randomly allocated into four experimental 

groups, with 4 mice per cage. These four groups were: 1) Control diet (CD), 2) WD, 3) CD + 

restraint stress (RS - 2-hour daily restraint per day for 14 days), and 4) WD + RS. Green Line 

GM500 cages separately ventilated in DGM racks (Techniplast S.p.A, Varese, Italy) were used 

to house the mice. Two Living World Eco Glass bottles (PETstock, Victoria, Australia) were 

attached to the hopper of each cage. Mice had ad libitum access to food and water and received 

daily standard care. Housing conditions for all mice included a 12-hour day cycle (lights on at 

7am), in a (21±1°C) temperature and (40±2%) humidity-controlled room. Mice were weighed 

daily from day three of habituation for three months, then weekly from then on. Daily weighing 

resumed during the stress protocol for the mice in the CD + RS and WD + RS groups, and the 

post-intervention behavioural week for the CD and WD groups. Tail marking using a black 

sharpie (Officeworks, Gold Coast, Australia) was used to mark each mouse in a cage in order 

to differentiate between them. Mouse one had one line drawn proximal on the tail; mouse two 

had two lines drawn near the proximal of the tail; mouse three had three proximal lines; and 

mouse four had one line drawn distal on the tail. The animal model was approved by the 

Griffith University Animal Ethics Committee (MSC/02/20/AEC) and the study was undertaken 

within their guidelines, along with the Australian code of practice for the care and use of 

animals for scientific purposes to reduce the possibility of the mice undergoing unnecessary 

and preventable suffering. 
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Habituation 

Mice were habituated for two weeks before baseline behavioural tests and experimental 

procedures commenced. During the first seven days of habituation, a Techniplast red mouse 

house (Techniplast S.p.A, Varese, Italy) was placed in each cage to reduce fighting between 

mice and was removed on day 8 of habituation for the remainder of the study. During the first 

two days of habituation, each animal cage was opened for five minutes, and the handlers’ hand 

was placed into the cage in attempt to familiarise the mice with the handlers’ voices and smell 

before daily handling commenced. Daily handling began on the third day of habituation, in 

which the mice were taken out of their cage (by allowing them to crawl onto the handler’s hand 

to be picked up) for tail marking and weighing186.  
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Figure 4: Timeline of the Entire Study.  
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3.2 Dietary Intervention:  

CD and CD + RS animals were fed a pre-made standard laboratory chow diet (Irradiated Rat 

and Mouse Cubes, Specialty Feeds, Glen Forrest, Western Australia). The macronutrient 

content of the standard laboratory diet was 14% fat, 59% carbohydrates, and 19% protein 

(Specialty Feeds, Glen Forrest, Western Australia). The WD and WD + RS mice were fed a 

Western diet which derives 57% of its calories from carbohydrates, 32% from fat, and 11% 

from protein12. Mice were subjected to the WD for 16 weeks as this time induces obesity 

without the presence of overt T2DM. Mice had ad libitum access to food. Each WD group cage 

had approximately 40-50g of food put in the cage each day. Mice were fed fresh food between 

10:30am and 12:30pm each day for the duration of the experiment, and their daily food 

consumption was recorded.  

 

Western diet composition. 

In a bowl or container, 250g solidified edible animal fat and oil (Supafry, Goodman Fielder 

Consumer Foods, Sydney, Australia) was melted and mixed with 280g white sugar (Coles 

Group, Victoria, Australia), 4 x 397g tins sweetened condensed milk (Coles Group, Victoria, 

Australia), and 1.6kg powdered standard laboratory chow (control diet) (Irradiated Rat and 

Mouse Cubes, Specialty Feeds, Glen Forrest, Western Australia) until a dough-like consistency 

was obtained. Mixture was rolled into balls, wrapped into baking paper and stored in an airtight 

container in the refrigerator (4°C). Fresh food was made fresh approximately every 10 days. 

 

3.3 Chronic predictable mild stress protocol: 

The chronic predictable mild stress (CPMS) protocol was introduced for the final 14 days of 

the study, which included the day the post-intervention open field test (OFT) was conducted187. 

The animals were subjected to the CPMS after the OFT to avoid it interfering/impacting with 
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the OFT results. Mice were exposed to the CPMS by confining them to ventilated clear Perspex 

restraint devices (3cm diameter and 10cm in length) for 2 hours daily (9:00am – 11:00am). 

These restraint devices were then individually placed in green line GM500 ventilated cage, 

which were then placed in a separate DGM rack to the one that the housing cages were in. 

These mice were shielded from the other mice in the animal facility by taping paper over the 

front of the cages. Four cages of mice were placed per row in the DGM rack (each row was 

one cage of mice next to each other).  

 

3.4 Behavioural Tests: 

Behavioural assessments were performed at baseline (prior to week 1 of study) and at post-

intervention (week 17). Mice first underwent an open field test (OFT) before being subjected 

to the sucrose preference test (SPT). A recovery period of 24 hours was allowed between each 

behavioural test to prevent the possible psychological effects of the OFT from impacting the 

SPT outcomes.  

 

3.4.1 Open Field Test (OFT) Procedure: 

OFTs were conducted on the first day of the behavioural tests in a separate behavioural room 

to the animal housing room. These tests were conducted between 09:40am and 2pm. The test 

required an 80cm2 Perspex area with 30cm high walls. The floor of the arena was marked in 

the centre with a 40cm2 centre square and a peripheral area which encompassed the space 

between the walls of the arena and the centre square. Mice were habituated for a minimum of 

30 minutes in the room prior to commencing the OFT. The OFT lasted 30 minutes, with the 

first 5 minutes of the video used as habituation, and the subsequent 5 minutes analysed to obtain 

the OFT results. Videos were analysed by EthoVision XT 14 (Nodulus Information 

Technology, Wageningen, Netherlands) which assessed the following behavioural parameters: 
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wall seeking behaviour, wall seeking duration (seconds), and distance travelled (cm). Filming 

begun prior to mice being placed in the centre square at the beginning of the test. Mice were 

left alone in the room for the duration to the test to avoid confounding factors. A 30-minute 

timer was then started once all persons had exited the room and the time each mouse went into 

the OFT was recorded. At the end of 30 minutes, filming was stopped, and the mice were taken 

out of the OFT boxes and placed in their housing cages. The number of times a mouse defecated 

and/or urinated in the box was also recorded. Before commencement of the test on the next 

animal, the floor and walls of the OFT boxes were sprayed and wiped twice with ethanol and 

paper towels. The boxes were left to air dry for five minutes before the next OFT began188.  

 

3.4.2 Sucrose Preference Test (SPT): 

The SPT was performed in the same IVC rack and room the mice were housed in. Clean Green 

Line GM500 IVC cages were used for the SPT, with one mouse per cage. Part of the bedding 

from the original housing cage of each mouse was placed into their SPT cage in an attempt to 

reduce potential stress of moving mice to a new clean cage. Mice were habituated to the SPT 

bottles from the first day of habituation, two weeks before the baseline behavioural tests were 

conducted, and were used for the remainder of the study as normal water bottles. Mice had ad 

libitum access to water, 1% sucrose solution and food (standard chow for baseline tests, and 

either standard chow or a WD for post-intervention tests). These water and 1% sucrose solution 

bottles were placed in the cage hopper that holds the animal chow. Baseline water and sucrose 

solution consumption values were recorded for each bottle, and liquid consumed was measured 

at 24 and 48 hour intervals. During the first 24 hours, sucrose solution was placed on the right 

side of the cage, which was then swapped to the left side of the cage in the final 24 hours to 

reduce side preference bias. Mice were then returned to their housing cage at the conclusion of 

the SPT189.  
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3.5 Fasted blood collection: 

A recovery period of 24 hours was allowed between the SPT and blood collection to prevent 

psychological and physiological effects of the SPT impacting the blood sample values, along 

with the need to fast the mice for the tail tip bleeds. Mice were fasted 4 hours before blood 

sampling was initiated via tail tip bleeds. Blood collection was performed in a separate room 

to where the animals were housed (surgery room) between 8am and 11:30am. 80% ethanol was 

wiped over the tail to reduce risk of infection before Numit 5% cream (Ego pharmaceuticals, 

Melbourne, Victoria) was applied to the tail and left to exert its effect for 5 minutes while the 

tail sat under a warm lamp infrared light. Numit cream was wiped off the tail and a small 

portion was cut from the tail tip of the mice via a scalpel. Blood glucose levels were measured 

with an Accu-Check Performa glucose monitor and recorded. Blood for serum analysis was 

collected via massaging the tail to increase blood flow and placed into a 1.5mL Eppendorf tube. 

Once enough blood had been collected to yield approximately 100-150ul of serum, the mouse’s 

tail was wiped with 80% ethanol and slight pressure was applied to the tail tip to reduce 

bleeding. Mice awaiting blood collection were kept outside the procedure room which was 

thoroughly cleaned with 80% ethanol before the next mouse was brought in. Blood samples 

were placed on ice for 30 minutes to an hour before being spun in a centrifuge at 2000 RPM 

for 10 minutes. Serum was separated using 100µL pipette and stored at -80°C. 

