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ABSTRACT 

Introduction: Diabetes is a disease characterised by chronic hyperglycaemia due to 

reduced insulin secretion or action. Up to 75% of diabetic patients die due to 

cardiovascular complications such as heart failure (HF). The term “diabetic 

cardiomyopathy” describes distinct structural and functional changes in the heart 

driven by metabolic and microvascular abnormalities. Microvascular dysfunction 

appears at an early stage as a result of impaired endothelial function, at least in part 

due to hyperglycaemia-induced production of reactive oxygen species (ROS) in 

endothelial cells (ECs), leading to oxidative stress and increased vascular tone. 

NADPH oxidases are enzymes whose primary function is to produce ROS, with NOX2 

and NOX4 both highly expressed in ECs and upregulated in diabetic and failing 

hearts. Our hypothesis was that endothelial-specific NOX2 and NOX4 play a key role 

in regulating the development of microvascular dysfunction and subsequent 

progression of diabetic cardiomyopathy.  

Methods: Endothelial-specific Nox2- (EC-Nox2Tg) and Nox4-overexpressing (EC-

Nox4Tg) mice were injected with streptozotocin (STZ) to destroy pancreatic β-cells 

and induce type 1 diabetes (T1D). Some mice were infused with angiotensin (ATII) at 

a rate of 1.1 mg/kg/day to exacerbate the diabetic cardiac remodelling phenotype. 

Echocardiography was performed at three and six months of age to identify changes 

in cardiac structure and function. Assessment of left ventricular (LV) gene and protein 

expression (qRT-PCR and Western blot), fibrosis (picrosirius red), cardiomyocyte 

hypertrophy (Haematoxylin and eosin) and total ROS/superoxide (O2
-) production 

(DCF/DHE staining) was performed to identify the effects of endothelial-specific Nox2 

and Nox4 on diabetic cardiomyopathy. 

To assess the effects of hyperglycaemia on EC function, human aortic ECs (HAoECs) 

with or without NOX4 modification were assessed for changes in gene and protein 

expression, ROS/O2
- production, intracellular Ca2+ release (Flexstation) and cytokine 

release (cytokine array) in response to normal glucose (NG; 5.5mM) or high glucose 

(HG; 25mM). Experiments were repeated in coronary microvascular ECs (CMECs) to 

study differences in macro- vs. microvascular function. 3T3 fibroblasts and ventricular 

human cardiac fibroblasts (VHCFs) were treated with conditioned media from ECs to 

investigate paracrine effects on fibrosis.  

Results: While diabetic EC-Nox2WT mice tended to exhibit decreased diastolic 

function relative to non-diabetic counterparts, there was no change in cardiac function 
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in control or diabetic EC-Nox2Tg mice. Similarly, there were no differences in LV Nox2 

mRNA or protein expression or cardiomyocyte hypertrophy between any of the 

experimental groups. Moreover, LV fibrotic, hypertrophic, antioxidant or inflammatory 

gene expression remained largely unaltered. While further experiments are required, 

these data suggest that endothelial-specific Nox2 overexpression does not exert 

significant effects on cardiac remodelling and dysfunction in experimental T1D.  

Similar to diabetic EC-Nox2WT mice, diabetic EC-Nox4WT mice showed reduced 

diastolic function relative to non-diabetic counterparts, whilst control EC-Nox4Tg mice 

showed reduced diastolic function, increased fibrosis, increased O2
- relative to total 

ROS, and increased expression of fibrotic, antioxidant and inflammatory genes. While 

the phenotype of EC-Nox4Tg mice was not worsened by STZ diabetes, additional ATII 

infusion resulted in reduced diastolic and systolic function, increased fibrosis and 

cardiomyocyte hypertrophy, increased expression of fibrotic, hypertrophic and 

inflammatory genes and reduced expression of antioxidant genes. Taken together, 

these data suggest that endothelial-specific Nox4 overexpression is a key driver of 

diabetic cardiomyopathy.   

Complementary in vitro investigation showed that HG increased NOX4 expression in 

both HAoECs and CMECs. NOX4 overexpression in HAoECs led to increased 

antioxidant gene expression, altered ROS production, increased Ca2+ signalling and 

protein phosphorylation, and increased cytokine release in response to HG. Both 3T3 

fibroblasts and VHCFs showed exacerbated fibroblast differentiation following 

treatment with conditioned media from HG-treated NOX4-overexpressing HAoECs. 

Nox4 overexpression in CMECs exacerbated protein phosphorylation and increased 

expression of inflammatory, antioxidant, angiogenic and fibrotic genes, whilst 

conditioned media from HG-treated Nox4 overexpressing CMECs exacerbated 

differentiation of VHCFs. These data suggest that endothelial Nox4 is central to HG-

induced pathological signalling via alteration of ROS production and consequent 

increases in inflammation and fibrosis which seems to be more severe in the 

microvasculature.  

Conclusions: We concluded that endothelial-specific Nox2 overexpression likely has 

limited effects on T1D diabetic cardiomyopathy, although it would be interesting to 

compare with type 2 diabetes (T2D) in which the cardiac phenotype is different. 

However, endothelial-specific Nox4 overexpression appears to play a key role in the 

development and progression of diabetic cardiomyopathy in experimental T1D via 

specific effects on ROS and pro-fibrotic signalling. As such, it is likely that functional 
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changes typically observed in the diabetic heart are at least partly due to pathological 

Nox4-mediated changes in endothelial ROS production and signalling, leading to 

increased cytokine release, fibrosis, and adverse remodelling. Therefore, targeting 

endothelial-specific Nox4 in the cardiac microvasculature may represent a novel 

therapeutic approach to slow progression of diabetic cardiomyopathy. 
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1 INTRODUCTION 

1.1 Definition of diabetes 

Diabetes is a group of metabolic disorders characterised by chronic hyperglycaemia, 

due to either reduced insulin secretion or action (American Diabetes Association, 

2010). 

1.2 Prevalence of diabetes 

In 1997, the American Diabetes Association and the World Health Organisation 

(WHO) created a classification system for diabetes in which there were four 

categories: type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes (GD) 

and other types of diabetes (Nakhanakhup et al., 2006). T1D and T2D together make 

up the majority of cases of diabetes (Nakhanakhup et al., 2006). The number of 

people diagnosed with diabetes in the UK has increased from 1.4 million in 1996 to 

3.8 million in 2019; however, it is estimated that a further 1 million diabetic people 

could be as yet undiagnosed, and that as many as 5.5 million people will be diabetic 

by 2030 (Diabetes UK, 2019). Moreover, the worldwide prevalence of diabetes in 

1980 was 108 million in adults aged 18-99; however, it was estimated at 451 million 

in 2017 and is predicted to affect 693 million worldwide by 2045 (International 

Diabetes Federation, 2018). The prevalence of diabetes is higher in developed 

countries where it will likely increase by a further 20% by 2030; however, its 

prevalence has been rising more rapidly in middle and low income countries and may 

rise by as much as 69% in the same time frame (Shaw et al., 2010). This is a growing 

public health concern as diabetic patients have a large reduction in life expectancy, 

with 1.6 million deaths per year directly linked with diabetes (World Health 

Organisation, 2018). Moreover, ~10% of the NHS budget and ~12% of global 

healthcare expenditure is spent on diabetes and its complications, which include 

blindness, end-stage renal disease, nephropathy and heart failure (HF) (Al-Lawati, 

2017, Diabetes UK, 2019), Moreover, the WHO predicts that diabetes will be the 

seventh leading cause of death worldwide by 2030 (World Health Organisation, 

2018). It is therefore critical to identify effective treatments for diabetes and its 

complications to relieve the global burden of this devastating disease. 
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1.3 Types of diabetes 

1.3.1 Type 1 diabetes 

T1D is also known as insulin-dependent or juvenile-onset diabetes. It affects 5-10% 

of diabetic patients and is characterised by reduced insulin secretion due to immune-

mediated destruction of β-cells in the pancreatic islets of Langerhans (Atkinson et al., 

2014). It generally becomes apparent early in life through symptoms such as fatigue, 

polyuria, polydipsia and weight loss (American Diabetes Association, 2010). Patients 

are diagnosed as diabetic with a fasting blood glucose level higher than 7mmol/L, fed 

blood glucose level higher than 11.1mmol/L together with symptoms of diabetes, or 

an abnormal 2h oral glucose tolerance test (OGTT) (Atkinson et al., 2014). 

Approximately 70,000 children under 15 are diagnosed with T1D globally each year, 

although this number is estimated to be increasing by 3-5% (Danne et al., 2007). The 

incidence and prevalence of T1D varies substantially worldwide, although it is 

particularly common in developed countries (World Health Organisation, 2018). 

T1D is a polygenic disease, with approximately 40 genes increasing disease 

susceptibility, many of which are associated with immune responses (Atkinson et al., 

2014). The majority of the genes map to the HLA class II genes, enabling patients 

with a genetic predisposition to be screened for T1D (Steck and Rewers, 2011). While 

genetics is certainly important, an environmental trigger, such as an infection, diet or 

stress, is usually required to initiate the development of islet autoimmunity (Steck and 

Rewers, 2011, Rewers and Ludvigsson, 2016). For example, both pre- and post-natal 

exposure to enteroviral infections can drive the development and progression of T1D 

(Rewers and Ludvigsson, 2016). The “hygiene hypothesis”, in which improved 

hygiene and reduced exposure to infection, has also been associated with the 

development of several autoimmune diseases, including T1D (Rewers and 

Ludvigsson, 2016). Moreover, older mothers or mothers who give birth via caesarean 

section are more likely to raise a child with T1D (Rewers and Ludvigsson, 2016). It is 

likely that certain lifestyle changes, as well as cultural changes in motherhood and the 

increased incidence of surgical procedures, has partially contributed to increased 

prevalence of T1D over the past 30 years (Rewers and Ludvigsson, 2016). 

1.3.2 Type 2 diabetes 

T2D is also known as non-insulin-dependent or adult-onset diabetes. It affects 

approximately 90-95% of diabetic patients and results from ineffective cellular 
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utilisation of insulin (Ragheb and Medhat, 2011, Nakhanakhup et al., 2006). 

Historically, T2D has been generally seen in people over 40, although its prevalence 

in the younger population is rapidly increasing (World Health Organisation, 2018). 

Genetic factors play a role in the development of T2D, with many dysregulated genes 

associated with insulin-sensitive glucose uptake (Ali, 2013). However, the increased 

prevalence of T2D is predominantly due to changes in environmental factors, 

including an increasingly sedentary lifestyle and a Westernised diet (World Health 

Organisation, 2018). Many of these factors contribute to weight gain; most people with 

T2D are either overweight or have excess abdominal body fat (World Health 

Organisation, 2018). Both genetic and environmental factors contribute to peripheral 

insulin resistance in myocytes and adipocytes, leading to reduced glucose, 

hyperglycaemia and increased circulating free fatty acids (FFAs) (Boden and Laakso, 

2004, DeFronzo and Tripathy, 2009, Taylor, 2013). Considering its slow development 

and progression, T2D can often go undiagnosed for years as the onset of symptoms 

is delayed (World Health Organisation, 2018). 

1.3.3 Gestational diabetes 

GD occurs in 5% of pregnancies and is a result of progressive insulin resistance, 

usually occurring at the third trimester (Alfadhli, 2015, Kampmann et al., 2015). Whilst 

increased insulin resistance occurs in normal pregnancies, resulting in decreased 

glucose availability, patients with GD are unable to sufficiently increase their insulin 

secretion to counteract reduced insulin sensitivity (Alfadhli, 2015, Kampmann et al., 

2015). Hormones that are increased in pregnancy, such as human placental growth 

factor (PGF), may contribute to insulin resistance (Alfadhli, 2015). Its prevalence is 

increasing alongside T2D, most likely due to similar risk factors such as increased 

adipose tissue, increased caloric intake and reduced exercise (Alfadhli, 2015, 

Kampmann et al., 2015). Most cases resolve with delivery, although it can increase 

the chances of the mother and baby developing T2D and a host of other complications 

(American Diabetes Association, 2010, Alfadhli, 2015, Kampmann et al., 2015). 

1.3.4 Other types of diabetes 

A small percentage of cases with diabetes cannot be characterised as either T1D, 

T2D or GD, as summarised in Table 1-1. Maturity-onset diabetes of the young 

(MODY) is a group of disorders in which monogenic mutations result in β-cell 

dysfunction and hyperglycaemia  (American Diabetes Association, 2010, Anik et al., 

2015). Certain genetic mutations, such as in glucokinase (GCK), result in mild 
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hyperglycaemia, while other genetic mutations, such as in hepatocyte nuclear factor 

(HNF-1/4α), result in severe β-cell dysfunction and hyperglycaemia and consequent 

microvascular dysfunction (Anik et al., 2015, Thanabalasingham and Owen, 2011). 

While MODY is often misdiagnosed, correct diagnosis allows appropriate treatment 

(Anik et al., 2015, Thanabalasingham and Owen, 2011). Genetic defects in insulin 

action result in latent autoimmune diabetes of adulthood (LADA), in which adult-onset 

diabetes is associated with circulating autoantibodies against, for example, islet cells, 

glutamic acid decarboxylase (GAD), or insulin (American Diabetes Association, 2010, 

O’Neal et al., 2016). LADA tends to develop later in life but differs from T2D in that 

patients do not tend to be overweight (O’Neal et al., 2016). Syndromes that cause 

hormonal changes, (e.g. pancreatitis or Cushing’s syndrome) or weight gain, (e.g. 

Down syndrome or Prader-Willi syndrome), also contribute to the development of 

diabetes (American Diabetes Association, 2010, Nakhanakhup et al., 2006). 

Moreover, childhood infections such as rubella can promote autoimmune diseases 

and contribute to β-cell dysfunction (American Diabetes Association, 2010, 

Nakhanakhup et al., 2006). Finally, certain drugs can destroy pancreatic β-cells (e.g. 

intravenous pentamidine) or impair insulin action (e.g. glucocorticoids), again 

contributing to the development of diabetes (American Diabetes Association, 2010).  

1.4 Clinical management of diabetes 

1.4.1 Type 1 diabetes 

T1D is currently treated using exogenous insulin, with short-acting insulin taken 

before meals or long-acting insulin sufficient to last throughout the day (Atkinson et 

al., 2014).  Self-monitoring of blood glucose levels (SMBG) and continuous monitoring 

of haemoglobin A1c (HbA1c) levels (which indicate long-term glycaemic control) are 

critical in measuring short-term and long-term glycaemic control in order that patients 

take the appropriate insulin dose (McCall and Farhy, 2013). Development of insulin 

delivery devices and continuous glucose sensors have been shown to facilitate blood 

glucose management in patients (McCall and Farhy, 2013). However, considering the 

difficulty in treatment of lifelong immunosuppression, an artificial pancreas or 

pancreatic or islet transplantation would be preferable for replacement of destroyed 

β-cells (Wherrett and Daneman, 2009, Atkinson et al., 2014). While stem cells are a 

promising potential therapy, they are not yet able to respond to changes in blood 

glucose levels (Wherrett and Daneman, 2009). It is sobering to consider that while 

insulin therapies are widely available in Western countries, a child in Mozambique 

diagnosed with T1D has a life expectancy of only 7 months (Atkinson et al., 2014).  
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1.4.2 Type 2 diabetes 

Lifestyle changes that promote weight loss can potentially reverse T2D (Taylor, 2013). 

Dietary changes aim to normalise blood glucose levels and maintain a healthy weight; 

recommended daily energy intake for patients is 1500-2500 kcal, with a 500-1000 kcal 

deficit in overweight patients (Marín-Peñalver et al., 2016, Asif, 2014, Taylor, 2013). 

In terms of micro- and macronutrients, dietary recommendations are an intake of 40-

60% carbohydrate, including whole grains, fruits and vegetables (15-20% as protein, 

10% as fat) as well as a high intake of fibre, antioxidants and polyphenols (Marín-

Peñalver et al., 2016, Asif, 2014, Nakhanakhup et al., 2006). Exercise is also critical 

in regulating blood glucose levels as it improves peripheral insulin sensitivity in 

skeletal muscle, increases muscle mass and reduces body fat, which is associated 

with normalisation of glycaemia and HbA1c levels (Marín-Peñalver et al., 2016, 

Nakhanakhup et al., 2006). In addition to lifestyle changes, approximately 50% of T2D 

of patients require insulin therapy 10 years post-diagnosis (Asif, 2014). Further drugs 

(summarised in Table 1-2) can be used to induce insulin secretion or action or to 

manage hyperglycaemia and HbA1c levels. Metformin is the most commonly used 

drug to treat diabetes, while thiazolidinediones and sulfonylureas are also frequently 

prescribed (American Diabetes Association, 2010).  
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Reason for diabetes Cause of diabetes 

Genetic defects of β-cell function 

Chromosome 12, HNF-1α; chromosome 7, 

glucokinase; chromosome 13, insulin promoter 

factor-1 (IPF-1); mitochondrial DNA; others 

Genetic defects in insulin action 

Type A insulin resistance, Leprechaunism, 

Rabson-Mendenhall syndrome, Lipoatrophic 

diabetes, others 

Diseases of the exocrine 

pancreas 

Pancreatitis, trauma/pancreatectomy, neoplasia, 

cystic fibrosis, hemochromatosis, fibrocalculous 

Endocrinopathies 

Acromegaly, Cushing’s syndrome, glucagonoma, 

pheochromocytoma, hyperthyroidism, 

somatostatinoma, aldosteronoma, others 

Drug- or chemical-induced 
Pentamidine, nicotinic acid, glucocorticoids, 

thyroid hormone, thiazides 

Infections Congenital rubella, cytomegalovirus, 

Uncommon forms of immune-

mediated diabetes 

“Stiff-man” syndrome, anti-insulin receptor 

antibodies, others 

Other genetic syndromes 

Down syndrome, Klinefelter syndrome, Turner 

syndrome, Wolfram syndrome, Prader-Willi 

syndrome 

Table 1-1: Summary of other types of diabetes.   Some types of diabetes are 

caused by genetic or hormonal factors, or by infections or drug treatments. Adapted 

from American Diabetes Association, 2010.   
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Type Example Mechanism of action 

Insulin analogues 

Rapid-acting Aspart, lispro Analogue of insulin 

Slow-acting Glargine Analogue of insulin 

Insulin-sensitising agents and insulin secretagogues 

Biguanides Metformin 
Activates AMPK in the liver; reduces 

blood glucose level and weight 

Thiazolidinediones 
Rosiglitazone, 

piogilazone 

Binds to PPARγ, improves glycaemic 

control 

Sulfonylureas 
Glyburide, 

glibenclamide 

Increase insulin secretion via KATP 

channels in β-cells, reduces fasting 

plasma glucose 

Glinides 
Repaglinide, 

nateglinide 

Similar to sulfonylureas, reduces 

postprandial glucose 

Gastrointestinal nutrient absorption modulators 

Alpha glucosidase 

inhibitors 
Acarbose 

Inhibit alpha glucosidases, reduces 

carbohydrate absorption 

Amylin and 

analogues 
Pramlintide 

Slows gastric emptying, reduced 

postprandial blood glucose 

Na-glucose co-

transporter-2 inhibitor 
Dapaglifozin 

Inhibit renal absorption of glucose, 

reduces hyperglycaemia in patients 

Incretin-based therapies 

Incretin agents 
Glucagon-like 

peptide (GLP1) 

Increase insulin secretion and inhibit 

glucagon 

Diphenyl peptidyl-4 

inhibitor 
Sitagliptin 

Reduce HbA1C, fasting blood glucose, 

less weight gain 

Table 1-2: Summary of drugs currently used to treat diabetes.   Diabetes can be 

treated using a range of drugs that aim to reduce hyperglycaemia. Adapted from 

Nakhanakhup et al., 2006 and Marin-Penalver et al., 2016. 
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1.5 Diabetes and cardiovascular disease 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in 

diabetic patients, the incidence of which increases with elevated plasma glucose 

levels without any known threshold (Bertoni et al., 2004, Bugger and Abel, 2014, 

Esposito et al., 2002). The United Kingdom Prospective Diabetes Study (UKPDS) 

demonstrated a correlation between glycaemic control and diabetic complications 

(Kibel et al., 2017). Moreover, the Diabetes Control and Complications Trial (DCCT) 

showed that normoglycemia is associated with reduced risk of CVD (McCall and 

Farhy, 2013, Aschner et al., 2010). In fact, diabetic patients are 2-4 times more likely 

to die of CVD than their non-diabetic counterparts (Fox et al., 2019). Hyperglycaemia 

is a key driver of CVD in diabetes, as it promotes multiple organ dysfunction 

secondary to progression of vascular complications (American Diabetes Association, 

2010). These vascular complications are either macrovascular, including coronary 

artery disease (CAD), peripheral arterial disease (PAD) and hypertension, or 

microvascular, including retinopathy, neuropathy and end-stage renal disease (Leon 

and Maddox, 2015). While hyperglycaemia is an important driver of vascular 

complications, other risk factors, such as hypertension and dyslipidaemia compound 

their progression (Leon and Maddox, 2015).The heart is one of the organs specifically 

damaged by diabetes; in fact, complications of the heart and vasculature kill up to 

80% of diabetic patients, and people with diabetes are 65% more likely to develop HF 

than their non-diabetic counterparts (Diabetes UK, 2016, Kibel et al., 2017). The 

Framingham Heart Study has shown that diabetic men and women are two and five 

times more likely, respectively, to develop HF relative to their non-diabetic 

counterparts (Galderisi et al., 1991). Similar findings have been reported in the 

Cardiovascular Health Study, Euro Heart Failure Surveys, Strong Heart Study (SHS) 

and UKPDS (Falcao-Pires and Leite-Moreira, 2012).  Moreover, HF develops in 

diabetic patients independently of other risk factors, such as age, hypertension, 

obesity or CAD (Leon and Maddox, 2015, Boudina and Abel, 2010, Devereux et al., 

2000). Although first described almost 50 years ago, the term “diabetic 

cardiomyopathy” is not widely accepted; however, it is known that the diabetic heart 

undergoes distinct structural remodelling, including hypertrophy and fibrosis, leading 

to reduced systolic and diastolic dysfunction (Seferović and Paulus, 2015, Miki et al., 

2013, Bugger and Abel, 2014, Leon and Maddox, 2015, Rubler et al., 1972). Figure 

1-1 illustrates how diabetes may drive the progression of HF through hyperglycaemia 

and other pathological mechanisms, largely through promotion of either microvascular 

and/or metabolic dysfunction (Wilson et al., 2017). Broadly speaking, microvascular 
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dysfunction leads to poor blood supply to the heart, whilst metabolic remodelling leads 

to reduced myocardial performance, and their separate contributions will be described 

in sections 1.7.3 and 1.6.2, respectively, after first considering structure and function 

of the healthy myocardium and vasculature (Wilson et al., 2017).  

 

Figure 1-1: Cardiac remodelling in diabetes. Diabetes increases various 

pathological processes, such as hyperglycaemia, which drive sub-clinical remodelling 

via inflammation, ECM alteration and diastolic dysfunction and ultimately heart failure. 

This is likely due to both microvascular dysfunction and metabolic remodelling. AGE, 

advanced glycation end-products; ECM, extracellular matrix; FFA, free fatty acid; NO, 

nitric oxide; PKC, protein kinase C; PPARα, peroxisome proliferator-activated 

receptor α. Taken from Wilson et al., 2017. 

1.6 Cardiac structure and function 

The heart, located in the pericardial cavity of the thorax, is a muscular pump 

responsible for pumping blood to the lungs for oxygenation, which is then driven 

around the rest of the body to supply metabolising tissue with oxygen (Weinhaus and 

Roberts, 2014). It consists of myogenic cardiac muscle, comprising cardiomyocytes 

held in place by collagenous fibres (Ross and Wilson, 2018). The pericardium 

surrounds the heart and is split into two components: the fibrous pericardium, made 

of tough connective tissue, and the inner serous pericardium, which attaches the 

fibrous pericardium to the heart and contains lubricating fluid (Weinhaus and Roberts, 

2014, Ross and Wilson, 2018). The endocardium is the innermost tissue lining the 

surface of the chambers of the heart, which consist of two atria, which receive blood, 

and two more muscular ventricles, which eject blood (Weinhaus and Roberts, 2014, 

Ross and Wilson, 2018). The atria and ventricles are separated by the atrioventricular 



Chapter 1 

~ 1-10 ~ 
 

septum, whilst the two atria are separated by the atrial septum and the ventricles are 

separated by the ventricular septum (Ross and Wilson, 2018). Blood passes through 

the right atrium to the right ventricle through the tricuspid valve and is ejected to the 

pulmonary circulation through the pulmonary valve to the pulmonary artery (Ross and 

Wilson, 2018). Oxygenated blood returns to the heart through the pulmonary vein to 

the left atrium, passes in to the left ventricle through the bicuspid or mitral valve, and 

is ejected through the aortic valve in to the aorta, thereby delivering blood to the 

systemic circulation (Weinhaus and Roberts, 2014, Ross and Wilson, 2018). 

Deoxygenated blood returns through the vena cava to the right atrium, and the cycle 

continues (Ross and Wilson, 2018). The structure of the heart and coronary circulation 

is summarised in Figure 1-2 (Ross and Wilson, 2018). 

The cardiac cycle is a sequence of events that characterises each heartbeat, as 

illustrated in Figure 1-3, and begins in diastole or relaxation, during which the 

ventricles passively fill with blood from the atria (Ross and Wilson, 2018). Atrial 

contraction or systole drives the remainder of the blood through the atrioventricular 

valves into the ventricles, which is illustrated as a P wave on an electrocardiogram 

(ECG) (Ross and Wilson, 2018, Woudstra, 2016). Left ventricular (LV) isovolumetric 

contraction occurs in early systole and initiates contraction without changing volume, 

followed by ventricular systole, or contraction, which initiates blood ejection from the 

ventricles, as signified by the QRS phase on an ECG (Ross and Wilson, 2018, 

Woudstra, 2016). Atrial relaxation occurs simultaneously but its electrical trace is 

masked by the QRS phase on an ECG and does not generate sufficient extracellular 

current to be detected (Woudstra, 2016). The PQ interval is a measure of the time 

between atrial and ventricular contraction and is therefore representative of delay at 

the atrioventricular node (AVN), although PR interval is often used instead as it is 

easier to visualise (Woudstra, 2016, Becker, 2006). Isovolumetric relaxation, whereby 

the ventricles begin to relax without any change in volume, begins in early diastole, 

and the cardiac cycle resumes again at late diastole (Ross and Wilson, 2018). 

Ventricular diastole is illustrated as the T wave on an ECG, whereby the ventricles 

repolarise (Ross and Wilson, 2018, Becker, 2006, Woudstra, 2016). During the 

repolarisation phase in the ST segment, the cardiomyocytes relax and elongate, 

ready for the next electrical impulse (Woudstra, 2016, Becker, 2006). It is critical to 

consider blood flow through the normal heart in order to understand how heart 

function changes during development and progression of cardiac dysfunction. 
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Figure 1-2: Structure of the heart and systemic circulation.   The heart is 

comprised of two atria and two ventricles. The right atrium and ventricle are separated 

by the bicuspid valve, and the left atrium and ventricle are separated by the tricuspid 

valve. The right ventricle ejects blood through the pulmonary valve to the pulmonary 

artery which returns through the pulmonary vein to the left atrium. Oxygenated blood 

is ejected from the left ventricle through the aortic valve to the aorta and into the 

systemic circulation before returning through the vena cava to the right atrium. Taken 

from Ross and Wilson, 2019.   
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Figure 1-3: Stages of the cardiac cycle.    The cardiac cycle starts in late diastole, 

where both atria and ventricles are relaxed, and the ventricles passively fill with blood. 

The atria then contract, driving the remainder of blood into the ventricles; this 

corresponds to the P wave on an electrocardiogram (ECG). Ventricles then contract, 

ejecting the blood into the circulation; this corresponds to the QRS wave on an ECG. 

Finally, the ventricles relax, restarting the cardiac cycle; this corresponds to the T 

wave on an ECG. Taken from Ross and Wilson, 2018. 
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1.6.1 Myocardial function in the healthy heart 

The major function of cardiac muscle is to act as a pump to eject blood into the 

circulatory system; the muscle itself is made up of striated cardiomyocytes which are 

connected by intercalated discs to form a functional syncytium, as illustrated in Figure 

1-4 (Ross & Wilson, 2018).  Cardiomyocytes possess high levels of mitochondria and 

myoglobin to ensure efficient ATP production to meet the high energy demands of the 

heart (Ross & Wilson, 2018). Moreover, cardiomyocytes are able to use different 

substrates to maintain sufficient ATP production; they can metabolise both glucose 

and FFAs, depending on which are more available (Fillmore et al., 2014). Usually, 

FFAs are the predominant substrate used by the mitochondria in cardiomyocytes for 

metabolism (Kolwicz et al., 2013). FFA oxidation (FAO) generates more ATP; 

however, oxidative metabolism is more efficient and is able to take over under 

circumstances in which circulating FFAs are reduced (Fillmore et al., 2014, Kolwicz 

et al., 2013). Under physiological conditions, a postprandial increase in glucose, and 

subsequently insulin, promotes translocation of the insulin-dependent glucose 

transporter GLUT4 to the cardiomyocyte plasma membrane, as illustrated in Figure 

1-5, resulting in increased oxidative metabolism (Nakhanakhup et al., 2006, Ebeling 

et al., 1998, Chang et al., 2004, Mann et al., 2003, DeFronzo and Tripathy, 2009). 

Moreover, increased insulin reduces FFA release from adipocytes and glucose 

release from the liver; however, once circulating insulin levels fall, FFA is released 

from adipocytes into the circulation, resulting in a switch to FAO in cardiomyocytes 

(DeFronzo and Tripathy, 2009, Gonzalez-Franquesa et al., 2012). In this way, the 

myocardium is able to continuously metabolise the most available substrate in order 

to maintain function (Kolwicz et al., 2013). 

1.6.2 Metabolic remodelling in the diabetic myocardium 

Under diabetic conditions, myocardial dysfunction is associated with reduced glucose 

uptake and increased FAO (Wilson et al., 2017, Fang et al., 2004). The consequent 

decrease in oxidative metabolism in the diabetic heart is associated with HF and, in 

fact, increased glucose uptake in the myocardium is associated with slowed 

progression of HF (Kolwicz et al., 2013). Instead, the increase in FFA uptake and FAO 

is the predominant driver of myocardial remodelling in diabetes, particularly T2D 

(Kolwicz et al., 2013). In T2D, insulin resistance often originates in the peripheral 

skeletal muscle, where insulin-dependent translocation of GLUT4 to the membrane 

and consequent glucose uptake is reduced (Ragheb and Medhat, 2011, Ginsberg, 

2000, Sears and Perry, 2015). The compounding increase in hyperglycaemia 
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increases FFA release from adipocytes, resulting in increased uptake and metabolism 

in cardiomyocytes (Huynh et al., 2014, Wilson et al., 2017). Consequently, increased 

hyperglycaemia and abnormal FFA uptake into cardiomyocytes result in abnormal 

metabolism, which can reduce myocardial function by, for example, altering Ca2+ 

handling and reducing cardiomyocyte relaxation (Dutta et al., 2001, Miki et al., 2013, 

Fang et al., 2004). By increasing insulin resistance and reducing glucose uptake into 

cardiomyocytes, the characteristic hyperglycaemia of diabetes therefore increases 

FAO and reduces cardiac function; however, this is compounded in T2D, where 

insulin resistance and altered FAO is already more prominent (Wilson et al., 2017).  

 

Figure 1-4: Cardiac muscle tissue striations.   Cardiac muscle is organised into 

long striations to ensure efficient simultaneous contraction for ejection of blood into 

the circulation. Haematoxylin and eosin staining of the left ventricle, scale bar is 

200μm. 
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Figure 1-5: Insulin-dependent activation of GLUT4 and its regulation by FFAs.   

Insulin binding to its receptors decreases IRS-1 serine/threonine phosphorylation and 

increases tyrosine phosphorylation. This increases translocation of the insulin-

sensitive glucose transporter GLUT4 to the plasma membrane and promotes glucose 

uptake. In diabetes, there is an increase in circulating FFAs, which increases PKC, 

PI3K activity and glucose uptake in muscle cells. DAG, diacylglycerol; FFA, free fatty 

acids; GLUT4, glucose transporter 4; IκB, inhibitor of κB; IRS1, insulin receptor 

substrate-1; NFκB, nuclear factor κB; PI3K, phosphoinositide 3-kinase; PKC, protein 

kinase C; ROS, reactive oxygen species. Adapted from Boden and Laakso, 2004.   
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1.7 Coronary vascular structure and function 

1.7.1 Vascular supply to the heart 

The heart itself requires a constant supply of oxygen to meet the high demand of the 

myocardium, as illustrated in Figure 1-6 (Shome et al., 2018, Ross and Wilson, 2018). 

The coronary vasculature branches from the aorta into the left and right posterior 

aortic sinuses that remain on the surface of the heart (Ross and Wilson, 2018). The 

left posterior aortic sinus and anterior aortic sinus split into the left and right coronary 

arteries, respectively (Ross and Wilson, 2018). The left coronary artery supplies the 

left atrium and ventricle and interventricular septum via the circumflex, left anterior 

descending artery (LAD) and anterior interventricular arteries (Weinhaus and Roberts, 

2014, Ross and Wilson, 2018). The right coronary artery supplies the right atrium and 

ventricle via branching arteries including the right marginal branch, the posterior 

interventricular artery and the atrioventricular nodal artery (Weinhaus and Roberts, 

2014, Ross and Wilson, 2018). Coronary veins tend to run beside the arteries; the 

great cardiac vein parallels the anterior interventricular artery and is supplied by the 

posterior, middle and small cardiac veins (Ross and Wilson, 2018). Veins empty into 

the coronary sinus and drain into the right atrium (Weinhaus and Roberts, 2014, Ross 

and Wilson, 2018).  

Arteries and veins differ in structure and function; arteries have a thick wall and small 

lumen to maintain pressure, with an internal and external elastic lamina in the largest 

arteries, while veins withstand much lower pressure and therefore have thinner walls 

and wider lumens (Ross and Wilson, 2018). The inner lining or tunica intima of all 

vessels is known as the endothelium, which is responsible for responding to changes 

in blood flow and metabolites (Ross and Wilson, 2018, Kibel et al., 2017, Avolio and 

Madeddu, 2016). Capillaries consist of an endothelial layer surrounded by the 

basement membrane, which binds to connective tissue (Ross and Wilson, 2018). 

Arterioles and venules also consist of vascular smooth muscle cells (VSMCs), known 

as the tunica media, which constrict and dilate to alter blood flow, and the tunica 

externa, composed of collagenous and elastic fibres responsible for holding the 

vessels in place (Ross and Wilson, 2018). Microvascular and macrovascular vessels 

in the heart are surrounded by pericytes and adventitial pericyte-like progenitor cells, 

respectively, which are important in regulating angiogenesis, blood flow and 

permeability in the heart (Avolio and Madeddu, 2016). Microvascular pericytes wrap 

around the endothelium under the basement membrane, while pericyte-like progenitor 

cells are held by fibroblasts in the tunica externa (Avolio and Madeddu, 2016). The 
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role of cardiac pericytes specifically has not been extensively studied, although they 

are thought to be abundant in such a vascular organ, acting as an intermediate 

between the endothelium and fibroblasts or cardiomyocytes and providing structural 

integrity to the vasculature (Avolio and Madeddu, 2016, Chen et al., 2015). 

1.7.2 Vascular function in the healthy heart 

The difference in vascular structure allows the coronary circulation to respond to 

different stimuli to maintain coronary blood flow (CBF), as illustrated in Figure 1-7 

(Camici et al., 2015). The epicardial coronary arteries are conductance vessels; they 

have a diameter of 50-500μm and contain 5% of the total blood in the coronary 

circulation; however, their elastic lamina allows them to dilate by up to 25% in 

response to changes in CBF during systole (Camici and Crea, 2007, Shome et al., 

2018, Camici et al., 2015). Coronary arteries account for 10% of coronary resistance 

and are able to adjust their diameter in response to CBF in order to maintain pressure 

at the start of arterioles; however, they are minimally affected by metabolites (Camici 

and Crea, 2007, Shome et al., 2018). Arterioles and pre-arterioles are resistance 

vessels; they possess a smaller lumen and a layer of one to two VSMCs in thickness, 

and are 30-150μm wide (Keats and Khan, 2012, Kibel et al., 2017, Ross and Wilson, 

2018). Pre-arterioles account for 30% of the total coronary resistance and are most 

responsive to flow; however, they are not affected by metabolites considering their 

size and extra-myocardial position (Shome et al., 2018, Camici and Crea, 2007, 

Camici et al., 2015). There is a significant pressure drop along the pre-arterioles, 

whereby the most proximal pre-arterioles are most responsive to flow and the most 

distal pre-arterioles are most responsive to pressure (Camici and Crea, 2007, Camici 

et al., 2015).  Intramural arterioles are the final and most distal compartment of the 

arteriolar circulation, accounting for 50% of total coronary resistance (Shome et al., 

2018, Orasanu and Plutzky, 2009, Camici et al., 2015). Arterioles alter CBF in 

response to changes in pressure and metabolites, and consequent alterations in CBF 

in arteries result in changes in pressure (Kibel et al., 2017, Shome et al., 2018). The 

larger arterioles, with diameters of 120-150μm, are most responsive to flow, while the 

smaller arterioles with diameters of 30-60μm are most responsive to metabolites and 

increase CBF in response to increased myocardial metabolism (Kibel et al., 2017). 

Coronary microvascular function is therefore critical in regulating CBF to the heart 

(Kibel et al., 2017, Shome et al., 2018). 

Endothelial cells (ECs) line the vessels and are critical in maintaining vascular 

homeostasis in terms of vascular tone, blood flow, angiogenesis, permeability and 
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immune response (Kibel et al., 2017). The ability of ECs to sprout to form new blood 

vessels and recruit VSMCs and pericytes is critical in promoting angiogenesis in 

response to ischaemia (Pearson, 2000). While the endothelium, under physiological 

conditions, promotes anticoagulant pathways to maintain CBF, it is also able to recruit 

leukocytes and monocytes in response to tissue damage (Pearson, 2000, Rajendran 

et al., 2019). Additionally, the endothelium is responsible for maintaining vascular tone 

and the synthesis of nitric oxide (NO) from arginine by endothelial NO synthase 

(eNOS) has been identified in many vascular beds as a critical mediator of 

endothelium-dependent vasodilation (Pearson, 2000). NO-dependent vasodilation is 

critical in response to shear stress in the macrovasculature, whereby there is a 

consequent increase in CBF to maintain vascular homeostasis (Pearson, 2000). 

Some vascular beds produce endothelium-derived hyperpolarising factors (EDHFs), 

including prostacyclin (PGI2) from arachidonic acid or the reactive oxygen species 

(ROS) molecule hydrogen peroxide (H2O2), which can itself act as an EDHF or an 

activator of K+ channels on VSMCs, leading to VSMC hyperpolarisation and arteriolar 

vasodilation (Pearson, 2000, Breton-Romero and Lamas, 2013, Thengchaisri and 

Kuo, 2003, Sato et al., 2003). Therefore, both macro- and microvascular ECs regulate 

CBF by altering vasodilation, although macrovascular ECs tend to generate NO via 

eNOS, which diffuses to VSMCs to induced cGMP-dependent vasodilation, while 

microvascular cells release EDHFs that hyperpolarise VSMCs by opening K+ 

channels (Pearson, 2000, Rajendran et al., 2019, Kibel et al., 2017). 
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Figure 1-6: Coronary vascular supply.     Blood vessels split from the aorta into the 

left and right posterior aortic sinuses and the anterior aortic sinus. The left coronary 

artery splits into the circumflex artery and the left anterior descending artery. The 

posterior, middle and small cardiac veins return blood to the great cardiac vein and 

ultimately to the heart. Taken from Ross and Wilson, 2018.  
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Figure 1-7: Circulation through coronary arteries.   Pressure reduces from larger 

conductive vessels such as the aorta to smaller vessels such as capillaries. While 

larger arteries are responsive to flow, prearteriolar vessels are responsive to pressure 

and arterioles are responsive to metabolites. Taken from Camici et al., 2015.  
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1.7.3 Pathological dysfunction of the coronary microvasculature in 

diabetes  

1.7.3.1 Endothelial dysfunction in diabetes 

While cardiomyocytes are able to alter their glucose uptake in response to insulin 

through the insulin-sensitive GLUT4 transporter, as described in section 1.6.1, ECs 

instead take up glucose through the insulin-independent glucose transporter GLUT1 

(Wang et al., 2006). Therefore, under hyperglycaemic conditions, ECs continuously 

take up glucose, leading to increased intracellular glucose, oxidative stress and 

endothelial dysfunction (Cai and Harrison, 2000, Mann et al., 2003, Kibel et al., 2017, 

Wang et al., 2006). Endothelial dysfunction results in pathological regulation of NO-

dependent vasodilation and increases inflammation, thrombosis and fibrosis in the 

vasculature through the central mechanism of oxidative stress (Kibel et al., 2017). 

Firstly, endothelial oxidative stress increases the expression of adhesion molecules 

such as vascular cell adhesion molecule (VCAM1), intercellular adhesion molecule 

(ICAM1), P-selectin and E-selectin on the endothelial surface, resulting in leukocyte 

and monocyte adhesion and migration into the microvasculature and their subsequent 

transmigration into the surrounding tissue (Camici et al., 2015, Wilson et al., 2017, 

Kibel et al., 2017, Pearson, 2000). Moreover, the reduced expression of tight junctions 

on the endothelial surface increases vascular permeability, further encouraging 

inflammatory cell migration into the vessel (Pearson, 2000, Kibel et al., 2017).  

Oxidative stress also reduces NO bioavailability by scavenging NO, decreasing 

eNOS-dependent NO synthesis and further increasing ROS production (described in 

more detail in section 1.8), thereby reducing NO-dependent vasodilation (Camici et 

al., 2015, Cai et al., 2001, Pearson, 2000, Kibel et al., 2017). Moreover, O2
- interacts 

with NO to produce peroxynitrite (ONOO-) which further contributes to oxidative stress 

(Wilson et al., 2017, Kibel et al., 2017). This is compounded by the increased 

vasoconstriction in response to overproduction of, for example, endothelin-1 (ET1) 

(Wilson et al., 2017, Kibel et al., 2017). Finally, oxidative stress drives the expression 

and subcellular localisation of transcription factors that increase extracellular matrix 

(ECM) deposition and matrix metalloproteinase (MMP) activation, which contributes 

to thickening of the basement membrane and perivascular fibrosis (Wilson et al., 

2017, Kibel et al., 2017).  



Chapter 1 

~ 1-22 ~ 
 

1.7.3.2 Microvascular dysfunction as a driver of HF 

As previously discussed in section 1.5, diabetes drives vascular complications that 

can result in HF; in fact, up to 75% of diabetic patients will die because of micro- or 

macrovascular complications (Kibel et al., 2017, Momose et al., 2002, Esposito et al., 

2002). Considering the sensitivity of the macrovasculature to changes in CBF, larger 

arteries are prone to the development of atherosclerotic plaques and CAD due to 

disruption of flow at artery branches (Kibel et al., 2017, Shome et al., 2018, Heusch 

et al., 2014). While the microvasculature itself is not subject to plaque development, 

its sensitivity to changes in metabolites such as blood glucose renders it prone to 

damage in diabetes (Camici et al., 2015, Cai, 2005). In fact, the progression of 

endothelial dysfunction and microvascular complications is seen in both T1D and 

T2D, and microvascular dysfunction is both an early indicator and key driver of 

multiple organ dysfunction in diabetes (Fox et al., 2019, Wilson et al., 2017). 

Moreover, microvascular dysfunction develops much earlier than myocardial 

remodelling in diabetes, and the consequent reduction in CBF goes part way to 

explaining macrovascular complications such as CAD (Camici and Crea, 2007, 

Camici et al., 2015, Wilson et al., 2017). In support of this, the DCCT determined that 

improved glycaemic control improved microvascular but not macrovascular function 

in patients with T1D (Kibel et al., 2017). In summary, hyperglycaemia-induced 

endothelial dysfunction leads to increased leukocyte infiltration and vascular 

inflammation, perivascular fibrosis and medial hypertrophy, and ultimately to 

microvascular dysfunction, as illustrated in Figure 1-8, leading to reduced CBF, LV 

remodelling, diastolic dysfunction and HF (Camici and Crea, 2007, Camici et al., 2015, 

Wilson et al., 2017).  
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Figure 1-8: Coronary arteriole remodelling is associated with microvascular 

dysfunction.   The innermost layer of blood vessels comprises endothelial cells, the 

middle layer consists of smooth muscle fibres that regulate vasoconstriction and 

vasorelaxation, and the outermost layer is the adventitia, made of connective tissue. 

Thickening of the arteriolar walls reduces blood flow to the myocardium, leading to 

hypertrophy and HF. Taken from Camici et al., 2015.  
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1.8 Oxidative stress in the endothelium 

1.8.1 ROS generation and degradation 

ROS are a group of highly reactive oxygen-based molecules that are important in 

redox-sensitive signalling (Keats and Khan, 2012, Tsutsui et al., 2011). ROS 

production and degradation is balanced in the redox state and, under physiological 

conditions, is important in oxidising proteins, lipids and nucleic acids to alter function 

(Zhang and Shah, 2014, Burgoyne et al., 2012). Figure 1-9 illustrates the generation 

of different ROS (Tsutsui et al., 2011, Ray and Shah, 2005). Superoxide (O2
-) is a 

primary radical produced from many enzymatic sources, including the mitochondrial 

electron transport chain (ETC), nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidases, xanthine oxidases (XOs), cyclo-oxygenases (COXs), cytochrome 

P450 enzymes and, once it is uncoupled from its cofactor tetrahydrobiopterin (BH4), 

eNOS (Wilson et al., 2017, Pennathur, 2007). O2
- has an unpaired electron and is 

therefore highly reactive, so under physiological conditions it is produced near to its 

target, thereby exerting effects on proteins and lipids involved in cell signalling (Brown 

and Griendling, 2009). O2
- reacts spontaneously with NO to form ONOO-, an 

extremely powerful oxidant that injures the mitochondria (Wilson et al., 2017). H2O2 is 

more stable and has a longer half-life, allowing it to interact with a wider range of 

proteins (Byon et al., 2016, Brown and Griendling, 2009). The hydroxyl radical (OH-) 

is formed when O2
- reacts with H2O2, which is also a highly reactive molecule (Cai and 

Harrison, 2000, Tsutsui et al., 2011).  

In order to balance the production of ROS in the redox state, there are many 

enzymatic antioxidants, including superoxide dismutase (SOD), catalase, glutathione 

peroxidase (GPx), thioredoxins (TRDX) and peroxiredoxin (PRDX) (Wilson et al., 

2017). There are three SOD isoforms that catalyse the dismutation of O2
- to H2O2: 

SOD1, SOD2 and SOD3, with SOD1 processing the highest level of activity (Byon et 

al., 2016). GPx, PRDX and catalase reduce H2O2 to water and oxygen (Byon et al., 

2016). Under physiological conditions, antioxidants are important in ensuring that O2
- 

and H2O2 are maintained at sufficient levels to allow redox signalling, but are not so 

overwhelming that they damage the cells (Byon et al., 2016). 
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Figure 1-9: ROS production and degradation.   O2
- is generated from the 

mitochondrial respiratory chain, eNOS and NADPH oxidases. SOD converts O2
- into 

H2O2, which is then converted into H2O and O2 by catalase. O2
- can also react with 

NO to produce ONOO-. BH4, tetrahydrobiopterin; eNOS, endothelial nitric oxide 

synthase; H2O, water; H2O2, hydrogen peroxide; NADPH; nicotinamide adenine 

dinucleotide phosphate; NO, nitric oxide; O2, oxygen; O2
-, superoxide; OH, hydroxyl 

radical; ONOO-, peroxynitrite. Taken from Huynh et al, 2014. 
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1.8.2 Oxidative stress in the endothelium 

Oxidative stress is a state in which ROS production overwhelms endogenous 

antioxidant levels, damaging lipids, proteins and DNA (Wilson et al., 2017). 

Hyperglycaemia increases ROS production and oxidative stress in the endothelium 

by several mechanisms, summarised in Figure 1-10 (Grundy et al., 1999). The 

mitochondria are often initially damaged further to increased glucose uptake in ECs 

which promotes glucose metabolism to glucose-6-phosphate (G6P), fructose-6-

phosphate (F6P), glyceraldehyde-3-phosphate (G3P) and pyruvate, which 

subsequently enters the tricarboxylic acid (TCA) cycle in mitochondria (Grundy et al., 

1999, Dikalov, 2011). The TCA cycle is based on electron transport from nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) through 

complexes I to IV and cytochrome c and ultimately to molecular oxygen and H+ to 

form water (Grundy et al., 1999, Dikalov, 2011). Under physiological conditions, 1-2% 

of electrons leak from the TCA cycle and bind to oxygen to form O2
- (Brownlee, 2005). 

However, hyperglycaemia drives mitochondrial dysfunction to maximal capacity, 

resulting in increased O2
- production and mitochondrial dysfunction (Brownlee, 2005, 

Giacco and Brownlee, 2010, Dikalov, 2011).  

Once mitochondria are working to maximum capacity, glucose metabolites are 

diverted into other pathways, including the polyol and hexosamine pathways which 

both increase NADH production and availability for electron donation in the TCA cycle 

(Tangvarasittichai, 2015, Wu et al., 2016, Grundy et al., 1999). In addition, G3P is 

diverted into both the glycoxylation and protein kinase C (PKC) pathways, resulting in 

increased expression of advanced glycation end products (AGEs) and PKC, 

respectively (Brownlee, 2005, Grundy et al., 1999). AGEs increase expression of the 

receptor for AGEs (RAGE), which promotes flux down the PKC and hexosamine 

pathways, thereby activating cytochrome c and O2
- production (Creager et al., 2003, 

Paneni et al., 2013, Brownlee, 2005). Moreover, hyperglycaemia-induced ROS 

production can further induce ROS generation from other enzymatic sources in a 

process known as ROS-induced ROS release (Maejima et al., 2011). For example, 

increased O2
- increases NO conversion to ONOO-, which then oxidises to BH4 to BH3, 

resulting in dissociation of BH4 from eNOS and production of O2
- instead of NO, which 

reduces NO-dependent vasodilation (Cai and Harrison, 2000, Paneni et al., 2013, Cai 

et al., 2001). This illustrates how ROS-induced ROS release can drive oxidative stress 

once antioxidants are overwhelmed; therefore, targeting oxidative stress in the 

diabetic endothelium is critical in order to promote vascular function and reduce 

adverse tissue remodelling (Huynh et al., 2014). 
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Figure 1-10: Metabolism of glucose under hyperglycaemic conditions in the 

endothelium.   Glucose is taken up into the cell and metabolised during glycolysis to 

glucose-6-phosphate, fructose-6-phosphate, glyceraldehyde-6-phosphate and 

ultimately pyruvate which is metabolised to produce adenosine triphosphate (ATP) 

and water in the mitochondrial electron transport chain (ETC). Excess glucose uptake 

into endothelial cells results in the mitochondria working at maximal capacity, 

generating excess reactive oxygen species (ROS). Excess glucose increases 

metabolism in the sorbitol, hexosamine, protein kinase C (PKC) and glyoxylation 

pathways, all of which increase ROS. Hyperglycaemia also increases activity of 

NADPH oxidases and uncoupled eNOS and reduces activity of antioxidants, such as 

catalase and SOD, all of which ultimately lead to an increase in ROS and oxidative 

stress. Taken from Grundy et al., 1999. 
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1.9 NADPH oxidases are a major source of ROS in the diabetic 

heart  

1.9.1 Role of NADPH oxidases in the generation of ROS 

There are several enzymatic sources of ROS, as mentioned in section 1.8.1 (Huynh 

et al., 2014). However, of these, NADPH oxidases are enzymes whose primary 

function is to produce ROS and are the predominant source of ROS in ECs (Sirker et 

al., 2011, Drummond et al., 2011, Drummond and Sobey, 2014). Under normal 

conditions, NADPH oxidases are important in the regulation of key homeostatic 

processes, such as cell growth, death and differentiation (Pennathur, 2007). However, 

under pathological conditions, such as hyperglycaemia, increased NADPH oxidase 

activity and ROS generation is detrimental to EC function (Konior et al., 2014). This 

is associated with coronary vascular fibrosis, cardiac hypertrophy and HF 

(Dworakowski et al., 2008b, Bedard and Krause, 2007, Guzik et al., 2002). 

1.9.2 NADPH oxidase isoforms 

There are seven isoforms of NADPH oxidases: NOX1-5, and DUOX1-2, illustrated in 

Figure 1-11 (Bedard and Krause, 2007). Prototypic NADPH oxidases convert NADPH 

to NADP-, generating an electron that binds to oxygen to form O2
- (Brown and 

Griendling, 2009). NADPH oxidases are localised to membranes, and voltage 

changes associated with electron release are balanced by the voltage-gated proton 

channel and the chloride-proton antiporter (Lassegue et al., 2012). Each enzyme has 

six transmembrane domains with two highly conserved histidine residues in the third 

and fifth transmembrane domains, and five loops, the N- and C-termini of which are 

cytosolic (Lassegue et al., 2012). The N-terminal is responsible for dictating the 

subcellular localisation of the enzyme, while the C-terminal is the active site for the 

enzyme (Lassegue et al., 2012).  

NADPH oxidase subunits are often co-expressed with other proteins in order to 

become functional (Bedard and Krause, 2007, Drummond et al., 2011, Lassegue et 

al., 2012). For example, NOX2 comprises the catalytic subunit glycoprotein-91 kDa 

phagocytic respiratory burst oxidase (gp91phox, termed NOX2) and gp22phox, together 

known as cytochromeb558 (Griendling, 2004). However, cytochromeb558 requires 

activation by the cytosolic subunits p47phox, gp67phox and p40phox (Griendling, 2004). 

Under physiological conditions, p47phox is maintained in an autoinhibitory state 

whereby its two tandem SH3 domains interact with a proline-rich repeat (PRR); 



Chapter 1 

~ 1-29 ~ 
 

however, upon activation p47phox may be released further to phosphorylation by serine 

kinases, including PKC (Brandes et al., 2014, Griendling et al., 2000). The small 

GTPase Rac binds to a tetratricopeptide repeat (TRP) on gp67phox and the SH3 

domain of gp67phox interacts with the PRR region on p47phox (Brandes et al., 2014). 

This complex translocates to cytochromeb558 to activate NOX2 and initiate O2
- 

production (Lassegue et al., 2012). NOX1 and NOX3 also produce O2
- but are instead 

activated by NOX organiser protein 1 (NOXO1) and NOX activator protein 1 (NOXA1) 

(Lassegue et al., 2012). NOX4 is constitutively active and does not require interaction 

with cytosolic units (Konior et al., 2014). It is instead thought to produce H2O2 by 

catalysing the dismutase of O2
- in an E-loop before its release from the enzyme (Takac 

et al., 2011). NOX5 is regulated by Ca2+ binding in four EF motifs in its N-terminal 

domain and is localised to membranes following increases in Ca2+ (Drummond et al., 

2011).  DUOX enzymes are localised to the plasma membrane and contain an EF-

hand, an extracellular peroxidase domain and gp91pho homology domains, which 

allow them to be regulated by Ca2+ (Brown and Griendling, 2009).  

1.9.3 Spatial and temporal localisation of NADPH oxidases 

Each of the NADPH oxidases has specific tissue, cellular and subcellular localisation, 

as illustrated in Figure 1-12 and Figure 1-13, respectively (Pendyala and Natarajan, 

2010, Quinn et al., 2006, Drummond et al., 2011). NOX2 and NOX4 are much more 

ubiquitously expressed and both are highly expressed in blood vessels and, more 

specifically, within the endothelium (Pendyala and Natarajan, 2010, Quinn et al., 

2006, Griendling, 2004, Griendling et al., 2000). NOX2 and NOX4 both display 

different subcellular localisations in the vasculature: NOX2 is localised to the plasma 

membrane, endoplasmic reticulum (ER) and phagosomes, while NOX4 is localised to 

the nucleus, mitochondria and ER (Drummond et al., 2011).  Moreover, NADPH 

oxidase isoform expression varies between the macro- and microvasculature; for 

example, NOX2 is expressed more highly in the endothelium of the macrovasculature, 

while NOX4 is more highly expressed than NOX2 in both micro- and macrovascular 

beds (Ray and Shah, 2005, Quinn et al., 2006). Furthermore, NOX2 expression is 

higher in veins, whilst NOX4 expression is higher in arteries (Guzik et al., 2004). The 

varying expression between cell type and differences in subcellular location of 

NADPH oxidases suggests that they perform different roles, and is likely to explain 

observed heterogeneity across cells and tissues (Takac et al., 2012, Brown and 

Griendling, 2009). 
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Figure 1-11: Subunits of NADPH oxidases in mammals.   NADPH oxidases are 

multi-subunit membrane-bound enzymes that catalyse the production of ROS. NOX1-

5 colocalise with gp22phox. NOX2 is the predominant NADPH oxidase found in the 

endothelium. Upon activation by p67phox, p40phox, p47phox and the small GTPase Rac1, 

it produces superoxide (O2-). NOX1 and NOX3 produce O2
- following stimulation by 

NOXA1, NOXO1 and Rac1. NOX5 is stimulated following an increase in Ca2+ to 

produce O2
-. NOX4 is constitutively active and is expressed in the endothelium. It may 

produce hydrogen peroxide (H2o2) instead of O2
- because of a highly conserved 

histidine in its E-loop. DUOX1 and DUOX2 also produce H2O2 and are activated in 

response to increased cytoplasmic Ca2+. Taken from Bedard and Krause, 2009. 
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Figure 1-12: NADPH oxidases are localised to different cell types within the 

body.   NOX1 is localised to vascular smooth muscle cells, as well as other cell types 

in the body. NOX2 is located in the vascular endothelium and smooth muscle as well 

as in inflammatory cells. NOX3 is not widely expressed. NOX4 is ubiquitously 

expressed and is found in many cell types, including the vascular endothelium. NOX5 

and DUOX1/DUOX2 are localised to specific tissues. Taken from Quinn et al., 2006. 
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Figure 1-13: Cellular and subcellular localisation of NADPH oxidases within 

blood vessels.   Various NADPH oxidases are localised to different cell types within 

the vasculature. NOX1 is localised to endothelial cells and localised to the plasma 

membrane and endosomes. NOX2 is found in endothelial cells, vascular smooth 

muscle cells, adventitial fibroblasts and the perivascular adipose layer and is localised 

to the plasma membrane, phagosomes and the endoplasmic reticulum (ER). NOX4 

is found in endothelial cells, vascular smooth muscle cells and adventitial fibroblasts 

at the mitochondria, ER and nucleus. NOX5 is found at the ER and plasma membrane 

in endothelial cells and vascular smooth muscle cells. The varying cellular and 

subcellular localisation supports varying specific functions of each of the NADPH 

oxidases. Taken from Drummond et al., 2011. 
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1.10 NADPH oxidases as a key source of oxidative stress in the 

diabetic endothelium 

1.10.1 NOX2 and NOX4 are associated with the development of HF 

1.10.1.1 NOX2 expression and activity in HF 

Upregulation in expression and activity of NADPH oxidases has been associated with 

the development and progression of cardiac remodelling and HF. The failing 

myocardium of both humans and rodents exhibit upregulated expression of the NOX2 

subunits p47phox, p22phox, gp91phox and p67phox, associated with increased O2
- 

production (Sorescu and Griendling, 2002, Murdoch et al., 2006, Kuroda and 

Sadoshima, 2010, Paulus and Dal Canto, 2018). Increased FFA metabolism in 

cardiomyocytes increases Nox2-dependent O2
- production (Joseph et al., 2016). 

Moreover, cardiomyocyte-specific Nox2 overexpression has been implicated in the 

accelerated progression of cardiac remodelling and dysfunction following myocardial 

infarction (MI) and chronic aortic banding, while the fibrosis and cardiac dysfunction 

seen in wildtype mice was slowed following global knockout of both p47phox and Nox2 

(Sirker et al., 2016, Doerries et al., 2007, Grieve et al., 2006, Looi et al., 2008). While 

endothelial-specific Nox2 was not involved in cardiac remodelling following MI, its 

expression and activity is increased in response to G protein-coupled receptor 

(GPCR) agonists, such as angiotensin II (ATII), and cytokines, such as tumour 

necrosis factor (TNFα), associated with increased O2
- production and oxidative stress 

(Brown and Griendling, 2009, Frey et al., 2002, Sirker et al., 2016). Endothelial-

specific Nox2 overexpression is reported to promote O2
- production, ERK1/2 

phosphorylation, endothelial dysfunction and transcription of genes implicated in 

fibrosis and vascular remodelling in response to ATII, which is associated with 

increased blood pressure, cardiac fibrosis and diastolic dysfunction (Murdoch et al., 

2014, Johar et al., 2006, Murdoch et al., 2011, Bendall et al., 2007, Sirker et al., 2016). 

Endothelial-specific Nox2 overexpression also increases vascular O2
- production and 

inflammation in early aortic lesions of ApoE-/- mice (Douglas et al., 2012). This 

correlates with increased NOX2 expression in atherosclerotic lesions of patient 

vessels (Channon and Guzik, 2002). Taken together, NOX2 expression and activity 

clearly correlates with the development and progression of cardiac remodelling and 

dysfunction in both the myocardium and endothelium.  
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1.10.1.2 NOX4 expression and activity in HF 

In contrast, NOX4 has reported protective effects in the cardiovascular system, as it 

is thought to predominantly produce H2O2, which increases cysteine oxidation of 

protein kinases and phosphatases, transcription factors and ion channels to alter their 

function (Brown and Griendling, 2009, Bedard and Krause, 2007, Streeter et al., 

2013). For example, NOX4 increases eNOS expression and activity, which promotes 

NO-dependent vasodilation under physiological conditions (Cai et al., 2001, Cai et al., 

2008, Ohashi et al., 2012, Drummond et al., 2011). Moreover, NOX4-derived H2O2 

itself can diffuse from the endothelium and open potassium channels on VSMCs to 

dilate coronary arterioles, therefore acting as an EDHF (Li and Shah, 2004, Takac et 

al., 2012, Liu et al., 2011, Miura et al., 2003). NOX4-derived H2O2 is also associated 

with increased activity of the transcription factor NF-E2-related factor-2 (NRF2), which 

binds to antioxidant response elements (AREs) in the promoter regions of antioxidant 

genes and regulates their expression in ECs (Xue et al., 2008, Schroder et al., 2012, 

Brewer et al., 2011a, Gao and Mann, 2009, Byon et al., 2016, Pendyala and 

Natarajan, 2010). In addition, NOX4-derived H2O2 can increase expression of 

vascular endothelial growth factor (VEGF) and angiogenesis, and is therefore 

beneficial in maintaining capillary density in the heart (Craige et al., 2011, Zhang and 

Shah, 2014, Xu et al., 2008b, Xu et al., 2008a, Zhang et al., 2010). NOX4 has been 

associated with improved cardiac function in vivo. For example, an increase in both 

cardiac- and endothelial-specific Nox4 expression was identified following exercise 

training, which was associated with increased antioxidant activity, mitochondrial 

function and cardiac performance (Miller, 2017, Schröder et al., 2010, Schroder et al., 

2012, Hancock et al., 2018). Moreover, cardiac- and endothelial-specific deletion of 

Nox4 was associated with exacerbated cardiac remodelling and dysfunction following 

pressure overload (PO), whilst endothelial-specific Nox4 overexpression was 

associated with lower basal blood pressure and protection against ATII-induced 

cardiac dysfunction, as well as increased angiogenesis in response to hypoxia (Ray 

et al., 2011, Craige et al., 2011, Zhang et al., 2010). Global knockout of Nox4 was 

associated with attenuated ischaemia-induced angiogenesis and exaggerated ATII-

mediated aortic inflammation, vascular remodelling and endothelial dysfunction 

(Schroder et al., 2012). Taken together, this supports the increasing suggestion that 

NOX4 may play a protective role in the heart. 

Despite studies establishing a positive role for NOX4, the ability of H2O2 to interact 

with many proteins and transcription factors implicates NOX4 overexpression in ER 

stress, oxidative DNA damage, aberrant angiogenesis and cell death in vitro (Breton-
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Romero and Lamas, 2013, Brown and Griendling, 2009, Schroder et al., 2012). 

NOX4-derived H2O2 increases ERK1/2 and AKT (protein kinase B) phosphorylation, 

p22phox expression and NADPH oxidase activity, and O2
- production from uncoupled 

eNOS and the mitochondrial ETC (Byon et al., 2016, Valkoa et al., 2007, Konior et 

al., 2014, Djordjevic et al., 2005, Brown and Griendling, 2009, Schulz et al., 2011, 

Maejima et al., 2011). Endothelial NOX4 has therefore been associated with 

increased leukocyte adhesion and endothelial transmigration, aberrant angiogenesis, 

endothelial-to-mesenchymal transition (EndMT) and interstitial fibrosis (Streeter et al., 

2013, Zhang et al., 2013a, Maejima et al., 2011). Mice with cardiac-specific Nox4 

overexpression exhibit a 10-fold increase in protein expression and an 8-fold increase 

in ROS, which was associated with mitochondrial dysfunction, exacerbated apoptosis, 

cardiac fibrosis and consequent dysfunction in response to pathological stimuli such 

as PO, aging, hypertrophic stimuli or ATII infusion (Ago et al., 2010a, Kuroda et al., 

2010, Zhao et al., 2015). Conversely, cardiac-specific deletion of Nox4 was 

associated with reduced oxidative stress, apoptosis, fibrosis and hypertrophy, which 

were accompanied by an improvement in cardiac function (Chen et al., 2012, Kuroda 

et al., 2010). Moreover, cardiac-specific Nox4 deletion was shown to reduce infarct 

size following ischaemia/reperfusion (Matsushima et al., 2013a). Interestingly, when 

cardiac-specific Nox4-overexpressing mice were treated with the NOX4 inhibitor 

GKT137831, ATII-induced oxidative stress and cardiac remodelling were attenuated 

(Zhao et al., 2015). In a similar manner, global Nox4 knockout and treatment with the 

pan-Nox inhibitor VAS2870 both protected mice from oxidative stress and blood-brain 

barrier leakage, suggesting that NOX4 is a major source ROS in this setting (Touyz 

and Montezano, 2012). Moreover, cardiac-specific overexpression of catalase 

appears to attenuate cardiomyocyte dysfunction in response to aging, implicating 

H2O2 in cardiac remodelling (Ren et al., 2007). Taken together, this implies that Nox4-

derived production of H2O2 is involved in cardiac dysfunction. 

1.10.2 NADPH oxidase expression and activity are upregulated in 

endothelial cells in diabetes 

Diabetic hearts exhibit upregulation in the expression and activity of NADPH 

oxidases, associated with increased O2
- production, endothelial dysfunction and pro-

fibrotic and inflammatory gene expression (Konior et al., 2014, Pennathur, 2007, Cai 

and Harrison, 2000). More specifically, both NOX2 and NOX4 are thought to 

contribute equally to basal levels of ROS in ECs, whilst their increased expression 

and activity in diabetes is associated with oxidative stress, leading to micro- and 
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macrovascular dysfunction and cardiovascular complications (Streeter et al., 2013, 

Zhang and Shah, 2014, Quinn et al., 2006, Gao and Mann, 2009, Petry et al., 2006). 

Such complications include interstitial and perivascular fibrosis, LV remodelling and, 

ultimately, HF (Burgoyne et al., 2012). Hyperglycaemia itself increases the expression 

and activity of NOX2 and NOX4 in the diabetic endothelium by many of the 

mechanisms described in section 1.7.3.2 (Maejima et al., 2011, Streeter et al., 2013, 

Konior et al., 2014). For example, AGE-induced nuclear factor κB (NFκB) activation 

increases NADPH oxidase expression and activity, and consequent ROS production 

promotes AGE-RAGE signalling, providing a feed-forward mechanism driving NADPH 

oxidase activity (Dworakowski et al., 2006, Gao and Mann, 2009). While PKC 

increases NOX4 expression and activity through p22phox phosphorylation, PKC-

dependent phosphorylation of p47phox dramatically increases NOX2 activity (Frey et 

al., 2009). NOX2 activation in response to hyperglycaemia is associated with 

increased O2
- production, activation of NFκB and uncoupled eNOS and expression of 

vascular adhesion molecules including ICAM1 and VCAM1 (Brown and Griendling, 

2009, Griendling et al., 2000, Drummond et al., 2011, Lassegue et al., 2012, Guzik et 

al., 2002). NOX4 expression is increased in the endothelium of diabetic patients, and 

in vivo rodent studies have shown that T1D increases Nox4 expression in the 

vasculature, supporting the specific activation of NOX4 by hyperglycaemia (Di Marco 

et al., 2016a, Gray et al., 2016, Konior et al., 2014, Maalouf et al., 2012) 

NADPH oxidase expression and activity also increase in response to other 

pathological stimuli associated with diabetes, including growth factors such as 

transforming growth factor-β (TGFβ), cytokines, such as TNFα and interleukin-1 (IL1), 

and GPCR agonists, such as ATII, bradykinin, ET1 and thrombin (Konior et al., 2014). 

For example, activation of both NOX2 and NOX4 by TNFα is associated with 

increased inflammation and reduced NO-dependent vasodilation (Konior et al., 2014, 

Streeter et al., 2013, Sirker et al., 2011, Zhang et al., 2013a). TGFβ-induced NOX4 

activation is also involved in EndMT, increasing MMP expression and collagen 

deposition, which may contribute to fibrotic remodelling of the vasculature and 

surrounding myocardium (Burgoyne et al., 2012, Cai, 2005). The consequent 

increase in NOX2 and NOX4 expression and activity is associated with endothelial 

and microvascular dysfunction and HF, although this is likely through very different 

mechanisms (Konior et al., 2014, Brown and Griendling, 2009).  
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1.11 Project hypothesis and aims 

NADPH oxidases are critical in mediating many cellular processes, and their role in 

the development and progression of CVD has been discussed. Additionally, both 

NOX2 and NOX4 are upregulated in response to hyperglycaemia both in vitro and in 

vivo (Konior et al., 2014). It therefore seems likely that endothelial-specific NOX2 and 

NOX4 play important roles in the development of endothelial and microvascular 

dysfunction associated with diabetes, so may represent potential therapeutic targets 

for the treatment of adverse cardiac remodelling and HF in this setting (Konior et al., 

2014). Interestingly, this is supported by the finding that drugs used to treat diabetes, 

such as statins, angiotensin converting enzymes (ACE) inhibitors and ATII 

antagonists, reduce expression and activity of endothelial-specific NADPH oxidases, 

associated with stinted progression of diabetic cardiac remodelling (Konior et al., 

2014). However, the role of endothelial-specific NOX2 and NOX4 on the progression 

and development of diabetic cardiac remodelling has not been studied, so our aim 

was therefore to elucidate the role of endothelial NOX2 and NOX4 on cardiac 

remodelling in diabetes. The hypothesis of this thesis is therefore that endothelial-

specific NOX2 and NOX4 are important in regulating the development and 

progression of microvascular dysfunction and cardiac remodelling in diabetes. 

Specific aims are to: (1) identify the relative contributions of endothelial-specific NOX2 

and NOX4 to progression of adverse cardiac remodelling and dysfunction in 

experimental diabetes in vivo, and (2) investigate key in vitro mechanisms by which 

endothelial-specific NADPH oxidases may regulate cardiac structure and function in 

diabetes.  
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2 MATERIALS AND METHODS 

2.1 Animal models 

2.1.1 Experimental animals 

Animal experiments were performed in accordance with the UK Animals (Scientific 

Procedures) Act 1986 and were approved by the institutional Animal Welfare and 

Ethical Review Body. Experiments were conducted under the authority of project 

licence 2814 (01/2017-01/2022) issued by the Department of Health NI and held at 

the Biological Services Unit (BSU), Queen’s University Belfast, where animals were 

group housed under standard conditions of a 12h light-12h dark cycle with ad-libitum 

food and water. Non-diabetic animals were kept at a constant temperature of 21°C, 

and diabetic animals were kept at 24°C. Cages were changed every 2-3 days for non-

diabetic mice, whilst the cages of diabetic mice became wet quickly due to diabetes-

induced polyurea, so cages were changed daily. Mice were acclimatised to their 

surroundings for seven days before beginning experimental procedures. Mice were 

also weighed every week to monitor changes in weight, and any mice that lost more 

than 15% of their body weight was immediately culled, as per the terms of the project 

license.  

2.1.1.1 Endothelial-specific Nox2- and Nox4-overexpressing mice 

Endothelial-specific Nox2- and Nox4-overexpressing transgenic mouse breeding 

pairs obtained from Prof Ajay Shah (King’s College London) had been developed by 

incorporating the Tie2 promoter and enhancer to target Nox2 and Nox4 to the 

endothelium. The Tie2 protein is a receptor tyrosine kinase found in the endothelium 

which plays a role in generation and remodelling of the vasculature (Schlaeger et al., 

1997).  It was chosen as an endothelial-specific gene regulator that is initially detected 

upon emergence of the first ECs and remains highly expressed up to and including 

adulthood (Schlaeger et al., 1997). The mouse Tie2 locus is illustrated in Figure 2-1. 

Its promoter possesses an endothelial-specific enhancer in its first intron and 

combining the Tie2 promoter with an intron containing the enhancer allows a target 

gene to be expressed specifically and uniformly in the vascular endothelium of 

embryonic to adult mice (Schlaeger et al., 1997).  

The mouse Tie2 promoter and intronic enhancer was incorporated into a human Nox2 

transgene, which underwent pronuclear microinjection into fertilized eggs from 
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superovulated C57BL/6xCBA mice (Bendall et al., 2007). The structure of the Nox2-

Tie2 promoter construct is illustrated in Figure 2-2A, and confirmation of Nox2 

overexpression in the founder pups is shown in Figure 2-2B. Once transgenic 

founders were confirmed, they were back-crossed onto the C57BL/6J strain of mouse 

(Bendall et al., 2007).  The mouse Tie2 promoter/enhancer construct was also used 

to target Nox4 overexpression to ECs in a similar way to Nox2 (Ray et al., 2011). 

Founder breeding pairs were then back-crossed for at least 10 generations on 

C57BL/6A mice (Ray et al., 2011, Schlaeger et al., 1997).  

2.1.1.1.1 Genotyping 

Ear punches were collected for genotyping and mouse identification. Tail snips were 

also collected post-mortem for any additional genotyping.  

2.1.1.1.1.1  Sample preparation 

Tissue samples for ears and tails were lysed by adding 200μl tail buffer (50mM Tris 

base [Cat. #77-86-1; Sigma-Aldrich, Poole, UK], 100mM Na2-EDTA [Cat. #93352; 

Sigma Aldrich; Poole, UK], 15mM NaCl [Cat. #S9888; Sigma Aldrich; Poole, UK], pH 

to 8.0 before adding 1% SDS [Cat. #L3771; Sigma Aldrich; Poole, UK), to each 

sample in a 1.5ml tube and adding 2μl Proteinase K stock solution (Cat. 

#RPROTKSOL-RO 3115844001; Roche, Basel, Switzerland). Samples were heated 

at 55°C overnight. The next morning, tissues were heated at 85°C for 10min with the 

lid pierced. Samples were centrifuged at 15,000g for 5min to pellet debris, and 150μl 

of each tissue lysate was transferred into a fresh tube. 

2.1.1.1.1.2  DNA extraction 

Isopropanol (105μl; Cat. #I9516; Sigma Aldrich; Poole, UK) was added to 150μl of 

each tissue lysate, and samples were inverted several times to mix before 

centrifugation at 15,000g for 20min at 4°C. The supernatant was discarded without 

disturbing the pellet and the tube was left upside down to dry. The pellet was 

resuspended in 250μl of 70% PCR-grade ethanol (Cat. #64-17-5; Fisher Scientific, 

Loughborough, UK) and centrifuged at 15,000g for 10min at 4°C. The supernatant 

was discarded again, and the DNA pellets were allowed to air dry. The pellet was 

gently resuspended in 50μl TE buffer (10mM Tris, 1mM EDTA, pH8.0) and was 

allowed to dissolve on the bench for 10min. DNA was then stored at up to 4°C for a 

week or at -20°C for longer periods. 
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2.1.1.1.1.3  PCR for G17 Nox2- or Tn9 Nox4-overexpressing Tg mice 

Mice from the G17 Nox2 and Tn9 Nox4 strain were genotyped using conventional RT-

PCR. The master mix was made up according to Table 2-1, using Sigma Red Taq 

Ready Mix (Cat. #R2523; Sigma-Aldrich, Poole, UK) and the appropriate primers. 

Primer sequences are shown in Table 2-2 and were designed to amplify the Tie2-

Nox2 or Tie2-Nox4 complex rather than the Nox2 or Nox4 gene, specifically. G17 

Nox2 and Tn9 Nox4 samples were run in the thermal cycler according to the protocols 

in Table 2-3 and Table 2-4, respectively. The RT-PCR product was run according to 

the protocol in section 2.1.1.2.1. 

2.1.1.2 Gel preparation 

Samples were run on a 2% gel to allow good separation of the bands. The gel was 

made by dissolving 2g agarose in 100ml 1xTAE buffer. The gel was allowed to cool 

briefly before adding 4μl Midouri green stain and pouring into the gel cast to set. The 

gel was then placed in the running tank which was filled with 500ml 1xTAE buffer and 

the samples separated by electrophoresis at 100V for 1h. Gels were imaged under 

UV light in a UVP BioImaging System. 

2.1.1.2.1  Running G17 Nox2 and Tn9 Nox4 samples on a gel 

G17 Nox2 and Tn9 Nox4 PCR products were loaded onto a 2% agarose gel with a 

100bp ladder used as a reference. The GAPDH band appeared at 300bp, while the 

Nox2 band appeared at 200bp and the Nox4 band appeared at 150bp. Samples 

showing only the GAPDH band were wildtype, while samples showing both bands 

were transgenic.  

2.1.1.3 Mouse models of diabetes 

2.1.1.3.1 Administration of streptozotocin (STZ) 

STZ-induced diabetes was used as a model of experimental T1D. STZ destroys 

pancreatic β-cell dysfunction and is therefore a simple method of inducing 

experimental diabetes in several mice at once. Founder breeding pairs for the 

C57BL/6J line were bred from an established colony at Queen’s University Belfast, 

derived from founder breeding pairs originally established in the BSU.  Mice were 

fasted for 4 h on the morning preceding injection. STZ (CAS #18883-66-4, Sigma-

Aldrich, Poole, UK) was dissolved in 0.1M citrate buffer (pH 4.5, 0.1M citric acid [CAS 

#77-92-0, Sigma-Aldrich, Poole, UK] and 0.1M Tri-sodium citrate [CAS #6132-04-3, 

Sigma-Aldrich, Poole, UK]) at a concentration of 10mg/ml and mixed vigorously for 
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10min. Mice were administered a 50mg/kg intraperitoneal injection immediately after 

reconstitution to prevent degradation of the STZ. Control animals received an 

intraperitoneal injection of citrate buffer as vehicle control (VC). Mice were injected 

over five consecutive days, between the ages of 8 and 12 weeks, as recommended 

by the low-dose streptozotocin induction protocol (mouse) published by the Animal 

Models of Diabetic Complications Consortium (2019).   

 

Figure 2-1: Tie2 construct.  (A) The structure of the Tie2 locus. The first exon is 

illustrated by the shaded box and is flanked by upstream, intronic sequences, 

illustrated by the open box (XhoI-KpnI fragment [XK]) and solid box (NcoI-XbaI 

fragment [NcXb]). Adapted from Schlaeger et al., 1997.  

 

Figure 2-2: Production of Nox2 promoter construct.  (A) Schematic of the locus 

containing the mouse Tie2 promoter and enhancer containing the human Nox2 

transgene. The Tie2 promoter and enhancer are shown in grey, the human Nox2 is 

shown in white, and the SV50 poluA (pA) signal is shown in black. The schematic 

includes restriction endonuclease sites for Sal1, which was used to remove the DNA 

fragment from the plasmid before microinjection into superovulated mice. (B) RT-PCR 

was used to identify Nox2 overexpression in potential founder pups, with the expected 

product producing a 225-bp band. The pTie2-Nox2 plasmid was used as a positive 

control.  
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Solution Volume (μl) 

Red Taq 5 

GAPDH F (10mM) 0.5 

GAPDH R (10mM) 0.5 

G17 F (10mM) or Tn9 (10mM) 0.5 

G17 R (10mM) or Tn9 (10mM) 0.5 

H2O 2 

DNA 1 

Table 2-1: Master mix for G17 Nox2 and Tn9 Nox4 RT-PCR. 

Primer Sequence 

GAPDH F 5’-CGTAGACAAAATGTGAAGG 

GAPDH R 5’-GACTCCACGACATACTCAGC 

G17 F 5’-GTTGTGAGTTGTTGAAAGC 

G17 R CCAGTGCTGACCCAAGAAGT 

Tn9 F 5’-AGCTTGATTCGACGGTATCGAT 

Tn9 R 5’-CAGCAGGAAGGTTTTCCAGA 

Table 2-2: Primer sequences for G17 Nox2 and Tn9 Nox4 RT-PCR. 

STAGE 1 2 3 4 

CYCLE 1 35 1 1 

 Denaturation Denaturation Annealing Extension Extension Hold 

TEMP 

(4°C) 
94 94 56 72 72 4 

TIME 2min 30sec 30sec 30sec 30sec 4min ∞ 

Table 2-3: RT-PCR reaction for G17 Nox2 genotyping. 