 

3.6 Cardiometabolic risk profile: 

3.6.1 Body weight: 

Body weight was measured daily using an A&D Weighing GX-2000 precision scale (A&D 

Australasia Pty. Ltd, Adelaide, South Australia) from day three of habituation for four and a 

half months, then weekly for the rest of the study. Daily weighing resumed once the animals 



 50 

were subjected to the stress protocol commenced for RS and WD + RS groups, or the post-

intervention behavioural week began for the C and WD cages.  

 

3.6.2 Circulating metabolic and inflammatory marker assessment: 

Baseline and post-intervention fasted serum was collected via tail bleeds at weeks 0 and 17, as 

detailed above. Non-fasted blood was collected at animal sacrifice via a syringe from the 

thoracic cavity. Fasted serum samples were analysed for insulin, triglycerides, and cholesterol 

using enzyme-linked immunosorbent assays (ELISAs) following manufacturer’s instructions 

(Ultra-Sensitive Mouse Insulin ELISA Kit, Crystal Chem, Illinois, USA; Triglyceride 

Quantification Colorimetric/Fluorometric Kit, BioVision, California, USA; QuickDetect™ 

Total cholesterol (Mouse) ELISA Kit, Biovision, California, USA). Non-fasted blood was 

analysed for leptin, ghrelin, noradrenaline, and melatonin via ELISAs following manufactures’ 

instructions (Mouse Leptin, LEP ELISA kit, Cusabio, Houston, Texas), (Mouse ghrelin 

(GHRL) ELISA Kit, Cusabio, Houston, Texas), (Norepinephrine ELISA Kit #KA3836, 

Abnova, Taipei, Taiwan), (Melatonin ELISA Kit #E4630, Milpitas, California).  Homeostatic 

model assessment of insulin resistance (HOMA-IR) values were calculated for each mouse via 

multiplying their glucose (mg/dL) and insulin (µU/ml) values together, then dividing this value 

by 405.  

 

3.7 Animal Sacrifice: 

Animals were transported to a separate laboratory for animal sacrifice and Langendorff 

perfusion experiments. Transport occurred an hour before sacrifice to acclimatise mice to the 

laboratory. A 60 mg kg−1 intraperitoneal injection of sodium pentobarbital (lethabarb) was 

given to the mice to anesthetise them. They were then weighed, and non-fasted blood glucose 

was measured via tail tipping and collecting a glucometer reading.  
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The pedal withdrawal reflex test was undertaken to assess level of anaesthesia before 

proceeding to pin down the mouse’s limbs and excising the heart. Blood was collected from 

the thoracic cavity promptly after heart removal via a syringe, placed on ice for 1 hour, then 

spun at 2000 RPM for 10 minutes. Serum was immediately frozen at -80°C. Immediately 

following heart excision, the brain was removed and sectioned with surgical scissors and 

tweezers, followed closely by the liver, pancreas, white adipose tissue, colon, and faeces.  

 

3.8 Langendorff Heart Perfusion model: 

A Langendorff heart perfusion model was used to assess cardiac function and tolerance to 

ischemia/reperfusion. This perfusion method has been successful in producing myocardial cell 

death and contractile function loss and is an accurate method of cardiovascular function 

assessment190,191. 

After heart excision, hearts were quickly placed onto a Krebs buffer ice block, then 

placed into the Langendorff perfusion machine via cannulating the aorta to perfuse the 

coronary circulation. Modified Krebs-Henseleit buffer, gassed with 95% O2-5% CO2 was 

circulated through the coronary system. This buffer contained 119mM NaCl, 11mM glucose, 

22mM NaHCO3, 4.7mM KCl, 1.2mM MgCl2, 1.2mM KH2PO4, 1.2mM EDTA, and 2.5mM 

CaCl2, and was kept at a temperature of 37°C. A polyvinyl chloride film balloon was filled 

with fluid and placed into the left ventricle via making an incision in the atria. Ventricular 

function was assessed by inflating the balloon to an end-diastolic pressure (EDP) of 5mmHg. 

The hearts were then placed into a jacketed bath of perfusate at 37°C. A thermal probe 

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

USA) was used to monitor the temperature of the perfusate throughout the perfusions. An 

ultrasonic flow probe was placed proximal to the aortic cannula and connected to a T206 

flowmeter (Transonic Systems Inc., Ithaca, NY, USA) to measure coronary flow. Systolic 
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pressure, coronary flow, heart rate, EDP, +dP/dt and -dP/dt were processed by a four-channel 

MacLab system (AD instruments Pty Ltd, Castle Hill, Australia) connected to an Apple iMac. 

Coronary effluent was collected at 5, 10, 15, and 45 minutes of reperfusion, measured in a 

200mL measuring cylinder and snap frozen. Coronary effluent was used to measure troponin 

at 5 and 10 minutes via ELISA following manufacturer’s instructions (ultra-sensitive mouse 

cardiac troponin-I ELISA, Life Diagnostics, Pennsylvania, USA). Before Langendorff 

perfusions, hearts were randomly divided into two groups: one in which hearts were exposed 

to IPC and one in which they were not exposed to IPC. 

 

Non-IPC protocol: 

Baseline function of each heart was monitored over 10 minutes during stabilisation. This 

allowed hearts with abnormal baseline function (low or high left LVDP and/or coronary flow) 

to be excluded190. Hearts were then subjected to 35 minutes of pacing using a SD9 stimulator 

(Grass Instruments, Quincy, MA, ISA) at 420 beats min-1 to assess baseline function before 

being exposed to 25 minutes of normothermic global ischemia by turning off aortic perfusion 

to stop flow of perfusate to the heart. Following ischemia, 45 minutes of aerobic reperfusion 

was started by restarting aortic flow of perfusate. Function was assessed at 5 minute intervals 

during the 45 minutes reperfusion. 

 

IPC Protocol: 

The protocol for baseline function and pacing was the same as for the non-IPC studies. 

However, after pacing and assessment of basal function, these hearts were exposed to three 

cycles of 5 minutes ischemia/5 minutes reperfusion as a pre-conditioning stimulus before 

undergoing 25 minutes of normothermic global ischemia and 45 minutes of aerobic 

reperfusion. 
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3.9 Lactate Dehydrogenase (LDH) Assay Protocol: 

LDH release into coronary effluent was measured at 5, 10 and 15 minutes of reperfusion as a 

marker of cell death. Before the coronary effluent was snap frozen, a sample was taken for 

LDH measurement. LDH solution and BSA were used as reference values for the LDH assay. 

LDH solution, BSA, and coronary effluent were pipetted into individual tubes filled with 

NADH working solution and pyruvate, and scanned at 340nm on a Tecan Sunrise Microplate 

Reader (Tecan Group Ltd., Männedorf, Switzerland) heated to 37°C.  

 

3.10 Tissue Fractionation: 

Tissue fractionation of the left ventricle was conducted via cryo-homogenisation. The left 

ventricle was put into a mortar filled with liquid nitrogen and homogenised with a pestle. The 

heart tissue was divided into RNA, Western blotting, and ELISA protein in a 1:2:1 ratio 

respectively. Homogenisation solution (Maxwell® RSC simply RNA Tissue Kit, Promega, 

Wisconsin, United States) was mixed with a protein sample designated for RNA sequencing 

and analysis, and snap frozen. Lysis buffer (97% cell lysis buffer, Bio-Plex® Cell Lysis Kit 

#171304011, Bio-Rad, Australia; 2% Bimake Phosphatase Inhibitor Cocktail, Sapphire 

Biosciences, NSW, Australia; 1% Bimake Protease Inhibitor Cocktail (EDTA-Free, 100X in 

DMSO), Sapphire Biosciences, NSW, Australia) was vortexed with protein allocated for 

analysis via ELISA kits. A bicinchoninic acid (BCA) sample was made and both the BCA 

sample and the ELISA protein were snap frozen and stored at -80°C. Homogenate for Western 

blotting was mixed with mitochondrial isolation buffer (70mM sucrose, 190mM mannitol, 

20mM HEPES, 0.2mM EDTA, 1mM PMFS, 10µM leupeptin, 2mM benzamidine, 5µM, 1mM 

NaO). A sample of this was taken for whole cell lysate, and put into a tube with lysis buffer 

and stored at -80°C. The remainder of the homogenate was spun in a centrifuge at 600g for 10 
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minutes at 4°C, from which the nuclear fraction was extracted from the pellet and mixed with 

lysis buffer. The supernatant was centrifuged again with lysis buffer at 10 000g for 30 minutes 

at 4°C to obtain the mitochondrial fraction from the pellet. The supernatant was extracted and 

spun in an ultracentrifuge at 100 000g for 90 minutes at 4°C. The supernatant was extracted 

and put into a tube for the cytosolic fraction, and the pellet was stored with lysis buffer for the 

membrane fraction. A sample of the nuclear, mitochondrial, cytosolic, and membrane fractions 

were taken to make BCA samples for protein quantification. Samples were stored at -80°C. 

 

3.11 BCA Protein Quantification: 

Following cryo-homogenisation of heart tissue, BCA protein assays were performed on the 

cytosol, membrane, and ELISA homogenate following the manufacturer’s instructions using 

the Pierce™ BCA Protein Assay Kit (Thermo Scientific, Massachusetts, United States) to 

determine the amount of protein in each sample. Absorbance was measured at 540nm on a 

Tecan Sunrise Microplate Reader. BCA protein assays allowed the determination of the 

amount of protein in each sample, which was then used to calculate the amount of sample and 

kinexus buffer (20 mM MOPS, 2 mM EGTA, 5 mM EDTA, 30 mM NaF, 40 mM β-

glycerophosphate, 20 mM NaPP) on Microsoft Office Excel (Microsoft Corporation, 

Washington, USA) required in each aliquot. Aliquots were then made with 17.5µg/µL protein 

with kinexus buffer for Western immunoblots, and 44ug protein with kinexus for ELISAs and 

stored at -80°C.   

 

3.12 Western Immunoblotting:   

10% acrylamide gels were hand cast each morning. Samples were thawed, mixed with loading 

dye, and placed onto a heat block for 5 minutes at 100°C. 5µL of protein ladder (PageRuler™ 

Plus Prestained Protein Ladder, 10 to 250 kDa, ThermoFisher Scientific, Waltham, 
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Massachusetts) was loaded into the second well of each gel, and 17.5µL of protein was loaded 

into wells 4-15. Gels were placed into an electrophoresis tank with running buffer and ran for 

10 minutes at 50V, then 2 hours at 100V. Transfer of proteins was achieved via the BioRad 

Transblot Turbo Machine. Transfer buffer was placed in the cassette, with blotting and 

polyvinylidene difluoride fluorescent membrane paper. Gels were cut and rolled onto 

membrane paper. Blotting paper was then rolled on top of the gel. Transfer of proteins to 

membrane occurred at 20V for 20 minutes. Transferred proteins on membrane were agitated 

in 1x TBS for 5 minutes before blocking in Odyssey blocking buffer (LI-COR Biosciences, 

Nebraska, USA) for 1 hour 30 minutes at room temperature. After blocking, membranes were 

then incubated at 4°C with gentle agitation for 16-18 hours in the primary antibody (AKT 

1:1000 dilution (9272, Cell Signaling); pAKT 1:1000 (4060, Cell Signaling), ERK 1:1000, 

pERK 1:1000 (9101, Cell Signaling); GSK-3b 1:500 (9315, Cell Signaling); pGSK-3b 1:500 

(9336, Cell Signaling); GAPDH 1:50,000 (sc-32233, Santa Cruz). After incubation, the 

membrane was washed four times in 1x TBST (5 minutes each) and once in 1x TBS (5 minutes) 

before incubation at room temperature for 1 hour in the dark with the secondary antibodies 

(IRDye® 680RD goat anti-rabbit 1:30,000 (925-68071, LI-COR) and IRDye® 680RD donkey 

anti-mouse 1:30,000 (925-68072, LI-COR)). The PVDF membrane was then washed again 

four times in 1x TBST (5 minutes each) and once in 1x TBS (5 minutes) before being left to 

dry on Kim Wipes in the dark for 15 minutes. Proteins were then imaged on a Licor Odyssey 

Infrared Imaging System (Millenium Science, Mulgrave, Australia) and normalised to GAPDH 

during analysis.  

 

3.13 Inflammatory Markers 

Cytokine analysis was undertaken on blood serum (IL-6) and heart tissue (IL-6, TNF-α) via 

ELISA following manufacturer’s instructions (IL-6 (mouse) AlphaLISA Detection Kit, 500 
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Assay Points, PerkinElmer, Waltham, Massachusetts), (TNF-α (mouse) AlphaLISA Detection 

Kit, 500 Assay Points, PerkinElmer, Waltham, Massachusetts). 

 

3.14 Statistical analysis 

Statistical analysis was conducted on GraphPad Prism, Version 9. A two-way ANOVA was 

used to compare pre-intervention and post-intervention, as well as non-IPC vs IPC hearts. A 

one-way ANOVA was used to analyse the four groups at one timepoint. The Holm-Šídák post-

hoc test was used for all ANOVAs, with an alpha value of 0.05.  
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4.0 Results  
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Summary of Key Findings: 

Cardiometabolic profile of animals subjected to the WD or chronic restraint stress (CRS) 

or their combination: Body weight and food consumption was increased in the WD fed 

groups from week 12. Once the RS protocol was introduced both RS groups showed a decrease 

in body weight, consistent with biological stress. Changes in fasted insulin, glucose, and 

HOMA-IR values between groups were also seen, while no differences were found in blood 

lipid levels. 

 

Behavioural changes induced by the WD or CRS or their combination: Sucrose preference 

was decreased in the WD fed groups, while wall seeking behaviour and distance travelled in 

the OFT was increased. 

 

Cardiac function and post-ischaemic outcome of animals subjected to the WD or CRS or 

their combination: Non-IPC hearts - There were no significant differences in LVDP recovery 

(%) between the four groups after reperfusion. IPC hearts - LVDP recovery (%) was 

significantly higher and EDP reduced in the CD and WD IPC groups. 
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4.1. Weekly Animal Body Weight and Food Intake 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The WD caused significant body weight gains compared to the CD, with the diet resulting in 

significant differences in body weight from week 12 of the study onwards (p < 0.05) (figure 

5). Introduction of the RS protocol in week 15 resulted in a significant loss in body weight in 

both the WD and CD groups without a recovery in weight by the end of the study.  

 
 

Figure 5: Average Weekly Body Weights Over the 17 Week Study Period. Week 12, *p < 0.05 vs 
CD, *p < 0.05 vs CD+RS. Week 13, **p < 0.01 vs CD, **p < 0.01 vs CD+RS. Week 14, **p < 0.01 vs 
CD, ***p < 0.001 vs CD+RS, **p < 0.01 vs CD+RS, *p < 0.05 vs CD. Week 15, ****p < 0.0001 vs 
CD, ****p < 0.0001 vs CD+RS, **p < 0.01 vs CD+RS, **p < 0.01 vs CD. Week 16, ****p < 0.0001 
vs CD+RS, ****p < 0.0001 vs CD+RS, **p < 0.01 vs CD, *p < 0.05 vs CD. Week 17, ****p < 0.0001 
vs CD+RS, ***p < 0.001 vs CD, ***p < 0.001 vs CD+RS, *p < 0.05 vs WD+RS, *p < 0.05 CD+RS. 
Data presented as mean±SEM. n = 16.
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Figure 6: Average Daily kJ Intake Per Week Per Mouse. Week 1, *p < 0.05 vs CD. Week 5, *p 
< 0.05 vs CD. Week 12, *p < 0.05 vs CD. Results presented as mean±SEM. n = 16.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The average daily kilojoule (kJ) intake per mouse for each week is presented in figure 6. The 

WD + RS mice had a significantly higher (p < 0.05) daily energy consumption in weeks 1 and 

12 compared to the CD group, as did the WD group in week 5 (p < 0.05) when compared to 

CD mice. An insignificant drop in kJ consumption was seen in both RS groups at the 

commencement of restraint stress in week 15, which correlates with a decrease in body weight. 

However, while body weight did not recover, caloric intake began increasing in week 16.  
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4.2 Behavioural Tests 
 
Sucrose Preference Test: 

 
 
There were no significant differences in sucrose preference between groups pre-intervention 

(before diet and stress introduction) as determined by the sucrose preference test (SPT) (figure 
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Figure 7: Sucrose Preference Test. A) Pre-intervention Sucrose Preference Test. B) Post-
intervention Sucrose Preference Test. ****p < 0.0001. C) Pre-intervention vs Post-intervention 
Sucrose Preference Test. **p < 0.01, ****p < 0.0001.. Data presented as mean ± SEM. n = 16. 
Pre-intervention week started at week 0. Post-intervention week commenced at week 17 of 
study.
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7). Post-intervention, the WD group had significantly lower sucrose consumption than the CD 

group. When comparing pre- vs post-intervention sucrose preference (figure 7C), both WD (p 

< 0.001) and WD + RS (p < 0.01) groups had significantly reduced sucrose consumption at the 

post-intervention test compared to pre-intervention.  
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Open Field Test Outcomes: 
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Figure 8: Distance Travelled in the Open Field Test. A) Distance travelled pre-intervention. 
B) Distance travelled post-intervention. ***p < 0.001. C) Distance travelled in pre- vs post-
intervention. ****p < 0.0001. Results presented at mean±SEM. n = 16. Pre-intervention week
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Figure 9: Frequency of Wall-Seeking Behaviour during the Open Field Test. A) Wall seeking 
behaviour (number) at pre-intervention. B) Wall seeking behaviour (number) at post-intervention. C) 
Wall seeking behaviour (number) at pre- vs post-intervention. *p < 0.05, **0.01. Results presented at 
mean±SEM. n = 16. Pre-intervention week started at week 0. Post-intervention week commenced at 
week 17 of study.
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No significant differences were found between groups at the pre-intervention OFT (figures 8-

10). After the interventions (the exposure to the WD or RS, or their combination), the RS 
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Figure 10: Wall-Seeking Duration during the Open Field Test. A) Wall seeking behaviour 
(seconds) at pre-intervention. B) Wall seeking behaviour (seconds) at post-intervention. **p < 0.01. 
C) Wall seeking behaviour (seconds) at pre- vs post-intervention. ***p < 0.001. Results presented at 
mean±SEM. n = 16. Pre-intervention week started at week 0. Post-intervention week commenced at 
week 17 of study.
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groups travelled significantly more distance (p < 0.0001), and displayed increased wall seeking 

activity (p < 0.05) and duration at the walls (p < 0.01) compared to CD and WD groups. The 

CD and WD groups covered significantly less distance (p < 0.0001) in the post-intervention 

OFT than during the pre-intervention OFT. All groups displayed significantly reduced wall-

seeking behaviour during the post-intervention OFT compared to the pre-intervention OFT, 

consistent with an age or habituation effect (evident in both control and intervention groups). 