STAGE 1 2 3 4 

CYCLE 1 35 1 1 

 Denaturation Denaturation Annealing Extension Extension Hold 

TEMP 

(°C) 
94 94 56 72 72 4 

TIME 5min 30sec 30sec 30sec 7min ∞ 

Table 2-4: RT-PCR reaction cycle for Tn9 Nox4 genotyping. 
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2.1.1.3.2 Assessment of plasma glucose levels 

Blood glucose concentration was assessed in tail vein samples using the Breeze2 

(Bayer, Newbury, UK) blood glucose monitoring system. STZ-induced mice were 

considered diabetic if their blood glucose levels were higher than 15mmol/L 10 days 

after the final injection.    

2.1.1.3.3 Assessment of glycated haemoglobin (HbA1c) levels 

HbA1c levels were analysed using the Helena GLYCO-Tek Affinity Columns (Cat 

#5351, Helena Biosciences Europe, Gateshead, UK) following the manufacturer’s 

instructions. Whole blood was mixed with the GLYCO-Teck haemosylate reagent 

before being incubated in a glass tube for 10min. The GLYCO-Tek affinity columns 

were then shaken twice in order to ensure that the resin adhered to the top was 

resuspended, and the solution was eluted until the matrix settled to a level of 1.1cm. 

The sample was equilibrated with 3ml Developer A and the haemosylate placed on 

the column and left for 8min. Non-HbA1c was then eluted with 4.5ml of Developer A 

before adjusting the total volume to 15ml with deionised water. Total HbA1c was then 

eluted with 3ml Developer B, and absorbance (Abs) read immediately at 415nm for 

both HbA1c and non-HbA1c solutions and the percentage of HbA1c calculated using 

the following formula:  

𝐻𝑏𝐴1𝑐% =
𝐴𝑏𝑠. 𝑜𝑓 𝐻𝑏𝐴1𝑐 × 100%

𝐴𝑏𝑠. 𝑜𝑓 𝐻𝑏𝐴1𝑐 + 5 × 𝐴𝑏𝑠. 𝑜𝑓 𝑛𝑜𝑛 − 𝐻𝑏𝐴1𝑐
 

2.1.1.3.4 Infusion of ATII into STZ mice 

After two months of STZ-induced diabetes, diabetic endothelial-specific Nox4 wildtype 

and overexpressing mice were infused with ATII for a final month in order to induce 

hypertension and thereby exacerbate diabetes-induced cardiac dysfunction. Mice 

were anaesthetised with 2% isoflurane and 98% oxygen, at 1L/min, for implantation 

of osmotic minipumps (Cat #10104846, Charles River, Kent, UK) containing ATII 

(infusion rate 1.1mg/kg/day; Cat #, A9525-5MG, Sigma-Aldrich, Poole, UK) were 

inserted under the skin at the midscapular region. An incision was made at the base 

of the neck, and a pocket was formed by inserting surgical scissors into the wound, 

opening the scissors to widen the wound and then removing the scissors until a pocket 

was formed down the back to the base of the spine, allowing room for the minipump 

to move and space for the wound to heal. The osmotic minipump was inserted with 

the pump facing down, away from the wound, into the pocket. The incision was closed 
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using stitches or surgical glue and mice were observed closely for 72h to ensure that 

wounds healed, and that no infection developed.   

2.1.2 Echocardiography 

2.1.2.1 Procedure 

Echocardiography images were acquired using a VisualSonics Vevo770 Imaging 

system with a high frequency 45MHz RMV707B scanhead (VisualSonics, 

Amsterdam, The Netherlands) controlled using a micro-manipulator and coupled to 

acquisition/analysis software. Mice were lightly anaesthetised in an induction 

chamber with 3% isoflurane mixed with oxygen at 1 L/min and were maintained with 

1.75% isoflurane (which has minimal effect on the cardiovascular haemodynamics; 

(Hawkley and Maani, 2019)) in a supine position using a face mask. Mice were 

positioned on a heated stage throughout the procedure, and a rectal probe inserted 

to allow core temperature to be maintained at 37°C via feedback control. Paws were 

taped to conductance gel-covered electrodes to acquire ECG measurements, and 

hair was depilated from the anterior chest wall with hair removal cream. 

Echocardiography gel was placed on the chest and the transducer lightly lowered onto 

the chest. Mice were positioned at a 90° angle from the parasternal direction and B-

mode (2-dimensional) echocardiography was used to visualise the heart. M Mode (1-

dimensional) images, illustrated in Figure 2-3A, were acquired from short axis scans 

at the level of the papillary muscles. The probe was then repositioned at an angle 90° 

to the apex of the heart and the stage tipped backwards in order to detect the mitral 

valve and obtain a transmitral inflow Doppler or PW image. The Doppler image, 

illustrated in Figure 2-3B, was analysed in the apical 4-chamber view to assess 

diastolic function.  

2.1.2.2 Echocardiography analysis 

Once acquired, images were analysed using Vevo770 software. Triplicate measures 

of each value were taken and averaged. Figure 2-3A shows a representative M Mode 

image, from which LV posterior wall thickness during systole (LVPWs) and diastole 

(LVPWd), as well as LV end diastolic dimensions during systole (LVIDs or LVESD) 

and diastole (LVIDd or LVEDD) were measured. 

Fractional shortening (FS) is the difference between diastolic and systolic dimension 

and indicates cardiac contractility. It was calculated from measurements taken from 

the M Mode images using the following formula: 
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𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑠ℎ𝑜𝑟𝑡𝑒𝑛𝑖𝑛𝑔 = 100 ×
𝐿𝑉𝐸𝐷𝐷 − 𝐿𝑉𝐸𝑆𝐷

𝐿𝑉𝐸𝐷𝐷
 

Ejection fraction (EF) is a measurement of the volume of blood leaving the heart 

during each contraction as a proportion of total volume. Firstly, the volume of blood in 

the heart during systole (LV Vol s) and diastole (LV Vol d) were extrapolated from 2D 

measurements using the following equations: 

𝐿𝑉 𝑉𝑜𝑙 𝑠 =
7

2,4 + 𝐿𝑉𝐸𝑆𝐷
× 𝐿𝑉𝐸𝑆𝐷3 

And: 

𝐿𝑉 𝑉𝑜𝑙 𝑑 =
7

2,4 + 𝐿𝑉𝐸𝐷𝐷
× 𝐿𝑉𝐸𝐷𝐷3 

Secondly, the following equation was used to calculate ejection fraction: 

𝐸𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 100 ×
𝐿𝑉 𝑉𝑜𝑙 𝑑 − 𝐿𝑉 𝑉𝑜𝑙 𝑠

𝐿𝑉 𝑉𝑜𝑙 𝑑
 

The PW image, illustrated in Figure 2-3B, was used to quantify both the E/A ratio and 

the myocardial performance index (MPI). Measurements were taken from the PW 

image for LV isovolumetric contraction time (IVCT), ejection time (ET) and 

isovolumetric relaxation time (IVRT). MPI was calculated using the following equation: 

𝑀𝑃𝐼 =
𝐼𝑉𝐶𝑇 + 𝐼𝑉𝑅𝑇

𝐸𝑇
 

Additionally, the early (E) and late (A) ventricular filling velocities, as measures of 

blood flow through the mitral valve during ventricular relaxation (i.e. passive filling) 

and atrial contraction (i.e. active filling), were measured and the E/A ratio derived 

using the following equation: 

𝐸

𝐴
𝑟𝑎𝑡𝑖𝑜 =  

𝐸 𝑤𝑎𝑣𝑒

𝐴 𝑤𝑎𝑣𝑒
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Figure 2-3: Echocardiography analysis.  A) Representative M Mode image for 

quantification of LV structure and function. LV posterior wall thickness during systole 

(LV PW s) and diastole (LV PW d), and LV end diastolic dimension during systole 

(LVID;s) and diastole (LVID;d). B) Representative Doppler image showing blood flow 

through mitral valve. MV E illustrates blood flow through mitral valve during ventricular 

relaxation, and MV A illustrates blood flow through mitral valve during atrial 

contraction. LV isovolumetric contraction time (IV CT), ejection time (ET) and 

isovolumetric relaxation time (IVRT) were assessed as indicators of diastolic function.  
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2.1.3 Blood pressure measurements 

In order to assess development of hypertension in conscious ATII-infused mice, 

systolic blood pressure measurements were taken every three to four days over four 

weeks using the non-invasive blood pressure (NIBP) system (ADInstruments, Oxford, 

UK) and data were acquired using Chart5. Mice were introduced into the restrainer 

and rested on a heat pad above a radiator. The room was maintained at >25°C to 

ensure that the mice were warm enough to allow adequate blood flow into the tail. 

The cuff was placed on the tail and once blood flow was detected consistently; the 

cuff was inflated to 200 mmHg to restrict blood flow. Systolic and diastolic pressure 

was indicated once the blood flow began to return to the tail. A representative trace is 

illustrated in Figure 2-4. Five to ten measurements were taken during one period of 

up to 10min in the restrainer, and this was performed in triplicate. This procedure was 

performed three times in the week prior to the ATII infusions to ensure the blood 

pressure of the mice was not altered by stress and was performed twice weekly during 

the four weeks of ATII infusion. 

 

Figure 2-4: Illustration of blood pressure measurement.  Mice were held in a 

restrainer and allowed to acclimatise. Once blood flow to the tail was established (as 

indicated by the bottom trace), the tail cuff was inflated to restrict blood flow. Systolic 

blood pressure (as indicated by the top trace) was measured as the pressure in mmHg 

once blood flow began to return to the tail.  
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2.1.4 Post-mortem tissue processing 

Unless otherwise stated, mice were culled via sodium pentobarbital overdose (10μl/g 

via intraperitoneal injection) and cervical dislocation, and death was confirmed after 

cessation of respiration and heartbeat. Under anaesthesia, hearts were stopped in 

diastole by injecting 1M KCl to ensure that they would retain a standard structure for 

histological analysis. Mice were then weighed and opened along the dorsal midline 

from the abdomen to the chest, and the diaphragm cut to open the thoracic cavity. 

Cardiac puncture was performed by collecting blood into a 1ml heparinised syringe, 

which was then centrifuged in an Eppendorf tube at 7000g for 15min to pellet the red 

blood cells. Plasma was removed and stored at -80°C. The thoracic and abdominal 

aorta was excised and fixed in 10% neutral buffered formalin (NBF; Cat #HT501128, 

Sigma-Aldrich, Poole, UK). The heart was also excised and weighed before the atria 

were removed. The right ventricle was removed and frozen in liquid nitrogen at -80°C. 

The left ventricle was weighed before being cut into four sections, one of which was 

fixed in 10% neutral buffered formalin overnight at 4°C before replacing with PBS and 

used subsequently for histological and immunohistochemical analysis. Another 

quarter was embedded in optimal cutting temperature (OCT) compound (Cat 

#AGR1180, Agar Scientific, Stansted, UK) and was frozen in liquid nitrogen at -80°C 

to be used for histological and immunohistochemical analysis. The final two sections 

were frozen in liquid nitrogen prior to storage at -80°C and further processing for 

western blot or RT-PCR. Tibias were removed and stripped of muscle and connective 

tissue and their length was measured using digital micro-callipers to normalise data 

to tibial length.  

2.1.5 Gene and protein expression of ex vivo tissue 

2.1.5.1 Isolation of RNA from tissue 

RNA was isolated from the left ventricle using the TRIzol extraction method for gene 

expression analysis. The tissue was defrosted and homogenised in 500μl ice-cold 

TRI-Reagent (Cat #T9424, Sigma-Aldrich, Poole, UK) before homogenising using 

RNase-free pestles and incubating for 5min to allow dissociation of the nucleoprotein 

complex. All further steps were performed at room temperature unless otherwise 

stated. Chloroform (0.5ml; Cat #288306, Sigma-Aldrich, Poole, UK) per 1ml TRIzol 

was added to samples, which were incubated for 2min before centrifugation at 

12,000g for 15min at 4°C. Samples were separated into three phases: the bottom red 

phase contained protein, the white interphase contained DNA and the clear upper 
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aqueous phase contained RNA. The RNA in the upper aqueous phase, was 

transferred to an RNase-free tube and was stored at -80°C or immediately processed. 

The interphase and bottom phase were stored at -20°C in case they were required.  

The RNA was precipitated by adding 0.5ml isopropanol to the aqueous phase per 1ml 

TRIzol reagent and incubating for 10min. Samples were centrifuged for 10min at 

12,000g and 4°C to form a gel-like RNA pellet, before discarding the supernatant. The 

RNA pellet was washed in 1ml of 75% ethanol per 1ml TRIzol, before vortexing 

samples briefly and centrifuging RNA at 7500g and 4°C for 5min. The supernatant 

was discarded, and samples were allowed to air dry for 5-10min. RNA was finally 

solubilised by resuspending the pellet in 30μl RNase-free water. Samples were 

incubated in a heat block at 55°C for 10min before quantifying the RNA using the 

Nanodrop. 

2.1.5.2 Isolation of protein from tissue 

LV tissue was defrosted and homogenised in 200μl RIPA buffer (150mM NaCl, 1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris-HCl pH 8.0; Cat 

#R0278, Sigma-Aldrich, Poole, UK) containing proteinase inhibitor (Cat 

#11836170001, Sigma-Aldrich, Poole, UK) and processed for Western blotting (see 

section 2.4). 

2.1.6 Histological analysis 

2.1.6.1 Tissue dehydration 

After overnight fixing, LV samples were dehydrated through increasing concentrations 

of ethanol (Cat. #64-17-5 Sigma-Aldrich, Poole, UK) over 2-3h increments at the 

following percentages: 50%, 70% 90%, 100%. Samples were cleared in xylene to 

allow infiltration with paraffin wax and finally embedded on molten wax prior to tissue 

sectioning.  

2.1.6.2 Sectioning of fixed wax-embedded tissue 

Fixed sections were cut using a microtome. Wax blocks were melted onto a metal 

chuck and placed on ice to ensure that the tissue surface was smooth. The sample 

was loaded onto the microtome in such an orientation that sections would be cut 

transversely across the wall of the left ventricle, starting from the base. Sections 

(25μm) were initially cut to ensure that there was a smooth surface, before cutting 

5μm sections for staining. Tissue ribbons were cut and floated on to the surface of 
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water at 37°C and were then placed onto glass slides (Cat #2809299, Leica 

Biosystems, Milton Keynes, UK). Once dried, samples were fully bonded to the slides 

in a 55°C oven and were stored at room temperature.  

2.1.6.3 Sectioning of frozen tissue 

Frozen LV samples were removed from the -80°C freezer and allowed to equilibrate 

to the temperature of the cryostat, typically at -20°C, for at least 30min. The embedded 

left ventricle was then placed on the specimen dish and OCT trimmed away until the 

tissue was exposed. The sample was cut and 5μm sections placed on Fisher 

Superfrost slides (Cat #S9027. Sigma-Aldrich, Poole, UK) and allowed to dry 

overnight at room temperature. Slides were stored at -80°C until ready for staining. 

2.1.6.4 Haematoxylin and eosin staining and assessment of cardiomyocyte 

cross-sectional area 

Haematoxylin and eosin (H&E) staining of fixed LV tissue sections was used to 

identify changes in cardiomyocyte area. Slides were mounted in a rack and dewaxed 

in three changes of xylene (Cat #214736, Sigma-Aldrich, Poole, UK) for 5min each. 

Xylene was removed from slides in 100% ethanol (Cat #459836, Sigma-Aldrich, 

Poole, UK) for 5min each before rinsing in distilled water for 5min. Sections were 

stained with Harris haematoxylin solution (Cat #HHS32, Sigma-Aldrich, Poole, UK) 

for 15-20min before rinsing in distilled water for 2-3min and in acid alcohol (Cat 

#3803650, Leica Biosystems, Illinois, USA) for 25sec to remove excess stain and to 

define nuclei. Slides were rinsed again in distilled water before staining with eosin Y 

(Cat #230251, Sigma-Aldrich, Poole, UK) for 15min. Sections were then dehydrated 

through four changes of ethanol: 75%, 75%, 95%, 100% for 5min each. Samples were 

cleared in three changes of xylene for 5min each before mounting the sections with 

DPX (Cat #06522, Sigma-Aldrich, Poole, UK) and leaving to dry. Sections were 

visualised at 40x magnification on a Nikon Eclipse 80 epifluorescence microscope, 

where settings were kept constant across slides. Cardiomyocyte cross-sectional area 

was quantified using ImageJ, by digital image analysis of cells with centrally located 

nuclei, as illustrated in Figure 2-5.  For each heart, 5 random sections with 5 separate 

fields and a mean value was generated per animal.  

2.1.6.5 Picrosirius red staining and assessment of cardiac fibrosis 

Fixed LV tissue sections were stained with picrosirus red (PSR) to assess cardiac 

interstitial fibrosis. Firstly, slides were mounted in a rack and de-waxed in three 

changes of xylene for 5min each. Xylene was removed from slides in decreasing 
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concentrations of ethanol for 3min each, as follows: 100%, 90%, 80% and 70%. Slides 

were then immersed in 0.2% phosphomolybdic acid (Cat #431400, Sigma-Aldrich, 

Poole, UK) for 2min and rinsed in distilled water to increase affinity of sections for the 

stain. Samples were stained in 0.1% PSR (Direct Red 80 [Cat #365548, Sigma-

Aldrich, Poole, UK] in saturated Picric Acid [Cas #423400, Sigma-Aldrich, Poole, UK]) 

for 1h to allow for near-equilibrium staining. Slides were washed for 3min each in two 

changes of acidified water (0.5% v/v Acetic acid in distilled water) and air dried by 

vigorously shaking. Samples were then dehydrated in three changes of 100% ethanol 

for 3min each before slides were cleared in xylene and mounted in DPX. Sections 

were visualised at 40x magnification on a Nikon Eclipse 80i epifluorescence 

microscope, with settings kept constant across slides. Cardiac fibrosis was measured 

in 5 random sections of the left ventricle using 5 different fields using ImageJ, by 

converting images to greyscale, then black and white images and thresholding the 

fibrosis staining to identify % area of red fibrous stains. Data were quantified by digital 

image analysis and a mean value was generated per animal.  

 

Figure 2-5: Analysis of LV cardiomyocyte cross-sectional area in experimental 

animals.  The left ventricle of experimental animals was stained with haematoxylin 

and eosin, and the area of cardiomyocytes with centrally located nuclei was assessed 

in ImageJ.  

2.1.6.6 ROS staining 

Dihydroethidium (DHE; Cat #D7008, Sigma-Aldrich, Poole, UK) undergoes two-

electron oxidation upon exposure to O2
-, forming ethidium bromide, which is excited 

at 488 nm and detected at 560 nm using the Leica DMi8 epifluorescent microscope. 

2’,7’-dichlorofluorescin diacetate (H2DCF-DA; Cat #35848, Sigma-Aldrich, Poole, UK) 

is oxidised to 2’,7’-dichlorofluorescein (DCF) upon exposure to ROS, resulting in 
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emission at 529 nm after excitation at 485-495nm. For DHE and DCF staining, LV 

sections were incubated in Krebs-HEPES buffer for 30min at 37°C and for a further 

5min in 2μmol/l DHE or μmol/l H2DCF-DA in a light-protected chamber. O2
- generation 

was indicated by red fluorescence and total ROS generation was indicated by green 

fluorescence. Images were obtained immediately on a Nikon Eclipse 80i 

epifluorescence microscope at 20x magnification, with settings kept constant across 

slides. Unstained samples were used to identify background fluorescence. Five 

images were taken per section, and the mean fluorescence intensity of each image 

was quantified using ImageJ.  

2.1.6.7 Immunohistochemistry 

Slides were prepared for immunohistochemistry by immersing in three changes of 

xylene for 3min each in order to de-wax sections, before rehydrating sections in 

changes of ethanol for 3min each as follows: 100%, 100%, 100%, 95%, 70%, 50%. 

Slides were rinsed in running tap water for 3min. Unless otherwise stated, sections 

were blocked in 10% neutral buffered formalin (NBF; Cat #HT501128, Sigma-Aldrich, 

Poole, UK) for 10min, and antigen retrieval was performed by immersing slides for 

10min in 95°C sodium citrate buffer (10mM Sodium Citrate [Cat #1613859, Sigma-

Aldrich, Poole, UK], 0.05% Tween 20 [Cat # p1379, Sigma-Aldrich, Poole, UK], pH 

6.0). Slides were cooled in the buffer for 10min, rinsed in cold water for 10min and 

finally washed for 5min in Tris-buffered saline (TBS; 20mM Tris Base (Cat #TRIS-RO, 

Sigma-Aldrich, Poole, UK], 150mM NaCl [Cat #S9888, Sigma-Aldrich, Poole, UK], pH 

7.4) containing 0.025% Triton X-100 (Cat #X100, Sigma-Aldrich, Poole, UK). 

Individual sections were encircled with a Dako hydrophobic barrier pen (Cat 

#S200230-2, Dako, Ely, UK) in order to prevent spread of antibody and to reduce the 

amount required for staining. Sections were incubated for 2 h at room temperature in 

10% normal goat serum (NGS; Cat #S26-M, Sigma-Aldrich, Poole, UK), before rinsing 

in TBS and incubation with primary antibody overnight at 4°C, at concentrations 

detailed in Table 2-5. Sections were washed in two changes of 0.025% Triton X-100 

for 5min each the following morning, before incubation in secondary antibody for 1h 

at room temperature, at concentrations detailed in Table 2-6. Sections were washed 

again in two changes of 0.025% Triton X-100 for 5min each before incubating with 

4’6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Cat #D1306, Thermo Fisher 

Scientific, Loughborough, UK). Slides were washed in PBS and sections were then 

mounted in DPX and covered with a cover slip before imaging at 20x on a Nikon 

Eclipse 80I epifluorescence microscope, with settings kept constant across slides. 

Fluorescence intensity was quantified using ImageJ.  
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Primary antibody Concentration Source 

Goat anti-rat CD31 

polyclonal antibody 
1:50 

Cat # pA5-16301, Thermo Fisher 

Scientific, Loughborough, UK 

Table 2-5: Concentration of primary antibodies for immunohistochemistry. 

Secondary antibody Concentration Source 

Goat anti-rat IgG (H+L) 

cross-adsorbed, Alexa 

Fluor 594 

1:500 
Cat #A-11007, Thermo Fisher, 

Loughborough, UK 

Table 2-6: Concentration of secondary antibodies for immunohistochemistry. 

2.2 In vitro work 

2.2.1 Culture of cell lines 

Both ECs and fibroblasts were used for in vitro assessment. Human aortic ECs 

(HAoECs; primary cell line; Cat #304-05A, Sigma-Aldrich, Poole, UK) were cultured 

in Endothelial Growth Medium (EGM-2; Cat #CC-3162, Lonza, Slough, UK) 

supplemented with EGM-2 SingleQuots Supplements (10ml FBS, 0.2ml 

hydrocortisone, 2ml hFGF-B [human Fibroblast Growth Factor-B], 0.5ml VEGF 

[Vascular Endothelial Growth Factor], 0.5ml R3-IGF-1 [recombinant-3 insulin-growth 

factor], 0.5ml ascorbic acid, 0.5ml hEGF [Epidermal Growth Factor], and 0.5ml 

Heparin; Cat #CC-4176, Lonza, Slough, UK) and were made up to 12% FBS (Cat 

#26-140-079, Sigma-Aldrich, Poole, UK). Immortalised mouse coronary 

microvascular ECs (CMECs; Cat #CLU510, Cedarlane, Gateshead, UK) were 

cultured in normal glucose (1g/l) DMEM Dulbecco’s Modified Eagle Medium (DMEM, 

1 g/l glucose, + pyruvate; Cat #31885023, Thermo Fisher Scientific, Loughborough, 

UK) supplemented with 1μM HEPES and 5% FBS. Immortalised mouse NIH 3T3 

fibroblasts (Cat #CRL1658, ATCC, Virginia, USA) were cultured in RPMI Roswell Park 

Memorial Institute-1640 medium (RPMI; Cat #11875093, Gibco, Thermo Fisher, 

Loughborough, UK). Ventricular human cardiac fibroblasts (VHCFs; primary cell line; 

Cat #12375, PromoCell, Heidelberg, Germany) were cultured in high glucose (4.5g/l) 

DMEM (Cat #11965092, Thermo Fisher Scientific, Loughborough, UK). Cells were 

passaged in T75 flasks (Cat #156499, Thermo Fisher Scientific, Loughborough, UK) 

and split when they reached 70-80% confluency, as follows. Media was aspirated, 
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and cells were washed with 5ml PBS (Cat #10010023, Gibco, Thermo Fisher 

Scientific, Loughborough, UK) to remove excess media. PBS was removed, and cells 

were incubated in 2ml 0.05% trypsin (Cat #25300054, Gibco, Thermo Fisher 

Scientific, Loughborough, UK) at 37°C for 2mins. Once cells were detached, trypsin 

was neutralised with 5ml media, and the entire 7ml volume was transferred to a 15ml 

tube from which, if required, 10μl was removed and resuspended in 10μl Trypan blue 

(Cat #T8154, Sigma-Aldrich, Poole, UK) to count cells using a haemocytometer. The 

tube was centrifuged at 1000rpm for 10mins, and media was removed. The pellet was 

resuspended in 5ml media and split into fresh flasks containing 10ml media. Media 

was changed the next day and every two days thereafter. 

2.3 Gene analysis 

2.3.1 RNA extraction 

RNA was extracted from cells using the QIAGEN RNeasy Mini Kit (Cat #74106, 

QIAGEN, Hilden, Germany). Cells targeted for RNA extraction were trypsinised and 

pelleted at 8000rpm for 5min and stored at -80°C. When ready for processing, pellets 

were resuspended in 350μl RLT, to lyse the cells, with 3.5μl β-mercaptoethanol (Cat 

#M6250, Sigma-Aldrich, Poole, UK), to preserve the RNA. Samples were then mixed 

with an equal volume of 70% ethanol and the entire volume transferred into a filter 

column and centrifuged at 12,000rpm for 15sec. The supernatant was discarded, and 

columns treated with 700μl Buffer RW1 and centrifuged at 12,000rpm for 15sec 

before again discarding the resulting supernatant. Columns were treated with 500μl 

Buffer RPE in 80% absolute ethanol (Cat #10644795, Thermo Fisher Scientific, 

Loughborough, UK) and centrifuged at 12,000rpm for 15sec, the supernatant 

discarded, and 500μl Buffer RPE added to the columns before centrifugation at 

12,000rpm for 2mins. Supernatant was discarded and columns were transferred to a 

dry tube before centrifuging at >12,000rpm for a further 1min to dry the membrane. 

Finally, the column was transferred to a sterile Eppendorf and 30-50μl RNase-free 

water was added before centrifugation at 12,000 rpm for 1min to elute the RNA.  

2.3.1.1 Quantification of RNA concentration 

A Nanodrop 1000 (Thermo Fisher Scientific, Loughborough, UK) was used to quantify 

the concentration of RNA samples. The sample absorbance was measured at 260nm, 

which allowed calculation of sample concentration using the following formula: 
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[𝑅𝑁𝐴]𝑖𝑛 
𝑛𝑔

𝜇𝑙
= 𝐴260 × 44.19 

where A260 = absorbance, in optical density units, at 260 nm, and 44.19 = the 

extinction coefficient of RNA. The A260/A280 and A260/A230 ratios were used to 

assess the purity of the samples to ensure that excess salt, proteins and solvents 

would not influence the results. A260/A280 ratios of 1.8-2.1 were considered to be 

acceptable for gene expression analysis.  

2.3.1.2 Treatment of RNA 

To remove residual genomic DNA, RNA was treated with DNAse I Amplification Grade 

(Cat #18068015, Thermo Fisher, Loughborough, UK). Depending on its 

concentration, 250ng-1μg RNA was diluted in 8μl RNAse free water. The solution was 

made up to a final volume of 10μl with 1μl DNase I and 1μl DNase buffer. Samples 

were incubated at 37°C for 30min before being treated with 1μl 25mM EDTA and 

incubated at 65°C for 10min to inactivate the DNase I.  

2.3.2 cDNA synthesis 

Equal amounts of RNA contained within 10μl H2O, were reverse-transcribed to cDNA 

using the High Capacity cDNA Reverse Transcription Kit (Cat #4368813, Applied 

Biosystems, Paisley, UK). MultiScribeTM reverse transcriptase (RT), RT buffer, dNTPs 

and random primers were prepared in a master mix as detailed in Table 2-7 and mixed 

with RNA, before running in a 96-well thermal cycler (Cat #4375305, Applied 

Biosystems, Paisley, UK), following the protocol in Table 2-8. No-RT controls were 

made up using H2O instead of RNA to ensure absence of genomic DNA.  

Solution Volume 

RT Buffer (10x) 2 

DNTPs (25x) 0.8 

Random primers (10x) 2 

Reverse transcriptase 1 

H2O 4.2 

Table 2-7: Reverse transcription mix components 
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Stage 1 

25°C 

10min 

Stage 2 

37°C 

120min 

Stage 3 

85°C 

5min 

Table 2-8: cDNA synthesis protocol 

2.3.3 Gene expression by PCR 

2.3.3.1 Conventional PCR 

Conventional RT-PCR was performed, and RT-PCR products were visualised using 

agarose gel electrophoresis. The Taqman DNA polymerase kit (Invitrogen) was used 

to amplify the target gene. Firstly, a RT-PCR master mix was prepared on ice using 

DEPC-treated H2O, MgCl2, RT-PCR buffer, dNTP mix, forward and reverse primers 

and Taq DNA polymerase, according to Table 2-9. The cDNA template was then 

added to the master mix to produce a final RT-PCR reaction volume of 25μl. No 

template controls were produced by replacing the cDNA template with DEPC-treated 

H2O. Each sample was also run with β-actin as a loading control. Finally, reaction 

mixtures were vortexed, centrifuged and loaded into the thermal cycler before being 

subjected to the cycling conditions detailed in Table 2-10.  

Solution 

Volume (μl) 

2.5mM MgCl2 3.5mM MgCl2 5mM MgCl2 

DEPC-treated 

H2O 
To 25 To 25 To 25 

10x Buffer 2.5 2.5 2.5 

10mM dNTP mix 1.0 1.0 1.0 

10 μM Forward / 

Reverse primers 
0.5 each 0.5 each 0.5 each 

5 U/μl Taq DNA 

polymerase 
0.1 0.1 0.1 

50mM MgCl2 1.25 1.75 2.5 

cDNA template 1.0 1.0 1.0 

Table 2-9: Conventional RT-PCR mix components. 
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 Stage 1 Stage 2 Stage 3 Stage 4 

Cycles 1 25-35 1 1 

Temperature 

(°C) 
94 94 60 72 72 4 

Time 
2min 

30sec 
1min 30sec 45sec 4min ∞ 

Table 2-10: Conventional RT-PCR 

2.3.3.1.1 Separating PCR products by agarose gel electrophoresis 

A 2% agarose gel was made up by adding 2g agarose (Cat #16500500, Thermo 

Fisher Scientific, Loughborough, UK) to 98ml 1x TAE buffer. Once the agarose was 

dissolved, 5μl Midouri Green (Cat #MG04; Nippon Genetics, Duren, Germany) was 

added and the solution poured into a mould. Once the gel was set, 5μl 100bp ladder 

(Cat #15628050, Thermo Fisher Scientific, Loughborough, UK) was added to the first 

lane as a molecular weight reference and 10μl of each sample (after mixing with 6x 

DNA loading dye; Cat #R0611, Thermo Fisher, Loughborough, UK) was added to 

subsequent lanes and run for 1h at 100V in 1x TAE buffer. Gels were then imaged 

under UV using a UVP transilluminator (500ms exposure time). 

2.3.3.2 Quantitative real-time RT-PCR (qRT-PCR) 

qRT-PCR was used to amplify and quantify target genes relative to an internal 

housekeeping gene. SYBR green (Cat #04887352001, Roche, Basel, Switzerland) 

was used as a DNA-binding dye, which fluoresces when bound to double-stranded 

DNA, with the signal increasing in proportion to target DNA amplification. The 

fluorescence signal was monitored in real time and upon reaching a certain threshold, 

a threshold cycle (Ct) value was recorded, with the expression level of the target gene 

being inversely proportional to the Ct value measured. The reaction mix (shown in 

Table 2-11) was prepared in a total volume of 2μl and loaded on to a LightCycler480 

384-well plate and run according to the protocol shown in Table 2-12. Melt curve 

analysis performed at the end of the cycle ensured that only the target product was 

present in the reaction and not off-target double-stranded DNA. A no template control 

was also run for each primer set by replacing the cDNA sample with nuclease-free 

water. Either human or mouse primers were used, with the sequences shown in Table 

2-13 and Table 2-14, respectively. 
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Since such a small reaction volume was pipetted, the Echo 525 Liquid Handler (shown 

in Figure 2-6) was used to load the RT-PCR reaction components into the LightCycler 

480 384-well plates. The Echo is a machine that transfers RT-PCR reaction mixes 

and cDNA samples from a source plate to a LightCycler plate using acoustic droplet 

ejection (ADE), which ensures accurate pipetting of small volumes. Master mixes 

comprised of SYBR green, water and primers, was loaded into wells of the source 

plate with the cDNA samples loaded separately. The Echo Plate Reformat software, 

illustrated in Figure 2-7, was used to map the transfer of solutions from the source 

plate to the LightCycler plate. 0.2μl of each cDNA sample was mapped from a source 

plate well to the appropriate LightCycler plate wells, and 1.8μl of the master mix was 

then transferred to the appropriate wells. Three technical replicates per sample per 

primer set were analysed. The LightCycler plate was sealed to prevent evaporation 

before being centrifuged at 1000rpm for 1min. 

 

Solution Volume (μl) 

SYBR green 1 

Forward and reverse primer 0.1 

DEPC-treated water 0.6 

Template cDNA 0.2 

Table 2-11: Reaction mix for RT-PCR 

 Stage 1 Stage 2 
Stage 

3 

Cycles 1 45 1 

Stage Activation Denaturation 
Primer 

annealing 
Polymerisation 

Melt 

curve 

Temperature 

(°C) 
95 94 60 72 60-95 

Time 15min 1min 30sec 30sec ∞ 

Table 2-12: qRT-PCR protocol 
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Figure 2-6: Echo liquid handler.  This key equipment item was used to pipette small 

volumes into a 384-well RT-PCR plate. 

 

Figure 2-7: Echo Plate Reformat Software.  This software allows liquid transfers of 

specific volumes to be mapped from a single source plate to multiple RT-PCR plates. 
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HOUSEKEEPING GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

HRPT ATGCTGAGGATTTGGAAAGGG GGTCAGCAAAGAATTTATAGCCC 

HSP90AB1 GCGCTATCATACCTCCCAGT ACAAAAGCTGAGTTGGCCCAC 

β-actin GAAAATCTGGCACCACACCT’ TGGATAGCAACGTACATGGC 

NADPH OXIDASE GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

NOX1 CAACCTCACCTTCCACAAGC’ TTCGGGACTGGATGGGATTT 

NOX2 GTGATCACAGGCCTGAAACA AAATGAAATGCACTCCCCGA 

NOX4 ATGGTGGTGGTGCTATTCCT CTGAAACATGCAACGTCAGC 

NOX5 AGGATCTTTGCCTCTGAGCA TCTTGGACACCTTCGATCCA 

ANTIOXIDANT GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

NRF2 TCCTTCAGCAGCATCCTCTC AAAGTAGCAGGTGAGGGCAT 

SOD1 CATTGCATCATTGGCCGCAC AACGACTTCCAGCGTTTCCT 

Catalase CCCATCGCAGTTCGGTTCTC TGGGGGTGTTATTTCCAACGA 

HMOX1 AAAGATTGCCCAGAAAGCCC CTGGATGTTGAGCAGGAACG 

NQO1 AGAAAGGATGGGAGGTGGTG GAAAGTTCGCAGGGTCCTTC 

eNOS GCAGCCTCACTCCGTTTTC GGTCTTCTTCCTGGTGATGC 

HIF-1α CTCAAAGTCGGACAGCCTCA CCCTGCAGTAAGGTTTCTGCT 

TRDX CCTTTCTTTCATTCCCTCTCTGA GCAACATCCTGACAGTCATCCA 

ANGIOGENESIS GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

VEGF TGACGAGTCCAACATCACCA CTTGGTGAGGTTTGATCCGC 

NOTCH CAGCCTCAACATCCCCTACA GCACACTCGTTGATGTTGGT 

JAG1 CTTGCAAACTCCCAGGTGAC TTGAGACACGGCTGATGAGT 

DLL4 CGAACAGAGCCAGATTGAG CCCAGCCCTCATCACAAGTA 
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METABOLIC GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

GLUT1 GTGGCCTTCTTTGAAGTGGG AAGACGTAGGGACCACACAG 

GLUT4 CTTCGAGACAGCAGGGGTAG CAGAGCCACAGTCATCAGGA 

ENDOTHELIAL-SPECIFIC GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

CD31 TCAGAAGGACAAGGCGATTG GTTATGTTGACCACGATGCTG 

eNOS ACACGCACCAGATAAGGAAC TTTCCGCCAGCCCATTTCAT 

vWF ATGAGTGAGTGTGCCTGC GTAGATGGTGCTTCGGTGG 

KDR ATCCCTGCCAAGTACCTTGG AATCGTCAGTACATGCCCCG 

INFLAMMATORY GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

ICAM1 AAGGTGGTTCTTCTGAGCGG AGGCCTGGCATTTCAGAGTC 

VCAM1 TGCCGAGCTAAATTACACATTG CCTTGTGGAGGGATGTACAGA 

IL8 CTTGAGTGTCACAGGGACGG CCTGCTGGCTGTCCTTAACC 

IL1β ACCTGGTAGAAGTGATGCCC TCACAGGGGAGAAATCGATG 

IL12 CGAGACTCTGAGCCACTCAC CGTGAACCGTCCGGAGTAAT 

FIBROSIS GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

FGF2 CTCACATGCTGCTCTCAC AGCCAACTCGTAATCCA 

HGF2 AGGAAAACTACTGTCGAAATCCT ACACTGAGGAATGTCACAGAC 

CTGF TGGGAGTACGGATGCACTTT TACCAATGACAACGCCTCCT 

αSMA CGTTACTACTGCTGAGCGTGA AACGTTCATTTCCGATGGTG 

Col1α1 TGGAGAGGAAGGAAAGCGAG ACCAGCTTCACCAGGAGATC 

Col3α1 TTCTGGAGGATGGTTGCACG GCCAACGTCCACACCAAATT 

Table 2-13: Nucleotide sequence for human primers.  
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HOUSEKEEPING GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

β-actin CCCAGTTGGAACAATGCCATG GATGCTCCCCGGGCTGTATT 

HPRT GATTAGCGATGATGAACCAGGT CATCTCGAGCAAGTCTTTCAGT 

HSP90 TGGTGTCCGATTCTATCGG AGGATCACTTTGGTACCCCG 

NADPH OXIDASE GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

NOX1 GTTTCTCTCCCGAAGGACCTC TTCAGCCCCAACCAGGAAAC 

NOX2 TGGCGATCTCAGAAGGT ACCTTGGGGCACTTGACAAA 

NOX4 
ACTACATTCACCAAATGTTGGG

C 
GAGGCTGCAGTTGAGGTTCA 

ANTIOXIDANT GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

SOD1 GGAACCATCCACTTCGAGCA CCCATGCTGGCCTTCAGTTA 

SOD2 ACGTGAACAATCTCAACGCC TGAAGAGCGAACTGAGTTGT 

SOD3 TGCTGCTCGCTCAGATAACA CATGGCTGAGGTTCTCTGCA 

Catalase CCTTCCTGCCTCTCCAACAG ATGGTCACCGGCACATGAAT 

NRF2 CTACTCCCAGGTTGCCCACA 
CGACTCATGGTCATCTACAAAT

GG 

HMOX1 TTCAGAAGGGTCAGGTGTCC GCTTGTTGCGCTCTATCTCC 

GPx1 GGTTTCCCGTGCAATCAGTT AGGAAGTAAAGAGCGGGTG 

PRDX1 TGGCTTCCTTCTACTGCGAA CAGGGTTGGTGTCACAGTTG 

ENDOTHELIAL-SPECIFIC GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

CD31 GTCATTGGAGTGGTCATCGC GCTTCCACACTAGGCTCAGA 

ET1 CAAGCGCTGTTCCTGTTCCTT CGCACTGACATCTAACTGCC 

vWF TTTGCCAATGGCGTAAC ATTCTGGCCGCAAAGCCAAA 

eNOS TTCCTGGACATCTCCCC CTTCCATTCTTCGTAGCGCC 



Chapter 2 

~ 2-63 ~ 
 

CAD5 TCACCATTGAGACAGACCCC AGTGCTGCTCAGGTATTCGT 

ANGIOGENESIS GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

VEGF GCGAGGCAGCTTGAGTTAAA GAGAGGTCTGGTTCCCGAAA 

VEGF-R AGAAAGCCTTGATCTCGCCT CCTCCACGTGTC 

NOTCH1 TCCCACGGAGATCATTGCTT AATCCACAGAAGCGCCAATC 

DLL4 CGAAATGGTGGCAGCTGTAA TAGAGCCGGTAAAGTTGGGG 

JAG GTCCCACTGGTTTCTCTGGA GCAGTGGTCTTTCAGGTGTG 

Angiopoietin CGACAGAGCAGTACAACACC GGGCCATCTCCGACTTCATA 

HYPERTROPHIC GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

ANP ATCCTGTGTACAGTGCGGTG TACCGGCATCTTCTCCTCCA 

BNP TCCTCTGGGAAGTCCTAGCC AGCTGTCTCTGGGCCATTTC 

HDAC4 CACAAGTCTGTGTGCCAAGC AATAGCAGCTCTGGCAACGT 

HDAC9 TCCTGTTCTTGCCTCTGCTG CAGCAGATCCAGAAGCAGCT 

MHCα ATGTCTGCAGAAGCCAGCTT GCCAAGACTGTCCGGAATGA 

MHCβ TCCTCTGGGAAGTCCTAGCC GGGCATTGAGTGGACCTTCA 

FIBROTIC GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

α-SMA CTACGAACTGCCTGACGGGC GCTGTTATAGGTGGTTTCGTGG 

CTGF GGTCCAGACCACAGAGTGGA TAGGTGTCCGGATGCACTTT 

Col1α2 TAGAAAGAACCCTGCTCGCA CGGCTGTATGAGTTCTTCGC 

Col1α1 GGTAACGATGGTGCTGTTGG GGGACCTTCAGAGCCTCTAG 

Col3α1 GTCAAGGAGAAAGTGGTCGC CCGTTCTCCATTCTTGCCAG 

ColVIα1 CAATTTCACGGCAGCTGACT CTGGCACTCAAAAGAACAAC 

Col18α1 GCGTCTTCCTCCGTTTCTTC AAGCAGCAAGTCACACAAGG 

Vimentin CACGTCTTGAACTTGAACGG AGTGAGGTCAGGCTTGGAAA 
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TGFβ1 TCACTGGAGTTGTACGGCAG CCGGTTCATGTCATGGATGG 

TGFβ3 ACTCTGCCCGGAACAGATTG ACTCAGGAGACCTCGGAGTC 

MMP2 CCAGACAGGTGACCTTACC GTTTCAGGGTCCAGGTCAGG 

MMP9 GAGGATCCGCAGACCAAGAG GGGTTACCTCTGGGCCATAGA 

TIMP3 
ATGGTAGCTGTTGTTGTGGTGC

G 
TCCAAACACTACGCCTGCAT 

Transgelin TTGAGCCACCTGTTCCATCT GGTGTGGCTGAAGAATGGTG 

INFLAMMATORY GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

ICAM TTTCTCATGCCGGACAGAAC GCTTCAGAGGCAGGAAACAG 

IL1β TGACCGACCCAAAAGATGA AAAGACACAGGTAGCTGCCA 

IL6 AGCTCTATCCTCCCCTCCAGG TCTGAAGAGGTGAGTGGCTG 

VCAM GTGCAGTTGACAGTGAACGG AGCTCTGTGGGTTTTGAGGA 

METABOLIC GENES 

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) 

GLUT1 ATGGAATAGGACGGCCT TGTGCTGTGCTCATGACCAT 

GLUT4 
CAGCTCCTATGGTGACCTTGAC

C 
AATGTCCTTGCTCCAGCTCC 

Table 2-14: Nucleotide sequences for mouse primers 

2.3.3.3 Analysis of gene expression 

Once the qRT-PCR run was complete, the no template controls were checked to 

ensure that there was no contamination with genomic DNA. The second derivative 

maximum value of each amplification curve was used to calculate the Ct values in the 

Roche LightCycler 480 (1.5) Software, and the Ct values were then exported into 

Excel for further analysis. The comparative CT method was used to quantify gene 

expression. The mean Ct value for the target gene for each triplicate was normalised 

to the appropriate housekeeping gene to obtain the ΔCt value. This was then 

compared to the ΔCt value of the control group to calculate the Δ ΔCt value. The 

expression of the target gene relative to the control was calculated as 2-ΔΔCt. 
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∆𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡) = 𝐶𝑡(𝑠𝑎𝑚𝑝𝑙𝑒) − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑡 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝) 

∆𝐶𝑡(ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝑔𝑒𝑛𝑒) = 𝐶𝑡(𝑠𝑎𝑚𝑝𝑙𝑒) − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑡(𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝) 

∆∆𝐶𝑡 = ∆𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡) − ∆𝐶𝑡(ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝑔𝑒𝑛𝑒) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑠. 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) = 2−∆∆𝐶𝑡 

2.3.3.3.1 Determination of reference genes 

Genes were quantified by normalising Ct values obtained from qT-PCR to a reference 

gene run on the same plate. Up to three housekeeping genes were used per plate to 

reduce errors relative to a random housekeeping gene. MIQE guidelines were 

followed for RT-PCR.  