In addition, the CD group spent less time at the wall (wall seeking) at the post-intervention 

OFT (p<0.001).  

4.3 Blood Metabolic Parameters 
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Figure 11: Fasted Blood Glucose. A) Pre-intervention Fasted Blood Glucose. B) Post-
intervention Fasted Blood Glucose. C) Pre-intervention vs Post-intervention Fasted Blood 
Insulin. * p < 0.05, ** p < 0.01.. Data presented as mean ± SEM. n = 16.
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Figure 12: Fasted Blood Insulin. A) Pre-intervention Fasted Blood Insulin. B) Post-
intervention Fasted Blood Insulin. *p < 0.05, ***p < 0.001. C) Pre-intervention vs 
Post-intervention Fasted Blood Insulin. ****p < 0.0001. Data presented as mean ± 
SEM. n = 16.

Fasted blood glucose levels are displayed in figure 11. No significant intergroup differences in 

blood glucose levels were found in the pre- (A) or post-intervention (B) samples. However, a 

trend for increased blood glucose (p = 0.0776) was found between CD and WD groups post-

intervention. Pre- vs post-intervention glucose values (C) shows that there were significantly 

higher fasted glucose levels pre-intervention compared to post-intervention in the CD (p < 

0.01) and CD + RS (p < 0.05) groups.  
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Figure 13: HOMA-IR Values in Fasted Serum. A. Pre-intervention Serum HOMA-IR 
Values. B. Post-intervention Serum HOMA-IR Values. **p < 0.01, ***p < 0.001. C. Pre- vs 
Post-intervention Serum HOMA-IR Values. ****p < 0.0001. Results presented as 
Mean±SEM. n = 15/16.
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No significant differences in fasted blood insulin levels were found at pre-intervention (figure 

12A). However, the WD fed groups had significantly higher post-intervention fasted insulin 

levels (figure 12B) compared to their control diet counterparts (p < 0.001). Figure 12C shows 

that WD fed groups had significantly higher fasted insulin when comparing post-intervention 

to pre-intervention values (p<0.001). Trends were found in the CD fed groups (p = 0.0557) 

when comparing pre- vs post-intervention levels.  
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Figure 15: Melatonin in non-fasted blood. Results presented as mean±SEM. n = 8-13.

No significant differences for HOMA-IR values were found in pre-intervention fasted blood. 

Significant increases were found in WD (p < 0.001) and WD + RS (p < 0.01) HOMA-IR values 

compared to the CD groups (figure 13B) post-intervention. Figure 13C shows significant 

increases (p < 0.001) in HOMA-IR values in the WD and WD + RS groups in post-intervention 

blood when compared with their pre-intervention values.  

 
 

 

 

 

 

 

 

 

No significant differences were found in either the fasted triglyceride or cholesterol levels at 

17 weeks (post-intervention) (figure 14).  

 
4.4 Circulating Cytokine and Hormone Levels 
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Figure 14: Fasted Blood Lipid Concentration. A. Fasted Blood Trigylceride Concentration. B. Fasted 
Blood Cholesterol Concentration. Results Presented as mean±SEM. n = 15/16. 
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Melatonin in unfasted serum is presented in figure 15. No significant intergroup differences 

were found. 

 

IL-6 concentration in unfasted serum is shown in figure 16. No significant differences were 

found between groups.  

 
 

 

 

 

 

 

 

 

The CD + RS group had a significantly lower (p < 0.05) concentration of noradrenaline than 

the CD group.  
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Figure 16: IL-6 in non-fasted blood. Results presented as mean±SEM. n = 3-7.
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Figure 17: Circulating noradrenaline in non-fasted blood. *p < 0.05. Results presented as mean±SEM. 
n = 12.
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4.5 Post-ischaemic Cardiac Outcomes 
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Figure 18: Left Ventricular Developed Pressure Recovery Post-Ischemia. A. Left 
ventricular developed pressure recovery in non-IPC hearts at 45 minutes reperfusion. B. Left 
ventricular developed pressure recovery in IPC hearts at 45 minutes reperfusion. *p < 0.05. C. 
Left ventricular developed pressure recovery in non-IPC vs IPC hearts at 45 minutes 
reperfusion. *p < 0.05, **p < 0.01. Results presented as mean±SEM. n = 5-8.
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Figure 19: End-Diastolic Pressure in Post-Ischemic Hearts. A. End-diastolic pressure in 
non-IPC hearts. B. End-diastolic pressure in IPC hearts. C. End-diastolic pressure in non-
IPC vs IPC hearts. ***p < 0.001. Results presented as mean±SEM. n = 5-8.
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Langendorff heart perfusion data is shown in figures 18 (left ventricular developed pressure 

(LVDP) recovery), 19 (end diastolic pressure (EDP)), and 20 (coronary flow recovery). No 

significant differences were found in non-IPC hearts for LVDP, EDP, and coronary flow. 

However, when we look at the IPC hearts, the WD IPC group had a significantly lower LVDP 
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Figure 20: Coronary Flow Recovery in Post-Ischemic Hearts. A. Coronary flow recovery 
in non-IPC hearts. B. Coronary flow recovery in IPC hearts. *p < 0.05, **p < 0.01. C. 
Coronary flow recovery in non-IPC vs IPC hearts. *p < 0.05, ***p < 0.001. Results presented 
as mean±SEM. n = 5-8.
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recovery compared to the CD IPC hearts (p < 0.05). When comparing LVDP recovery of the 

non-IPC and IPC hearts, CD (p < 0.01) and WD (p < 0.05) IPC hearts had a greater recovery 

compared to their non-IPC counterparts. Supporting this data, CD and WD IPC hearts also had 

significantly reduced EDP (p < 0.001) compared to their non-IPC groups. Thus, ventricular 

functional protection with IPC was not markedly altered by a WD. In contrast, protective 

effects of IPC on both LVDP and EDP was largely eliminated by RS (±WD). Coronary flow 

was significantly increased in CD (p < 0.05) and WD + RS (0.001) IPC hearts, which follows 

LVDP trends.  

 

4.6 Cell Damage Marker Levels 
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Figure 21: Troponin Release into Coronary Effluent. A. Troponin release into coronary effluent at 5 minutes reperfusion 
in non-IPC hearts. B. Troponin release into coronary effluent at 5 minutes reperfusion in IPC hearts. C. Troponin release into 
coronary effluent at 5 minutes reperfusion in non-IPC vs IPC hearts. D. Troponin release into coronary effluent at 10 
minutes reperfusion in non-IPC hearts. E. Troponin release into coronary effluent at 10 minutes reperfusion in IPC hearts.  F. 
Troponin release into coronary effluent at 10 minutes reperfusion in non-IPC vs IPC hearts. Results presented as 
mean±SEM. n = 5-10.
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Figure 22: LDH Release into Coronary Effluent. A) LDH release into coronary effluent at 5 minutes reperfusion in non-
IPC hearts. B) LDH release into coronary effluent at 10 minutes reperfusion in non-IPC hearts. C) LDH release into 
coronary effluent at 15 minutes reperfusion in non-IPC hearts.  D) LDH release into coronary effluent at 5 minutes 
reperfusion in IPC hearts. E) LDH release into coronary effluent at 10 minutes reperfusion in IPC hearts. F) LDH release 
into coronary effluent at 15 minutes reperfusion in IPC hearts. Presented as mean±SEM. n = 5-10
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Figure 23: LDH Release into Coronary Effluent Pre- vs. Post-Intervention. A) LDH release into coronary effluent at 5 
minutes reperfusion. *p < 0.005. B) LDH release into coronary effluent at 10 minutes reperfusion. **p < 0.001. C) LDH 
release into coronary effluent at 15 minutes reperfusion. **p < 0.001. Presented as mean +/- SEM. N =  5-10.
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Troponin I release was measured in coronary effluent from 0-5 minutes and 5-10 minutes 

reperfusion. Figure 21 shows that there were no significant differences in cardiac troponin 

release in non-IPC, IPC, or non-IPC vs IPC hearts. 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Lactate dehydrogenase (LDH) release during the first 5 minutes, 5-10 minutes and 10-15 

minutes reperfusion is presented in figure 22. No significant differences in LDH release were 

found in non-IPC hearts or IPC hearts at 5, 10 or 15 minutes reperfusion.  
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LDH release into coronary effluent in non-IPC vs IPC hearts is presented in figure 23. WD + 

RS IPC hearts released significantly more LDH at 5 (p < 0.05), 10 (p < 0.01), and 15 (p < 0.01) 

minutes reperfusion compared to WD + RS non-IPC hearts.  

 
4.7 Myocardial Tissue Cytokine Levels 
 

 
 

 

 

 

 

Cytokine concentration in post-ischemic myocardial tissue is shown in figure 24. CD + RS 

non-IPC hearts had significantly higher (p < 0.05) levels of IL-6 in the left ventricle compared 

to CD non-IPC hearts. The WD non-IPC group had significantly lower (p < 0.05) levels of 

TNF-a than the WD + RS non-IPC group. When comparing TNF-a levels in non-IPC vs IPC 

hearts, both non-IPC RS groups had significantly higher (p < 0.05, p < 0.001) levels of TNF-

a than their IPC counterparts. No other significant differences were found. Thus, stress or a 

combination of WD+RS appears pro-inflammatory, increasing Il-6 and TNF-a in non-IPC 
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Figure 24: Cytokines in left ventricle post-I/R. A. IL-6 in non-IPC hearts. *p < 0.05. B. IL-6 in IPC hearts. C. 
IL-6 in non-IPC vs IPC hearts. D. TNF-α in non-IPC hearts.  *p < 0.05.  E. TNF-α in IPC hearts. F. TNF-α in non-
IPC vs IPC hearts. *p < 0.05, ***p <0.001. Results presented as mean±SEM. n = 7-8.
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hearts, while IPC itself also appeared anti-inflammatory in the hearts of animals subjected to 

stress ±WD feeding. 

 
4.8 RISK Pathway Protein Expression as Determined using Western Blots  
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Figure 25: Total levels of RISK pathway proteins in the left ventricle via Western Blot Analysis. A. t-AKT 
relative to GAPDH in non-IPC hearts. B. t-AKT relative to GAPDH in IPC hearts. C. t-AKT relative to GAPDH in 
non-IPC vs IPC hearts. *p < 0.05. D. t-ERK 1/2 relative to GAPDH in non-IPC hearts. E. t-ERK 1/2 relative to 
GAPDH in IPC hearts. F. t-ERK 1/2 relative to GAPDH in non-IPC vs IPC hearts. G. t-GSK-3β relative to GAPDH 
in non-IPC hearts. H. t-GSK-3β relative to GAPDH in IPC hearts. I. t-GSK-3β relative to GAPDH in non-IPC vs 
IPC hearts. Results presented as mean±SEM. n = 6-10
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Total levels of AKT, ERK 1/2, and GSK-3b are presented in figure 25. The CD and WD IPC 

groups had significantly increased (p < 0.05) total AKT. Thus, AKT appears up-regulated with 

IPC, an effect unaltered by a WD but eliminated by RS (±WD), mirroring changes in functional 

protection.  No other significant differences were found.  
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Figure 26: Phoshorylated levels of RISK pathway proteins in the left ventricle via Western Blot Analysis. A. p-AKT 
relative to GAPDH in non-IPC hearts. B. p-AKT relative to GAPDH in IPC hearts. C. p-AKT relative to GAPDH in non-
IPC vs IPC hearts. D. p-ERK 1/2 relative to GAPDH in non-IPC hearts. E. p-ERK 1/2 relative to GAPDH in IPC hearts. F. 
p-ERK 1/2 relative to GAPDH in non-IPC vs IPC hearts. G. p-GSK-3β relative to GAPDH in non-IPC hearts. H. p-GSK-3β 
relative to GAPDH in IPC hearts. I. p-GSK-3β relative to GAPDH in non-IPC vs IPC hearts. **p < 0.01. Results presented 
as mean±SEM. n = 6-10
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Figure 27: Phoshorylated to total protein ratio of RISK pathway proteins in the left ventricle via Western Blot 
Analysis.. A. p-AKT/t-AKT ratio relative to GAPDH in non-IPC hearts. B. p-AKT/t-AKT ratio relative to GAPDH in 
IPC hearts. C. p-AKT/t-AKT ratio relative to GAPDH in non-IPC vs IPC hearts. D. p-ERK 1/2/t-ERK 1/2 ratio relative 
to GAPDH in non-IPC hearts. E. p-ERK 1/2/t-ERK 1/2 ratio relative to GAPDH in IPC hearts. F. p-ERK 1/2/t-ERK 1/2 
ratio relative to GAPDH in non-IPC vs IPC hearts. G. p-GSK-3β/t-GSK-3β ratio relative to GAPDH in non-IPC hearts. 
H. p-GSK-3β/t-GSK-3β ratio relative to GAPDH in IPC hearts. I. p-GSK-3β/t-GSK-3β ratio relative to GAPDH in non-
IPC vs IPC hearts. Results presented as mean±SEM. n = 6-10
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Phosphorylated levels of AKT, ERK 1/2, and GSK-3b relative to GAPDH are shown in Figure 

26. Interestingly, the WD reduced cardiac pAKT and pGSK3b levels in non-IPC hearts, 

whereas RS had no effect. The WD + RS IPC group had significantly higher (p < 0.01) pGSK-

3b at post-ischemia than the WD + RS non-IPC group. There were notable trends (p = 0.0786) 

to increased GSK-3b phosphorylation in the WD and CD + RS IPC groups (vs respective non-
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Figure 27 shows the results for Western blot analysis of ERK, AKT, and GSK-3b in post-

ischemic heart tissue. No significant differences were found between non-IPC hearts, IPC 

hearts, or non-IPC vs IPC hearts for any of the three RISK pathway proteins investigated. 

However, statistical analysis of pAKT/tAKT ratio in IPC hearts revealed a trend (p = 0.0607) 

when comparing WD to WD + RS hearts (Figure 23B).  
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5.0 Discussion 
 
  



 82 

In this study we investigated the effects of a WD or low-level CS and their combined effect on 

myocardial tolerance to I/R injury and myocardial responsiveness to a cardioprotective pre-

conditioning stimulus. It was predicted that both the WD and the low-level CS would cause 

mild metabolic dysregulation, and that the WD and CS would act synergistically to cause 

greater impairment of myocardial infarct tolerance and responsiveness to IPC. The WD was 

effective in inducing obesity and causing insulin resistance in the WD fed groups. Triglyceride 

and cholesterol levels were however unchanged by the diet, CS exposure, or the combination 

of both. Behaviour assessments using the OFT indicated that the two hours of daily RS caused 

mild mood disturbance in these mice. The WD or CS intervention, or the combined effect of 

these interventions did not have an adverse effect on intrinsic ischemic tolerance (in non-

preconditioned hearts). Hearts from the CD and WD fed animals could be pre-conditioned, 

while cardioprotective effects of IPC were negated by stress in both dietary groups. This effect 

was linked to a reduction in IPC dependent up-regulation of AKT. CS was also shown to be 

pro-inflammatory in the heart, increasing Il-6 and TNF-a levels in non-IPC hearts. However, 

although IPC reduced post-ischaemic myocardial inflammation, this was not accompanied by 

improved post-ischaemic functional outcomes. 

 

5.1 Effect of the WD and RS on Metabolic Profile 

After 12 weeks of feeding, the WD significantly increased body weight in WD fed mice, when 

compared to the CD mice. This indicates that the WD was successful in promoting an 

overweight/obese phenotype in these rodents, which is consistent with current findings in the 

literature192,193. At week 16, a significant decrease in body weight was seen following the 

introduction of the two hours daily RS protocol at week 15. Body weight did not recover over 

the next two weeks of chronic RS. This decrease in body weight is likely due to the stress 

induced reduction in food and therefore kilojoule (kJ) consumption in the RS groups in week 
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16. Average daily energy intake increased during week 17 for the RS groups, which is likely 

the reason that the body weight for the RS groups began to stabilise in week 17. Previously, 

RS has been found to cause weight loss and impaired body weight gain, with the probable 

driver of this weight loss suggested to be decreased kJ intake (as a result of increased 

corticotropin releasing hormone in response to stress)194,195.  

The C57Bl/6J mouse is often used in dietary studies since they are prone to obesity and 

metabolic dysregulation when fed HF or Western diets196,197. Significant decreases in fasted 

glucose in our CD mice, along with trends for a post-intervention rise in insulin levels and 

higher HOMA-IR values indicate that there may be some evidence of an age-related increase 

in insulin resistance in these mice. Age related impairments in glucose tolerance and insulin 

resistance have been reported previously, but often these studies are comparing age related 

changes between 6-month-old (similar to the age our mice were at the conclusion of this study) 

and 12–24-month-old mice198,199. These studies support our findings, with our data suggesting 

that these age-related changes may start occurring earlier in life. We recorded elevated fasting 

insulin levels post-intervention in the WD fed mice. The HOMA-IR values were higher in both 

WD fed groups at the end of the study (post-intervention) when compared to the CD. These 

results indicate that the WD promoted a greater degree of insulin resistance in these mice over 

the 17-week period. No significant changes in triglyceride or cholesterol concentrations were 

found in any of the groups. Because of this, the metabolic dysregulation caused by the WD is 

mild. This diet has been successful in causing mild metabolic disturbance in prior studies12. 