2.4 Western blot 

2.4.1 Cell lysis 

In preparation for protein extraction, media was aspirated from cells and they were 

washed with PBS. Cells were then pelleted at 8000rpm for 5mins and stored at -80°C 

until further use. The cell pellet was resuspended in 150μl ice-cold RIPA buffer (Cat 

#89900, Thermo Fisher Scientific, Loughborough, UK) containing EDTA-free 

protease inhibitor cocktail (Cat #118361700001, Sigma Aldrich, Poole, UK) to prevent 

protein degradation. Samples were lysed by rotating at 4°C for 30min, before 

centrifugation at 12,000g and 10min to pellet debris. The supernatants containing the 

protein samples were transferred to a fresh tube.  

2.4.2 Quantification of protein 

Protein concentrations were determined using the Pierce BCA Protein Assay (Cat 

#23227, Thermo Fisher Scientific, Loughborough, UK), in which 10μl of each protein 

sample is mixed, in triplicate, with 190μl BCA Reagent A and 3.8μl BCA Reagent B. 

Samples are incubated for 30min at 37°C, during which time, protein reduces Cu2+ in 

the BCA Reagent sample to Cu+, leading to a colour change from green to purple. 

The absorbance of the samples was detected at 562nm using a TECAN Safire 

multiwall plate reader to produce a standard curve of bovine serum albumin (BSA) 

standards at known concentrations. These standards show a near-linear relationship 

between concentration and absorbance, and unknown concentrations were 

calculated from the standard curve.  
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2.4.3 Protein separation by SDS-PAGE 

SDS-PAGE was used to separate proteins based on size. A 4% stacking gel and 9% 

running gel were cast in gel casting equipment (Cat #6201, BioRad, Hemel, 

Hempstead, UK) according to the protocol in Table 2-15. TEMED and 10% APS were 

both added immediately prior to casting to avoid premature polymerisation. The 9% 

running gel was firstly cast and propanol was pipetted onto the gel to ensure that it 

was evenly compacted. Once the running gel had polymerised, the stacking gel was 

cast on top, with a 10 or 15 well 1.5mM comb inserted to create wells for protein 

loading. Once cast, the gels were placed into a cassette and inserted into a Bio-Rad 

Mini ProTean Tetra cell running tank (Cat #1658000EDU, BioRad, Hemel, 

Hempstead, UK), which was filled with running buffer (25mM Trizma base [Cat 

#T4661, Sigma-Aldrich, Poole, UK], 200mM glycine [Cat #410225, Sigma-Aldrich, 

Poole, UK], 0.1% SDS [Cat #L3771, Sigma-Aldrich, Poole, UK]). Between 5 and 25 

mg protein was diluted into 30μl RIPA buffer and mixed with NuPAGE LDS Sample 

buffer (4X; Cat #NP0007, Thermo Fisher, Loughborough, UK) and NuPAGE Sample 

Reducing Agent (10x; Cat #NP0004, Thermo Fisher Scientific, Loughborough, UK). 

Protein samples were denatured in a heat block at 95°C for 5min to ensure loss of 

their secondary and tertiary structures. Samples were then loaded into separate wells 

alongside a protein ladder comprised of reference proteins of a particular given 

molecular weight (Cat #26616, Thermo Fisher Scientific, Loughborough, UK). The 

tank was connected to a Bio-Rad PowerPac basic power supply and run at 80V until 

the proteins had run through the stacking gel (10min). The voltage was then increased 

to 100V for 1h or until the dye front had reached the bottom of the running gel. 

Solution 10% Resolving gel 4% stacking gel 

Acrylamide 7.5ml 1.3ml 

0.5M Tris HCl pH 8.8 6.25ml - 

15M Tris HCl pH 6.8 - 2.5ml 

DdH2O 11ml 6.1ml 

10% SDS 0.25ml 100μl 

Ammonium persulphate (APS) 130μl 50μl 

TEMED 15μl 10μl 

Table 2-15: Composition of 10% stacking gel and 4% resolving gel for protein 

separation prior to western blot analysis. 
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2.4.4 Protein transfer  

Following separation of proteins by SDS-PAGE, the running gel and stacking gel were 

separated, and the running gel transferred to a polyvinylidene fluoride (PVDF) 

membrane. The membrane and filter paper were cut to size and the membrane was 

activated in 100% methanol (Cat #10674922, Thermo Fisher Scientific, 

Loughborough, UK) for 1min. Both the filter paper and membrane were equilibrated 

in transfer buffer (25mM Trizma base, 200mM glycine, 20% methanol) until transfer 

was started. A cassette with sponges was also immersed in the transfer buffer, with 

2 pieces of filter paper kept wet on each sponge and the membrane positioned on the 

clear side of the cassette. The running gel was carefully placed face down on the 

membrane and bubbles were carefully removed, before closing the cassette and 

placing it in a Bio-Rad Mini PROTEAN tetra cell system with an ice pack. The entire 

tetra cell system was also kept on ice. The transfer was run at 250mA for 1h 30min at 

room temperature or at 80mA at 4°C overnight. The transfer was considered 

successful if the ladder was present on the membrane, and if even bands were 

present following 30sec incubation of the membrane in ponceau S solution (Cat # 

p7170, Sigma-Aldrich, Poole, UK).  

2.4.5 Detection of protein expression by probing with antibodies 

Membranes were initially incubated in 3% non-fat milk or 5% bovine serum albumin 

(BSA; Cat #1071145001, Sigma-Aldrich, Poole, UK) in Tris-buffered saline with 

0.05% Tween (TBS-T; Cat # p1379, Sigma-Aldrich, Poole, UK) for 1h to block non-

specific binding sites. Membranes were then placed in 15ml Falcon tubes to minimise 

the amount of antibody required and incubated with the appropriate antibody in 2% 

milk solution or 5% BSA either for 1h at room temperature or at 4°C overnight. 

Membranes were washed 6 times for 5min each in TBS-T before incubation in HRP-

conjugated secondary antibody in 2% milk solution for 1h. Membranes were then 

washed 6 times for 5min each in TBS-T and placed in a G:Box Chemi XRQ for 

developing and visualisation (Syngene, Cambridge, UK). Immobilon western 

chemiluminescent HRP substrates (Cat #WBKLS0500, Millipore, Feltham, UK) was 

mixed in a 1:1 ratio and added to the membrane to activate chemiluminescent bands, 

before membranes were exposed to X-ray films every 30 sec for 2min 30 sec, with a 

final bright light exposure. Images were saved as JPEG files, opened in ImageJ, and 

converted to 16-bit images for analysis using the Gels function, with expression levels 

normalised against the loading control. Primary antibodies are summarised in Table 

2-16 and secondary antibodies are summarised in Table 2-17. 
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Antibody Dilution Supplier 

Housekeeping proteins 

Mouse β-actin, pAb 1:10,000 Cat #Ab8227, Abcam, Cambridge, UK 

Rabbit HRPT, pAb 1:2000 Cat #Ab97698, Abcam, Cambridge, UK 

NADPH oxidase proteins 

Rabbit NOX4, pAb 1:500 
Cat #NB110-58849, Novus Biologicals, Colorado, 

USA 

Rabbit NOX1, pAb 1:1000 Cat #Ab55831, Abcam, Cambridge, UK 

Rabbit NOX2, pAb 1:1000 Cat #Ab80508, Abcam, Cambridge, UK 

Rabbit NOX5, pAb 1:1000 Cat #Ab198213, Abcam, Cambridge, UK 

Inflammatory proteins 

Rabbit VCAM1, 

mAb 
1:2000 

Cat #13662S, Cell Signaling, Massachusetts, 

USA 

Transcription factors 

Rabbit NRF2, mAb 1:1000 Cat #12721, Cell Signaling, Massachusetts, USA 

Rabbit NFκB, mAb 1:1000 Cat #8242, Cell Signaling, Massachusetts, USA 

Endothelial-specific proteins 

Mouse peNOS, 

mAb 
1:2000 Cat #Ab76199, Abcam, Cambridge, UK 

Mouse eNOS, mAb 1:2000 Cat #Ab76198, Abcam, Cambridge, UK 

Signaling pathways 

Rabbit pPKA, pAb 1:1000 Cat #5661, Cell Signaling, Massachusetts, USA 

Rabbit PKA pAb 1:1000 Cat #5842, Cell Signaling, Massachusetts, USA 

Rabbit pPKC, pAb 1:1000 Cat 2060, Cell Signaling, Massachusetts, USA 

Rabbit PKC, pAb 1:1000 Cat #2058, Cell Signaling, Massachusetts, USA 

Rabbit pAKT, mAb 1:1000 Cat #4060, Cell Signaling, Massachusetts, USA 

Rabbit AKT, mAb 1:1000 Cat #4685, Cell Signaling, Massachusetts, USA 

Table 2-16: Primary antibodies for immunoblotting. 
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Antibody Concentration Supplier 

Horse anti-mouse 

IgG, HRP-linked 
1:2000 Cat #7076, Cell Signaling, Massachusetts, USA 

Goat anti-rabbit 

IgG; HRP-linked 
1:2000 Cat #7074, Cell Signaling, Massachusetts, USA 

Goat anti-rat IgG; 

HRP-linked 
1:2000 Cat #7077, Cell Signaling, Massachusetts, USA 

Table 2-17: Secondary antibodies for immunoblotting. 

2.5 Statistical analysis 

All data were expressed as mean +/- standard error of the mean (SEM) of “n” animals 

or tissue samples. Data were collated and statistical analysis carried out using 

GraphPad Prism 5.0. Normality was tested using a D’Agostino and Pearson omnibus 

normality test. An unpaired Student’s t-test or a one-way or two-way analysis of 

variance (ANOVA), followed by a post-hoc Bonferroni or Dunnett’s multiple 

comparison test, as appropriate, was used to compare data sets. If data were not 

normally distributed, a Kruskal-Wallis test, followed by a Dunn’s multiple comparison 

post-hoc test was used. A P value of <0.05 was considered to be statistically 

significant: significance values are summarised in Table 2-18. 

 Level of significance 

*/# P<0.05 

**/## P<0.01 

***/### P<0.001 

Table 2-18: Symbols used to indicate statistical significance in figures.  
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3 INVESTIGATION OF THE EFFECTS OF 

ENDOTHELIAL-SPECIFIC NOX2 

OVEREXPRESSION ON CARDIAC REMODELLING 

IN EXPERIMENTAL DIABETES  

3.1 Diabetes and CVD 

3.1.1 Diabetic cardiac remodelling  

Diabetes is associated with the development and progression of cardiac remodelling, 

diastolic and systolic dysfunction and HF, as described in section 1-8 (American Heart 

Association, 2010).  Whilst initial cardiac remodelling is driven by both myocardial and 

microvascular abnormalities, microvascular dysfunction is apparent in the majority of 

diabetic patients and independently drives LV dysfunction and HF (Kibel et al., 2017, 

Wilson et al., 2017).  Microvascular dysfunction is caused by endothelial activation 

leading to vascular inflammation, thrombosis and fibrosis as well as decreased NO-

vasodilation and vasoconstriction in response to various agonists (Wilson et al., 

2017). Notably, hyperglycaemia associated with diabetes has been shown to drive 

endothelial activation and consequent microvascular dysfunction by increasing ROS 

production and oxidative stress, thus promoting maladaptive cardiac remodelling 

(Wilson et al., 2017).  

3.1.2 Nox2 as a source of oxidative stress in the endothelium 

The primary function of NADPH oxidases is to produce ROS, and both Nox2 and 

Nox4 are highly expressed in the endothelium (Drummond and Sobey, 2014). 

Moreover, their expression and activity are upregulated in diabetic patients, 

associated with increased oxidative stress and decreased endothelial function 

(Channon and Guzik, 2002, Drummond and Sobey, 2014). It is important to note that 

whilst Nox2 catalyses the production of O2
-, Nox4 is thought to primarily generate 

H2O2 (Drummond and Sobey, 2014). Nox2 is therefore considered to have 

predominantly damaging effects when its activity is increased due to the excessive 

generation of O2
-, such as in hyperglycaemia which is specifically reported to induce 

Nox2 expression and activity in vitro (Drummond and Sobey, 2014, Shen, 2010). It 

therefore seems likely that Nox2 plays an important role in regulating endothelial 

dysfunction in diabetes and associated cardiac remodelling.  
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3.1.3 Nox2 expression and activity in diabetes 

3.1.3.1 Nox2 structure and function 

Nox2, as illustrated in Figure 3-1, is a membrane-bound enzyme localised to the actin 

cytoskeleton and therefore to the leading edge of lamellipodia, as well as phagosomes 

and endosomes (Drummond and Sobey, 2014, Brown and Griendling, 2009). gp91phox 

is the main Nox2 subunit, and is constitutively associated with and stabilised by the 

p22phox subunit together forming the complex cytochromeb588 (Drummond and Sobey, 

2014, Bedard and Krause, 2007). While cytochromeb588 is inactive under basal 

conditions, the recruitment of subunits p47phox, p67phox, p40phox and the small GTPase 

Rac induce Nox2 activation (Drummond and Sobey, 2014). p47phox is known as the 

“organiser subunit”, as upon phosphorylation it is released from its autoinhibitory 

region and interacts with p22phox to recruit other subunits (Bedard and Krause, 2007, 

Lambeth, 2004). p67phox promotes donation of an electron from cytosolic NADPH to a 

flavin adenine dinucleotide (FAD), to reduced flavin (FADH) and ultimately to oxygen 

on the opposite side of the membrane to produce O2
- (Drummond and Sobey, 2014, 

Bedard and Krause, 2007). Tight regulation of Nox2-generated O2
- production is 

important in maintaining redox balance in ECs (Schieber and Chandel, 2014). 

3.1.3.2 Nox2 activation in the diabetic heart  

Nox2 has been widely associated with the progression of HF, whilst mRNA and 

protein expression of its subunits p47phox, p22phox, gp91phox and p67phox are known to 

be upregulated in both diabetic and failing hearts (Li et al., 2002, Parajuli et al., 2014, 

Bedard and Krause, 2007). Moreover, increased Nox2 expression and activity in the 

myocardium has been linked with systolic and diastolic dysfunction in response to 

pathological stimuli such as pressure overload (PO) and myocardial infarction (MI) 

(Grieve et al., 2006, Looi et al., 2008, Li et al., 2002). For example, endothelial-specific 

Nox2 overexpression is reported to promote O2
- production, ERK1/2 phosphorylation 

and endothelial dysfunction in response to ATII, which is associated with increased 

cardiac fibrosis and diastolic dysfunction (Murdoch et al., 2014, Johar et al., 2006, 

Murdoch et al., 2011, Bendall et al., 2007, Sirker et al., 2016). Taken together, it is 

clear that Nox2 plays a key role in regulation of cardiac function in response to 

pathological stimuli. 

Since hyperglycaemia-induced endothelial dysfunction is an established driver of 

cardiac remodelling, it is likely that endothelial Nox2 is involved. Indeed, 

hyperglycaemia itself has been shown to increase Nox2-derived O2
- production in ECs 
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(Grundy et al., 1999, Konior et al., 2014). For example, PKC-dependent 

phosphorylation of p47phox increases Nox2 activity, whilst AGE-RAGE signalling 

promotes Nox2-dependent ROS production and oxidative stress in ECs (Konior et al., 

2014, Gao and Mann, 2009, Drummond and Sobey, 2014, Brown and Griendling, 

2009). While hyperglycaemia is the main driver of endothelial dysfunction, circulating 

levels of pathological stimuli, such as ATII and ET1, are also increased in diabetes 

(Brown and Griendling, 2009). Consequent GPCR activation has been shown to 

increase PKC-induced p47phox phosphorylation and Nox2 activity in ECs (Brown and 

Griendling, 2009). Moreover, circulating cytokines are also increased in diabetes 

(Frey et al., 2009). For example, TNFα is reported to increase TRAF-4-dependent 

phosphorylation of p47phox in CMECs, leading to increased activation of Nox2 (Frey et 

al., 2002). Some of the pathological stimuli reported to activate Nox2 are summarised 

in Figure 3-1. As such, it seems reasonable to suggest that increased Nox2 

expression and activity in response to diabetes may be at least partly responsible for 

driving endothelial dysfunction and adverse cardiac remodelling in this setting.  

 

Figure 3-1: Activation and downstream effects of Nox2.   Nox2 is activated by 

several stimuli, including hyperglycaemia, cytokines (e.g. TNFα) and GCPR agonists 

such as ATII. Upon activation, p47phox is phosphorylated and released from its 

autoinhibitory state and, along with p40phox, gp67phox and the GTPase Rac, localises 

to the Nox2/p22phox complex. Once activated by its subunits, Nox2 catalyses 

production of O2
-, resulting in activation of several downstream effector pathways. 

Adapted from Meza et al., 2011.  

3.1.3.3 Effects of endothelial-specific Nox2 overexpression 

Increased Nox2 expression and activity promotes several downstream actions, as 

illustrated in Figure 3-1. Firstly, increased Nox2-induced O2
- production under 
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hyperglycaemic conditions scavenges NO, reducing NO bioavailability and NO-

dependent vasodilation (Lassegue et al., 2012). Moreover, Nox2-generated O2
- 

uncouples eNOS from its cofactor BH4, switching its function from NO to O2
- 

generation (Pendyala and Natarajan, 2010, Channon and Guzik, 2002). Notably, 

under physiological conditions, NO reduces Nox2 activity by S-nitrosylation of 

cysteine residues on p47phox, acting as a negative feedback loop to prevent excessive 

O2
- production (Lassegue et al., 2012). However, reduced NO bioavailability, which 

may occur with hyperglycaemia, promotes Nox2 activity and O2
- generation, thereby 

exacerbating endothelial dysfunction (Lassegue et al., 2012, Pendyala and Natarajan, 

2010). In this way, Nox2-dependent ROS production may reduce vascular NO 

bioavailability.  

Secondly, Nox2 activity is associated with endothelial inflammation, which is 

particularly associated with endothelial dysfunction in diabetes (Hartge et al., 2007). 

For example, Nox2 activation by ATII and TNFα has been shown to increase both O2
- 

production and NFκB activation, which ultimately promotes expression of 

inflammatory cytokines and adhesion molecules including ICAM1, VCAM1 and 

monocyte chemotactic protein 1 (MCP1) (Drummond et al., 2011, Griendling et al., 

2000). Consequent increases in monocyte and leukocyte adhesion to the vascular 

endothelium induces permeability and inflammation, further promoting Nox2-

dependent ROS production (Konior et al., 2014).  

Finally, Nox2 is responsible for inducing the transcription of several genes implicated 

in fibrosis and vascular remodelling (Maejima et al., 2011, Montezano and Touyz, 

2012). For example, Nox2 activation by ATII increases Erk1/2 phosphorylation, which 

is positively associated with expression of MMPs such as MMP9 and MMP12, and 

increased lumen diameter and medial cross-sectional area in both mice and diabetic 

patients (Dworakowski et al., 2006, Souza-Smith et al., 2011, Jiang et al., 2006, 

Bendall et al., 2007). Taken together, it is clear that Nox2 plays a key role in promoting 

vascular remodelling and fibrosis (Lassegue et al., 2012).  

3.1.4 Rationale for this chapter 

Increased Nox2 expression and activity in the endothelium has been shown to reduce 

vascular and cardiac function in response to pathological stimuli such as ATII. 

Furthermore, increased Nox2 expression and activity in response to hyperglycaemia 

promotes endothelial dysfunction in vitro. However, the specific role of endothelial 

Nox2 in regulating cardiac function and remodelling in response to diabetes in vivo is 

unclear. The specific aim of this chapter was therefore to identify whether endothelial 
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Nox2 plays an important role in determining cardiac remodelling and dysfunction in 

an established model of experimental diabetes. Changes in cardiac structure and 

function were assessed by echocardiography, histology and gene expression 

analysis, together with interrogation of cardiac vascular remodelling, ROS production 

and inflammation. Together, these experiments aimed to elucidate the precise role of 

endothelial Nox2 in regulating cardiac remodelling in response to experimental 

diabetes.      
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3.2 Materials and methods 

All chapter non-specific methods are described in Chapter 2. 

3.2.1 STZ-induced model of diabetic cardiac remodelling 

Nox2 overexpression was specifically targeted to the endothelium in C57BL6/JL mice 

via a Tie2 promoter/enhancer construct as outlined in section 2.1.1.1 Founder 

breeding pairs, from which a QUB colony was established, were a kind gift from Prof. 

Ajay Shah (King’s College London). Conventional RT-PCR was used to genotype 

mice by probing for the presence or absence of the Nox2-Tie2 construct, according 

to the protocol in section 2.1.1.1.1.3 with visualisation on a gel, as described in section 

2.1.1.2.1. A representative gel is illustrated in Figure 3-2, where EC-Nox2WT mice 

show a single GAPDH band at 300bp and EC-Nox2Tg show both a GAPDH band at 

300bp and a Nox2 band at 200bp. Mice were normally maintained at 20°C, with their 

bedding changed every 2-3 days, and were transferred to a room maintained at 24°C 

for one week prior to STZ injections and thereafter with their bedding changed daily 

upon onset of diabetes.  

Male EC-Nox2WT and EC-Nox2Tg mice received serial STZ or sodium citrate (vehicle) 

injections as described in section 2.1.1.3.1. Diabetic mice were weighed weekly, and 

according to the project licence were culled if they lost 15% of their body weight, 

although this was only necessary for four mice. Serial echocardiography was 

performed on a monthly basis to investigate alterations in cardiac structure and 

function according to the protocol described in section 2.1.2. At either three or six 

months after the onset of diabetes, mice were culled via sodium pentobarbital 

overdose (200 mg/kg i.p.). Blood was removed by cardiac puncture and centrifuged 

for plasma collection, whilst hearts were excised and stored for tissue analysis 

according to the protocol described in section 2.1.4. Tibias were also collected for 

normalisation of cardiac morphometry. A schematic representation of the study 

protocol is shown in Figure 3-3.  
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Figure 3-2: Nox2 overexpression was confirmed in endothelial-specific (EC)-

Nox2Tg mice relative to EC-Nox2WT controls using conventional RT-PCR.   Nox2 

was overexpressed in the endothelium of C57BL6/J mice using a Tie2 

promoter/enhancer construct. Conventional RT-PCR was performed on ear punches 

to identify presence of the Nox2-Tie2 construct. EC-Nox2WT mice showed just a 

GAPDH band at 300 bp, while EC-Nox2Tg mice showed both a GAPDH band at 300 

bp and a Nox2 band at 200 bp.  
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3.2.2 Ex vivo tissue processing 

3.2.2.1 Histological analysis  

Frozen tissue was sectioned prior to use for immunohistochemistry and ROS staining 

according to the protocols described in sections 2.1.6.7 and 2.1.6.6, respectively. 

Sections were imaged on a Nikon Eclipse 80 epifluorescent microscope and 

fluorescence intensity was quantified using ImageJ and normalised to the control. 

Fixed tissue was sectioned prior to use for histological staining according to the 

protocols detailed in sections 2.1.6.2, 2.1.6.4 and 2.1.6.5, respectively. Sections were 

visualised at 40x magnification on a Nikon Eclipse 80 epifluorescent microscope and 

staining was quantified using ImageJ and normalised to the control. 

3.2.2.2 Gene and protein expression analysis 

Tissue allocated for mRNA (n=8 per group) and protein (n=5-6 per group) analysis 

was frozen in liquid nitrogen and stored at -80°C until use. RNA was extracted and 

converted to cDNA prior to mRNA expression analysis by qRT-PCR, according to the 

protocols described in sections 2.1.5.1, 2.3.2 and 2.3.3.2, respectively. Protein was 

extracted and expression of proteins of interested was quantified by Western blot, 

according to the protocols described in sections 2.1.5.2 and 2.4, respectively.  

3.2.3 Statistical analysis 

Experimental groups were compared using a one-way ANOVA with Bonferroni post-

hoc testing, unless Kolmogorov-Smirnov test for normality showed an asymmetric 

distribution of the data; in this case, a Kruskall-Wallace test with Dunn’s post-hoc 

testing was used. N numbers and statistical significance (P<0.05) are provided in the 

figure legends. 
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Figure 3-3: Schematic illustration of protocol used for investigation of EC-

Nox2WT and EC-Nox2Tg diabetic mice.   EC Nox2WT or EC-Nox2Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age. Serial 

echocardiography was performed to investigate changes in cardiac structure and 

function. After three or six months, mice were culled via sodium pentobarbital 

overdose and tissue was collected as indicated prior to processing for histology, RNA 

or protein analysis.  
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3.3 Results 

3.3.1 Characterisation of endothelial-specific Nox2 overexpressing 

mice after three months of STZ-induced diabetes. 

3.3.1.1 Metabolic indices and morphometric data were similar in EC-Nox2WT 

and EC-Nox2Tg mice after three months of STZ-induced diabetes. 

It was initially vital to confirm whether mice injected with STZ had become diabetic, 

and to identify whether endothelial-specific Nox2 overexpression had any effect on 

metabolic or morphometric data. As such, metabolic indices and body weight were 

measured in order to assess the diabetic phenotype in EC-Nox2WT and EC-Nox2Tg 

mice after three months of STZ-induced diabetes. Figure 3-4 illustrates blood glucose 

levels three months following injection with vehicle control (VC) or STZ. As expected, 

there was a significant increase in blood glucose in both EC-Nox2WT and EC-Nox2Tg 

diabetic mice relative to their non-diabetic counterparts. Whilst there was no 

significant difference in blood glucose between diabetic EC-Nox2WT and EC-Nox2Tg 

mice, levels tended to be higher in wildtypes versus transgenics, although it should 

be noted that HbA1c levels were not assessed after three months.   

Body weight was measured regularly over the course of three months to monitor 

health of diabetic mice and to investigate potential effects of endothelial Nox2 

overexpression. Terminal measurements of body weight, heart weight and LV weight 

were also taken. Figure 3-5 illustrates that STZ diabetic mice gained significantly less 

body weight versus vehicle controls, but that this was similar for control EC-Nox2WT 

and EC-Nox2Tg. When normalised to tibia length (which was unchanged between 

groups), there were no significant difference in body weight, heart weight or LV weight 

between any of the groups.   

3.3.2 LV structure and function in EC-Nox2WT and EC-Nox2Tg mice after 

three months of STZ-induced diabetes. 

3.3.2.1 Mild diastolic dysfunction was evident in EC-Nox2WT but not EC-Nox2Tg 

mice after three months of STZ-induced diabetes. 

One of our initial aims was to identify whether endothelial-specific Nox2 influenced 

diabetic cardiac remodelling and associated dysfunction. Cardiac function was 

assessed by serial echocardiography in EC-Nox2WT and EC-Nox2Tg control and 

diabetic mice over the course of three months. Figure 3-6 illustrates that there was no   
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Figure 3-4: Blood glucose levels in EC-Nox2WT and EC-Nox2Tg mice following 

three months of STZ-induced diabetes.   EC-Nox2WT and EC-Nox2Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After three months, blood 

glucose levels were measured 10 days post-final injection and mice were considered 

to be diabetic when blood glucose levels were above 15mmol/l.  Mean ± SEM; n=8-

14 per group; * p<0.05, *** p<0.001 compared to relevant VC control; one-way 

ANOVA with Bonferroni post-hoc testing.  
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Figure 3-5: Morphometric analysis of EC-Nox2WT and EC-Nox2Tg mice following 

three months of STZ-induced diabetes.EC-Nox2WT and EC-Nox2Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After three months, the heart 

was collected and weighed, and the tibia was collected for normalisation of 

morphometric data to tibia length. (A) Comparison of absolute body weight at baseline 

and after three months of diabetes, (B) weight normalised to tibial length, (C) heart 

weight normalised to tibial length, (D) LV weight normalised to tibial length. Mean ± 

SEM; n=6-14 per group, * p<0.05 compared to relevant VC control; (A) repeated-

measures ANOVA with Bonferroni post-hoc testing; (B-D) one-way ANOVA test. 
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difference in heart rate or LV systolic function, as assessed by fractional shortening, 

ejection fraction, and myocardial performance index, between groups. However, 

diastolic dysfunction was evident after three months of STZ-induced diabetes in EC-

Nox2WT mice, as indicated by a significant reduction in mitral valve E/A ratio, which 

remained similar between EC-Nox2Tg control and diabetic mice, although E/A ratio 

tended to be lower at baseline in EC-Nox2Tg versus EC-Nox2WT mice. Isovolumetric 

relaxation time, which is also an indicator of diastolic function, was not changed 

between the groups. Additionally, Table 3-1 illustrates additional functional 

measurements, assessed by echocardiography, although there were no clear 

differences between any of the groups. This suggests minimal changes in cardiac 

function after three months of STZ-induced diabetes in EC-Nox2WT and EC-Nox2Tg 

mice.  

3.3.2.2 LV structure was unaltered in EC-Nox2WT and EC-Nox2Tg mice after 

three months of STZ-induced diabetes. 

Cardiac structure was analysed after three months of STZ-induced diabetes in EC-

Nox2WT and EC-Nox2Tg mice. Figure 3-7 illustrates that LVESD, LVEDD, LVPWs and 

LVPWd, as measured by echocardiography, all remained similar between groups. 

These data indicate that neither STZ-induced diabetes nor EC-Nox2 had any effect 

on LV structure, as indicated by LV chamber dimensions or wall thickness, after three 

months. Structural echocardiography data were supported by analysis of LV 

hypertrophic and fibrotic gene expression, illustrated in Figure 3-8 and Figure 3-9, 

respectively. Whilst hypertrophic gene expression data were somewhat variable and 

demonstrated a tendency towards increased expression in EC-Nox2WT diabetic mice 

relative to their non-diabetic counterparts, only BNP was significantly upregulated in 

control EC-Nox2Tg mice, with no further change observed with diabetes. Consistent 

with diastolic dysfunction observed in wildtype STZ diabetic versus control mice, a 

number of fibrotic genes tended to increase in diabetic EC-Nox2WT mice, although 

these differences were not significant. In general, the majority of fibrotic genes 

seemed to be reduced in EC-Nox2Tg versus EC-Nox2WT diabetic mice, although the 

data were highly variable, making it difficult to draw any firm conclusions.  
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Figure 3-6: Functional analysis of EC-Nox2WT and EC-Nox2Tg mice after three 

months of STZ-induced diabetes.    EC-Nox2WT and EC-Nox2Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After three months, echocardiography 

was used to interrogate changes in (A) heart rate, (B) myocardial performance index, 

(C) fractional shortening, (D) ejection fraction, (E) E/A ratio and (F) isovolumetric 

relaxation time. Mean ± SEM; n=8-14 per group; * p<0.05 compared to relevant VC 

control; one-way ANOVA with Bonferroni post-hoc testing. 
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Figure 3-7: Structural analysis of EC-Nox2WT and EC-Nox2Tg mice after three 

months of STZ-induced diabetes.    EC-Nox2WT and EC-Nox2Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After three months, echocardiography 

was used to interrogate changes in (A) LVESD, (B) LVEDD, (C) LVPWs and (D) 

LVPWd. LVEDD, LV end diastolic dimension; LVESD, LV end systolic dimension; 

LVPWd, LV posterior wall thickness during diastole; LVPWs, LV posterior wall 

thickness during systole. Mean ± SEM; n=8-14 per group; p=NS; one-way ANOVA 

test.   
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Figure 3-8: LV hypertrophic gene expression in EC-Nox2WT and EC-Nox2Tg mice 

following three months of STZ-induced diabetes.     EC-Nox2WT and EC-Nox2Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

animals were sacrificed, and RNA was isolated from the left ventricle for quantification 

of mRNA expression of (A) ANP, (B) BNP, (C) HDAC4 and (D) HDAC9 using qRT-

PCR. Mean ± SEM; n=8 per group; # p<0.05 compared to relevant WT control; 

Kruskal-Wallis with Dunn’s post-hoc testing.  
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Figure 3-9: LV fibrotic gene expression in EC-Nox2WT and EC-Nox2Tg mice 

following three months of STZ-induced diabetes.    EC-Nox2WT and EC-Nox2Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

animals were sacrificed, and RNA was isolated from the left ventricle for quantification 

of mRNA expression of (A) MMP2, (B) MMP9, (C) TIMP2, (D) αSMA, (E) Col1α1, (F) 

Col1α2, (G) CTGF (H) TGFβ1 and (I) TGFβ3 using qRT-PCR. Mean ± SEM; n=8 per 

group; */# p<0.05, ** p<0.01 compared to relative VC/WT control; Kruskal-Wallis with 

Dunn’s post-hoc testing. 
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3.3.3 Investigation of pathological changes in the left ventricle of 

endothelial-specific Nox2-overexpressing mice after three months 

of STZ-induced diabetes. 

3.3.3.1 Nox2 expression was not altered, whilst Nox4 expression appeared to 

be reduced in the left ventricle of EC-Nox2WT and EC-Nox2Tg mice after 

three months of STZ-induced diabetes. 

In order to assess regulation of ROS in the left ventricle of EC-Nox2WT and EC-Nox2Tg 

mice after three months of STZ-induced diabetes, expression of the major cardiac 

NADPH oxidase isoforms was assessed. Figure 3-10 indicates that LV mRNA 

expression of both Nox2 and Nox4 tended to be increased with experimental diabetes 

and reduced by endothelial-specific Nox2 overexpression, although this only reached 

statistical significance for Nox4. In contrast, LV protein expression (Figure 3-11) was 

not different between any of the groups, suggesting that endothelial Nox2 

overexpression does not influence myocardial Nox2 expression in experimental 

diabetes. LV protein expression of Nox4 was not assessed due to lack of specific 

antibody.  

3.3.3.2 Antioxidant gene expression was modulated in the left ventricle of EC-

Nox2WT and EC-Nox2Tg mice after three months of STZ-induced 

diabetes. 

Antioxidant gene expression was assessed to investigate whether ROS regulation 

was altered in experimental mice, as illustrated in Figure 3-12. Interestingly, mRNA 

expression of SOD1 was significantly increased in control EC-Nox2Tg mice, whilst 

mRNA expression of CAT, which was significantly reduced in EC-Nox2WT diabetic 

mice, was maintained in EC-Nox2Tg diabetic mice. Taken together with the NADPH 

oxidase expression data, these findings suggest that endothelial Nox2 may exert a 

mild influence on ROS generation in the diabetic heart through modulation of NADPH 

oxidases and antioxidant gene expression.  
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Figure 3-10: LV NADPH oxidase gene expression in EC-Nox2WT and EC-Nox2Tg 

mice following three months of STZ-induced diabetes.   EC-Nox2WT and EC-

Nox2Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After three 

months, animals were sacrificed, and RNA was isolated from the left ventricle for 

quantification of mRNA expression of (A) Nox2 and (B) Nox4 using qRT-PCR. Mean 

± SEM; n=8 per group; # p<0.05 compared to relevant WT control; Kruskal-Wallis with 

Dunn’s post-hoc testing.  
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Figure 3-11: LV Nox2 protein expression in EC-Nox2ET and EC-Nox2Tg mice 

following three months of STZ-induced diabetes.    EC-Nox2WT and EC-Nox2Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

protein was isolated from the left ventricle and expression of Nox2 was quantified by 

western blot. (A) Image of western blot and (B) quantification of Nox2 protein 

expression. Mean ± SEM; n=6 per group; p=NS; Kruskal-Wallis test. 
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Figure 3-12: LV antioxidant gene expression in EC-Nox2WT and EC-Nox2Tg mice 

following three months of STZ-induced diabetes.    EC-Nox2WT and EC-Nox2Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

animals were sacrificed and RNA was isolated from the left ventricle for quantification 

of mRNA expression of (A) SOD1, (B) SOD3 and (C) CAT using qRT-PCR. Mean ± 

SEM; n=8 per group; */# p<0.05 compared to relevant VC/WT control; Kruskal-Wallis 

with Dunn’s post-hoc testing.  
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3.3.3.3 Expression of key endothelial genes in the left ventricle of EC-Nox2WT 

and EC-Nox2Tg mice was unaltered after three months of STZ-induced 

diabetes. 