Previously, an insulin resistant phenotype was achieved using this diet, however no significant 

differences in body weight, glucose, or insulin levels were observed. This study also did not 

find changes in triglyceride or cholesterol concentration, supporting our serum lipid findings. 

HOMA-IR values confirmed insulin resistance in the WD mice, and the WD and CRS had a 

synergistic effect to further exacerbate insulin resistance12. This additive effect of the diet and 
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RS in promoting insulin resistance was not evident in our study. These difference in outcomes 

may relate to subtle differences in the chronic stress model used for these two studies. The 

restraint stress protocol in this previous study was only 30 minutes for 21 days, while we used 

2 hours RS for 14 days in the current study. Because of this, the CS protocol in the previous 

study did not illicit the same severe body weight loss we saw in the current study. In the 

literature it has been established that Western or HF diets induce metabolic disturbances, 

including obesity, hyperglycaemia, insulin insensitivity/T2DM, and/or 

dyslipidaemia99,172,200,201. Our current research supports many of these findings. Marwitz, et al. 

192 found insignificant weight increases in the WD fed mice at 9 weeks of feeding, along with 

hyperinsulinemia and insulin resistance 10 weeks into the diet. These findings support ours 

where mice did not display significant weight changes until week 12. Some studies report more 

pronounced metabolic dysregulation than what has been documented in this study201. This is 

often because these diets are given for longer periods of time, with the goal of these researchers 

to achieve marked metabolic disturbance.  

In this study, RS alone did not appear to impact metabolic homeostasis, despite 

previous reports often linking chronic stress to insulin resistance202. While hyperglycaemia, 

insulin resistance, and increased circulating lipids have been reported in chronically stressed 

rodents, research outcomes are conflicting with hypoglycaemia and reduced cholesterol also 

reported post-chronic RS exposure203,204. Our study further adds to these conflicting findings 

with our stress protocol found to have no impact on these metabolic parameters. Both RS 

protocols in these studies went for 30 days, with one study inducing stress for one hour daily, 

while the other was for two hours daily. The difference in metabolic response to stress may be 

because the daily duration of these stress protocols varied. Differences in findings between 

these studies and our own may be attributed to the number of days that the RS protocol was 

implemented, with Choudhary, et al. 203 and Nagaraja and Jeganathan 204 exposing the mice to 
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RS for 30 days,  which is double the period of time mice in our study were exposed to stress. 

These contrasting findings may also be attributed to the different rodents used in these studies, 

and the differing innate stress thresholds these rodents have regarding how stress impacts their 

metabolic homeostasis (e.g. gluconeogenesis and insulin production are promoted during the 

stress response), or other subtle differences in these rodents’ metabolism13. Supporting our 

findings, Rostamkhani, et al. 205 reported that while chronic psychological stress initially 

promoted higher glucose levels, it did not result in insulin resistance when compared to the 

control group, with no significant changes in lipids observed.  

 

5.2 Impacts of a WD, RS or their Combination on Systemic Inflammation 

Chronic systemic inflammation is associated with obesity and MetS, further promoting 

the disease state and progression. During obesity, M1 macrophages in adipocytes release pro-

inflammatory TNF-a and IL-6 and decrease their production of anti-inflammatory adiponectin. 

IL-6 promotes CRP production from the liver (in addition to fibrinogen), which is a biomarker 

of systemic inflammation and promotes CVD risk. Inflammation via raised IL-6 levels 

promotes atherosclerosis, insulin resistance/T2DM, heart failure, CAD, and MetS206-208. Like 

metabolic disorders, mood disorders such as MDD and CS are also strongly linked to increased 

IL-6. These high levels of circulating IL-6 promote HPA axis overactivation and further drive 

inflammation and disease state13,116,209. In the current study, circulating IL-6 was unaltered by 

the RS or a WD, however there was a trend of increased circulating IL-6 in the WD mice. 

There were also no trends towards increased IL-6 in the RS mice, regardless of diet. These 

observations do not corroborate previous studies looking at chronically stressed phenotypes210. 

Voorhees, et al. 211 showed that during a 6-hour RS protocol, IL-6 levels significantly 

increased. It is possible that our WD mice were not obese enough to evoke pronounced 

systemic inflammation, and that our RS protocol was not stressful enough to cause an increase 
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in IL-6. In addition, our stress protocol also concluded four days before animal sacrifice and 

blood sample collection. This delay in sample collection may have allowed any significant 

stress induced increases in circulating IL-6 to disappear in the RS mice. This theory is 

supported by Voorhees, et al. 211 who saw IL-6 levels recover to normal levels quickly after 

their stress protocol was ended. Technical factors may include the possibility that there was 

not enough power in our statistical analysis due to low n values, which may have resulted in 

no statistical differences between groups. Our data did however show trends that are supported 

by previous data that have found an increase in IL-6 in WD fed/obese mice and 

humans208,212,213. 

 

5.3 Diet, Stress and Behavioural Phenotype 

Mood disorders are one of the leading causes of burden of disease worldwide, with anxiety and 

depressive disorders at the forefront of this mental health epidemic. In contemporary society, 

the presence of underlying chronic stress in everyday life has become more common, with this 

type of stress linked to increased risk of deleterious cardiovascular outcomes104,214-216. 

Moreover, links between chronic stress promoting obesity and vice versa have been found116. 

The SPT is used to investigate the presence of depressive behaviour (anhedonia) in mice189. In 

our study we saw reduced sucrose consumption in mice fed the WD and the WD + RS animals 

post-intervention. While reduced sucrose consumption is indicative of anhedonia and a 

hallmark of depressive behaviour, it is possible that the WD had an impact on sucrose 

consumption in these mice due to the additional sugar content of the diet. As the WD fed to 

these mice had a high sugar concentration, the combination of the diet with the sucrose water 

may have been too sweet for their palette, resulting in these mice having a preference for 

normal, unsweetened water. Alternatively, the WD may have contained enough sugar in the 

diet, which negated the mice’s need/desire to have sugar from the water. Therefore, the SPT 
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may not be an accurate behavioural assessment in this type of study where sugar content of the 

food is elevated above normal values.  

The OFT measures anxiety-like behaviours, locomotor activity, and exploratory 

behaviour in mice. CRS protocols have been widely deployed to induce an anxious or 

depressed phenotype in laboratory animals217-220. In the current study, increased distance 

travelled and wall seeking behaviour (both regarded as locomotor measures in the OFT) were 

observed in our mice, along with significant weight loss (due to decreased kJ intake) during 

the stress protocol. Our findings suggest that 2-hour daily RS was effective in causing mild 

mood disturbance in our mice, independent of diet. Previously, CS protocols have been found 

to not only induce anxiety, but also nonspecific behavioural alterations such as hyper- or hypo-

locomotion, which can interfere with the interpretation of the behaviour and assessment of 

anxiousness in the OFT. It has been suggested that hyperlocomotion is triggered in mice 

exposed to CS under brightly or moderately lit test conditions. The moderate to bright light is 

considered an acute stressor and can interfere with the evaluation of anxiety-like behaviour in 

the OFT221. This behaviour was found to be abolished with anti-anxiety medication. Ito, et al. 

222 investigated the impacts of CRS in C57BL/6J mice. This group found that increased 

locomotion was a stress response associated with the CRS phenotype. It was suggested that 

this was due to synaptic plasticity in the anterior cingulate cortex, which is involved in mood 

disturbances, due to CS reducing presynaptic GABAergic interneuron activity (reducing 

inhibition). Other studies investigating different types of stressors have also found CS linked 

to hyperactivity in mice223. Ieraci, et al. 224 investigated the effects of social isolation on mice 

and suggested that hyperlocomotive behaviour could be due to the social impacts of the 

stressor. These findings from previous studies support the idea that increased locomotion is 

potentially a stress response resulting from CS exposure in rodents. This data, along with the 

reduced caloric intake and subsequent weight drop at the induction of the RS protocol, allow 
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the conclusion that our RS protocol effectively resulted in mild mood disturbance in these mice. 

These mood disturbances may be due to impairments in the anterior cingulate cortex caused 

by CS, which should be investigated in future studies.  