We next investigated potential differences in LV expression of key endothelial genes 

which may influence cardiac vascular function following three months of STZ-induced 

diabetes in endothelial-specific Nox2 overexpressing mice. Figure 3-13 illustrates that 

whilst eNOS mRNA expression tended to be increased in diabetic EC-Nox2WT mice 

relative to their non-diabetic counterparts, no significant differences between groups 

were observed for any of the measured genes. Based on these data, it seems that 

cardiac vascular function in diabetes may not be influenced by endothelial Nox2, 

whilst noting the limited nature of our performed analyses.   

3.3.3.4 Inflammation in the left ventricle of EC-Nox2WT and EC-Nox2Tg mice was 

unaltered after three months of STZ-induced diabetes. 

As it was also important to assess potential effects of endothelial Nox2 on myocardial 

inflammation in diabetes, inflammatory gene expression was initially quantified as an 

indicator of inflammation. As shown in Figure 3-14, mRNA expression of ICAM, 

VCAM, IL1β and IL6 in the left ventricle of experimental mice was not altered between 

any of the groups. However, it is important to note that myocardial inflammation is 

temporal in nature so may have resolved, at least in terms of inflammatory gene 

mRNA expression, following three months of STZ-induced diabetes. 
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Figure 3-13: LV endothelial cell gene expression in EC-Nox2WT and EC-Nox2Tg 

mice following three months of STZ-induced diabetes.    EC-Nox2WT and EC-

Nox2Tg were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks 

of age over the course of five days to induce experimental diabetes. After three 

months, mice were sacrificed and RNA was isolated from the left ventricle for 

quantification of gene expression of (A) ET1, (B) vWF, (C) eNOS and (D) CD31 using 

qRT-PCR. Mean ± SEM; n=8 per group; p=NS; Kruskal-Wallis test. 
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Figure 3-14: LV inflammatory gene expression in EC-Nox2WT and EC-Nox2Tg 

mice following three months of STZ-induced diabetes.    EC-Nox2WT and EC-

Nox2Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After three 

months, animals were sacrificed and RNA was isolated from the left ventricle for 

quantification of mRNA expression of (A) ICAM, (B) VCAM, (C) IL1β and (D) IL6 using 

qRT-PCR. Mean ± SEM; n=8 per group; p=NS; Kruskal-Wallis test.  
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3.3.4 Characterisation of endothelial-specific Nox2 overexpressing 

mice after six months of STZ-induced diabetes. 

3.3.4.1 Metabolic indices and morphometric data were similar in EC-Nox2WT 

and EC-Nox2Tg mice after six months of STZ-induced diabetes. 

As cardiac structure/function and gene expression was not significantly altered in EC-

Nox2WT and EC-Nox2Tg mice after three months of STZ-induced diabetes, we decided 

to extend the period of study to six months to see if any differences emerged. 

Metabolic indices were assessed in order to investigate whether endothelial Nox2 

influenced the diabetic phenotype. Figure 3-15 illustrates that blood glucose levels, 

measured 10 days post-injection of STZ, and HbA1c levels, measured after six 

months of diabetes, were both significantly increased with diabetes but remained 

similar between EC-Nox2WT and EC-Nox2Tg diabetic mice. Similarly, as shown in 

Figure 3-16, weight gain was reduced to an equivalent extent in diabetic EC-Nox2WT 

and EC-Nox2Tg mice, and when normalised to tibial length, no differences in body 

weight, heart weight or LV weight were observed between any of the experimental 

groups.   

3.3.5 LV structure and function in EC-Nox2WT and EC-Nox2Tg mice after 

six months of STZ-induced diabetes. 

3.3.5.1 Mild diastolic dysfunction and systolic hyperfunction were evident in 

EC-Nox2WT mice but not EC-Nox2Tg mice after six months of STZ-

induced diabetes.  

Once the metabolic phenotype of the experimental mice was established at six 

months, we investigated differences in cardiac structure and function with STZ-

induced diabetes using echocardiography and the potential influence of endothelial 

Nox2. As shown in Figure 3-17, similar to the three month data, there was no 

difference in HR or systolic function, as assessed by fractional shortening, ejection 

fraction and myocardial performance index, between non-diabetic EC-Nox2WT and 

EC-Nox2Tg mice, although EC-Nox2Tg mice showed reduced E/A ratio, indicative of 

mild diastolic dysfunction. Experimental diabetes resulted in diastolic dysfunction and 

systolic hyperfunction in EC-Nox2WT mice, as indicated by increased IVRT and 

fractional shortening, respectively, versus EC-Nox2WT controls, which was not evident 

in EC-Nox2Tg mice. There were also no differences in E or A waves, IVCT or ET, as 

illustrated in Table 3-2. Taken together, whilst not conclusive, these data suggest that 
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endothelial Nox2 overexpression may exert a mild protective effect against cardiac 

dysfunction in experimental diabetes.  

3.3.5.2 Cardiac structure was unaltered in EC-Nox2WT and EC-Nox2Tg mice 

after six months of STZ-induced diabetes.  

After functional analysis, it was then important to identify whether there were any 

differences in cardiac structure in EC-Nox2WT and EC-Nox2Tg mice after six months 

of STZ-induced diabetes. Again, similar to the three-month data, Figure 3-18 

illustrates that cardiac structural parameters LVESD, LVEDD, LVPWs and LVPWd all 

remained similar between groups at six months, suggesting that neither STZ-induced 

diabetes nor endothelial Nox2 had any effect on LV structure, as indicated by LV 

chamber dimensions or wall thickness, at both three and six months. Secondly, 

hypertrophic gene expression was assessed in the left ventricle of experimental mice, 

as illustrated in Figure 3-19. Only MHCβ exhibited a significant increase in diabetic 

EC-Nox2Tg mice relative to their non-diabetic counterparts, again suggesting a 

minimal effect of either diabetes or endothelial Nox2 on cardiac hypertrophy.  

In addition to analysis of hypertrophic gene expression, cardiomyocyte area was 

assessed at six months by H&E staining in order to provide a more comprehensive 

picture of effects on cardiac structure.  As shown in Figure 3-20, whilst there was a 

tendency towards increased cardiomyocyte cross-sectional area in EC-Nox2Tg mice 

relative to their wildtype counterparts both with and without diabetes, neither of these 

differences reached statistical significance. As such, these data support the gene 

expression and morphometric data in suggesting that cardiomyocyte hypertrophy 

does not develop in diabetes or following endothelial-specific Nox2 overexpression.  

Similar to the situation at three months, no major differences in fibrotic gene 

expression were observed in the left ventricle of EC-Nox2WT and EC-Nox2Tg mice after 

six months of STZ-induced diabetes. As shown in Figure 3-21, qRT-PCR analysis 

illustrated that only LV mRNA expression of CTGF was increased in diabetic EC-

Nox2Tg and diabetic EC-Nox2WT mice respectively, versus controls, whilst LV mRNA 

expression of MMP2, MMP9, TIMP2, Col1α1, TGFβ1 and TGFβ3 remained unaltered 

between groups after six months of STZ-induced diabetes. Taken together, these 

data suggest that endothelial-specific Nox2 does not exert a major influence on 

extracellular matrix remodelling in experimental diabetes.   
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Figure 3-15: Glycaemia in EC-Nox2WT and EC-Nox2Tg mice following six months 

of STZ-induced diabetes.   EC-Nox2WT and EC-Nox2Tg mice were injected with either 

citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course of five days 

to induce experimental diabetes. After six months, (A) blood glucose levels and (B) 

HbA1c levels were assessed. Mean ± SEM; n=8-14 per group; *** p<0.001 compared 

to relevant VC control; one-way ANOVA with Bonferroni post-hoc testing.   
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Figure 3-16: Morphometric analysis of EC-Nox2WT and EC-Nox2Tg mice 

following six months of STZ-induced diabetes.   EC-Nox2WT and EC-Nox2Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. (A) Comparison of 

absolute body weight at baseline and at six months of diabetes, (B) body weight 

normalised to tibial length, (C) heart weight normalised to tibial length, and (D) LV 

weight normalised to tibial length. Mean ± SEM; n=8-14 per group, * p<0.05, *** 

p<0.001 compared to relevant VC control; (A) repeated-measures ANOVA with 

Bonferroni post-hoc testing; (B-D) one-way ANOVA test.    
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Figure 3-17: Functional analysis of EC-Nox2WT and EC-Nox2Tg mice after six 

months of STZ-induced diabetes.  EC-Nox2WT and EC-Nox2Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After six months, echocardiography was 

used to identify changes in cardiac function, assessed by (A) heart rate, (B) 

myocardial performance index, (C) fractional shortening, (D) ejection fraction, (E) E/A 

ratio and (F) isovolumetric relaxation time. Mean ± SEM; n=8-14 per group; */# p<0.05 

compared to relevant WT control, ** p<0.01 compared to relevant VC control; one-

way ANOVA with Bonferroni post-hoc testing.   
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Figure 3-18: Structural analysis of EC-Nox2WT and EC-Nox2Tg mice over six 

months of STZ-induced diabetes.  EC-Nox2WT and EC-Nox2Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After six months, echocardiography was 

used to identify changes in cardiac structure assessed by (A) LVESD, (B) LVEDD, 

(C) LVPWs and (D) LVPWd. LVEDD, LV end diastolic dimension; LVESD, LV end 

systolic dimension; LVPWd, LV posterior wall thickness during diastole; LVPWs, LV 

posterior wall thickness during systole. Mean ± SEM; n=8-14 per group; p=NS; one-

way ANOVA test.  
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Figure 3-19: LV hypertrophic gene expression of EC-Nox2WT and EC-Nox2Tg 

mice after six months of STZ-induced diabetes. EC-Nox2WT and EC-Nox2Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, 

animals were sacrificed and RNA was isolated from the left ventricle for quantification 

of mRNA expression of (A) ANP, (B) BNP, (C) MHCα and (D) MHCβ, using qRT-PCR. 

Mean ± SEM; n=8 per group; *** p<0.001 compared to relevant VC control; Kruskal-

Wallis with Dunn’s post-hoc testing.  
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Figure 3-20: LV cardiomyocyte cross-sectional area in EC-Nox2WT and EC-

Nox2Tg mice after six months of STZ-induced diabetes.  EC-Nox2WT and EC-

Nox2Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After six 

months, animals were sacrificed, and cardiomyocyte hypertrophy was assessed by 

cross-sectional area after staining with haematoxylin and eosin. Multiple images per 

mouse were taken at 40x magnification on a Nikon Eclipse 80i epifluorescent 

microscope, and a representative cardiomyocyte cross-sectional area was assessed 

by measuring the area of non-fibrous cells with centrally located nuclei in Image J. 

Representative images are illustrated in the top panel, scale bar is 200 μm; 

quantification is illustrated in the bottom panel. Mean ± SEM; n=5 per group; p=NS; 

one-way ANOVA test.   



Chapter 3 

~ 3-104 ~ 
 

 

Figure 3-21: LV fibrotic gene expression in EC-Nox2WT and EC-Nox2Tg mice after 

six months of STZ-induced diabetes.  EC-Nox2WT and EC-Nox2Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After six months, animals 

were sacrificed and RNA was isolated from the left ventricle and gene expression of 

(A) αSMA, (B) CTGF, (C) Col1α1, (D) TIMP2, (E) MMP2, (F) MMP9, (G) TGFβ1 and 

(H) TGFβ3, was quantified using qRT-PCR. Mean ± SEM; n=8 per group; # p<0.05, 

### p<0.001 compared to relevant WT control; Kruskal-Wallis testing with Dunn’s 

post-hoc testing.   
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3.3.6 Functional gene expression in the left ventricle of EC-Nox2WT and 

EC-Nox2Tg mice after six months of STZ-induced diabetes 

3.3.6.1 Nox2 expression in the left ventricle of EC-Nox2WT and EC-Nox2Tg mice 

was unaltered after six months of STZ-induced diabetes 

Following analysis of cardiac structure and function, we performed comprehensive 

assessment of genes involved in ROS production and degradation. NADPH oxidase 

expression was initially quantified in the left ventricle of EC-Nox2WT and EC-Nox2Tg 

mice. As shown in Figure 3-22, it was found that both mRNA expression of Nox1, 

Nox2 and Nox4, and protein expression of Nox2 (Figure 3-23), remained unaltered 

between groups. This supports the three-month data described in section 3.3.3.1, 

suggesting that endothelial Nox2 has no effect on myocardial NADPH oxidase 

expression.   

3.3.6.2 Upregulation of antioxidant expression in the left ventricle of EC-

Nox2WT mice after six months of STZ-induced diabetes is suppressed 

in EC-Nox2Tg mice. 

Secondly, we performed comprehensive assessment of antioxidant gene expression 

in order to identify potential changes in ROS regulation in EC-Nox2WT and EC-Nox2Tg 

mice following six months of STZ-induced diabetes. Figure 3-24 illustrates that mRNA 

expression of SOD1, SOD2, Nrf2 and PRDX1 was significantly increased in EC-

Nox2WT diabetic mice, but not EC-Nox2Tg mice relative to their vehicle control 

counterparts, whilst mRNA expression of SOD3, GPx and CAT remained unaltered 

between groups. Overall, these data suggest that endothelial Nox2 may influence 

endogenous cardiac antioxidant gene expression in experimental diabetes and 

thereby modulate ROS signalling, although these effects are likely to be modest.    
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Figure 3-22: LV NADPH oxidase gene expression in EC-Nox2WT and EC-Nox2Tg 

mice after six months of STZ-induced diabetes.  EC-Nox2WT and EC-Nox2Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, 

animals were sacrificed and RNA was isolated from the left ventricle for quantification 

of mRNA expression of (A) Nox1, (B) Nox2 and (C) Nox4 using qRT-PCR. Mean ± 

SEM; n=8 per group; p=NS; Kruskal-Wallis test. 
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Figure 3-23: LV Nox2 protein expression in EC-Nox2WT and EC-Nox2Tg mice after 

six months of STZ-induced diabetes. EC-Nox2WT and EC-Nox2Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After six months, animals 

were sacrificed, and protein was isolated from the left ventricle for quantification of 

protein expression of Nox2 relative to β-actin by Western blot. Mean ± SEM; n=3 per 

group; p=NS; Kruskal-Wallis test.  
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Figure 3-24: LV antioxidant gene expression in EC-Nox2WT and EC-Nox2Tg mice 

after six months of STZ-induced diabetes.  EC-Nox2WT and EC-Nox2Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After six months, animals 

were sacrificed and RNA was isolated from the left ventricle and gene expression of 

(A) SOD1, (B) SOD2, (C) SOD3, (D) Nrf2, (E) GPx, (F) PRDX1 and (G) CAT, was 

quantified using qRT-PCR. Mean ± SEM; n=8 per group; * p<0.05 compared to 

relevant VC control; Kruskal-Wallis with Dunn’s post-hoc testing.  
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3.3.6.3 Expression of key endothelial genes in the left ventricle of EC-Nox2WT 

and EC-Nox2Tg mice was unaltered after six months of STZ-induced 

diabetes. 

We next investigated potential differences in LV expression of key endothelial genes 

which may influence cardiac vascular function following six months of STZ-induced 

diabetes in endothelial-specific Nox2 overexpressing mice. Figure 3-25 illustrates that 

there was no difference in endothelial-specific gene expression between any of the 

experimental groups after six months of STZ-induced diabetes. These data support 

the three month data discussed in section 3.3.3.3, suggesting that cardiac vascular 

function in diabetes may not be influenced by endothelial Nox2, whilst again noting 

the limited nature of our performed analyses.   

3.3.6.4 Inflammation in the left ventricle of EC-Nox2WT or EC-Nox2Tg mice was 

differentially modulated after six months of STZ-induced diabetes. 

Finally, mRNA expression of key inflammation genes was assessed in the left 

ventricle of EC-Nox2WT and EC-Nox2Tg mice after six months of STZ-induced 

diabetes. Figure 3-26 illustrates that whilst mRNA expression of adhesion molecules 

ICAM1 and VCAM1 were not changed between groups, cytokines IL1β and IL6 were 

differentially regulated in EC-Nox2WT and EC-Nox2Tg mice after six months of STZ-

induced diabetes. IL1β mRNA expression was significantly reduced in EC-Nox2Tg but 

not EC-Nox2WT diabetic mice, whilst increased mRNA expression of IL6 observed in 

EC-Nox2WT diabetic mice was not evident in EC-Nox2Tg mice. Taken together, it 

appears that endothelial Nox2 may regulate diabetes-induced inflammatory gene 

expression, although more detailed analyses are clearly required to establish its 

precise role in this setting.    
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Figure 3-25: LV endothelial cell gene expression in EC-Nox2WT and EC-Nox2Tg 

mice after six months of STZ-induced diabetes.  EC-Nox2WT and EC-Nox2Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, 

animals were sacrificed and RNA was isolated from the left ventricle for quantification 

of mRNA expression of (A) CD31, (B) eNOS, (C) ET-1 and (D) GLUT4 using qRT-

PCR. Mean ± SEM; n=8 per group; p=NS; Kruskal-Wallis test.  
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Figure 3-26: LV inflammatory gene expression in EC-Nox2WT and EC-Nox2Tg 

mice after six months of STZ-induced diabetes.  EC-Nox2WT and EC-Nox2Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, 

animals were sacrificed and RNA was isolated from the left ventricle for quantification 

of mRNA expression of (A) ICAM1, (B) VCAM1, (C) IL1β and (D) IL6 using qRT-PCR. 

Mean ± SEM; n=8 per group; * p<0.05 compared to relevant VC control; Kruskal-

Wallis with Dunn’s post-hoc testing. 
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3.4 Discussion 

In this chapter, we investigated the effects of endothelial-specific Nox2 on 

development and progression of diabetic cardiac remodelling. Our original hypothesis 

was that endothelial-specific Nox2 would be critical in driving diabetic cardiac 

remodelling; however, this does not appear to be the case, EC-Nox2WT mice appeared 

to show some evidence of diastolic dysfunction and systolic hyperfunction after six 

months of diabetes relative to their non-diabetic counterparts, which was associated 

with modest changes in LV mRNA expression of fibrotic and antioxidant gene 

expression. It is interesting that whilst there appeared to be decreased diastolic 

function at six months in EC-Nox2Tg mice relative to their wildtype counterparts, this 

was not worsened in diabetes. A summary of results at three and six months is 

illustrated in Table 6-1 on page 6-305. Taken together with observed minimal effects 

on cardiomyocyte remodelling, it seems that endothelial-specific Nox2 has a limited 

role in regulating cardiac remodelling associated with experimental diabetes, although 

this would need to be confirmed in endothelial-specific Nox2 knockout mice to be 

absolutely certain.   

3.4.1 Comparison of results to literature 

3.4.1.1 LV Nox2 expression was not altered following endothelial-specific 

Nox2 overexpression after three and six months of diabetes.  

Endothelial Nox2 overexpression was first confirmed by genotyping before Nox2 

expression was assessed in the left ventricle of the experimental mice. Previous work 

has established that endothelial-specific overexpression of Nox2 leads to a two-fold 

increase in Nox2 in the endothelium, which is further increased in response to ATII 

(Murdoch et al., 2011, Bendall et al., 2007). Furthermore, hyperglycaemia has been 

shown to increase Nox2 expression in ECs in vitro, thereby suggesting that diabetes 

may induce endothelial Nox2 in vivo (Konior et al., 2014). Ideally, we would have 

performed similar experiments whereby we could confirm the levels of overexpression 

in control and diabetic EC-Nox2Tg mice; unfortunately, however, LV Nox2/CD31 

staining could not be optimised. Since ECs comprise a small portion of the left 

ventricle and Nox2 expression and activity do not necessarily correlate, it is not 

necessarily surprising that no differences in LV Nox2 mRNA and protein expression 

were observed. In this regard, it would be beneficial to assess Nox2 expression and 

activity in ECs, cardiomyocytes and cardiac fibroblasts in order to provide a more 

detailed assessment of the role of Nox2 in this setting.   
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3.4.1.2 Diabetes-associated hyperglycaemia and reduced weight gain was 

unaltered with endothelial-specific Nox2 overexpression.  

Hyperglycaemia was confirmed in diabetic mice at both three and six months, and 

also by assessment of HbA1c levels at six months. However, endothelial-specific 

Nox2 had no effect on glycaemia, aside from a slightly slower development in EC-

Nox2Tg mice at three months. As T1D is associated with weight loss in both humans 

and mice, diabetic mice were weighed every week in order to ensure that they did not 

lose weight. Indeed, while diabetic mice did not gain weight following STZ-induced 

diabetes, control mice gained a significant amount of body weight after both three and 

six months, although no difference between EC-Nox2WT and EC-Nox2Tg mice was 

observed at any timepoint. These data fit with previous studies showing that STZ 

prevents weight gain in diabetic mice, whilst also indicating that weight gain is not 

influenced by endothelial Nox2 in either diabetic or non-diabetic mice (Roe et al., 

2011). 

3.4.1.3 LV function was decreased in diabetic EC-Nox2WT mice at both three 

and six months of diabetes but was unaltered by endothelial-specific 

Nox2 overexpression. 

Echocardiographic assessment of cardiac structure and function indicated mild 

diastolic dysfunction in diabetic EC-Nox2WT mice relative to their non-diabetic 

counterparts at both three and six months, which was associated with systolic 

hyperfunction at six months, reflective of more advanced remodelling. Interestingly, 

although diastolic function was decreased in control EC-Nox2Tg mice relative to their 

wildtype counterparts at both three and six months, this was not worsened with 

diabetes. This appears to contrast with previous studies which have reported no 

difference in cardiac function in control EC-Nox2WT and EC-Nox2Tg mice at baseline, 

although following ATII infusion, EC-Nox2Tg mice exhibited reduced diastolic function 

relative to their wildtype counterparts (Bendall et al., 2007, Murdoch et al., 2011). In 

tis regard, endothelial-specific deletion of Nox2 blunts the development of ATII-

induced cardiac dysfunction, highlighting a pathological role of endothelial-specific 

Nox2 in response to ATII (Bendall et al., 2007, Sag et al., 2017). Other studies support 

a pathological role for Nox2 overexpression in the heart. For example, chronic aortic 

constriction was reported to reduce cardiac function in cardiomyocyte-specific Nox2-

overexpressing mice relative to their wildtype counterparts, whilst global Nox2 

knockout mice showed preserved cardiac function after both MI and aortic banding 

(Sirker et al., 2016, Looi et al., 2008, Grieve et al., 2006). Similarly, global knockout 
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of p47phox, which is critical for activation of Nox2, slows the development of LV 

dysfunction in response to MI (Doerries et al., 2007). Whilst Nox2 clearly plays a role 

in the development of cardiac dysfunction, its involvement is likely to be cell- or stress-

specific (Sirker et al., 2016). As such, we hypothesised that endothelial Nox2 

overexpression would be detrimental to progression of cardiac dysfunction and 

remodelling in experimental diabetes, although it was subsequently found that it did 

not appear to play a significant role in this setting. 

3.4.1.4 Cardiac structure was not altered in endothelial-specific Nox2 

overexpression at both three and six months of diabetes. 

Mice with endothelial-specific Nox2 overexpression showed no significant changes in 

cardiac structure both at baseline and in response to diabetes. This is consistent with 

previous studies in these mice showing that EC-Nox2WT and EC-Nox2Tg mice showed 

no difference in cardiac structure (Sirker et al., 2016, Murdoch et al., 2014). 

Specifically, these studies showed that EC-Nox2Tg mice developed greater 

myocardial fibrosis and hypertrophy than their wildtype counterparts after ATII 

infusion, whilst Sirker et al. showed that cardiomyocyte-specific Nox2 overexpression 

increased interstitial fibrosis and cardiomyocyte hypertrophy following MI which was 

associated with reduced cardiac function (Sirker et al., 2016, Murdoch et al., 2014). 

Moreover, preserved cardiac function seen in global Nox2 knockout mice following 

both ATII infusion and MI were found to be primarily due to reduced interstitial fibrosis 

versus wildtype controls (Looi et al., 2008, Grieve et al., 2006, Johar et al., 2006). 

Similarly, ATII-induced cardiac hypertrophy was inhibited following gp91phox (Nox2)-

knockout, whilst MI-induced hypertrophy and fibrosis was prevented with p47phox 

knockout, providing further support for stress- and cell-specific actions of Nox2 

(Doerries et al., 2007, Bendall et al., 2002).  

3.4.1.5 LV antioxidant gene expression was upregulated in diabetic EC-Nox2WT 

mice relative to their non-diabetic counterparts, while endothelial Nox2 

overexpression did not alter antioxidant gene expression. 

Although we conducted a limited analysis of ROS signalling, no clear differences were 

observed in EC-Nox2Tg mice and in response to diabetes. Endothelial Nox2 

overexpression appeared to blunt compensatory induction of antioxidant gene 

expression observed in wildtype diabetic mice after six months, although (due to 

subsequent focus on the actions of endothelial Nox4), it is not possible to draw any 

firm conclusions. In previous studies using endothelial-specific Nox2-overexpressing 

mice, ATII infusion was reported to increase ROS production in both the left ventricle 
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and the endothelium, whilst global knockout of Nox2 prevented ATII-induced O2
- 

production and associated hypertension (Murdoch et al., 2011, Bendall et al., 2007, 

Landmesser et al., 2002). Moreover, CMECs isolated from mice with global p47phox 

knockout showed reduced ATII-induced ROS generation which was restored 

following transfection of p47phox (Li and Shah, 2003). In contrast, other studies have 

suggested that cardiomyocyte-specific and not endothelial-specific Nox2 

overexpression leads to increased LV O2
- levels after MI (Sirker et al., 2016). 

Nonetheless, it is well established that NADPH oxidase-dependent O2
- production is 

largely responsible for driving LV failure, together with induction of H2O2 and OH- and 

increased antioxidant expression and activity, in particular catalase (Kuroda and 

Sadoshima, 2010, Sam et al., 2005, Borchi et al., 2010, Ide et al., 2000, Dieterich et 

al., 2000). However, the specific role of Nox2 to LV ROS production remains unclear, 

particularly in diabetes, with the findings of our study proving inconclusive.    

3.4.1.6 LV inflammatory gene expression in diabetes was unaltered by 

endothelial-specific Nox2 overexpression at three months but was 

differentially regulated at six months. 

The findings of our study indicate that endothelial-specific Nox2 overexpression does 

not appear to exert major changes in inflammation in the left ventricle with STZ-

induced diabetes, although differential cytokine modulation was observed at six 

months. However, it is important to note that we solely conducted gene expression 

analysis. Indeed, previous studies using more sophisticated techniques have reported 

that EC-Nox2Tg mice exhibit increased endothelial VCAM1 expression and leukocyte 

adhesion to coronary microvascular ECs following ATII infusion (Murdoch et al., 

2014). Moreover, ATII-infused mice were found to show increased expression of 

ICAM1, indicative of increased monocyte and macrophage infiltration, which was 

attenuated following infusion with the Nox2 inhibitor gp91ds-tat (Liu et al., 2003). As 

such, Nox2 is considered to play an important role in endothelial activation, 

characterised by increased ICAM1 and VCAM1 expression, and consequent 

development of cardiac fibrosis and diastolic dysfunction (Ray and Shah, 2005, 

Murdoch et al., 2014). While no differences in adhesion molecule expression were 

found with endothelial-specific Nox2-overexpression after six months of diabetes, we 

did observe significant modulation of mRNA expression of the key inflammatory 

cytokines IL1β and IL6, suggesting that endothelial Nox2 may regulate inflammation 

in this setting (Ares-Carrasco et al., 2009). In future studies, it would be interesting to 

assess inflammatory changes at an earlier stage in diabetes including specific 
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analysis of cell recruitment, signalling and endothelial interaction, in order to 

investigate the precise contribution of endothelial Nox2. 

3.4.1.7 LV endothelial gene expression in diabetes was unaltered following 

endothelial-specific Nox2 overexpression. 

In addition to its limited effects on LV structure and function and ROS signalling, 

endothelial-specific Nox2 overexpression was not associated with alteration of genes 

known to be important for endothelial function after three and six months of diabetes. 

However, it is important to highlight that effects on vascular function were not 

assessed. Indeed, previous studies have shown that EC-Nox2Tg mice exhibit reduced 

acetylcholine-induced vasorelaxation of isolated aortic rings and increased blood 

pressure compared with wildtype counterparts following ATII infusion (Murdoch et al., 

2011, Bendall et al., 2007). ATII-infused EC-Nox2Tg mice also demonstrated 

increased endothelial-mesenchymal transition, an important determinant of 

extracellular matrix remodelling, whilst endothelial-specific deletion of Nox2 is 

reported to blunt ATII-induced hypertension (Murdoch et al., 2014, Sag et al., 2017). 

However, as far as we are aware, specific effects of endothelial Nox2 on 

microvascular function have yet to be investigated, and this is clearly an important 

focus for future work.  

3.4.2 Conclusions 

Taken together, the data presented in this chapter suggest that endothelial-specific 

Nox2 does not play a significant role in regulating cardiac dysfunction in a mouse 

model of experimental T1D. However, further research is needed to establish the 

precise role of both endothelial and myocardial Nox2 in the development of cardiac 

dysfunction in diabetes, with extension to T2D. Furthermore, it is important to assess 

the role of other ROS-producing enzymes, specifically with regard to the endothelium 

in diabetes, as it is likely that endothelial ROS signalling makes an important 

contribution to adverse cardiac remodelling and dysfunction in this setting.   
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4 INVESTIGATION OF THE EFFECTS OF 

ENDOTHELIAL-SPECIFIC NOX4 

OVEREXPRESSION ON CARDIAC REMODELLING 

IN EXPERIMENTAL DIABETES 

4.1 Introduction  

4.1.1 Diabetic cardiac remodelling 

Diabetes is associated with the progression of cardiac remodelling and HF through 

both myocardial and microvascular remodelling, as described in detail in section 1.5 

(Wilson et al., 2017). Interestingly, microvascular dysfunction is present in the majority 

of diabetic patients before the development of macrovascular complications, and is 

an independent driver of LV dysfunction and HF (Fowler, 2008, Kibel et al., 2017). 

Endothelial dysfunction is responsible for the microvascular abnormalities seen in 

diabetes and is caused by hyperglycaemia-induced overproduction of ROS and 

oxidative stress, as described in sections 1.7.3 and 1.8 (Wilson et al., 2017, Kibel et 

al., 2017). Identifying mechanisms underlying oxidative stress in the endothelium is 

therefore critical to inform novel approaches to slow development of microvascular 

dysfunction and the consequent HF seen in diabetes.  

Since the primary function of NADPH oxidases is to produce ROS, their contribution 

to cardiovascular oxidative stress has been extensively studied (Wilson et al., 2017). 

Studies in the vasculature of diabetic patients have demonstrated a linear relationship 

between increased NADPH oxidase-derived ROS and decreased endothelial function 

(Channon and Guzik, 2002). Nox2 and Nox4 are both highly expressed in the 

endothelium and their increased expression and activity is associated with the 

development and progression of HF (Drummond and Sobey, 2014). Data presented 

in the previous chapter suggested that endothelial-specific Nox2 plays a limited role 

in cardiac remodelling associated with experimental diabetes. However, since Nox4 

is the other predominant NADPH oxidase isoform in ECs, it is possible that it may play 

a more prominent role in diabetic cardiac remodelling.  
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4.1.2 Nox4 expression and activity in the healthy heart 

4.1.2.1 Nox4 structure and function 

Nox4, as illustrated in Figure 4-1, differs from Nox2 in that, once colocalised with 

p22phox, it is constitutively active and is not dependent on other subunits, suggesting 

that its activity is directly related to its expression (Bedard and Krause, 2007, Barnes 

and Gorin, 2011). Nox4 is localised to the ER, nucleus and mitochondria (Drummond 

et al., 2011, Bedard and Krause, 2007). Some studies have found different functional 

splice variants at each organelle; one at 75-80kDa, which may localise more to 

mitochondria and the ER, and one at 60kDa, which may localise more to the nucleus; 

however, most studies identify Nox4 as a 65kDa protein and its splicing has not been 

widely investigated (Drummond et al., 2011, Bedard and Krause, 2007). H2O2 is 

thought to account for 90% of the ROS production from Nox4, likely due to its longer 

E-loop which traps O2
-; here, a highly conserved histidine catalyses its dismutation to 

H2O2 (Takac et al., 2011, Konior et al., 2014, Sumimoto et al., 2005). While Nox4 is 

constitutively active, its activity may be increased by regulatory proteins such as 

Poldip2 and Rac (Barnes and Gorin, 2011).  

 

 

Figure 4-1: Structure of Nox4.   Nox4 localises to the membrane of organelles with 

p22phox, where it is constitutively active. Whilst it catalyses the reduction of NADPH to 

O2
-, H2O2 is thought to account for ~90% of its ROS production.  
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Nox4-derived H2O2 has many downstream effects, as discussed in section 1.10, due 

to its ability to alter the function of key proteins such as kinases, phosphatases, 

transcription factors and ion channels (Bedard and Krause, 2007, Brown and 

Griendling, 2009). Some of these effects are protective; for example, under 

physiological conditions, H2O2 increases eNOS-dependent NO production and 

consequent vasodilation, while itself acting as an EDHF in arterioles (Cai et al., 2001, 

Cai et al., 2008, Liu et al., 2011). NOX4 is also associated with increased NRF2-

dependent antioxidant gene expression and hypoxia-induced angiogenesis (Craige 

et al., 2011, Schroder et al., 2012, Roque et al., 2013, Xu et al., 2008a). However, 

NOX4-derived H2O2 has been associated with pathological effects in response to 

stimuli such as hypoxia, PO and circulating cytokines (Ago et al., 2010a, Kuroda et 

al., 2010, Chen et al., 2008, Li et al., 2001). For example, H2O2 increases ROS 

production from NADPH oxidases, uncoupled eNOS, XOs and complex I of the ETC, 

leading to ROS-induced ROS release and further oxidative stress (Brown and 

Griendling, 2009, Konior et al., 2014, Li et al., 2001). Additionally, H2O2 increases 

activation of Erk1/2, Akt and NFκB, leading to increased expression of inflammatory 

genes and leukocyte adhesion and transmigration into the vasculature (Brown and 

Griendling, 2009, Konior et al., 2014, Streeter et al., 2013). Finally, NOX4 activation 

has also been associated with EndMT, a key determinant of perivascular and 

interstitial fibrosis within the heart (Cucoranu et al., 2005, Burgoyne et al., 2012). 

Taken together, it is clear that Nox4 is linked with several physiological and 

pathological mechanisms, so elucidating its exact role in the diabetic heart is critical.   

4.1.2.2 Activation of Nox4 in the diabetic heart 

Diabetic hearts and vessels exhibit upregulation of expression and activity of NADPH 

oxidases, associated with increased ROS production, endothelial dysfunction, 

inflammation and fibrosis, as described in section 1.10.2 (Konior et al., 2014, 

Pennathur, 2007, Cai and Harrison, 2000). Hyperglycaemia increases expression and 

activity of both NOX2 and NOX4 in the endothelium, associated with oxidative stress, 

endothelial dysfunction and HF (Gao and Mann, 2009). However, data presented in 

the previous chapter suggested that endothelial-specific Nox2 does not have 

significant effects on the development and progression of cardiac remodelling and 

dysfunction in diabetes. It therefore seems likely that Nox4-derived ROS represents 

a major source of oxidative stress in the diabetic endothelium, which may influence 

the development and progression of microvascular dysfunction and cardiac 

remodelling associated with diabetes.  
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4.1.3 Rationale of chapter 

Increased Nox4 expression and activity has been associated with protective effects 

on the vasculature. However, its activity has also been linked with pathological 

mechanisms, such as inflammation, fibrosis and thrombosis, in response to several 

key pathological mediators seen in diabetes, such as hyperglycaemia, circulating 

cytokines and ATII. However, its function in endothelial regulation of the vasculature 

is clearly complex and its role in diabetic microvascular dysfunction and cardiac 

remodelling is yet to be elucidated. We therefore assessed changes in cardiac 

structure and function in EC-Nox4WT and EC-Nox4Tg mice subjected to experimental 

diabetes by echocardiography, histology and gene and protein expression analysis, 

together with interrogation of cardiac vascular remodelling, ROS production and 

inflammation. Together, these experiments aimed to elucidate the precise role of 

endothelial Nox4 in regulating development and progression of cardiac remodelling 

in response to experimental diabetes.  
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4.2 Methods  

All chapter non-specific methods are described in Chapter 2. 

4.2.1 STZ-induced model of diabetic cardiomyopathy 

Nox4 overexpression was specifically targeted to the endothelium in C57BL6/J mice 

via a Tie2 promoter/enhancer construct as outlined in section 2.1.1.1. Founder 

breeding pairs, from which a QUB colony was established, were a kind gift from Prof. 

Ajay Shah (King’s College, London). Conventional RT-PCR was used to genotype 

mice by probing for the presence or absence of the Nox4-Tie2 construct, according 

to the protocol in section 2.1.1.1.1 with visualisation on a gel according to the protocol 

in 2.1.1.2.1. A representative gel is illustrated in Figure 4-2, where EC-Nox4WT mice 

show a single GAPDH band at 300 bp and EC-Nox4Tg show both a GAPDH band at 

300 bp and a Nox4 band at 200 bp. Mice were maintained at  20°C, with their bedding 

changed every 2-3 days, and were transferred to a room maintained at 24°C for one 

week prior to STZ injections and thereafter with their bedding changed daily upon 

onset of diabetes. 

Male EC-Nox4WT and EC-Nox4Tg mice received serial STZ or sodium citrate (vehicle; 

VC) injections as described in section 2.1.1.3.1. Diabetic mice were weighed weekly, 

and according to the project licence were culled if they lost 15% of their body weight, 

which was only necessary for two mice. Serial echocardiography was performed on 

a monthly basis to investigate alterations in cardiac structure and function according 

to the protocol described in section 2.1.2. At either three or six months after the onset 

of diabetes, mice were culled via sodium pentobarbital overdose (200 mg/kg i.p.). 

Blood was removed by cardiac puncture and centrifuged for plasma collection, whilst 

hearts were excised and stored for tissue analysis according to the protocol in section 

2.1.4. Tibias were collected for normalisation of cardiac morphometry.  A schematic 

representation of the protocol is shown in Figure 4-3.  

4.2.2 ATII infusions 

In some 3-month STZ-induced diabetic mice, osmotic minipumps were filled with ATII 

and implanted under the skin for continuous ATII infusion of 1.1 mg/kg/day for the 

final month, according to the protocol in the section 2.1.1.3.4. Blood pressure 

measurements and echocardiography were performed every week according to the 

protocols in sections 2.1.3 and 2.1.2, respectively. Tissue was collected in the same 

way as in section 4.2.1.  
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Figure 4-2: Nox4 overexpression was confirmed in endothelial-specific (EC)-

Nox4Tg mice relative to EC-Nox4WT controls using conventional RT-PCR.   Nox4 

was overexpressed in the endothelium of C57BL6/J mice using a Tie2 

promoter/enhancer construct. Conventional RT-PCR was performed on ear punches 

to identify presence of the Nox4-Tie2 construct. EC-Nox4WT mice showed just a 

GAPDH band at 300 bp, while EC-Nox4Tg mice showed both a GAPDH band at 300 

bp and a Nox4 band at 200 bp.  
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Figure 4-3:  Schematic illustration of protocol used for investigation of EC-

Nox4WT and EC-Nox4Tg diabetic mice.   EC Nox4WT or EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age. Serial 

echocardiography was performed to investigate changes in cardiac structure and 

function. After three or six months, mice were culled via sodium pentobarbital 

overdose and tissue was collected as indicated prior to processing for histology, RNA 

or protein analysis. 
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4.2.3  Ex vivo tissue processing 

4.2.3.1 Histological analysis 

Frozen tissue was sectioned prior to use for immunohistochemistry and ROS staining 

according to the protocols described in sections 2.1.6.7 and 2.1.6.6, respectively. 

Sections were imaged on a Nikon Eclipse 80i epifluorescence microscope and 

fluorescence intensity was quantified using ImageJ and normalised to the control. 

Fixed tissue was sectioned prior to use for histological staining according to the 

protocols detailed in sections 2.1.6.2, 2.1.6.4 and 2.1.6.5, respectively. Sections were 

visualised at 40x magnification on a Nikon Eclipse 80i epifluorescent microscope and 

staining was quantified using ImageJ and normalised to the control. 

4.2.3.2 Gene and protein expression analysis 

Tissue allocated for mRNA (n=8 per group) and protein (n=5-6 per group) analysis 

was frozen in liquid nitrogen and stored at -80°C until use. RNA was extracted and 

converted to cDNA prior to mRNA expression analysis by qRT-PCR, according to the 

protocols described in sections 2.1.5.1, 2.3.2, and 2.3.3.2, respectively. Protein was 

extracted and expression of proteins of interest was quantified by Western blot, 

according to the protocols described in sections 2.1.5.2 and 2.4, respectively.  