Previously, a study investigating the effects of low-level restraint stress and/or a WD 

found that 30 minutes of restraint stress for 21 days induced anxiety, however when this stress 

protocol was combined with a WD, it induced depression12. It is likely these results differ due 

to the decreased daily RS time and the prolonged duration of the protocol (21 days as opposed 

to 14). Additionally, the number of days a stress protocol is applied is believed to play a greater 

role in determining the extent of mood disturbance that manifests (i.e., depression, anxiety) 

rather than the period of time per day the rodents are exposed to the stress225. It has been 

suggested that inconsistencies in locomotor activity findings in the literature (i.e., some 

chronically stressed mice presenting with hyperactivity in the OFT, while others are 

hypolocomotive) may be attributed to CS exposure decreasing depressive and anxious 

behaviours in mice due to adaptations of the HPA axis to consistent prolonged stress (like the 

stress protocol undertaken in this current study). However, this adaption has not been found 

when using unpredictable stress protocols187. Furthermore, the aim in this study was not to 

create an overstated depressed phenotype, but rather expose the mice to subclinical stress to 

cause mild mood disturbance. Therefore, an unpredictable stress protocol was not suitable for 

this study due to the increased likelihood of it inducing overt depression.  

We found that circulating noradrenaline was reduced by RS. Elevated catecholamines 

have been well documented to be increased under CS conditions226. We suggest that perhaps 

under predictable low-level chronic stress conditions basal noradrenaline decreases due to 

sympathetic-adrenal-medullary axis adaption to the long-term stress.  

It was also observed that distance travelled decreased in the CD and WD groups when 

comparing pre- vs. post-intervention results. This is likely an age-related change with Shoji, et 
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al. 227 finding that age influenced distance travelled in the OFT, with decreases in hyperactivity 

found in the first 5 minutes of the test as the mice increasingly aged. These findings are 

supported by several other findings in the literature228,229.  

 

5.4 Effect of a WD and/or CS on Circulating Melatonin  

Melatonin secreted by the pineal gland regulates the circadian rhythm, playing an 

important role in sleep-wake cycles230. Melatonin is a marker of mood disorders, with altered 

melatonin levels and secretion seen in depression and anxiety231,232. Circulating melatonin was 

unaltered by RS or a WD. Our mouse model did not display behavioural signs of depression 

or anxiety but did display behavioural changes that are indicative of mood disturbances. The 

absence of overt changes in melatonin levels are in line with the behavioural changes we 

documented in our mice. Our stress protocol was likely insufficiently severe to induce changes 

in melatonin or overt anxiety/depression. Another explanation for the absence of difference in 

circulating melatonin levels across groups could relate to C57Bl/6J mice being reported to be 

largely melatonin deficient due to impaired synthesis of the hormone233,234. CS has previously 

been reported to cause melatonin abnormalities, resulting in an increase in circulating 

melatonin levels235. However, this study measured the concentration of melatonin at various 

times during the day, with only one time point showing a significant difference between control 

and stressed mice235. Cano, et al. 236 investigated the effects of overt obesity on melatonin levels 

over a 24-hour period, with a significant decrease in melatonin in obese rats found at one 

timepoint. In addition to our study taking serum for melatonin analysis at different times 

throughout the day, we did not sample melatonin at several specific timepoints, nor during the 

dark cycle. This may be a reason we did not see any significant changes in melatonin levels, 

as both studies only observed a significant difference at one timepoint, which was during the 

dark phase. 
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5.5 Impacts of a WD and/or Stress on Myocardial Function, Ischaemic Tolerance, and 

Response to IPC 

5.5.1. Effects of WD and CS on Myocardial Ischemic Tolerance 
 
Reperfusion function was not changed by the WD or RS in this study. There were no significant 

differences in LDH (cell death marker) or troponin I (myocyte death marker) efflux from the 

hearts of the four different groups, suggesting there were no differences in cardiac injury 

between groups. Despite no robust changes in post-ischaemic cardiac outcomes, hearts from 

the RS (±WD) mice had a trend for improved LVDP recovery, reduced EDP, and lower 

troponin I release. These trends for improved reperfusion recovery may be due to the weight 

loss induced by the stress protocol in the final 14 days of the study. RS (±WD) did not promote 

changes in innate RISK pathway signalling. CS has previously been found to not result in an 

increase in AKT phosphorylation post I/R in normotensive rodents237. This supports our current 

findings. Despite these trends in the RS (±WD) hearts, the WD group had a trend for decreased 

myocardial pAKT and significantly decreased pGSK-3b expression. It is expected that these 

changes in protein expression levels would reduce the ability of pGSK-3b to prevent mPTP 

opening at reperfusion and hence reduce ischemic tolerance. However, this was not the case 

with no improvements found in reperfusion function in the WD group. These findings are 

supported by Wensley, et al. 97 who also found reduced phosphorylation of cytosolic AKT and 

GSK-3b in obese, insulin insensitive rodents. Oi, et al. 98 found that obesity and insulin 

resistance caused by a 16-week high fat diet in rats worsened myocardial tolerance to ischemia, 

with these animals presenting with larger infarct sizes post-ischemia. While both this study and 

our study had a dietary intervention of approximately the same period of time, it is possible the 

small differences in the dietary composition in the Oi, et al. 98 study resulted in a more 
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substantial metabolic dysregulation, resulting in worsened infarction. Conversely, hearts from 

WD fed mice have also been described to have improved post-I/R function99. It is likely that 

we found no differences in ischaemic tolerance between groups because we did not elicit robust 

metabolic changes in our mice due to our shorter dietary intervention. Du Toit, et al. 12 

investigated the cardiovascular impacts of low-level stress and a WD. This group found a 

synergistic interaction between the WD and low-level stress, which caused worsened 

myocardial post-I/R outcomes and higher oncotic death than what either of the interventions 

induced individually. In the current study, no synergistic effect of a WD and RS was seen. 

Low-level stress alone wasn’t reported to have detrimental impacts on myocardial recovery in 

Du Toit, et al. 12, although RS mice in our study exhibited myocardial inflammation (discussed 

later). This data supports what was found in our non-IPC RS hearts. Myocardial intolerance to 

ischemia has been established to occur in chronically stressed phenotypes, so it is likely that 

the RS protocol was too mild to induce a detrimental effect, regardless of diet103. Rats exposed 

to chronic unpredictable stress were found to have worsened infarct tolerance when compared 

with control mice103,113. It is possible that our findings differed due to variance in the stress 

protocols, as the protocols in these two studies were unpredictable in nature. However, studies 

utilising predictable RS for 11-12 days have also found worsened myocardial tolerance to 

ischemia, with these hearts presenting with larger infarct sizes113. This group may have 

observed worsened post-ischemic outcomes because they subjected the hearts to an ischaemic 

event the day after ceasing the stress protocol. In our study the RS protocol was stopped four 

days prior to exposure to I/R which may have allowed the stress response to wane before the 

hearts were subjected to the ischaemic insult.  

 

5.5.2. Effects of WD and CS on Myocardial Response to IPC 
IPC and myocardial reperfusion function: IPC is an experimental, therapeutic 

technique aimed to reduce the infarct size and improve myocardial tolerance to prolonged I/R. 
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IPC protocols utilise several brief cycles of ischemia followed by reperfusion to stimulate 

endogenous cardioprotective kinases before the major, lethal ischemic event. While 

experimental IPC is one of the most effective interventions to reduce myocardial damage and 

death post I/R, these findings have not translated well into clinical practice. IPC has been found 

to be impaired when used in clinical practice, potentially due to underlining health conditions 

and comorbidities in these patients238-241. In the current study, the hearts from animals fed the 

WD were not responsive to IPC when compared to the CD group, presenting with reduced 

LVDP recoveries and coronary flows. There were however no differences in coronary effluent 

cell death markers (LDH, troponin), myocardial inflammatory markers (IL-6 and TNF-a) or 

the expression of RISK pathway proteins between IPC groups. The WD hearts had a trend 

towards a reduced AKT phosphorylation, which may suggest that RISK pathway 

downregulation or dysfunction made the hearts of these animals unresponsive to IPC. The 

detrimental impact insulin resistance has on myocardial tolerance to I/R and responsiveness to 

IPC has previously been documented, with it being suggested to be the primary cause of 

impaired ischemic tolerance in obesity97-99,185,200.  The overt insulin resistance in the WD group 

may have resulted in this insensitivity to IPC and the impairment of reperfusion functional 

recovery, with RS playing a protective role to prevent worsened functional outcomes in the 

WD + RS IPC hearts. Obese, insulin insensitive rats have previously been reported to abolish 

the cardioprotective effects of pre-conditioning, resulting in larger infarct sizes in these hearts 

compared to metabolically healthy mice99,185. These findings support our results.  

 

The impact of diet on differences in myocardial reperfusion function in non-IPC vs. 

IPC hearts: The CD and WD hearts subjected to IPC had improved LVDP recovery and 

reduced EDP during reperfusion, compared to their respective non-IPC groups. The CD IPC 

group also displayed increased reperfusion coronary flow. These hearts from the CD and WD 
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fed animals were responsive to classical IPC stimuli and had improved reperfusion function. 

Despite these improvements in function, no significant differences were seen in troponin or 

LDH release into coronary effluent, indicating no differences in myocardial injury between the 

groups. There was however a trend for reduced troponin-I release (indicating less cardiac 

injury) in the CD IPC group compared to the non-IPC CD group, which supports the improved 

functional recoveries seen in this group. Collectively, this data indicates that the CD and WD 

hearts were more responsive to myocardial ischemic pre-conditioning stimuli, and therefore 

suffered less injury post-ischemia. Our findings will be discussed further in relation to other 

studies below.  