4.2.4 Statistical analysis 

Experimental groups were compared using a one-way ANOVA with Bonferroni post-

hoc testing, unless Kolmogorov-Smirnov test for normality showed an uneven 

distribution of data; in this case, a Kruskall-Wallace test with Dunn’s post-hoc testing 

was used. N numbers and statistical significance (P<0.05) are illustrated in the figure 

legends. 
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4.3 Results  

4.3.1 Characterisation of endothelial-specific Nox4 overexpressing 

mice after three months of STZ-induced diabetes 

4.3.1.1 Blood glucose was reduced whilst morphometric indices were 

unaltered in diabetic EC-Nox4Tg mice relative to EC-Nox4WT mice.  

The initial objective was to confirm whether mice injected with STZ were diabetic, and 

to identify whether this had any effect on morphometric data. Blood glucose and body 

weight were therefore measured in order to assess the diabetic phenotype in EC-

Nox4WT and EC-Nox4Tg mice after three months of STZ-induced diabetes. Figure 4-4 

illustrates blood glucose levels three months following injection with VC or STZ. There 

was a significant increase in blood glucose levels in both EC-Nox4WT and EC-Nox4Tg 

diabetic mice relative to their non-diabetic counterparts. Interestingly, blood glucose 

levels were significantly lower in diabetic EC-Nox4Tg mice relative to their wildtype 

counterparts, suggesting less severe levels of hyperglycaemia.  

Body weight was measured regularly over the course of three months to monitor the 

health of the diabetic mice and to investigate potential effects of endothelial Nox4 

overexpression. Terminal measurements of body weight, heart weight and LV weight 

were also taken and normalised to tibia length, as illustrated in Figure 4-5. Diabetic 

EC-Nox4WT and EC-Nox4Tg mice gained less weight over the course of three months, 

although this difference was not significant. Interestingly, heart weight normalised to 

tibia length tended to be higher in both control and diabetic EC-Nox4Tg mice relative 

to wildtypes, whilst LV/tibia weight increased significantly in both non-diabetic and 

diabetic EC-Nox4Tg mice relative to their respective wildtype controls. This suggests 

that endothelial-specific Nox4 overexpression may promote basal LV hypertrophy. 
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Figure 4-4: Terminal blood glucose levels in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days. Blood glucose levels were measured 10 days post-final 

injection and mice were considered to be diabetic when blood glucose levels were 

above 15 mmol/dl. Mean ± SEM; n=5-10 per group; */# p<0.05, ***/### p<0.001 

compared to relevant VC/WT control; one-way ANOVA with Bonferroni post-hoc 

testing. 
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Figure 4-5: Morphometric analysis of EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days. After three months, the heart was collected and weighed, and the tibia 

was collected for normalisation of morphometric data to tibia length. (A) Comparison 

of absolute body weight at baseline and after three months of diabetes, (B) weight 

normalised to tibial length, (C) heart weight normalised to tibial length, (D) LV weight 

normalised to tibial length. Mean ± SEM; n=6-14 per group, # p<0.05 compared to 

relevant WT control; (A) repeated-measures ANOVA with Bonferroni post-hoc testing; 

(B-D) one-way ANOVA with Bonferroni post-hoc testing.  
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4.3.2 LV structure and function in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes 

4.3.2.1 Cardiac function was similar between EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes.  

Our initial objective was to identify whether endothelial-specific Nox4 influenced 

diabetic cardiac remodelling and dysfunction. Cardiac function was assessed by serial 

echocardiography in EC-Nox4WT and EC-Nox4Tg mice over the course of three 

months. Figure 4-6 illustrates that there were no changes in heart rate, systolic 

function (assessed by fractional shortening and ejection fraction) or diastolic function 

(assessed by E/A ratio and IVRT) between any of the experimental groups after three 

months of experimental diabetes. Table 4-1 shows that there was also no difference 

in E wave, A wave, IVCT or ET. Of these data, it is interesting that E/A ratio tended to 

be decreased in control EC-Nox4Tg versus control EC-Nox4WT mice, suggesting that 

diastolic function may be reduced at baseline in EC-Nox4Tg mice at three months. 

However, this difference was not significant.  

4.3.2.2 LV structure was unaltered in EC-Nox4WT and EC-Nox4Tg mice after 

three months of STZ-induced diabetes. 

Cardiac structure was also assessed in EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes. Figure 4-7 illustrates that there was no difference 

in LVESD, LVEDD or LVPWs between any of the experimental groups after three 

months of experimental diabetes. However, there was a significant decrease in 

LVPWd in diabetic EC-Nox4WT mice relative to their non-diabetic counterparts after 

three months of experimental diabetes. Echocardiographic structural assessment was 

supported by histological and gene expression analysis of hypertrophic markers in 

terminal LV tissue, as illustrated in Figure 4-8 and Figure 4-9, respectively. 

Histological staining of the left ventricle indicated that cardiomyocyte cross-sectional 

area was similar among all experimental groups, whilst hypertrophic gene expression 

analysis indicated a significant increase in ANP mRNA expression in diabetic EC-

Nox4WT mice relative to their non-diabetic counterparts with no change in BNP, 

HDAC4, or HDAC9 mRNA expression between groups. Taken together, these data 

suggest that cardiomyocyte hypertrophy was not apparent in EC-Nox4WT and EC-

Nox4Tg mice after three months of STZ-induced diabetes.  

Cardiac fibrosis was also assessed by PSR staining and collagen/fibrotic gene 

expression in the left ventricle, as shown in Figure 4-10 and Figure 4-11/Figure 4-12, 
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respectively. While cardiac fibrosis was not significantly different between 

experimental groups, PSR staining tended to be more pronounced in both diabetic 

EC-Nox4WT and EC-Nox4Tg mice relative to their non-diabetic counterparts. 

Additionally, mRNA expression of Col1α1, Col3α1 and Col18α1 were significantly 

increased in diabetic EC-Nox4WT mice, although expression of these three genes was 

unaltered in diabetic EC-Nox4Tg versus EC-Nox4WT mice. Interestingly, Col1α2 mRNA 

expression was significantly reduced in non-diabetic EC-Nox4Tg versus EC-Nox4WT 

mice, whilst ColVIα1 mRNA expression was significantly increased in diabetic versus 

non-diabetic EC-Nox4TG mice. mRNA expression of αSMA, CTGF and TGFβ1 

showed a similar pattern to Col1α2 with marked reduction in non-diabetic EC-Nox4TG 

versus EC-Nox4WT mice, whilst TGFβ1 mRNA was also significantly reduced in EC-

Nox4WT diabetic versus non-diabetic mice. Expression of TGFβ3, vimentin and 

transgelin was unaltered between experimental groups. Taken together, these data 

suggest that STZ-induced diabetes tends to promote cardiac fibrosis gene expression 

changes after three months in both EC-Nox4WT and EC-Nox4Tg mice, which is largely 

unaffected by endothelial Nox4. 
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Figure 4-6: Functional analysis of EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes.  EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After three months, echocardiography 

was used to identify changes in (A) heart rate, (B) myocardial performance index, (C) 

fractional shortening, (D) ejection fraction, (E) E/A ratio and (F) isovolumetric 

relaxation time. Mean ± SEM; n=10-20 per group; p=NS; one-way ANOVA test.   
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Figure 4-7: Structural analysis of EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After three months, echocardiography 

was used to interrogate changes in (A) LVESD, (B) LVEDD, (C) LVPWs and (D) 

LVPWd. LVEDD, LV end diastolic dimension; LVESD, LV end systolic dimension; 

LVPWd, LV posterior wall thickness during diastole; LVPWs, LV posterior wall 

thickness during systole. Mean ± SEM; n=10-20 per group; * p<0.05 compared to 

relevant VC control; one-way ANOVA with Bonferroni post-hoc testing.  
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Figure 4-8: LV cardiomyocyte cross-sectional area in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

cardiomyocyte cross-sectional area in the left ventricle was assessed by staining with 

haematoxylin and eosin and imaging at 40x on a Nikon Eclipse 80i epifluorescent 

microscope. The area of rounded cardiomyocytes with centrally located nuclei were 

assessed using ImageJ. Representative images are illustrated in the top panel, scale 

bar is 200μm; quantification is illustrated in the bottom panel.  Mean ± SEM; n=8 per 

group; p=NS; one-way ANOVA test.   
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Figure 4-9: LV hypertrophic gene expression in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes.  EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After three months, mice 

were sacrificed, and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) ANP, (B) BNP, (C) HDAC4 and (D) HDAC9 by qRT-PCR. 

Mean ± SEM; n=8 per group; * p<0.05 compared to relevant VC control; Kruskal-

Wallis with Dunn’s post-hoc testing.  

  



Chapter 4 

~ 4-135 ~ 
 

 

Figure 4-10: LV fibrosis in EC-Nox4Tg mice following three months of STZ-

induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected with either citrate 

buffer (VC) or STZ between 8 and 12 weeks of age over the course of five days to 

induce experimental diabetes.  After three months, mice were sacrificed, and the left 

ventricle was stained with picrosirius red to identify changes in cardiac fibrosis in the 

left ventricle. Slides were imaged at 40x on a Nikon Eclipse 80i epifluorescent 

microscope. Representative images are illustrated in the top panel, scale bar is 

100μm; quantification is illustrated in the bottom panel. Mean ± SEM; n=8 per group; 

p=NS; one-way ANOVA test.   
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Figure 4-11: LV collagen mRNA expression in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After three months, mice 

were sacrificed and RNA was extracted from the left ventricle for quantification of 

mRNA expression of (A) Col1α1, (B) Col1α2, (C) Col3α1, (D) ColVα1 and (E) Col18α1 

using qRT-PCR. Mean ± SEM; n=8 per group; */# p<0.05, ** p<0.01 compared to 

relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.  
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Figure 4-12: LV fibrotic gene mRNA expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

RNA was isolated from the left ventricle for quantification of (A) αSMA, (B) CTGF, (C) 

TGFβ1, (D) TGFβ3, (E) transgelin and (F) vimentin using qRT-PCR. Mean ± SEM; 

n=8 per group; * p<0.05 compared to relevant VC control, ## p<0.01 compared to 

relevant WT control; Kruskal-Wallis with Dunn’s post-hoc testing.   
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4.3.3 Assessment of ROS regulation in the left ventricle of EC-Nox4WT 

and EC-Nox4Tg mice after three months of STZ-induced diabetes 

4.3.3.1 Nox4 mRNA but not protein expression was upregulated in the left 

ventricle of control and diabetic EC-Nox4Tg mice relative to EC-Nox4WT 

mice after three months of STZ-induced diabetes. 

In order to assess regulation of ROS in the left ventricle of EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes, mRNA and protein expression of 

the two major cardiac NADPH oxidase isoforms were assessed. Figure 4-13 

illustrates that while LV Nox2 mRNA expression did not change between any of the 

experimental groups at three months, Nox4 mRNA expression was significantly 

higher in the left ventricle of control and diabetic EC-Nox4Tg mice relative to their 

wildtype counterparts. However, this was not reflected at protein level with Nox4 

protein expression remaining similar between groups, as illustrated in Figure 4-14.  

4.3.3.2 ROS production in the left ventricle of EC-Nox4WT and EC-Nox4Tg mice 

was unaltered after three months of STZ-induced diabetes. 

In order to identify whether levels of cardiac ROS changed in EC-Nox4WT and EC-

Nox4Tg mice after three months of STZ-induced diabetes, both DCF and DHE staining 

were used to assess total ROS (Figure 4-15) and O2
- (Figure 4-16), respectively, in 

the left ventricle. Whilst total ROS tended to increase and O2
- tended to decrease in 

the left ventricle of diabetic EC-Nox4Tg relative to wildtype mice, these changes did 

not reach statistical significance. This suggests that ROS other than O2
- may be 

driving increased generation in the left ventricle of diabetic EC-Nox4Tg mice, although 

it should be noted that overexpression of Nox4 was endothelial-specific and did not 

appear to alter LV Nox4 protein expression. 

4.3.3.3 Antioxidant capacity remained similar between EC-Nox4WT and EC-

Nox4Tg mice after three months of STZ-induced diabetes.  

ROS scavenging ability was assessed by interrogation of LV antioxidant gene mRNA 

expression, as illustrated in Figure 4-17. These remained largely unaltered with the 

exception of GPx, mRNA expression of which was significantly reduced in control EC-

Nox4Tg mice and diabetic EC-Nox4WT mice relative to control EC-Nox4WT mice, with 

no further change in diabetic EC-Nox4Tg mice. Taken together with other ROS 

assessments, these data suggest that endothelial-specific Nox4 overexpression does 

not alter LV regulation of ROS after three months of STZ-induced diabetes.  



Chapter 4 

~ 4-139 ~ 
 

 

Figure 4-13: LV  gene expression of NADPH oxidases in EC-Nox4WT and EC-

Nox4Tg mice after three months of STZ-induced diabetes.   EC-Nox4WT and EC-

Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After three 

months, mice were sacrificed, and RNA was isolated from the left ventricle for 

quantification of mRNA expression of (A) Nox2 and (B) Nox4 using qRT-PCR. Mean 

± SEM; n=8 per group; # p<0.05, ### p<0.001 compared to relevant WT control; 

Kruskal-Wallis with Dunn’s post-hoc testing.  
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Figure 4-14: LV protein expression of NADPH oxidases in EC-Nox4WT and EC-

Nox4Tg mice after three months of STZ-induced diabetes.   EC-Nox4WT and EC-

Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After three 

months, mice were sacrificed, and protein was isolated from the left ventricle for 

quantification of protein expression of Nox4 relative to HPRT by Western blot. 

Representative Western blots are illustrated in the top panel, quantification of Nox4 

protein expression relative to HPRT is illustrated in the bottom panel. Mean ± SEM; 

n=4 per group; p=NS; Kruskal-Wallis test. 
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Figure 4-15: LV ROS production in EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After three months, mice were sacrificed 

and the left ventricle was stained with 2’,7’-dichlorofluorescein (DCF) to identify 

changes in total ROS in the left ventricle. Slides were imaged at 40x on a Nikon 

Eclipse 80i epifluorescent microscope. Representative images are illustrated in the 

top panel, scale bar is 200μm; quantification is illustrated in the bottom panel.  Mean 

± SEM; n=8 per group; p=NS; one-way ANOVA test.   
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Figure 4-16: LV O2
- production in EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After three months, the left ventricle was 

stained with dihydroethidium (DHE) to identify changes in O2
- in the left ventricle. 

Slides were imaged at 40x on a Nikon Eclipse 80i epifluorescent microscope. 

Representative images are illustrated in the top panel, scale bar is 200μm; 

quantification is illustrated in the bottom panel.  Mean ± SEM; n=8 per group; p=NS; 

one-way ANOVA test.   



Chapter 4 

~ 4-143 ~ 
 

 

Figure 4-17: LV antioxidant gene expression in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After three months, mice 

were sacrificed and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) GPx, (B) PRDX1, (C) CAT, (D) SOD1, (E) SOD2 and (F) 

SOD3 using qRT-PCR. Mean ± SEM; n=8 per group; */# p<0.05 compared to relevant 

VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.    
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4.3.4 Assessment of vascular supply and inflammation in the left 

ventricle of EC-Nox4WT and EC-Nox4Tg mice after three months of 

STZ-induced diabetes 

4.3.4.1 LV vascular remodelling was similar in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes. 

Adverse vascular remodelling in diabetes may be associated with reduced cardiac 

function. However, after three months of STZ-induced diabetes vascular density in 

the left ventricle, as assessed by CD31 staining, was similar between experimental 

groups, as illustrated in Figure 4-18. Histological staining was supported by 

assessment of endothelial (Figure 4-19) and angiogenesis (Figure 4-20) gene 

expression. CD31 mRNA expression was also similar between experimental groups, 

as was mRNA expression of the key endothelial genes, CAD5 and vWF, although LV 

eNOS mRNA was significantly increased in diabetic EC-Nox4Tg versus both diabetic 

EC-Nox4WT and non-diabetic EC-Nox4Tg mice. Of the assessed angiogenesis-related 

genes, Jag mRNA expression was significantly increased in diabetic versus non-

diabetic EC-Nox4WT mice, whilst VEGF mRNA was significantly reduced in non-

diabetic EC-Nox4Tg versus EC-Nox4WT mice and VEGFR2 mRNA was significantly 

elevated in diabetic EC-Nox4Tg versus EC-Nox4WT mice. Taken together these data 

may implicate endothelial Nox4 in driving differential regulation of angiogenesis in 

diabetes, although further assessments need to be performed before definite 

conclusions can be drawn.    

4.3.4.2 Inflammatory gene expression was differentially modulated in EC-

Nox4WT and EC-Nox4Tg mice after three months of STZ-induced 

diabetes, 

Considering the established role of inflammation in diabetic cardiac remodelling, we 

next investigated whether inflammation was altered in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes. Figure 4-21 demonstrates that 

there was a significant increase in both ICAM1 and IL6 mRNA expression in diabetic 

EC-Nox4Tg mice relative to non-diabetic controls, while ICAM1 expression in diabetic 

EC-Nox4Tg mice was also significantly higher versus diabetic EC-Nox4WT mice. Again, 

these data suggest that endothelial-specific Nox4 may exacerbate inflammation after 

three months of STZ-induced diabetes.   
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Figure 4-18: LV CD31 staining in EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days. After three months, the left ventricle was stained with CD31 to identify 

vascular supply. Slides were imaged at 40x on a Nikon Eclipse 80i epifluorescent 

microscope. Representative images are illustrated in the top panel, scale bar is 

200μm; quantification is illustrated in the bottom panel.  Mean ± SEM; n=8; p=NS; 

one-way ANOVA test.    
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Figure 4-19: LV endothelial cell gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days. After three months, mice were sacrificed, and RNA 

was isolated from the left ventricle for quantification of mRNA expression of (A) CAD5, 

(B) CD31, (C) eNOS and (D) vWF using qRT-PCR. Mean ± SEM; n=8 per group; # 

p<0.05 compared to relevant WT control, ** p<0.01 compared to relevant VC control; 

Kruskal-Wallis with Dunn’s post-hoc testing.    
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Figure 4-20: LV angiogenesis gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

mice were sacrificed, and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) NOTCH, (B) Jag, (C) DLL4, (D) angiopoietin, (E) VEGF and 

(F) VEGFR2 using qRT-PCR. Mean ± SEM; n=8 per group; */# p<0.05 compared to 

relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.     
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Figure 4-21: LV inflammatory gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After three months, 

mice were sacrificed, and RNA was extracted from the left ventricle for quantification 

of mRNA expression of (A) ICAM1, (B) VCAM1, (C) IL1β and (D) using qRT-PCR. 

Mean ± SEM; n=8 per group; */# p<0.05. * p<0.01 compared to relevant VC/WT 

control; Kruskal-Wallis with Dunn’s post-hoc testing.    
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4.3.5 Characterisation of endothelial-specific Nox4 overexpressing 

mice after six months of STZ-induced diabetes 

4.3.5.1 Metabolic indices were similar while morphometric indices were 

reduced in EC-Nox4Tg versus EC-Nox4WT mice after six months of STZ-

induced diabetes.  

Since there seemed to be some endothelial Nox4-mediated cardiac alterations after 

three months of diabetes, we decided to extend the period of study to six months to 

assess whether these differences became more pronounced. Metabolic indices were 

assessed in order to investigate whether endothelial Nox4 influenced the diabetic 

phenotype. Figure 4-22 illustrates that blood glucose levels, measured 10 days post-

injection of diabetes, and HbA1c levels, measured after six months of diabetes, were 

significantly increased with STZ diabetes but were similar between EC-Nox4WT and 

EC-Nox4Tg mice. Interestingly, however, Figure 4-23 shows that diabetic EC-Nox4Tg 

mice had significantly reduced body weight normalised to tibia length versus both 

diabetic EC-Nox4WT and non-diabetic EC-Nox4Tg mice. Similarly, heart weight and LV 

weight normalised to tibia length were significantly reduced in diabetic EC-Nox4Tg, but 

not EC-Nox4WT mice, relative to non-diabetic controls, suggesting that endothelial 

Nox4 overexpression may accentuate diabetes-induced morphometric changes.   
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Figure 4-22: Glycaemia in EC-Nox4WT and EC-Nox4Tg mice after six months of 

STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected with either 

citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course of five days 

to induce experimental diabetes. Blood glucose levels were measured 10 days post-

final injection and mice were considered to be diabetic when blood glucose levels 

were above 15 mmol/l. After six months, HbA1c levels were assessed to identify long-

term changes in diabetes. Mean ± SEM; n=5-20 per group; *** p<0.001 compared to 

relevant VC control; one-way ANOVA with Bonferroni post-hoc testing.     
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Figure 4-23: Morphometric analysis of EC-Nox4WT and EC-Nox4Tg mice after six 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. (A) Comparison of absolute body weight 

at baseline and at six months of diabetes, (B) body weight normalised to tibial length, 

(C) heart weight normalised to tibial length, and (D) LV weight normalised to tibial 

length. Mean ± SEM; n=8-14 per group, # p<0.05 compared to relevant WT control, 

** p<0.01 *** p<0.001 compared to relevant VC control; (A) repeated-measures 

ANOVA with Bonferroni post-hoc testing; (B-D) one-way ANOVA with Bonferroni post-

hoc testing.      



Chapter 4 

~ 4-152 ~ 
 

4.3.6 LV structure and function in EC-Nox4WT and EC-Nox4Tg mice after 

six months of STZ-induced diabetes 

4.3.6.1 Mild diastolic dysfunction was evident in control EC-Nox4Tg and 

diabetic EC-Nox4WT mice after six months of STZ-induced diabetes.  

After metabolic and morphometric characterisation, functional analysis of the mice 

was performed using echocardiography, as illustrated in Figure 4-24. There were no 

differences in heart rate or systolic dysfunction, assessed by myocardial performance 

index, fractional shortening and ejection fraction, between any of the groups. 

Significant diastolic dysfunction, as assessed by E/A ratio, was evident after six 

months of STZ-induced diabetes in diabetic EC-Nox4WT mice, whilst non-diabetic EC-

Nox4Tg mice demonstrated reduced E/A ratio relative to wildtypes with no further 

change in diabetes. IVRT, an alternate marker of diastolic function, tended to be 

increased in diabetic EC-Nox4Tg mice, although this did not reach statistical 

significance. There were no differences in the additional functional measurements 

demonstrated in Table 4-2. The only difference identified was a decrease in 

respiration rate in diabetic mice which was significant for EC-Nox4Tg mice, but since 

heart rate was similar between mice this was not cause for concern.  Taken together, 

these data suggest that endothelial-specific Nox4 overexpression may influence 

cardiac diastolic function in experimental diabetes. 

4.3.6.2 Cardiac fibrosis but not hypertrophy was increased in control EC-

Nox4Tg and diabetic EC-Nox4Tg mice after six months of STZ-induced 

diabetes.  

Cardiac structure was assessed using echocardiography to identify whether 

endothelial-specific Nox4 overexpression contributed to cardiac remodelling in 

diabetes. Figure 4-25 illustrates that while LVESD, LVEDD, and LVPWDs exhibited 

no differences between the groups, there was a significant decrease in LVPWd in 

diabetic EC-Nox4WT, but not diabetic EC-Nox4Tg mice, relative to controls. Histological 

staining of the left ventricle with H&E (Figure 4-26) demonstrated that cardiomyocyte 

cross-sectional area was similar between experimental groups. Hypertrophic gene 

expression analysis, shown in Figure 4-27, demonstrated increased LV mRNA 

expression of MHC-β, ANP and BNP in diabetic EC-Nox4Tg mice relative to their non-

diabetic counterparts. Taken together, it is difficult to draw any firm conclusions from 

these data with regard to the influence of endothelial Nox4 on cardiac hypertrophy 

after six months of STZ-induced diabetes.  
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Cardiac fibrosis was also assessed by staining the left ventricle with PSR, as 

illustrated in Figure 4-28. There was a significant increase in cardiac fibrosis in both 

control EC-Nox4Tg and diabetic EC-Nox4WT mice relative to healthy EC-Nox4WT mice, 

with no further increase in diabetic EC-Nox4Tg mice. This correlates with the 

echocardiographic E/A ratio indicating diastolic dysfunction in both control EC-Nox4Tg 

and diabetic EC-Nox4WT mice. In support of the histology data, mRNA expression 

analysis, as shown in Figure 4-29 and Figure 4-30, indicated differential expression 

of several key fibrotic and ECM remodelling genes. Consistent with the functional and 

histological analyses, mRNA expression of CTGF, Col1α2 and ColVIαI was 

significantly increased in diabetic versus non-diabetic EC-Nox4WT mice, whilst 

Col1α1, Col1α2, and ColVI mRNA was significantly increased in control EC-Nox4Tg 

mice relative to wildtypes. Although no significant alterations in ECM remodelling 

gene expression were observed in EC-Nox4WT mice, mRNA expression of TIMP2, 

MMP2, and MMP9 was significantly increased in non-diabetic EC-Nox4Tg versus EC-

Nox4WT mice, whilst transgelin mRNA was increased and TGF-β3, TIMP2 and MMP9 

mRNA was decreased in diabetic EC-Nox4Tg versus EC-Nox4WT mice. Taken 

together, these data suggest that endothelial Nox4 differentially regulates cardiac 

fibrosis and ECM remodelling in diabetes, although it is difficult to conclude from these 

results whether it is protective or implicated in diabetes-induced fibrosis.   
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Figure 4-24: Functional analysis of EC-Nox4WT and EC-Nox4Tg mice after six 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After six months, echocardiography was 

used to identify changes in cardiac function. assessed by (A) heart rate, (B) 

myocardial performance index, (C) fractional shortening, (D) ejection fraction, (E) E/A 

ratio and (F) isovolumetric relaxation time. Mean ± SEM; n=8-11 per group; */# p<0.05 

compared to relevant VC/WT control; one-way ANOVA with Bonferroni post-hoc 

testing.  
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Figure 4-25: Structural analysis of EC-Nox4WT and EC-Nox4Tg mice after six 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After six months, echocardiography was 

used to identify changes in cardiac structure, as assessed by (A) LVESD, (B) LVEDD, 

(C) LVPWs and (D) LVPWd. LVEDD, LV end diastolic dimension; LVESD, LV end 

systolic dimension; LVPWd, LV posterior wall thickness during diastole; LVPWs, LV 

posterior wall thickness during systole. Mean ± SEM; n=8-11 per group; * p<0.05 

compared to relevant VC control; one-way ANOVA with Bonferroni post-hoc testing.     
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Figure 4-26: LV cardiomyocyte cross-sectional area in EC-Nox4WT and EC-

Nox4Tg mice after six months of STZ-induced diabetes.   EC-Nox4WT and EC-

Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After six 

months, animals were sacrificed, and cardiomyocyte hypertrophy was assessed by 

cross-sectional area after staining with haematoxylin and eosin. Multiple images per 

mouse were taken at 40x magnification on a Nikon Eclipse 80i epifluorescent 

microscope, and a representative cardiomyocyte cross-sectional area was assessed 

by measuring the area of non-fibrous cells with centrally located nuclei in Image J. 

Representative images are illustrated in the top panel, scale bar is 200μm; 

quantification is illustrated in the bottom panel. Mean ± SEM; n=8 per group; p=NS; 

one-way ANOVA test.   
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Figure 4-27: LV hypertrophic gene expression in EC-Nox4WT and EC-Nox4Tg 

mice following six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After six months, 

mice were sacrificed, and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) MHCα, (B) MHCβ, (C) ANP and (D) BNP using qRT-PCR. 

N=8 per group; **/## p<0.01, *** p<0.001 compared to relevant VC/WT control; 

Kruskal-Wallis with Dunn’s post-hoc testing.   
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Figure 4-28:  LV fibrosis in EC-Nox4WT and EC-Nox4Tg mice after six months of 

STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected with either 

citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course of five days 

to induce experimental diabetes. After six months, animals were sacrificed, and 

cardiac fibrosis in the left ventricle was assessed after staining with picrosirius red. 

Multiple images per mouse were taken at 40x magnification on a Nikon Eclipse 80i 

epifluorescent microscope, and percentage of fibrous red deposits was assessed in 

Image J. Representative images are illustrated in the top panel, scale bar is 100μm; 

quantification is illustrated in the bottom panel. Mean ± SEM; n=8 per group; # p<0.05 

compared to relevant WT control, ** p<0.01 compared to relevant VC control; one-

way ANOVA with Bonferroni post-hoc testing.  
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Figure 4-29: LV fibrotic gene expression in EC-Nox4WT and EC-Nox4Tg mice after 

six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After six months, mice were 

sacrificed, and RNA was isolated from the left ventricle for quantification of mRNA 

expression of (A) αSMA, (B) CTGF, (C) Col1α1, (D) Col1α2, (E) ColVI and Col18α1 

using qRT-PCR. Mean ± SEM; n=8 per group; **/## p<0.01, *** p<0.001 compared to 

relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.   
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Figure 4-30: LV fibrotic gene expression EC-Nox4WT and EC-Nox4Tg mice after 

six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After six months, mice were 

sacrificed, and RNA was isolated from the left ventricle for quantification of mRNA 

expression of (A) TGFβ1, (B) TGFβ3, (C) transgelin, (D) TIMP2, (E) MMP2 and (F) 

MMP9 using qRT-PCR. Mean ± SEM; n=8 per group; */# p<0.05 compared to relevant 

VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.   
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4.3.7 Assessment of ROS production following endothelial-specific 

Nox4-overexpression after six months of STZ-induced diabetes. 

4.3.7.1 LV expression of Nox4 mRNA but not protein was upregulated in EC-

Nox4Tg mice relative after three months of STZ-induced diabetes. 

Our next aim was to identify whether endothelial Nox4 regulated ROS production in 

the left ventricle after six months of STZ-induced diabetes. Expression of the two 

major NADPH oxidase cardiac isoforms was assessed in the left ventricle of 

experimental mice, as illustrated in Figure 4-31. While there was no difference in Nox2 

mRNA expression between any of the experimental groups, Nox4 mRNA expression 

was significantly increased in both EC-Nox4Tg control and diabetic mice versus EC-

Nox4WT mice, with a tendency towards higher expression with diabetes. However, 

similar to the 3 month data, LV Nox4 protein expression, illustrated in Figure 4-32, 

remained similar between groups after six months of STZ-induced diabetes. 

4.3.7.2 Total ROS but not O2
- production was reduced in diabetic EC-Nox4Tg 

mice after six months of STZ-induced diabetes.  

In order to identify whether levels of ROS were altered between groups after six 

months of STZ-induced diabetes, total ROS (Figure 4-33) and O2
- production (Figure 

4-34) were assessed by DCF and DHE staining in LV sections. Interestingly, total 

ROS generation was significantly decreased in diabetic EC-Nox4Tg, but not EC-

Nox4WT mice versus non-diabetics, whilst O2
- production remained similar between 

experimental groups.  

4.3.7.3 Antioxidant capacity was upregulated in diabetic EC-Nox4Tg mice after 

six months of STZ-induced diabetes.  

LV antioxidant gene expression, illustrated in Figure 4-35, was assessed in order to 

identify whether ROS scavenging in the left ventricle may be altered after six months 

of STZ-induced diabetes. Interestingly, mRNA expression of GPx1, PRDX1, CAT, 

SOD1, and SOD2 was significantly increased in diabetic EC-Nox4Tg mice relative to 

non-diabetic and/or wildtype controls, with no changes in EC-Nox4WT mice with 

diabetes. Taken together with the ROS assessment data, these findings suggest that 

endothelial Nox4 reduces cardiac ROS generation in diabetes by upregulating both 

O2
- and H2O2 scavenging mechanisms. 
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Figure 4-31: LV NADPH oxidase gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, mice 

were sacrificed, and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) Nox2 and (B) Nox4 using qRT-PCR. Mean ± SEM; n=8 per 

group; # p<0.05, ## p<0.01 compared to relevant WT control; Kruskal-Wallis with 

Dunn’s post-hoc testing. 
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Figure 4-32: LV NADPH oxidase protein expression in EC-Nox4WT and EC-

Nox4Tg mice after six months of STZ-induced diabetes.   EC-Nox4WT and EC-

Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes.  After six 

months, protein expression was performed on the left ventricle to identify changes in 

protein expression of Nox4 relative to HPRT. Representative Western blots are 

illustrated in the top panel, quantification of Nox4 protein expression relative to HPRT 

is illustrated in the bottom panel. Mean ± SEM; n=4 per group; Kruskal-Wallis test. 
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Figure 4-33: LV ROS production in EC-Nox4WT and EC-Nox4Tg mice after six 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After six months, mice were sacrificed 

and the left ventricle was stained with 2’,7’-dichlorofluorescein (DCF) to identify 

changes in total ROS. Slides were imaged at 40x on a Nikon Eclipse 80i 

epifluorescent microscope. Representative images are illustrated in the top panel, 

scale bar is 200μm; quantification is illustrated in the bottom panel.  Mean ± SEM; n=8 

per group; * p<0.05 compared to relevant VC control; one-way ANOVA with 

Bonferroni post-hoc testing.    
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Figure 4-34: LV O2
- production in EC-Nox4WT and EC-Nox4Tg mice after six 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After six months, mice were sacrificed, 

and the left ventricle was stained with dihydroethidium (DHE) to identify changes in 

O2
- production. Slides were imaged at 40x on a Nikon Eclipse 80i epifluorescent 

microscope. Representative images are illustrated in the top panel, scale bar is 

200μm; quantification is illustrated in the bottom panel.   Mean ± SEM; n=8 per group; 

p=NS; one-way ANOVA test.   
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Figure 4-35: LV antioxidant gene expression in EC-Nox4WT and EC-Nox4Tg mice 

after six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were 

injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over 

the course of five days to induce experimental diabetes. After six months, mice were 

sacrificed, and RNA was isolated from the left ventricle for quantification of mRNA 

expression of (A) GPx1, (B) PRDX1, (C) CAT, (D) SOD1, (E) SOD2 and (F) SOD3 

using qRT-PCR. Mean ± SEM; n=8 per group; */# p<0.05, **/## p<0.01, ### p<0.001 

compared to relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.   
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4.3.8 Assessment of vascular remodelling and inflammation in the left 

ventricle in endothelial Nox4 overexpressing mice after six months 

of STZ-induced diabetes 

4.3.8.1 LV vascular remodelling was not altered in EC-Nox4WT and EC-Nox4Tg 

mice after six months of STZ-induced diabetes.  

Our next aim was to perform CD31 staining of the left ventricle to interrogate the 

influence of diabetes and endothelial Nox4 on vascular remodelling in the heart, as 

illustrated in Figure 4-36. However, neither blood vessel number nor area were 

different between any of the experimental groups. These histological data were 

supported by complementary gene expression analysis, whereby mRNA expression 

of both endothelial-specific (Figure 4-37) and angiogenesis (Figure 4-38) genes was 

assessed. Interestingly, there was a significant increase in CD31 and eNOS mRNA 

expression in control EC-Nox4Tg mice relative to wildtypes, which was normalised by 

diabetes, whilst mRNA expression of all assessed angiogenesis-related genes 

remained similar between groups, although NOTCH, Jag1 and angiopoietin tended to 

increase in diabetic EC-Nox4Tg mice relative to controls. 

4.3.8.2 LV inflammation was increased in EC-Nox4Tg
 mice after six months of 

STZ-induced diabetes. 

LV inflammation was assessed by analysis of inflammatory gene expression, as 

illustrated in Figure 4-39.  While there was no change in inflammatory gene mRNA 

expression between control and diabetic EC-Nox4WT mice, there was a clear tendency 

towards increase in non-diabetic EC-Nox4Tg versus EC-Nox4WT mice, which reached 

statistical significance for VCAM1. Moreover, mRNA expression of IL6, ICAM1, 

VCAM1, PF4, and KGF was markedly increased in diabetic EC-Nox4Tg mice relative 

to their wildtype and non-diabetic counterparts, indicating that endothelial Nox4 

overexpression modulates cardiac inflammation associated with experimental 

diabetes.    
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Figure 4-36: LV CD31 staining in EC-Nox4WT and EC-Nox4Tg mice after six 

months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice were injected 

with either citrate buffer (VC) or STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After six months, the left ventricle was 

stained with CD31 to identify changes in LV vascular supply. Slides were imaged at 

40x on a Nikon Eclipse 80i epifluorescent microscope. Representative images are 

illustrated in the top panel, scale bar is 200μm; quantification is illustrated in the 

bottom panel. Mean ± SEM; n=8; p=NS; one-way ANOVA test.  
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Figure 4-37: LV endothelial cell gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, mice 

were sacrificed, and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) CD31, (B) eNOS, (C) ET-1 and (D) CAD5 using qRT-PCR. 

Mean ± SEM; n=8; # p<0.05, **/## p<0.01 compared to relevant VC/WT control; 

Kruskal-Wallis with Dunn’s post-hoc testing.   
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Figure 4-38: LV angiogenesis gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, mice 

were sacrificed, and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) NOTCH, (B) DLL4, (C) Jag1, (D) angiopoietin 1, (E) VEGF 

and (F) VEGFR2. Mean ± SEM; n=8; p=NS; Kruskal-Wallis test.  
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Figure 4-39: LV inflammatory gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after six months of STZ-induced diabetes.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After six months, mice 

were sacrificed, and RNA was isolated from the left ventricle for quantification of 

mRNA expression of (A) IL1β, (B) IL6, (C) ICAM1, (D) VCAM1, (E) platelet factor 4 

and (F) KGF using qRT-PCR. Mean ± SEM; n=8; */# p<0.05, **/## p<0.01, ***/### 

p<0.001 compared to relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc 

testing.    
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4.3.9 Characterisation of endothelial-specific Nox4-overexpressing 

mice subjected to three months of STZ-induced diabetes with ATII 

infusion 

Whilst some modest differences were apparent between EC-Nox4WT and EC-Nox4Tg 

mice after both three and six months of diabetes in terms of cardiac structure, function, 

fibrosis, ROS production and inflammation, these were not particularly pronounced 

so it was difficult to draw any firm conclusions from the data with regard to the specific 

contribution of endothelial Nox4 to diabetic cardiac remodelling. We therefore decided 

to infuse diabetic mice with ATII at a rate of 1.1 mg/kg/day for the last month of a 

three-month period of STZ-induced diabetes as a hypertensive stress to exacerbate 

the diabetic cardiac phenotype. Since ATII increases blood pressure (BP), it was 

initially important to account for potential differences in BP in EC-Nox4WT and EC-

Nox4Tg mice, which may consequently impact upon cardiac function. However, Figure 

4-40 shows that while there was a significant increase in systolic and diastolic blood 

pressure following four weeks of ATII infusion, this was not different between EC-

Nox4WT and EC-Nox4Tg mice at either baseline or four weeks, indicating that any 

observed changes in cardiac function could not be attributed to the way in which EC-

Nox4WT and EC-Nox4Tg mice respond to changes in BP.  

4.3.9.1 Blood glucose levels and morphometric data were similar in EC-Nox4WT 

and EC-Nox4Tg mice subjected to three months of STZ-induced 

diabetes with ATII infusion.  

Blood glucose levels and weight were assessed in EC-Nox4WT and EC-Nox4Tg mice 

after two months of diabetes and following a further month of ATII infusion. 

Hyperglycaemia was confirmed in diabetic ATII-infused EC-Nox4WT and EC-Nox4Tg 

mice (Figure 4-41), although there was no difference between wildtypes and 

transgenics. There was also no difference in weight gain or body weight normalised 

to tibia length between any of the experimental groups, as illustrated in Figure 4-42. 