 

IPC, Diet, and the RISK pathway: IPC resulted in an increase in total AKT levels in 

CD and WD hears - an effect eliminated by RS. However, IPC failed to increase post-ischaemic 

AKT phosphorylation in these hearts, resulting only in trends for reduced pAKT/tAKT ratios. 

It is well documented that IPC increases AKT phosphorylation and thereby induces 

cardioprotection through RISK pathway activation242,243. Donner, et al. 99 reported that pre-

conditioning was abolished by obese, insulin resistant rats. They however described no 

differences in cytosolic pAKT or pGSK-3b levels when comparing WD non-conditioned with 

WD pre-conditioned hearts. Nonetheless, conditioning increased pERK levels in WD rats 

(compared to non-conditioned WD)99. We found a trend in increased pGSK-3b in the WD IPC 

hearts, despite no changes in the phosphorylated to total ratio. Contrary to Donner, et al. 99, our 

WD IPC hearts had improved recovery (compared to non-IPC WD hearts), and we did not find 

any differences in ERK 1/2 phosphorylation in the WD IPC group. The rats in that paper were 

fed an obesogenic diet for 32 weeks, whereas our mice were exposed to the WD for half that 

period of time. It is therefore possible that our mice were less insulin resistant, with the degree 

of insulin insensitivity an important determinant in how well the heart responds to IPC to 
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increase ischemic tolerance. This relatively modest insulin resistance may have resulted in the 

hearts being responsive to IPC when compared to the non-IPC WD group, however it not being 

effective in increasing ischemic tolerance to the same extent as the healthy CD IPC hearts. 

LDH release into coronary effluent was reduced in CD hearts conditioned via d-opioid receptor 

agonist, however the d-opioid receptor agonist had no effect on LDH efflux in obese, insulin 

insensitive rats99.  In the current study, the WD alone did not have differences in LDH, however 

it was elevated in the WD + RS hearts, indicating that IPC was ineffective in preventing 

oncosis.  

 

The impact of CS on myocardial reperfusion function and RISK pathway expression 

in IPC hearts, and their comparison to non-IPC CS hearts: IPC did not improve contractile 

function or reduce cell death in the RS groups, indicating that RS made the hearts refractory to 

IPC, without altering baseline I/R tolerance. The WD + RS hearts subjected to IPC also had 

higher levels of LDH release compared to the non-IPC WD + RS hearts, indicating that IPC 

may worsen tolerance to I/R in conditions where a WD and stress are comorbidities. However, 

IPC did reduce myocardial inflammation (TNF-a) post-I/R in these groups, which follows 

trends of increased LVDP recovery and reduction of EDP in the RS groups, along with 

improved coronary flow in the WD + RS IPC group. Additionally, the WD + RS hearts exposed 

to IPC had increased phospho-inhibition of GSK-3b (despite showing no significant 

differences in the pGSK-3b to tGSK-3b ratio). The WD and RS did not have an additive effect 

on cardiac functional recovery in the IPC hearts. These findings suggest that, regardless of diet, 

chronic subclinical stress may impair myocardial contractile function after exposure to I/R (as 

suggested by the impaired reperfusion recovery and increased oncosis seen in these hearts). 

However, not all cardioprotective effects of IPC are abolished (reduced inflammation, greater 

phosphorylation of GSK-3b). These functional impairments are likely due to intracellular 



 95 

calcium accumulation in cardiomyocytes. Unresponsiveness to IPC in RS hearts could also 

reflect reduced myocardial AKT upregulation. To elaborate, RS IPC hearts had no difference 

in total AKT expression levels when comparing IPC vs. non-IPC hearts, unlike the non-stressed 

hearts (CD and WD). While the pAKT/tAKT ratio is unchanged in the non-stressed IPC 

groups, these hearts had significantly increased total AKT. Meaning, although there were no 

significant differences in phosphorylated to total AKT ratios in any intervention group, there 

was a greater amount of total AKT in the non-stressed IPC groups that could then be 

phosphorylated during RISK pathway signalling. Hence, a smaller AKT pool with no changes 

in phosphorylation may have contributed to impaired responsiveness to IPC in the RS hearts, 

and therefore resulted in impaired functional recovery and increased cell death. The efficacy 

of IPC has not been well defined in models of CS, with no known studies directly investigating 

its relationship. However, one article has investigated the cardiovascular impacts of ischemic 

post-conditioning in a CMS-induced depression model175. This study found that non-stressed 

mice exposed to IPC had higher levels of pAKT than the control and stressed (depressed) mice, 

and that IPC was ineffective in improving functional recovery and reducing troponin release 

from hearts of depressed animals. The absence of increased phosphorylation of AKT in our RS 

mice and the diminished protective effect of the conditioning response are supported by this 

data. Our data indicate that these changes may occur during low-level stress, and a full 

depressive phenotype is not necessary to induce these pathological changes.  

 

IPC and myocardial inflammation: An inflammatory response is triggered after a 

myocardial infarction, with increases in many pro-inflammatory cytokines including TNF-a 

and IL-6. When there is chronic systemic inflammation (i.e., due to stress, metabolic syndrome, 

infection, or other disease), this myocardial inflammatory response is often prolonged and 

exaggerated, resulting in pathological remodelling due to cytokine promotion of impaired 
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contractility (through impairing calcium release/sensitivity) and myocyte apoptosis244,245. 

Myocardial TNF-a and IL-6 levels are increased in models exposed to CS, as seen in this 

study105. IPC has previously been found to be effective in reducing post-ischaemic myocardial 

TNF-a levels246. In this study, we found that IPC reduced post-ischemic inflammation as 

reflected by myocardial cytokine levels in the RS hearts. Although the LVDP and EDP data 

for the RS hearts showed no significant changes, the RS (±WD) hearts exposed to IPC followed 

a similar pattern of improved reperfusion recovery, with trends matching the improved post-

ischemic TNF-a data. Inflammation is a key mechanism implicated in stress related mood 

disorder development and progression247. However, the pro-inflammatory effect of CS does 

not appear to be overly relevant in the heart, with IPC able to reduce myocardial inflammation 

in RS mice. In addition, there was a marginal reduction in TNF-a levels in CD and WD IPC 

mice, compared to non-IPC, which may have contributed to improved functional recovery in 

these IPC hearts. Previously, myocardial TNF-a levels have been reported to be unchanged 

post-I/R in WD, stressed, and the combination of WD and stressed mice12. These results are 

unlike the ones found in the study and may differ because the restraint stress protocol in those 

mice was shorter per day and longer in length than this protocol.  

 

5.6 Concluding Remarks 

The present study indicates that a WD was effective in promoting the development of obesity 

and metabolic dysregulation, while also inducing mild systemic inflammation. These changes 

were confirmed by the body weight, insulin, glucose, and HOMA-IR data, with subtle shifts in 

circulating cytokines (IL-6). Exposure to chronic low-level stress caused mild mood 

disturbance in our mice, which was exhibited by significant weight loss and hyperlocomotion. 

This stress protocol was however likely too mild to elicit pronounced MDD or anxiety. Intrinsic 

tolerance to myocardial I/R was essentially unaltered by these interventions, although trends 
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suggest that RS may have improved myocardial functional recovery, despite evidence for 

increased post-ischaemic myocardial inflammation. While consumption of a WD impaired IPC 

responses compared to the CD group, the WD hearts remained responsive to pre-conditioning, 

with improved functional outcomes found in the WD IPC group vs. the WD non-IPC group. 

In contrast, RS negated the protective effects of IPC on cardiac function, despite reducing 

myocardial inflammation and increasing levels of pGSK-3b (albeit no changes in 

phosphorylated to total GSK-3b  ratio). This impairment of IPC responses with chronic stress 

was associated with reduced AKT expression, although relative kinase phosphorylation was 

not improved. Nonetheless, a smaller AKT pool (with similar phosphorylation status) will limit 

protective signalling. If the impact of stress on IPC is similar in humans, it could assist in 

explaining why clinical cardioprotection remains a challenge in patients with heart diseases 

that are often linked to chronic stress and MDD (among other co-morbidities).   

 

Limitations for this study include the exclusive use of male mice, given evidence of 

sexual dimorphisms in cardiovascular and metabolic systems and disease development, along 

with differences in responses to stress248-252. Future work would be directed at examining 

potentially distinct response in males and females. A second limitation relates to some groups 

having small n values due to the loss of hearts during Langendorff perfusion, which may have 

impacted statistical power. Further time and financial support would permit more extensive 

analysis of this nature (which is both time and funding intensive). In addition, there was a four 

day gap between the last exposure to RS and the day of sacrifice, potentially resulting in some 

of the effects of RS waning before the hearts underwent Langendorff perfusions. However, this 

gap was unavoidable due to necessary behavioural testing and blood collection prior to animal 

sacrifice, which could not be impacted by running the stress protocol at the same time. 
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