As expected, there was an increase in both heart and LV weight in diabetic ATII-

infused EC-Nox4WT mice, which was significant for the left ventricle, suggesting 

increased LV hypertrophy following ATII infusion, with a similar pattern observed in 

EC-Nox4Tg mice, suggesting that endothelial Nox4 does not impact upon cardiac 

morphometry in this setting.  
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Figure 4-40: Blood pressure measurements during one month of ATII infusion 

in EC-Nox4WT and EC-Nox4Tg mice after three months of STZ-induced diabetes 

with ATII infusion.   EC-Nox4WT and EC-Nox4Tg mice were injected with either citrate 

buffer (VC) or STZ between 8 and 12 weeks of age over the course of five days to 

induce experimental diabetes. After two months, osmotic mini pumps were implanted 

to infuse ATII at a rate of 1.1 mg/kg/day to exacerbate the diabetic phenotype. Blood 

pressure was assessed using tail-cuff plethysmography over the last month. Mean ± 

SEM; n=4 per group; ** p<0.01 compared to relevant baseline blood pressure 

measurement; repeated-measures ANOVA with Bonferroni post-hoc testing.   
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Figure 4-41: Blood glucose levels in EC-Nox4WT and EC-Nox4Tg mice after three 

months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and EC-Nox4Tg 

mice were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of 

age over the course of five days to induce experimental diabetes. After two months, 

osmotic mini pumps were implanted to infuse ATII at a rate of 1.1 mg/kg/day to 

exacerbate the diabetic phenotype. Blood glucose levels were measured 10 days 

post-final injection and mice were considered to be diabetic when blood glucose levels 

were above 15 mmol/L. Mean ± SEM; n=4-10 per group; * p<0.05, ** p<0.01 

compared to relevant VC control; one-way ANOVA with Bonferroni post-hoc testing.   
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Figure 4-42: Morphometric assessment in EC-Nox4WT and EC-Nox4Tg mice after 

three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and EC-

Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After two 

months, osmotic mini pumps were implanted to infuse ATII at a rate of 1.1 mg/kg/day 

to exacerbate the diabetic phenotype. After a further month the body, heart and left 

ventricle were weighed and normalised to the tibia length. Mean ± SEM; n=4-10 per 

group; ** p<0.01, *** p<0.001 compared to relevant VC control; one-way ANOVA with 

Bonferroni post-hoc testing.    
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4.3.10 Cardiac structure and function in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes with ATII infusion  

4.3.10.1 Progression of systolic and diastolic dysfunction was exacerbated in 

diabetic ATII-infused EC-Nox4Tg mice versus EC-Nox4WT mice. 

Once the ATII-infused mice were characterised with regard to metabolic, blood 

pressure and cardiac morphometric effects, our initial aim was to investigate any 

consequent changes in cardiac function, as assessed by echocardiography (Figure 

4-43). While there were no changes in heart rate or myocardial performance index, 

systolic function, as assessed by fractional shortening and ejection fraction, was 

significantly reduced in diabetic ATII-infused EC-Nox4Tg mice relative to their wildtype 

counterparts, in which these parameters remained unaltered; indeed, LVESD was 

significantly reduced in diabetic ATII-infused EC-Nox4WT mice versus healthy 

controls, indicative of systolic hyperfunction. However, diabetic ATII-infused EC-

Nox4WT mice did show reduced diastolic function, as indicated by reduced E/A ratio, 

reflective of early diastolic dysfunction. In contrast, E/A ratio was significantly 

increased in diabetic ATII-infused EC-Nox4Tg mice relative to wildtypes, whilst 

isovolumetric relaxation time was increased relative to healthy controls (in the 

absence of altered LVEDD), which is likely to reflect more advanced diastolic 

dysfunction, associated with reduced systolic function, in EC-Nox4Tg mice. Additional 

measurements are summarised in Table 4-3, although no differences were identified.  

4.3.10.2 Cardiomyocyte hypertrophy developed in both diabetic ATII-infused 

EC-Nox4WT and EC-Nox4Tg mice.  

Histological assessment of cardiomyocyte cross-sectional area, illustrated in Figure 

4-44, was performed as a measure of cardiomyocyte hypertrophy. While there was 

no difference in cardiomyocyte area between control EC-Nox4WT and EC-Nox4Tg 

mice, ATII infusion induced significant cardiomyocyte hypertrophy in both diabetic EC-

Nox4WT and in EC-Nox4Tg mice, which appeared to be greater in the latter, consistent 

with worsened systolic and diastolic function in these animals. Hypertrophic gene 

expression analysis, as illustrated in Figure 4-45, was also performed to support the 

histological data. Interestingly, there was increased mRNA expression of ANP, BNP 

and HDAC9 in diabetic ATII-infused EC-Nox4WT mice, while mRNA expression of ANP 

and BNP in EC-Nox4WT mice was normalised following endothelial Nox4 

overexpression. This seems to be consistent with the observed tendency towards 
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exaggerated cardiomyocyte hypertrophy in diabetic ATII-infused mice relative to their 

wildtype counterparts.  

4.3.10.3 Cardiac fibrosis was exacerbated in diabetic ATII-infused EC-Nox4WT 

and, to a greater extent, in EC-Nox4Tg mice.  

Histological assessment of fibrosis in ATII-infused mice was assessed by PSR 

staining of the left ventricle, as illustrated Figure 4-46. While there was no difference 

in fibrosis in control EC-Nox4WT and EC-Nox4Tg mice at baseline, there was a marked 

increase in LV fibrosis in diabetic ATII-infused EC-Nox4WT mice which was 

exacerbated with endothelial-specific Nox4 overexpression. This finding correlates 

with the more severe systolic and diastolic dysfunction observed in diabetic ATII-

infused EC-Nox4Tg mice relative to wildtypes. Histological staining was supported by 

complementary quantification of fibrotic genes, as illustrated in Figure 4-47 and Figure 

4-48. Interestingly, mRNA expression of Col1α1 and Col3α1 was increased in EC-

Nox4Tg mice versus controls and reduced in EC-Nox4Tg versus EC-Nox4WT mice, with 

a similar pattern observed for α-SMA, CTGF, transgelin and TGFβ3 mRNA, whilst 

Col1α2, ColVIα1, Col18α1, and MMP9 mRNA remained similar between groups. In 

addition, mRNA expression of TIMP, MMP2, and TGFβ1 appeared to be increased in 

EC-Nox4Tg versus EC-Nox4WT mice at baseline and to normalise with STZ/ATII 

treatment. Taken together, these findings seem to conflict with the functional and 

histology data indicating significant systolic and diastolic dysfunction in AII-infused 

diabetic EC-Nox4Tg versus EC-Nox4WT mice in association with more marked cardiac 

fibrosis. However, it should be noted that alterations in mRNA expression are typically 

temporal in nature, whilst fibrotic and ECM protein expression, which was not 

assessed in the current study, is likely to more reflect functional and histological data.  
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Figure 4-43: Functional assessment of EC-Nox4WT and EC-Nox4Tg mice after 

three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and EC-

Nox4Tg mice were injected with STZ between 8 and 12 weeks of age over the course 

of five days to induce experimental diabetes. After two months, mice were implanted 

with osmotic mini pumps in order to infuse mice with 1.1 mg/kg/day ATII to exacerbate 

the diabetic phenotype. One month later, echocardiography was used to identify 

changes in cardiac function, as assessed by (A) heart rate, (B) myocardial 

performance index, (C) fractional shortening, (D) ejection fraction, (E) E/A ratio, (F) 

isovolumetric relaxation time, (G) LVESD and (H) LVEDD. Mean ± SEM; n=4-20; */# 

p<0.05, ** p<0.01 compared to relevant VC/WT control; one-way ANOVA with 

Bonferroni post-hoc testing.   
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Figure 4-44: LV cardiomyocyte cross-sectional area in EC-Nox4WT and EC-

Nox4Tg mice after three months of STZ-induced diabetes with ATII infusion.   EC-

Nox4WT and EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ 

between 8 and 12 weeks of age over the course of five days. After two months, 

osmotic mini pumps were implanted into mice to infuse ATII at a rate of 1.1 mg/kg/day 

to exacerbate the diabetic phenotype. After one month, mice were sacrificed, and 

hearts were captured in diastole using 1M KCl. The left ventricle was stained using 

haematoxylin and eosin and multiple images per mouse were taken at 40x 

magnification on a Nikon Eclipse 80i epifluorescent microscope, and a representative 

cardiomyocyte cross-sectional area was assessed by measuring the area of non-

fibrous cells with centrally located nuclei in Image J. Representative images are 

illustrated in the top panel, scale bar is 200μm; quantification is illustrated in the 

bottom panel. Mean ± SEM; n=4 per group; * p<0.05, *** p<0.001 compared to 

relevant VC control; one-way ANOVA with Bonferroni post-hoc testing.   
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Figure 4-45: LV hypertrophic gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes with of ATII infusion.   EC-

Nox4WT and EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ 

between 8 and 12 weeks of age over the course of five days to induce experimental 

diabetes. After two months, osmotic mini pumps were implanted to infuse ATII at a 

rate of 1.1 mg/kg/day to exacerbate the diabetic phenotype. One month later, mice 

were sacrificed, and RNA was extracted from the left ventricle for quantification of 

mRNA expression of (A) ANP, (B) BNP, (C) HDAC4 and (D) HDAC9 using qRT-PCR. 

Mean ± SEM; n=4 per group; # p<0.05, ** p<0.01, ***/### p<0.001 compared to 

relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.  
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Figure 4-46: LV fibrosis in EC-Nox4WT and EC-Nox4Tg mice after three months 

of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and EC-Nox4Tg mice 

were injected with either citrate buffer (VC) or STZ between 8 and 12 weeks of age 

over the course of five days to induce experimental diabetes. After two months, 

osmotic mini pumps were implanted into mice to infuse ATII at a rate of 1.1 mg/kg/day 

to exacerbate the diabetic phenotype. One month later, animals were sacrificed, and 

cardiac fibrosis in the left ventricle was assessed after staining with picrosirius red. 

Multiple images per mouse were taken at 40x magnification on a Nikon Eclipse 80i 

epifluorescent microscope, and percentage of fibrous red deposits was assessed in 

Image J. Representative images are illustrated in the top panel, scale bar is 100μm; 

quantification is illustrated in the bottom panel. Mean ± SEM; n=4 per group; ## 

p<0.01 compared to relevant WT control, *** p<0.001 compared to relevant VC 

control; one-way ANOVA with Bonferroni post-hoc testing.  
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Figure 4-47: LV collagenase gene expression in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and 

EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 

12 weeks of age over the course of five days to induce experimental diabetes. After 

two months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 

mg/kg/day to exacerbate the diabetic phenotype. After a further month, mice were 

sacrificed, and RNA was isolated from the left ventricle for quantification of mRNA 

expression of (A) Col1α1, (B) Col1α2, (C) Col3α1, (D) ColVIα1 and (E) Col18α1 using 

qRT-PCR. Mean ± SEM; n=4 per group; */# p<0.05 compared to relevant VC/WT 

control; Kruskal-Wallis with Dunn’s post-hoc testing. 

  



Chapter 4 

~ 4-185 ~ 
 

 

Figure 4-48: LV fibrotic gene expression in EC-Nox4WT and EC-Nox4Tg mice after 

three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and EC-

Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After two 

months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 mg/kg/day 

to exacerbate the diabetic phenotype. After a further month, mice were sacrificed, and 

RNA was isolated from the left ventricle for quantification of mRNA expression of (A) 

αSMA, (B) CTGF, (C) transgelin, (D) TIMP, (E) MMP2, (F) MMP9, (G) TGFβ1 and (H) 

TGFβ3 using qRT-PCR. Mean ± SEM; n=4 per group; # p<0.05, **/## p<0.01, ***/### 

p<0.001 compared to relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc 

testing.  
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4.3.11 Functional gene expression in the left ventricle of EC-Nox4WT and 

EC-Nox4Tg mice after three months of STZ-induced diabetes with 

ATII infusion 

4.3.11.1 LV Nox4 mRNA but not protein expression was increased in EC-Nox4Tg 

mice after three months of STZ-induced diabetes with ATII infusion.  

In order to assess effects of endothelial Nox4 overexpression on myocardial Nox 

isoforms, Nox2 mRNA and Nox4 mRNA and protein expression was quantified 

(Figure 4-49). LV mRNA expression of both Nox2 and Nox4 was altered by STZ/AII 

treatment in EC-Nox4WT mice but was markedly increased in diabetic ATII-infused 

EC-Nox4Tg mice. However, Nox4 protein expression (Figure 4-50) was not different 

between any of the experimental groups.   

4.3.11.2 LV antioxidant expression was increased in control EC-Nox4Tg mice but 

was reduced after three months of STZ-induced diabetes with ATII 

infusion.  

In order to assess ROS scavenging, antioxidant expression was quantified in the left 

ventricle of EC-Nox4WT and EC-Nox4Tg mice, as illustrated in Figure 4-51. mRNA 

expression of SOD1, SOD2, GPx and PRDX1 was significantly increased in control 

EC-Nox4Tg mice relative to their wildtype counterparts. Antioxidant gene expression 

tended to increase in diabetic ATII-infused EC-Nox4WT mice relative to healthy 

controls, with this being significant for SOD3 and CAT. Conversely, the expression of 

all antioxidant genes tended to be lower in diabetic ATII-treated EC-Nox4Tg mice than 

both their healthy and wildtype controls, with SOD3 and CAT expression being 

significantly lower versus diabetic ATII-infused EC-Nox4WT mice and GPx and PRDX1 

expression being significantly lower than control EC-Nox4Tg mice. These data suggest 

that endothelial Nox4 overexpression may activate compensatory antioxidant 

signalling at baseline, but that this protective mechanism may become overwhelmed 

after three months of STZ-induced diabetes thus contributing to the worsened cardiac 

function and remodelling observed in EC-Nox4Tg mice. 
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Figure 4-49: LV NADPH oxidase gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT 

and EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 

and 12 weeks of age over the course of five days to induce experimental diabetes.  

After two months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 

mg/kg/day to exacerbate the diabetic phenotype. After a further month, qRT-PCR was 

used to identify changes in gene expression of (A) Nox2 and (B) Nox4 in the left 

ventricle. Mean ± SEM; n=4 per group; **/## p<0.01, ***/### p<0.001 compared to 

relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing.  
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Figure 4-50: LV Nox4 protein expression in EC-Nox4WT and EC-Nox4Tg mice after 

three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and EC-

Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 12 

weeks of age over the course of five days to induce experimental diabetes. After two 

months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 mg/kg/day 

to exacerbate the diabetic phenotype. After a further month, Western blotting was 

used to assess Nox4 protein expression relative to HPRT in the left ventricle.  
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Figure 4-51: LV antioxidant gene expression in EC-Nox4WT and EC-Nox4Tg mice 

after three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT and 

EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 and 

12 weeks of age over the course of five days to induce experimental diabetes.  After 

two months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 

mg/kg/day to exacerbate the diabetic phenotype. After a further month, mice were 

sacrificed, and RNA was isolated from the left ventricle for quantification of mRNA 

expression of (A) SOD1, (B) SOD2, (C) SOD3, (D) CAT, (E) GPx and (F) PRDX1 in 

the left ventricle. Mean ± SEM; n=4 per group; */# p<0.05, **/## p<0.01, *** p<0.001 

compared to relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc testing. 
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4.3.11.3 LV endothelial and angiogenesis gene expression was suppressed in 

endothelial-specific Nox4-overexpressing mice after three months of 

STZ-induced diabetes with ATII infusion 

In order to perform an initial assessment of vascular remodelling in the left ventricle, 

mRNA expression of endothelial- and angiogenesis-specific genes were assessed by 

qRT-PCR, as illustrated in Figure 4-52 and Figure 4-53, respectively. mRNA 

expression of CD31, ET1 and CAD5 was significantly increased in diabetic ATII-

infused EC-Nox4WT mice relative to control counterparts, which was reduced in EC-

Nox4Tg mice, whilst eNOS and vWF mRNA was not different between genotypes. 

There was a similar pattern in angiogenesis gene expression: in fact, VEGF was the 

only angiogenesis gene assessed that was higher in diabetic ATII-infused mice than 

their wildtype counterparts. Jag and DLL were upregulated in control EC-Nox4Tg mice, 

whilst their expression was significantly reduced in diabetic ATII-infused EC-Nox4Tg 

mice. In addition, mRNA expression of NOTCH, angiopoietin, and VEGFR was 

increased in diabetic ATII-infused EC-Nox4WT mice but reduced in ATII-infused EC-

Nox4Tg mice. Taken together, these data suggest that compensatory vascular 

remodelling is induced by STZ/ATII treatment in EC-Nox4WT mice, which is not evident 

in EC-Nox4Tg mice, so may at least partly underlie accelerated progression of cardiac 

dysfunction and adverse remodelling observed in these animals.  

4.3.11.4 Myocardial inflammatory gene expression was similar in diabetic ATII-

infused EC-Nox4WT and EC-Nox4Tg mice.   

In order to assess inflammation in the left ventricle, inflammatory gene expression 

was assessed by qRT-PCR (Figure 4-54). There was a significant decrease in IL1β 

mRNA expression in diabetic ATII-infused EC-Nox4WT and EC-Nox4Tg mice relative 

to control counterparts, although its levels were not different between wildtypes and 

transgenics. Whilst IL6 and ICAM1 mRNA expression tended to be higher with 

STZ/AII treatment, only VCAM1 mRNA levels were significantly increased and to a 

greater extent in diabetic ATII-infused EC-Nox4WT versus EC-Nox4Tg mice. While not 

conclusive, these data indicate that ATII exacerbates LV inflammation, which may be 

reduced following endothelial Nox4 overexpression. However, it is important to note 

that increased inflammation is likely be more apparent at an earlier timepoint, so 

assessment within the first month of diabetes, together with analysis of infiltrating 

cells, may be required to support a more definitive conclusion.   
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Figure 4-52: LV endothelial cell gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT 

and EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 

and 12 weeks of age over the course of five days to induce experimental diabetes. 

After two months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 

mg/kg/day to exacerbate the diabetic phenotype. After a further month, mice were 

sacrificed, and RNA was isolated from the left ventricle for quantification of mRNA 

expression of (A) eNOS, (B) CD31, (C) ET1, (D) vWF and (E) CAD5 using qRT-PCR. 

Mean ± SEM; n=4 per group; * p<0.05, *** p<0.001 compared to relevant VC control; 

## p<0.01 compared to relevant WT control; Kruskal-Wallis with Dunn’s post-hoc 

testing.  
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Figure 4-53: LV angiogenesis gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT 

and EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 

and 12 weeks of age over the course of five days to induce experimental diabetes. 

After two months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 

mg/kg/day to exacerbate the diabetic phenotype. After a further month, mice were 

sacrificed, and RNA was isolated from the left ventricle for quantification of mRNA 

expression of (A) NOTCH, (B) DLL, (C) Jag, (D) angiopoietin, (E) VEGF and (F) 

VEGFR using qRT-PCR. Mean ± SEM; n=4 per group; * p<0.05, **/## p<0.01, ***/### 

p<0.001 compared to relevant VC/WT control; Kruskal-Wallis with Dunn’s post-hoc 

testing. 

  



Chapter 4 

~ 4-193 ~ 
 

 

Figure 4-54: LV inflammatory gene expression in EC-Nox4WT and EC-Nox4Tg 

mice after three months of STZ-induced diabetes with ATII infusion.   EC-Nox4WT 

and EC-Nox4Tg mice were injected with either citrate buffer (VC) or STZ between 8 

and 12 weeks of age over the course of five days to induce experimental diabetes.  

After two months, osmotic mini pumps were inserted to infuse ATII at a rate of 1.1 

mg/kg/day to exacerbate the phenotype. After a further month, mice were sacrificed, 

and RNA was isolated from the left ventricle for quantification of mRNA expression of 

(A) IL1β, (B) IL6, (C) ICAM1 and (D) VCAM1 using qRT-PCR. Mean ± SEM; n=4 per 

group; */# p<0.05, ***/### p<0.001 compared to relevant VC/WT control; Kruskal-

Wallis with Dunn’s post-hoc testing. 
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4.4 Discussion 

In this chapter, we investigated the effects of endothelial Nox4 on development and 

progression of diabetic cardiac remodelling; to the best of our knowledge, this is the 

first study to do this. In contrast to previous studies performed in non-diabetic mice, 

endothelial Nox4 overexpression appeared to exacerbate diabetes-induced cardiac 

dysfunction, which was associated with increased fibrosis and hypertrophy. While 

myocardial Nox4 mRNA but not protein expression was increased in EC-Nox4Tg mice, 

total ROS was reduced in diabetic EC-Nox4Tg mice after six months of STZ-induced 

diabetes, with no change in O2
- levels. Moreover, antioxidant gene expression was 

increased in EC-Nox4Tg mice. Whilst vascular remodelling was not different between 

groups, EC-Nox4Tg mice seemed to show increased expression of key endothelial, 

angiogenesis and inflammation-related genes, which may be reflective of a 

compensatory response. However, additional hypertensive stress induced by ATII 

infusion in STZ-induced diabetic mice exacerbated the apparently negative cardiac 

effects of endothelial Nox4 overexpression in diabetes, whereby EC-Nox4Tg mice 

exhibited worsened diastolic and systolic function, increased fibrosis, hypertrophy and 

inflammation, and reduced antioxidant and angiogenesis gene expression. A 

summary of cardiac structure and function in diabetic endothelial-specific Nox4-

overexpressing mice is compared in Table 6-1 on 6-305. Taken together, these results 

suggest that endothelial-specific Nox4 exacerbates adverse cardiac remodelling and 

dysfunction in experimental diabetes so could represent a potential therapeutic target.  

4.4.1 Comparison of results to literature 

4.4.1.1 Characterisation of EC-Nox4WT and EC-Nox4Tg mice.  

Hyperglycaemia was confirmed in diabetic mice at both three and six months, and 

also by assessment of HbA1c levels at six months. Importantly, endothelial-specific 

Nox4 overexpression did not appear to have any major effects on glycaemia, aside 

from slightly lower blood glucose levels after three months of experimental diabetes. 

Since STZ-induced diabetes is associated with weight loss, mice were weighed 

weekly and monitored daily to ensure that diabetic mice maintained sufficient weight 

and good health. While diabetic mice did not gain weight after STZ-induced diabetes, 

vehicle control mice gained a significant amount of weight after six months. This is 

consistent with previous studies indicating that STZ-induced diabetes prevents weight 

gain in mice, whilst also confirming that Nox4 does not affect body weight in diabetes 

However, endothelial-specific Nox4 overexpression did influence cardiac mass: after 
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three months, the whole heart and LV of both control and diabetic EC-Nox4Tg weighed 

significantly more than their wildtype counterparts once normalised to tibial length, 

while the normalised whole heart and LV weight of diabetic EC-Nox4Tg mice was 

significantly decreased after six months of versus non-diabetic controls. Importantly, 

BP was also assessed in diabetic ATII-infused mice, and while there was a similar 

increase in both systolic and diastolic BP after four weeks of ATII infusion, recorded 

values were similar in EC-Nox4WT and EC-Nox4Tg mice. Previous studies performed 

during initial characterisation of EC-Nox4Tg mice reported significantly reduced BP at 

baseline (Ray et al., 2011), which is not evident in global Nox4 knockout mice (Takac 

et al., 2012). Whilst our results failed to detect significantly reduced blood pressure in 

EC-Nox4Tg mice at both baseline and after ATII infusion, as previously reported by 

Ray et al., it should be noted that we did not perform telemetry analysis of BP and 

mice in our study were also subjected to parallel STZ-induced diabetes, which may 

explain the disparity. In this regard, future studies would aim to increase the number 

of mice used in these experiments to increase statistical power, whilst performing 

more comprehensive haemodynamic phenotyping. 

4.4.1.2 Endothelial-specific Nox4 overexpression reduced diastolic function in 

healthy and diabetic mice, with systolic dysfunction developing in 

diabetic EC-Nox4Tg mice following ATII infusion.  

Echocardiographic assessment of cardiac structure and function indicated that STZ-

induced diabetes resulted in impaired diastolic function in EC-Nox4WT mice, as 

induced by reduced E/A ratio, after six months. Moreover, EC-Nox4Tg mice appeared 

to show mild diastolic dysfunction at six months independently of diabetes, although 

both diastolic and systolic function were significantly altered in diabetic mice following 

ATII infusion. Taken together, these data suggest that endothelial-specific Nox4 

overexpression promotes impaired cardiac function in diabetes. Interestingly, 

previous studies have reported contrasting results in response to different cardiac 

stresses. Zhang et al. demonstrated that global, cardiomyocyte- and endothelial-

specific Nox4-/- mice all exhibited exaggerated cardiac dysfunction and adverse 

remodelling in response to PO, while cardiomyocyte-specific Nox4 overexpression 

was protective in this setting (Zhang et al., 2010, Zhang et al., 2018). Similarly, 

upregulation of cardiomyocyte-specific Nox4 expression in response to exercise has 

been associated with improved cardiac function (Hancock et al., 2018, Nabeebaccus 

et al., 2017, Morawietz, 2019, Smyrnias et al., 2015), although other studies have 

reported that upregulation of Nox4 in response to cardiac stresses, such as 

hypertrophy (induced by ATII infusion or PO) and aging, are associated with reduced 
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LV function (Ago et al., 2010b, Ago et al., 2010a, Kuroda et al., 2010, Matsushima et 

al., 2013b). With direct relevance to the studies described in this chapter, Nox4 has 

been associated with endothelial dysfunction in response to hyperglycaemia (Block 

et al., 2009, Maalouf et al., 2012), which is consistent with our findings and is likely to 

partly explain reduced cardiac function observed in diabetic EC-Nox4Tg mice. Taken 

together, it is clear that the role of Nox4 in cardiac remodelling differs in a cell- and 

stimulus-dependent manner, and that further work is required to elucidate how 

endothelial Nox4 influences cardiac structure and function in both health and disease.  

4.4.1.3 Cardiac fibrosis and hypertrophy were exacerbated in EC-Nox4Tg 

diabetic mice relative to wildtype controls  

Increased cardiac fibrosis was associated with reduced diastolic function in both 

control EC-Nox4Tg and diabetic EC-Nox4WT mice compared to non-diabetic EC-

Nox4WT mice, whilst cardiac fibrosis was exacerbated to a greater extent in diabetic 

ATII-infused EC-Nox4Tg mice relative to wildtype controls. Many studies have 

established the key role of fibrosis in the diabetic heart, and increased connective 

tissue deposition has been specifically identified in the rodent myocardium following 

STZ-induced diabetes (Bugger and Abel, 2014, Bugger and Abel, 2009). Indeed, 

increased profibrotic mRNA expression in STZ-induced diabetes, linked with 

increased interstitial cardiac fibrosis, was attenuated following treatment with the 

Nox4 inhibitor, GKT137831 (Maalouf et al., 2012, Zhao et al., 2015). Interestingly, 

endothelial-specific Nox4 overexpression has been previously associated with 

cardiac fibrosis, in part by promoting EndMT and also by increasing MMP2 activation 

and collagen deposition (Zeisberg et al., 2007, Cucoranu et al., 2005, Burgoyne et al., 

2012, Cai, 2005). Moreover, Nox4 is extensively linked with fibrosis in many disease 

settings, including diabetes, in the heart, kidney and liver (Barnes and Gorin, 2011, 

Etoh et al., 2003, Gorin et al., 2015, Gray et al., 2017, Hecker et al., 2014, Sato et al., 

2016, Zhao et al., 2015), which is consistent with our data indicating a key role for 

endothelial Nox4 in promoting fibrosis and diastolic dysfunction in the diabetic heart.  

While morphometric cardiac hypertrophy was not different between EC-Nox4WT and 

EC-Nox4Tg mice following injection with VC or STZ, this was exacerbated by parallel 

infusion with ATII in EC-Nox4Tg versus EC-Nox4WT mice. Again, results from previous 

studies investigating the cardiac influence of Nox4 in response to different stimuli have 

generated variable data. For example, Prof. Ajay Shah’s group at King’s College 

London has reported that global-, cardiomyocyte- and endothelial-specific Nox4-/- 

mice all exhibit exaggerated cardiac hypertrophy in response to PO (Zhang et al., 
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2010, Zhang et al., 2018). However, other groups have suggested that Nox4 is a key 

driver of cardiomyocyte hypertrophy in response to pathological stimuli such as PO 

and aging, whilst cardiomyocyte-specific Nox4-/- mice exhibit reduced cardiomyocyte 

hypertrophy in response to PO (Matsushima et al., 2013b, Ago et al., 2010b, Ago et 

al., 2010a, Kuroda et al., 2010). Stevenson et al. also demonstrated that Nox4-/- mice 

exhibited reduced cardiomyocyte hypertrophy in response to coronary artery ligation, 

which was associated with smaller infarction size (Stevenson et al., 2019). Moreover, 

attenuation of cardiomyocyte hypertrophy has been demonstrated following treatment 

with the Nox4 inhibitor GKT137831 (Zhao et al., 2015). Taken together, it is clear that 

the precise role of Nox4 in cardiomyocyte hypertrophy is complex and that further 

work is required to elucidate its specific role in the diabetic and non-diabetic heart.  

4.4.1.4 LV Nox4 mRNA but not protein expression was increased with 

endothelial-specific Nox4 overexpression in STZ-induced diabetes 

LV Nox4 mRNA but not protein expression was increased in control and diabetic EC-

Nox4Tg versus EC-Nox4WT mice after both three and six months and was markedly 

elevated in response to ATII together with Nox2 mRNA. It has previously been 

established that Nox4 mRNA and protein expression may not directly correlate 

(Peshavariya et al., 2009). Unfortunately, we were unable to optimise CD31/Nox4 co-

immunostaining, although previous characterisation of EC-Nox4Tg mice confirmed 

endothelial-specific Nox4 overexpression at both mRNA and protein level in isolated 

CMECs and aorta (Ray et al., 2011). Increased cardiomyocyte specific Nox4 

overexpression is associated with beneficial physiological adaptation to exercise and 

is protective against PO-induced remodelling (Zhang et al., 2010, Zhang et al., 2013a, 

Zhang et al., 2018, Smyrnias et al., 2015, Hancock et al., 2018), whilst endothelial-

specific Nox4 overexpression is linked with ameliorated vascular dysfunction in 

response to ATII (Ray et al., 2011). However, LV Nox4 expression may be 

upregulated in response to pathological stimuli such as PO, ischaemia, hypertrophy, 

hypoxia, hypertension, atherosclerosis, HF and diabetes (Roe et al., 2011, Konior et 

al., 2014, Zhang et al., 2010, Maalouf et al., 2012, Chen et al., 2012, Varga et al., 

2017, Maack et al., 2003, Li et al., 2010, Morawietz, 2019). Of direct relevance to the 

studies described in this chapter, hyperglycaemia is reported to increase Nox4 

expression and ROS production in cultured mouse ECs (Konior et al., 2014), and 

NOX4 is upregulated in arteries and veins from diabetic patients in parallel with 

increased O2
-production and endothelial dysfunction (Guzik et al., 2004). As such, it 

is clearly important to further investigate Nox isoform expression in both specific 
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cardiac cells, including endothelium, and the left ventricle in experimental diabetes in 

order to fully understand the role of Nox4 in this setting.   

4.4.1.5 Cardiac ROS production was reduced in diabetic EC-Nox4Tg mice after 

six months with no change in O2
- production.  

While there was no difference in LV ROS or O2
- generation between experimental 

groups after three months of STZ-induced diabetes, total ROS levels were decreased 

in diabetic EC-Nox4Tg mice at six months, with no change in O2
-. This is surprising 

given the observed increase in myocardial Nox4 expression and alteration of ROS 

other than O2
-, such as H2O2, may be responsible for changes in total ROS in the left 

ventricle of diabetic EC-Nox4Tg mice. Notably, previous studies have reported 

increased levels of O2
- and total ROS in the left ventricle of STZ-induced diabetic 

rodents, much of which is derived from Nox4 (Bugger and Abel, 2009, Maalouf et al., 

2012). Moreover, O2
- is upregulated two-fold in the myocardium of patients with HF 

(Sam et al., 2005). Indeed, Nox4 has been specifically implicated as a major source 

of pathological O2
- in cardiomyocytes in response to hypertrophy, PO, aging, 

hypertension and HF (Ago et al., 2010a, Borchi et al., 2010, Kuroda et al., 2010, Ago 

et al., 2010b, Paravicini et al., 2004), whilst NADPH oxidase-derived O2
- is elevated 

in arteries from diabetic patients with CAD (Guzik et al., 2006) and oxidative stress is 

associated with fibrosis in the diabetic heart (Cucoranu et al., 2005, Di Marco et al., 

2016b, Hecker et al., 2014, Zheng et al., 2015). It is important to note that whilst 

myocardial Nox2 and Nox4 mRNA expression were markedly increased in diabetic 

EC-Nox4Tg mice receiving additional ATII, we did not assess ROS generation, and it 

will be important to do this in order to fully understand Nox signalling in this setting. In 

this regard, elucidation of specific ROS produced in the diabetic heart and in the 

endothelium, itself will be critical in determining precisely how Nox4-derived ROS 

contribute to cardiac fibrosis and adverse remodelling.  

While there was no difference in LV antioxidant gene expression after three months 

of STZ-induced diabetes, myocardial mRNA expression of several key antioxidant 

enzymes was upregulated in diabetic EC-Nox4Tg mice after six months, which was 

suppressed by ATII infusion. As discussed above, we did not assess ROS levels or 

NADPH oxidase/antioxidant activity in our ATII-treated diabetic mice, which will be 

important to do in order to explaining the more progressive dysfunction seen in EC-

Nox4Tg mice. Indeed, many previous studies have reported differential regulation of 

antioxidant expression and ROS generation in association with cardiac dysfunction. 

For example, Sam et al. demonstrated that gene expression of catalase and SOD2 
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were upregulated two-fold in the failing myocardium together with increased SOD2 

activity (Sam et al., 2005). In contrast, Borchi et al. found that although catalase and 

GPx protein expression were unchanged in failing myocardium, their activity was 

increased (Borchi et al., 2010). As such, more detailed assessment of antioxidant 

activity and ROS generation will be crucial in identifying the specific role of endothelial 

Nox4 signalling in the diabetic heart.   

4.4.1.6 Cardiac vascular remodelling was not altered after three or six months 

of STZ diabetes, but may be suppressed by ATII infusion in diabetic 

EC-Nox4Tg mice  

There was no difference in histological CD31 staining in the left ventricle of 

experimental mice after three and six months of STZ-induced diabetes, implying that 

vascular density was unaltered. Although complementary expression analysis of 

endothelial and angiogenesis genes was inconclusive, it appears that endothelial 

signalling may be suppressed in diabetic versus non-diabetic EC-Nox4Tg mice at six 

months, whilst expression of several key endothelial genes was dysregulated with 

ATII infusion in diabetic EC-Nox4Tg versus EC-Nox4WT mice, suggesting that impaired 

vascular remodelling may underlie worsened function. This may be unexpected as 

endothelial-specific Nox4 overexpression has been previously associated with eNOS-

dependent promotion of endothelial proliferation, tube formation and angiogenesis in 

response to hypoxia both in vivo and in vitro (Craige et al., 2011), whilst both global- 

and endothelial-specific Nox4 knockout reduced VEGF protein levels and impaired 

angiogenic function (Zhang et al., 2018, Brandes and Schroder, 2008). Our 

apparently conflicting finding that endothelial Nox4 overexpression may be linked with 

cardiac dysfunction in diabetes could be explained by reports that increased 

myocardial fibrosis, which is particularly evident in diabetes, is associated with 

decreased endothelial proliferation and microvascularisation, leading to disruption of 

normal myocardial structure (Zeisberg et al., 2007, Fang et al., 2004). Although we 

did not assess endothelial and vascular function, previous studies have demonstrated 

that increased Nox4 expression is associated with endothelial and vascular 

dysfunction, oxidative stress and inflammation in human HF (Dworakowski et al., 

2008b, Craige et al., 2011), whilst EC-Nox4Tg mice exhibit significantly greater 

acetylcholine- or histamine-induced vasodilation compared with EC-Nox4WT mice 

after ATII infusion (Ray et al., 2011). It would therefore be important to assess both 

endothelial and vascular function in the heart of EC-Nox4WT and EC-Nox4Tg mice 

together with detailed analysis of microvascular remodelling to gain a more complete 

understanding of endothelial NADPH oxidase signalling in the diabetic heart.  
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4.4.1.7 Cardiac inflammation may be exacerbated following endothelial Nox4 

overexpression in STZ-induced diabetes  

Cardiac inflammation, as assessed by qRT-PCR, was broadly increased in diabetic 

EC-Nox4Tg mice after both three and six months but appeared to be suppressed by 

ATII infusion compared with diabetic EC-Nox4WT mice. While this represented a 

relatively crude analysis of inflammatory signalling, these initial data suggest that 

endothelial-specific Nox4 mediated promotion of diabetes-induced cardiac 

remodelling and dysfunction may involve alteration of inflammation. Indeed, previous 

in vitro studies have demonstrated that Nox4 activation by cytokines such as TNFα is 

associated with NFκB activation, inflammatory gene expression and increased 

leukocyte adhesion and transmigration (Hartge et al., 2007, Konior et al., 2014, Zhang 

et al., 2013a, Streeter et al., 2013). Similarly, cardiomyocyte-specific Nox4 

overexpression is linked with increased secretion of the key inflammatory molecule, 

soluble epoxide hydrolase (sEH), whilst Nox4 inhibition attenuated cytokine release 

(Stevenson et al., 2019). Moreover, Nox4 knockdown in cardiomyocytes attenuates 

TNFα-induced ROS production and expression of inflammatory markers (Moe et al., 

2011), although studies in HAoECs have reported that NOX4 overexpression is 

associated with increased H2O2 production and reduction expression of inflammatory 

and profibrotic markers (Gray et al., 2016). Similarly, in vivo studies have also 

demonstrated variable results. Some studies demonstrated that global Nox4-/- mice 

exhibit an increase in inflammatory markers, such as IL-1β, IL-6, TNFα and TGFβ1, 

alongside increased endothelial leukocyte adhesion to the endothelium, associated 

with worsened development of atherosclerotic lesions in ApoE-/- mice (Miller, 2017, 

Schröder et al., 2010, Gray et al., 2016). However, other studies have demonstrated 

that Nox4 is anti-inflammatory; for example, Stevenson et al. reported that there was 

a 50% reduction in circulating sEH and infiltrating macrophages in Nox4-/- mice after 

coronary artery ligation (Stevenson et al., 2019). In contrast, increased endothelial 

Nox4 expression was associated with increased inflammation and endothelial 

dysfunction in human HF (Dworakowski et al., 2008b). Assessment of cardiac 

inflammation at an earlier timepoint in our study, including specific analysis of tissue 

infiltration, would be useful in defining precisely how endothelial Nox4 influences 

inflammation in the diabetic heart.  

4.4.2 Limitations of the current study 

There were several limitations of this study that could be addressed with further work. 

Firstly, more detailed analysis of O2
- generation and total ROS in the left ventricle by 
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DHE and DCF, respectively, in the presence of specific inhibitors, would be beneficial 

in defining the species and source of ROS primarily involved. As discussed in the 

previous chapter, assessment of ROS and NADPH oxidase activity could also be 

achieved by flow cytometry, lucigenin-enhanced chemiluminescence or high-

performance liquid chromatography to improve the accuracy of our results (Sirker et 

al., 2016, Sag et al., 2017). Moreover, there was insufficient time to assess ROS 

production in diabetic ATII-infused mice. In fact, with more time, the n numbers of 

diabetic ATII-infused mice would have been increased to increase statistical power. 

Secondly, assessment of vascular fibrosis and ROS production would have been 

useful in identifying more specific changes in vascular structure and endothelium-

dependent vasoactivity, respectively. Unfortunately, assessment of ex vivo vascular 

function was not performed due to difficulties in isolating microvascular vessels from 

the myocardium, although, isometric tension recordings in aortic rings could have 

been performed along with pressure myography of mesenteric arterioles, as surrogate 

measures of microvascular function, notwithstanding established differences between 

vascular beds (Sag et al., 2017). Finally, as previously highlighted, isolation of 

coronary microvascular ECs from our experimental animals would have allowed 

assessment of cell-specific NADPH oxidase expression and activity and consequent 

effects on in vitro endothelial function. These experiments comprise future work which 

will be conducted in order to elucidate of the precise role of endothelial-specific Nox4 

in regulating cardiac remodelling in diabetes. Moreover, repeating similar experiments 

in diabetic EC-Nox4-/- mice in order to confirm the role of endothelial Nox4 in the 

development and progression of diabetic cardiac remodelling.  

4.4.3 Conclusions 

Taken together, the data presented in this chapter indicate that endothelial-specific 

Nox4 overexpression in experimental diabetes drives associated cardiac fibrosis and 

diastolic dysfunction. Specifically, endothelial-specific Nox4 overexpression in 

diabetes appears to promote development and progression of cardiac hypertrophy, 

fibrosis, and systolic/diastolic dysfunction, together with dysregulation of ROS and 

inflammatory signalling, which is exacerbated by ATII-induced hypertension. 

However, further research is required to establish the precise role of endothelial Nox4 

in this setting, with extension to T2D. It will also be important to assess the role of 

other ROS-producing enzymes, particularly in the endothelium, and their relationship 

with Nox4. Nonetheless, it is clear that endothelial Nox4 contributes to adverse 

cardiac remodelling and dysfunction in experimental diabetes. 
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5 IN VITRO EXAMINATION OF THE EFFECT OF 

ENDOTHELIAL-SPECIFIC NOX4 ON ROS 

PRODUCTION, INFLAMMATION AND FIBROSIS 

5.1 Introduction 

5.1.1 Microvascular dysfunction drives cardiac remodelling in diabetes 

Diabetes is a key driver of cardiac dysfunction, with cardiovascular complications 

accounting for up to 80% of morbidity and mortality statistics (World Health 

Organisation, 2018). In fact, the term “diabetic cardiomyopathy” has been coined to 

describe the distinct cardiac remodelling and dysfunction seen in the hearts of diabetic 

patients (Seferović and Paulus, 2015).  Microvascular dysfunction is an independent 

driver of multi-organ dysfunction in diabetes and is associated with the progression of 

cardiac remodelling and dysfunction (Wilson et al., 2017). In fact, microvascular 

complications have been shown to develop prior to macrovascular complications such 

as CAD (Camici and Crea, 2007, Camici et al., 2015). Endothelial dysfunction is 

responsible for the impaired vasorelaxation, vasoconstriction, thrombosis and 

inflammation that drives microvascular dysfunction, and is thus positively correlated 

with the development of many cardiovascular complications (Camici et al., 2015, 

Wilson et al., 2017, Kibel et al., 2017, Pearson, 2000). Understanding the precise role 

of endothelial dysfunction in HF is therefore of interest towards development of new 

and specific treatments for diabetic cardiac remodelling.  

5.1.2 Hyperglycaemia is a key driver of oxidative stress and endothelial 

dysfunction  

Hyperglycaemia induces endothelial dysfunction in diabetes through the central 

mechanism of oxidative stress, whereby an increase in ROS overwhelms cellular 

antioxidant defences (Tsutsui et al., 2011). While cardiomyocytes are able to alter 

their glucose uptake through the insulin-dependent glucose transporter, GLUT4, ECs 

are primarily damaged by hyperglycaemia further to continuous uptake of glucose 

through the insulin-independent glucose transporter GLUT1 (Kibel et al., 2017), and 

in part due to increased mitochondrial release of O2
- (Kibel et al., 2017, Brownlee, 

2005). However, it should be noted that ECs possess relatively few mitochondria 

which are thought to be more involved in cytosolic Ca2+ signalling and modifying 

production of ROS from other sources (Wilson et al., 2018). Indeed, once 
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mitochondria are working at maximum capacity, as may occur in diabetes, glucose 

metabolites are diverted into other metabolic pathways, described in section 1.7.3.2, 

each of which contribute to ROS production via other enzymatic sources, as illustrated 

in Figure 5-1  (Brownlee, 2001, Brownlee, 2005). Identifying other sources of ROS 

production in ECs is therefore critical in assessing the role of hyperglycaemia on 

endothelial dysfunction.  

 

Figure 5-1: Enzymatic sources of ROS in endothelial cells in diabetes.     

Hyperglycaemia increases the production of ROS in endothelial cells via many 

enzymatic sources, including NADPH oxidases, mitochondria, xanthine oxidases and 

uncoupled eNOS. Additionally, hyperglycaemia decreases antioxidant regulation of 

ROS endothelial cells. The consequent oxidative stress is associated with endothelial 

dysfunction, dysregulation of the microvasculature and cardiac dysfunction. AGE, 

advanced glycation end products; AngII, angiotensin II; BH4, tetrahydrobiopterin; 

CAT, catalase; H2O2, hydrogen peroxide; NO, nitric oxide; O2
-, superoxide; OH-, 

hydroxyl radical; ONOO-, peroxynitrite; PKC, protein kinase C; PPARα, peroxisome 

proliferator-activated receptor; SOD, superoxide dismutase; UCP2/3, mitochondrial 

uncoupling protein 2/3. Taken from Wilson et al., 2017. 
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5.1.3 NADPH oxidases as a key source of ROS in ECs 

Previous sections have discussed the critical role of NADPH oxidases in ROS 

generation, considering their primary function is to produce ROS and their ability to 

induce ROS production from other enzymatic sources (Drummond et al., 2011). 

Endothelial NADPH oxidase expression and activity has been shown to increase in 

response to diabetes in vivo, whilst hyperglycaemia increases NADPH oxidase-

dependent ROS production in ECs in vitro (Konior et al., 2014). Both NOX2 and NOX4 

have been identified in ECs as major sources of ROS, particularly in response to 

hyperglycaemia (Streeter et al., 2013, Zhang and Shah, 2014). Moreover, many of 

the metabolic pathways described in section 1.7.3.2, such as PKC, NFκB, and AGE-

RAGE signalling, have been associated with increased NADPH oxidase expression 

and activity in ECs under hyperglycaemic conditions (Maejima et al., 2011, Streeter 

et al., 2013, Konior et al., 2014, Dworakowski et al., 2008a, Frey et al., 2002, Frey et 

al., 2006, Gao and Mann, 2009). Whilst data presented in Chapter 3 indicated that 

endothelial Nox2 does not appear to play a significant role in mediating progression 

of cardiac remodelling in a mouse model of experimental diabetes, Chapter 4 

highlighted a more prominent role for endothelial Nox4 overexpression in 

exacerbating adverse cardiac remodelling and dysfunction in this setting. We 

therefore hypothesised that Nox4 may be a key driver of endothelial dysfunction in 

diabetes, ultimately leading to microvascular dysfunction and diabetic cardiac 

remodelling.  

5.1.4 Aim of the chapter 

While the role of endothelial NOX4 is wide-ranging, exerting both positive and 

detrimental effects, its expression and activity is clearly upregulated in response to 

hyperglycaemia. Moreover, the previous in vivo chapters have indicated that 

endothelial Nox4 overexpression drives cardiac remodelling and dysfunction, which 

is exacerbated in diabetes, while endothelial Nox2 has minimal effects. The aim of 

this chapter was therefore to identify the precise role of endothelial NOX4 in vitro in 

terms of ROS regulation and to identify potential mechanisms by which endothelial 

NOX4 contributes to cardiac fibrosis in diabetes. 

  



Chapter 5 

~ 5-205 ~ 
 

5.2 Methods 

All chapter non-specific methods are described in Chapter 2. 

5.2.1 Culture of cell lines 

Human aortic ECs (HAoECs; Cat #304-05A, Sigma-Aldrich, Poole, UK) and mouse 

coronary microvascular ECs (CMECs; Cat #CLU510, Cedarlane, Gateshead, UK) 

were used to assess macrovascular and microvascular endothelial function, 

respectively. NIH 3T3 fibroblasts (Cat #CRL1658, ATCC, Virginia, USA) and 

ventricular human cardiac fibroblasts (VHCFs; Cat #12375, PromoCell, Heidelberg, 

Germany) were used to assess fibroblast function. Cells were passaged in T75 flasks 

and were split when they reached 70-80% confluency. Media was aspirated, and cells 

were washed with 5ml PBS (Cat #10010023, Thermo Fisher Scientific, 

Loughborough, UK) to remove excess media. PBS was removed, and cells were 

incubated in 2ml 0.05% trypsin (Cat #25300062, Thermo Fisher Scientific, 

Loughborough, UK) at 37°C for 2min. Once cells were detached, the trypsin was 

neutralised with 5ml media, and the entire 7ml was transferred to a 15ml tube from 

which, if required, 10μl was removed in order to count cells using a haemocytometer. 

The tube was then centrifuged at 1000rpm for 10min, and excess media was 

removed. The pellet was then resuspended in 5ml media and split into fresh flasks 

containing 10ml media. The media was changed the following day and every two days 

thereafter. 

5.2.1.1 Human aortic ECs (HAoECs) 

HAoECs were cultured in Endothelial Growth Medium-2 (EGM-2; Cat #CC-3162, 

Lonza, Slough, UK) supplemented with EGM-2 SingleQuots Supplements (10ml FBS, 

0.2ml hydrocortisone, 2ml hFGF-B [human Fibroblast Growth Factor-B], 0.5ml VEGF 

[Vascular Endothelial Growth Factor], 0.5ml R3-IGF-1 [recombinant-3 insulin-growth 

factor], 0.5ml ascorbic acid, 0.5ml hEGF [Epidermal Growth Factor], and 0.5ml 

Heparin; Cat #CC-4176, Lonza, Slough, UK) and were made up to 12% FBS (Cat 

#26-140-079, Sigma-Aldrich, Poole, UK). 0.5ml GA-1000 (Gentamycin) was also 

included in the SingleQuot Supplements but was excluded from the bottle of media to 

allow efficient uptake of the plasmids or siRNA without killing the cells during 

transfection. Cells were passaged in T75 flasks coated with 1.2% collagen (Cat 

#354236, Corning, CA, USA) dissolved in 0.12% acetic acid (Cat #10050000, Thermo 

Fisher Scientific, Loughborough, UK) and were used for experiments between 

passage 8 and 15. Cells were seeded into T25s (Cat #156367, Thermo Fisher 
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Scientific, Loughborough, UK) at a density of 1x105, onto collagen-coated 6 well 

plates (Cat #146675, Thermo Fisher Scientific, Loughborough, UK) at a density of 

5x104, and onto collagen-coated 12 well plates (Cat #150628, Thermo Fisher 

Scientific, Loughborough, UK) at a density of 1x104. 

5.2.1.2 Mouse coronary microvascular ECs (CMECs) 

CMECs were cultured in Dulbecco’s Modified Eagle Medium (DMEM, 1 g/l glucose, + 

pyruvate; Cat #31885023, Thermo Fisher Scientific, Loughborough, UK) 

supplemented with 1μM HEPES and 5% FBS. Antibiotics were not added to prevent 

complications during transfection. Cells were passaged in non-coated T75s and were 

used for experiments between passages 7 and 30. Cells were seeded into T25s at a 

density of 1x105, onto 6 well plates at a density of 5x104 and onto 12 well plates at a 

density of 1x104.  

5.2.1.3 3T3 fibroblasts 

3T3 fibroblasts were cultured in Roswell Park Memorial Institute-1640 medium (RPMI; 

Cat #11875093, Gibco, Thermo Fisher, Loughborough, UK) containing 1% 5,000 U/ml 

penicillin and 5,000μg/ml streptomycin (pen/strep; Cat #15070062, Thermo Fisher 

Scientific, Loughborough, UK) and 10% calf serum (CS; Cat #16170078, Thermo 

Fisher Scientific, Loughborough, UK). Cells were passaged in T75 flasks coated with 

0.04% gelatin (Cat #G13187, Thermo Fisher Scientific, Loughborough, UK) and were 

used for experiments between passage 8 and 100. Cells were plated into gelatin-

coated T25s at a density of 1x105, gelatin-coated 6 well plates at a density of 7x104 

and into gelatin-coated 12 well plates at a density of 2x104. 

5.2.1.4 Human cardiac fibroblasts (VHCFs) 

VHCFs were cultured in high glucose DMEM (4.5g/l glucose, + L-glutamine; Cat 

#11965092, Thermo Fisher Scientific, Loughborough, UK) containing 1% pen/strep 

and 10% FBS. Cells were passaged in uncoated T75s and were used for experiments 

between passage 12 and 30. Cells were seeded into T25s at a density of 1x105, onto 

6 well plates at a density of 7x104 and onto 12 well plates at a density of 1x104.  

5.2.2 Treatment of ECs 

5.2.2.1 Glucose treatment 

ECs were treated with glucose to investigate effects of hyperglycaemia in vitro. ECs 

were serum starved by treating cells with media lacking FBS supplements for 24h. 
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ECs were treated with normal glucose (NG, 5.5 mM) using supplemented medium 

(12% FBS-EGM2 for HAoECs, 5% FBS-DMEM for CMECs). Media was 

supplemented with either D-glucose (HG; Cat #G8270, Sigma-Aldrich, Poole, UK) or 

L-glucose (LG; Cat #A17496, Alfa Aesar, Heysham, UK) as an osmotic control, to a 

final concentration of 25mM.  

5.2.2.2 Alteration of NADPH oxidase-induced ROS production 

ROS inhibitors or stimulators were used to identify the contribution of NADPH 

oxidases to ROS production. ECs were treated with 1μM VAS2870 (Cat #SML0273, 

Sigma-Aldrich, Poole, UK) for 1 day at 37°C to inhibit NADPH oxidase activity, prior 

to processing ECs for gene expression or ROS production analysis. ECs were treated 

with 250nM phorbol myristate acetate (PMA; Cat # p8139, Sigma-Aldrich, Poole, UK) 

for 16h at 37°C to stimulate ROS production before processing for analysis of gene 

expression or ROS production.  

ROS scavengers were used to identify the specific type of ROS affecting EC 

processes. Cells were treated with 500U/ml polyethylene glycol-SOD (PEG-SOD; Cat 

#S9549, Sigma-Aldrich, Poole, UK) for 30min to scavenge O2
- or 100U/ml PEG-

catalase (PEG-CAT; Sigma-Aldrich, Poole, UK) for 30min at 37°C to scavenge H2O2 

before processing for gene expression or ROS production analysis.  

5.2.2.3 Harvesting of conditioned media 

In some experiments, media was collected from ECs and centrifuged for 10min at 4°C 

and 10,000rpm before filtering with a 0.22μm syringe filter (Cat #SLGP033NB, 

Millipore, Watford, UK). Media was stored at -80°C until required.  

5.2.3 Altered NADPH oxidase expression in ECs 

5.2.3.1 Overexpression of NOX4 in ECs 

5.2.3.1.1 Plasmid preparation 

5.2.3.1.1.1  Plasmid design 

NOX4 was overexpressed in HAoECs and CMECs by electroporation with either 1μg 

pcDNA4/TO/NOX4-myc-His expression plasmid (illustrated in Figure 5-2, referred 

from here on as empty vector or EV) or pcDNA4/TO/NOX4-myc-His expression 

plasmid containing a full-length myc-tagged copy of NOX4. Both plasmids were 

obtained from the laboratory of Prof. Henning Morawietz (Goettsch et al., 2009). 
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Electroporation of EV and NOX4-overexpressing plasmids is described in more detail 

in section 5.2.3.1.2. 

 

Figure 5-2: Plasmid pcDNA4 used for NOX4 overexpression.    The human gene 

for NOX4 was inserted into the vector pcDNA4, which was then used for 

electroporation transfection to overexpress NOX4 in ECs. Image taken from 

http://www.huayueyang.com.cn/product/277313899, last accessed 22/11/2019.  

5.2.3.1.1.2  Bacterial transformation of plasmids 

JM109 competent cells (Cat #L1001, Promega, Wisconsin, US) were stored at -80°C 

and were allowed to thaw on ice for 30min. Agar plates made with LB agar (Cat 

#22700-025, Thermo Fisher, Loughborough, UK) containing 100 μg/ml ampicillin (Cat 

#11593027, Thermo Fisher, Loughborough, UK) were allowed to warm to room 

temperature and then to 37°C. 1-5μl DNA was mixed with 20-50μl competent cells in 

a falcon tube and mixed by gently flicking a few times, before incubating on ice for 

30min. The transformation tubes were heat shocked in a 42°C water bath for 45sec 

before putting tubes back on ice for 2min. Between 250 and 1000μl LB broth (Cat 

#L3522; Merck, New Jersey, US) without antibiotics were added to the bacteria in a 

37°C shaking incubator for 45min to allow the bacteria to develop time to produce the 

required antibiotic resistance properties. The transformation media was plated onto 

one of the previously warmed plates containing 100μg/ml ampicillin, which was then 

incubated overnight at 37°C. The next day, single colonies were selected and used 

http://www.huayueyang.com.cn/product/277313899
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to inoculate 1-5ml liquid LB broth containing the appropriate antibiotic. The samples 

were incubated for 8h at 37°C while shaking at 250rpm. Competent cells were 

harvested by centrifugation at 5,000g for 10min. The pellet was stored at -20°C before 

processing further.  

5.2.3.1.1.3  Maxiprep of plasmid 

The plasmid was prepared using the GeneJET MaxiPrep kit (Cat #K0491, Thermo 

Fisher, Loughborough, UK). All solutions, unless otherwise stated, were from the kit. 

The plasmid was initially purified using low speed centrifugation. The pellet of cells 

was resuspended in 6ml Resuspension Solution and was vortexed to resuspend cells. 

The cells were lysed by adding 6ml Lysis Solution and inverting the tube 5 times or 

until the solution became viscous and slightly clear. The solution was incubated at 

room temperature for 3min before adding 6ml Neutralisation Solution and inverting 

the tube 5-8 times. 0.8ml Endotoxin Binding Reagent was added to the solution before 

mixing immediately by inverting 5-8 times and incubating for 5min at room 

temperature. 6ml of 96% ethanol (Cat #10041814, Thermo Fisher, Loughborough, 

UK) was added before inverting the solution 5-6 times and centrifuging for 40min at 

4,000-5,000g to pellet cell debris and chromosomal DNA. The supernatant was 

transferred to a column before centrifuging for 3min at 2,000g in a swinging bucket 

rotor. Once the supernatant was entirely flushed through the column, 8ml Wash 

Solution I containing isopropanol (Cat #10284250, Thermo Fisher, Loughborough, 

UK) was added to the column, before centrifuging for 2min at 3,000g in a swinging 

rotor bucket and discarding the flow-through. The same step was repeated for 8ml 

Wash Solution II containing ethanol (Cat #51976, Sigma-Aldrich, Poole, UK), and 

centrifuging for 2min at 3,000g, and for 8ml Wash Solution III, which was centrifuged 

for 5min at 3,000g. The column was finally transferred to a fresh 50ml collection tube 

and 1ml Elution Buffer was added to the column membrane. The column was 

incubated for 2min at room temperature before centrifuging for 5min at 3,000g to elute 

the plasmid DNA. Uptake of NOX4 into the plasmid was confirmed before storing the 

purified plasmid at -20°C ready for use. 

5.2.3.1.2 Electroporation of ECs 

Either the EV or NOX4 plasmid was transfected into HAoECs between passages 8 

and 12 using nucleofection via electroporation using the Nucleofector kit (Cat #VVCA-

1002, Lonza, Slough, UK). Cells were maintained in antibiotic-free media throughout 

their culturing process in order to avoid issues with transfection. 5x105-7x105 cells 

were resuspended in 82μl Nucleofector Solution and 18μl Supplementary Solution. 
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1μg of the EV or OE plasmid were added to the suspension and cells were 

electroporated using the M003 program on the NucleofectorTM 2b Device (Cat #AAB-

10001, Lonza, Slough, UK). Cells were seeded directly into T25 well plates or at 

5.4x104 into 6 well plates and media was changed after 48h to allow sufficient time 

for the plasmid to be taken up.  

5.2.3.2 NADPH oxidase knockdown in ECs 

5.2.3.2.1 Production of siRNA 

Knockdown of targeted genes was performed by transfection of NOX4-targeting 

siRNA into ECs. Non-targeting or scrambled siRNA (Cat #D-001810-01, Dharmacon, 

Colorado, USA), NOX2 siRNA (Cat #L-011021-00, Dharmacon, Colorado, USA) and 

NOX4 siRNA (Cat #L-010194-00, Dharmacon, Colorado, USA) were briefly 

centrifuged before resuspension in RNase-free 1x siRNA buffer (Cat #B-002000-UB-

100, Dharmacon, Colorado, USA) to a final concentration of 20μM. Solutions were 

mixed for 30min at room temperature before centrifuging samples and confirming their 

concentration using UV spectrophotometry.  

5.2.3.2.2 Transfection of siRNA into ECs 

Knockdown of NOX4 in ECs was performed using targeting siRNA, with non-targeting 

or scrambled (SCR) siRNA used as a control. For every 1x105 cells, 10μl siRNA was 

diluted in 90μl sterile H2O and 100μl reduced-serum Opti-MEM (Cat #31986062, 

Thermo Fisher, Loughborough, UK). 2.5μl Dharmafect 1 Transfection Reagent (Cat 

#T-2001-01, Dharmacon, Colorado, US) was diluted in 197.5μl Opti-MEM and 

incubated at room temperature for 5min. The Dharmafect solution was mixed with the 

siRNA solution, which was then incubated at room temperature for 20min. The entire 

solution was used to resuspend 1x105 cells which were transferred to a T25 flask 

containing 3ml pre-warmed complete medium.  

5.2.3.3 Flexstation 

Ca2+ mobilisation in ECs was assessed using the Flexstation 3, illustrated in Figure 

5-3, using the FuraQBT kit (Cat #MLDVR8197, VWR, Pennsylvania, US). Cells were 

seeded onto collagen-coated 96-well black microplates with clear bottoms (Cat 

#CLS3603, Sigma-Aldrich, Poole, UK) at a density of 5x104 cells/well. On the day of 

the experiment, the following drugs were made up at three times their desired end 

concentration in 20mM HBSS: 10μM ionomycin, 1μM bradykinin, 100μM ATP, 100μM 

acetylcholine and 100μM thrombin. Triple-concentrated agonists were pipetted into a 

V-bottomed source plate (Cat #M9686, Sigma-Aldrich, Poole, UK) at a volume of 
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100μl/well. Cells were maintained in 200μl of their normal growth medium during the 

experimental procedure. Once the source plate was set up, 150μl media was removed 

from each of the wells and cells were washed twice with 150μl 20mM HBSS, leaving 

the final media concentration at 1 in 16. 150μl HBSS was then removed from each 

well, leaving 50μl media and HBSS covering the cell monolayer. Fura2QBT working 

solution was made up fresh by mixing the Fura2QBT powder in 10ml DPBS for 2min, 

before adding 50μl to each of the wells so that the total volume was 100μl, and 

incubating cells at 37°C for 45min. During this time, the Flexstation system was set 

up and equilibrated to 37°C, and black P200 pipettes (Cat #AM12650, Sigma-Aldrich, 

Poole, UK) were loaded into the Flexstation plates according to the layout in Figure 

5-3, before equilibrating the temperature for 10-15min. The Fura2 flex protocol was 

set up so that 50μl agonist was added to each well to the final concentrations 

previously stated, at a speed of 50μl/sec, to begin after 30sec of baseline. Wells were 

measured at 10min/well at 3,7sec intervals. Excitation was assessed at 340nm and 

380nm to identify changes in bound (LM1) and unbound (LM2) Fura2, respectively 

and emission was detected at 510nm. The Fura2 ratio is therefore used as an 

assessment of Ca2+ mobilisation after various treatments.  

 

Figure 5-3: Flexstation machine for assessment of Ca2+ mobilisation from ECs.      

ECs were treated with various drugs in order to induce Ca2+ release. Cells were 

seeded into an assay plate and incubated with Fura2AM QBT to assess intracellular 

Ca2+ levels, and the plate was placed onto the lower insert. A source plate containing 

drug treatments was inserted into the middle drawer. Finally, a tip box was placed into 

the top drawer. The Flexstation machine was programmed so that drugs would be 

pipetted into the appropriate wells 30 seconds after starting the recording.  
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5.2.3.4 ROS staining 

5.2.3.4.1 Live cell imaging 

Dihydroethidium (DHE; Cat #D7008, Sigma-Aldrich, Poole, UK) was used to identify 

changes in O2
- levels under various conditions.  DHE is able to freely permeate cell 

membranes and fluoresces red upon reaction with O2
- (Owusu-Ansah et al., 2018). In 

some experiments, cells were pre-treated with 100U/ml PEG-SOD or 500U/ml PEG-

CAT for 30min at 37°C, with 10nM PMA for 18h or for VAS2870 for 2 days. Cells were 

washed three times in PBS before staining with 7.5μM DHE for 1h in the dark at room 

temperature. Cells were washed three times in PBS before being imaged immediately 

on a DMi8 inverted microscope at 20x magnification.  

2’,7’-dichlorofluorescein (DCF; Cat #D399, Thermo Fisher, Loughborough, UK) is also 

able to permeate cell membranes and becomes trapped intracellularly by 

deacetylation of intracellular esterases. H2DCF is oxidised by many ROS species, 

including NO, ONOO-, hydroperoxide and H2O2.  Cells were washed with PBS three 

times before being treated with 10μM DCF for 1h in the dark at room temperature. 

Cells were washed three times in PBS before being imaged immediately on a DMi8 

inverted microscope at 20x magnification.  

5.2.3.4.2 DCF assay, as assessed by microplate reader 

Total ROS production was assessed using a DCF assay kit according to the protocol 

described in the handbook (Cat #ab113851, Abcam, Cambridge, UK). In short, cells 

were seeded at a density of 1x103 into a 96-well black microplate with clear bottom 

(Cat #CLS3603, Sigma-Aldrich, Poole, UK). If necessary, cells were treated in 

duplicate with 100U/ml PEG-SOD or 500U/ml PEG-CAT for 30min prior to 

assessment. Cells were then washed three times with PBS before incubating for 

30min in the dark at room temperature, Cells were washed again for three times in 

PBS before analysing fluorescence using a microplate reader, exciting at 535nm and 

emitting at 587nm. 

5.2.3.4.3 H2O2 assay 

H2O2 production was assessed using a H2O2 assay kit according to the protocol 

described in the handbook (Cat #ab102500; Abcam, Cambridge, UK). Cells were 

seeded at a density of 1x103 into a 96-well black microplate with clear bottom (Cat 

#CLS3603, Sigma-Aldrich, Poole, UK). If necessary, cells were treated in duplicate 

with 100U/ml PEG-SOD, 500U/ml PEG-CAT or 1μM H2O2 for 30min at 37°C, 10nM 

PMA for 16h at 37°C or 1μM VAS2870 for two days at 37°C. Duplicate standards 
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were made up according to the dilutions demonstrated in Table 5-1. Cells were then 

washed with PBS before treating with 50μL of the reaction mix, comprised of 48μl 

assay buffer, 1μl OxiRed probe and 1μl HRP. In the presence of HRP, OxiRed 

fluoresces following reaction with H2O2. The plate was incubated in the dark at room 

temperature for 10min before assessing fluorescence on a microplate reader, exciting 

at 535nm and emitting at 587nm.  

Standard 

# 

Volume of 

standard (μl) 

Assay buffer 

(μl) 

Final volume in 

well (μl) 

End H2O2 in 

well 

1 0 150 50 0 nmol/well 

2 30 120 50 0.1 nmol/well 

3 60 90 50 0.2 nmol/well 

4 90 60 50 0.3 nmol/well 

5 120 30 50 0.4 nmol/well 

6 150 0 50 0.5 nmol/well 

Table 5-1: Dilution of standards for H2O2 assay.  

5.2.3.4.4 Flow cytometry 

5.2.3.4.4.1 Procedure 

Cells were washed with 5ml PBS before being detached with 2ml trypsin. Cells were 

counted using a haemocytometer to ensure that for each sample there was at least 

100,000 cells for both a stained and unstained sample. Cells were centrifuged at 400g 

for 8min before removing the supernatant and resuspending in 5ml FACS buffer (PBS 

containing 1% FBS) containing 5μM H2DCF-DA (Cat #C6827, Thermo Fisher, 

Loughborough, UK) in the stained samples. Cells were incubated for 30min at 37°C 

in the dark, before being centrifuged at 400g for 8min and washed in FACS buffer. 

Cells were resuspended in 1ml warm EGM-2 and were allowed to recover at 37°C for 

15min. Cells were finally centrifuged at 400g for 8min and were resuspended in 1ml 

FACS buffer, with 5μl 7-AAD in the stained samples. Samples were run through the 

NXT Attune Flow Cytometer Machine.  

5.2.3.4.4.2 Analysis 

Data obtained from the NXT Attune was analysed on the FlowJo software using a flow 

cytometry dongle, according to Figure 5-4. The population of cells were selected 

according to their size, as illustrated in the first panel of Figure 5-4, before removing 

any doublet cells. Median fluorescence intensity (MFI) normalised to the unstained 

sample was used to identify changes in ROS production.  
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Figure 5-4: Analysis of flow cytometry. The population of cells of interest was 

selected based on size. Any doublet cells were removed so that only single cells were 

left. 

5.2.3.5 Cytokine array 

A human cytokine array (Cat #ARY005B, R&D Systems, Minnesota, US) was 

performed on conditioned media from HAoECs according to the manufacturer’s 

instructions. In summary, four membranes were placed face up in a 4-well Multi-well 

dish and were blocked for 1h at room temperature in 2ml Array Buffer 4 on a rocking 

platform. Meanwhile, 1ml conditioned media from HAoECs was mixed with 0.5ml 

Array Buffer 4 and 15μl Human Cytokine Array Detection Antibody Cocktail before 

incubating at room temperature for 1h. Array Buffer 4 was removed from the 

membranes and the conditioned media was added to each of the membranes before 

incubating overnight on a rocking platform shaker at 4°C. The next day, each 

membrane was removed from the Multi-well dish and was washed in 20ml 1x Wash 

Buffer three times for 10min each at room temperature. Membranes were then 

returned to the Multi-Well dish and were incubated in 2ml Streptavidin-HRP diluted in 

Array Buffer 5 for 30min at room temperature on a rocking platform. Membranes were 

removed again from the Multi-Well dish and were washed in 20ml 1x Wash Buffer 

three times for 10min each. Finally, excess Wash Buffer was removed from the 

membranes and 1ml Chemi Reagent Mix was added to each of the membranes 

before imaging for 10min in an autoradiography film cassette, using multiple exposure 

times. The pixel density for each spot, corresponding to a cytokine, was determined 

using the HLImage++ software (Western Vision Software, UT, USA). Duplicate spots 

were averaged and each experimental group was normalised to their EV or glucose-

treated controls (CTR EV vs CTR OE, CTR EV vs HG EV, HG EV vs HG OE, CTR 

OE vs HG OE). Differences are presented in a heat map generated in Excel, with red, 

green and yellow being used to demonstrate an increase, decrease or relative 

similarity (<100 pixels) in cytokine levels, respectively.  
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5.2.4 Treatment of fibroblasts 

5.2.4.1 Glucose treatment +/- TGFβ 

Cells were plated into 6 well plates and, after 24h, were serum-starved for another 

24h in RPMI. Cells were treated with 10% CS-RPMI, containing 5.5mM D-glucose, or 

were treated with 10% CS-RPMI + 19.5mM D-glucose (25mM D-glucose in total). 

After 24h, 5 ng/μl TGFβ were added to the appropriate wells and were incubated for 

a final 24h. Cells were scraped for gene and protein analysis or were fixed and stored 

at 4°C ready to be used for immunocytochemistry. 

5.2.4.2 Conditioned media experiments  

3T3 fibroblasts or VHCFs were seeded into T25s at a seeding density of 1x105 and 

were allowed to attach for 24h. Cells were treated with conditioned media from 

HAoECs or CMECs for 24h, with or without 5ng/μl TGFβ, for 24h at 37°C. Cells were 

scraped for gene and protein analysis into either 350μl buffer RLT containing 35μl β-

mercaptoethanol or 150μl RIPA buffer, respectively. 

5.2.5 Immunocytochemistry 

Cells were washed three times in PBS and were fixed for 10min in 4% PFA, before 

being washed a further three times in PBS and stored at 4°C until further use. Cells 

were permeablised with 0.2% Triton-X-100 (Cat #X100, Sigma-Aldrich, Poole, UK) in 

PBS for 10min and were then blocked with PBS containing 0.1% Triton-X-100 and 

5% normal goat serum (NGS; Cat #S26-M, Sigma-Aldrich, Poole, UK) for 30min at 

room temperature. Cells were then incubated in the appropriate primary antibody, 

indicated in Table 5-2, diluted in 1% NGS containing 0.1% Triton overnight at 4°C. 

Cells were then washed three times in PBS containing 0.1% Triton-X-100 for 5min 

each, before being incubated with Alexa-Fluor-conjugated secondary antibody, 

indicated in Table 5-3, diluted 1:500 with 1% NGS in the dark for 1h. Cells were 

washed three times in PBS containing 0.1% Triton-X-100 for 5min each in the dark. 

To stain the nuclei, cells were incubated in 1μM (4’,6’-Diamidine-2’-phenylindole 

dihydrochloride (DAPI; Cat #10236276001, Sigma-Aldrich, Poole, UK) for 10min in 

the dark, before being washed twice with PBS and stored at 4°C in fresh PBS before 

use. Cells were allowed to warm before being imaged on a Leica DMi8 confocal at 

10x magnification. 
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5.2.5.1 Antibodies 

Antibodies used for immunocytochemistry are listed in Table 5-2. 

Antibody Dilution Source 

NOX4 rabbit 1:1000 Abcam (ab154244) 

CD31 rat 1:50 Novus Biologicals 

(NB100-1642) 

CD144 rabbit 1:200 Abcam (ab205336) 

eNOS mouse 1:100 Abcam (ab76198) 

vWF 1:200 Abcam (ab6994) 

Table 5-2: Primary antibodies for immunocytochemistry. 

Antibody Dilution Source 

Goat anti-rat Alexa Fluor 

568 

1:200 Abcam (ab175476) 

Goat anti-mouse Alexa 

Fluor 488 

1:200 Abcam (ab150113) 

Goat anti-rabbit Alexa 

Fluor 568 

1:200 Abcam (ab175695) 

Goat anti-mouse Alexa 

Fluor 568 

1:200 Abcam (ab175473) 

Table 5-3: Secondary antibodies for immunocytochemistry. 

5.2.6 Gene and protein expression analysis 

Tissue allocated for mRNA (n=8 per group) and protein (n=5-6 per group) analysis 

was frozen in liquid nitrogen and stored at -80°C until use. RNA was extracted and 

converted to cDNA prior to mRNA expression analysis by qRT-PCR, according to the 

protocols described in sections 2.3.1, 2.3.2, and 2.3.3, respectively. Protein was 

extracted and expression of proteins of interested was quantified by Western blot, 

according to the protocol described in section 2.4.  

5.2.7 Statistical analysis 

Experimental groups were compared using a one-way ANOVA with Bonferroni post-

hoc testing, unless Kolmogorov-Smirnov test for normality showed an uneven spread 

of data; in this case, a Kruskall-Wallace test with Dunn’s post-hoc testing was used. 

N numbers and statistical significance (P<0.05) are indicated in the figure legends.  
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5.3 Results  

5.1.1 Characterisation of HAoECs 

5.1.1.1 Phenotype of HAoECs 

The aim of the chapter was to define the role of NOX4 in endothelial cell dysfunction 

in response to hyperglycaemia in vitro. HAoECs have been studied extensively in our 

laboratory and were initially used to identify the effects of glucose on NADPH oxidase 

expression and ROS production. HAoECs were first characterised to establish the 

passage numbers through which they could be used. HAoECs exhibit a cobblestone 

morphology as shown in Figure 5-5. Moreover, immunocytochemistry identified that 

HAoECs express the endothelial cell markers, CD144, vWF, CD31 and eNOS at 

passage 15 (Figure 5-6), which justified us using HAoECs until this passage.  

5.1.1.2 Basal expression of NADPH oxidases in HAoECs 

The basal expression of NOX NADPH oxidase mRNA (Figure 5-7) and protein (Figure 

5-8) expression was assessed in HAoECs. Only NOX4 was detected at mRNA level, 

although both NOX2 and NOX4 were expressed at protein level in HAoECs, with 

NOX4 protein much more highly expressed. Indeed, since NOX4 expression is 

associated with its constitutive activity, it would make sense that NOX4 transcription 

is higher than NOX2, whose activity is regulated by additional cytosolic subunits.   
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Figure 5-5: Phenotype of HAoECs. HAoECs exhibit a typical cobblestone 

morphology until passage 18. Cells were imaged on a Leica DMi1 microscope. Scale 

bar is 100μm. 

 

Figure 5-6: Immunocytochemistry characterisation of human aortic ECs 

(HAoECs) at passage 15.     HAoECs were passaged and plated into a six well plate. 

Once 70% confluent, they were fixed with 4% paraformaldehyde. Cells were imaged 

on a Leica DMi8 epifluorescent microscope. Scale bar is 75μm.  
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Figure 5-7: Basal NADPH oxidase gene expression in HAoECs.     Conventional 

RT-PCR was used to establish mRNA expression of NADPH oxidases in HAoECs. 

Three replicates were run from each sample, together with positive controls for NOX1 

(colon), NOX2 (lung), NOX4 (kidney) and NOX5 (HEK293 cells).   

 

Figure 5-8: Basal NOX NADPH oxidase protein expression in HAoECs.     

Western blot was used to confirm protein expression of NOX NADPH oxidases in 

HAoECs. Three replicates were run, together with positive controls for NOX1 (colon), 

NOX2 (lung), NOX4 (kidney) and NOX5 (HEK293 cells).    
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5.1.2 NOX4 expression and ROS production in response to high glucose 

5.1.2.1 NOX4 mRNA and protein expression increased in response to high 

glucose together with upregulation of antioxidant and inflammatory 

genes 

To identify whether NOX4 expression changed in response to high glucose, HAoECs 

were treated with normal (NG; 5.5 mM) and high glucose (HG; 25 mM) over the course 

of five days. There was no change in phenotype of HAoECs after incubation in NG 

and HG conditions for five days, as illustrated in Figure 5-9, with HAoECs maintaining 

a cobblestone morphology. However, there was a progressive increase in expression 

of NOX4 mRNA in response to HG, as illustrated in Figure 5-10, which became 

significant after two days. This was supported by HG-induced NOX4 protein 

expression in HAoECs which was clearly increased after one day, as illustrated in 

Figure 5-11. This supports previous findings that NOX4 expression increases in 

response to hyperglycaemia in HAoECs. The gradual increase in NOX4 expression 

over the course of 5 days was associated with altered mRNA expression of several 

antioxidant and inflammatory genes, as illustrated in Figure 5-12. There was an initial 

reduction in SOD1 mRNA expression in response to HG after one day which 

subsequently normalised, whilst mRNA expression of NRF2, catalase and IL6 was 

significantly increased after 3 days (IL6) and 5 days (NRF2, catalase). HMOX1 and 

eNOS mRNA expression remained unaltered in HG-treated HAoECs relative to NG-

treated controls. Taken together, these data suggest that the expression of some 

antioxidant and inflammatory genes is correlated with increased NOX4 expression in 

response to HG treatment. 
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Figure 5-9: Phenotype of HAoECs following treatment with normal glucose (NG, 

5.5 mM) and high glucose (HG, 25 mM).   HAoECs were treated with NG and HG 

for 5 days. There was no change in morphology between treated groups, with both 

NG- and HG-treated HAoECs exhibiting a typical cobblestone morphology upon 

confluence.  Cells were imaged on a Leica DMi1 microscope. Scale bar is 100μm. 
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Figure 5-10: NOX4 mRNA expression in HAoECs following 5 days of glucose 

treatment.  HAoECs were treated with normal glucose (NG; 5.5 mM) and high 

glucose (HG; 25 mM) over the course of 5 days. Quantitative real-time RT-PCR was 

used to quantify mRNA expression of NOX4 in HAoECs. Mean ± SEM; n=6; * p<0.05, 

** p<0.01 compared to NG control, Kruskal-Wallis with Dunn’s post-hoc testing.   

 

 

Figure 5-11: NOX4 protein expression in HAoECs following 5 days of glucose 

treatment. HAoECs were treated with normal glucose (NG; 5.5 mM) and high glucose 

(HG; 25 mM) over the course of 5 days. Western blotting was used to assess protein 

expression of NOX4, with HPRT used as a loading control. 
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Figure 5-12: Expression of antioxidant and inflammatory genes in HAoECs 

following 5 days of glucose treatment.     HAoECs were treated with normal glucose 

(NG; 5.5 mM) or high glucose (HG; 25 mM) over the course of 5 days.  Quantitative 

real-time RT-PCR was used to quantify the mRNA expression of (A) NRF2, (B) eNOS, 

(C) SOD1, (D) catalase, (G) HMOX1 and (H) IL6. Mean ± SEM; n=6, * p<0.05, ** 

p<0.01, *** p<0.001 compared to NG control, Kruskal-Wallis with Dunn’s post-hoc 

testing. 

  



Chapter 5 

~ 5-224 ~ 
 

5.1.2.2 NADPH oxidases are major sources of ROS in HAoECs. 

In order to assess whether NADPH oxidases were the predominant source of ROS in 

HAoECs, cells were treated with NG and HG for two days, with or without 1μM of the 

pan-NADPH oxidase inhibitor VAS2870. Figure 5-13 shows that there was similar 

HAoEC morphology between all treatment groups, although HAoECs treated with 

VAS2870 appeared to be less confluent. Interestingly, increased NOX4 mRNA 

expression observed in HG-treated HAoECs was significantly reduced by co-

incubation with 1µM VAS2870, as illustrated in Figure 5-14. Moreover, HAoECs 

treated with 100nM PMA, which promotes PKC-dependent superoxide generation, 

showed increased NOX4 mRNA expression under both NG and HG conditions 

relative to their untreated counterparts. Taken together, these data suggest that 

hyperglycaemia induces NOX4 expression which may also be induced by 

endogenous superoxide signalling in a glucose-independent manner. 

Secondly, ROS production was assessed in HAoECs in order to identify the species 

induced by HG treatment and the specific contribution of NADPH oxidases. 

Assessment of ROS production, measured by DCF flow cytometry, demonstrated 

significantly increased ROS production in HG-treated HAoECs, as illustrated in Figure 

5-15. HAoECs. However, DCF cell imaging, illustrated in Figure 5-16, failed to show 

increased total ROS in response to HG treatment although this was significantly 

reduced following treatment with VAS2870 in both NG and HG conditions, indicating 

that NADPH oxidases were the primary source. In contrast, superoxide production, 

assessed by DHE cell imaging, was significantly increased in HG-treated HAoECs 

(Figure 5-17), but normalised following treatment with VAS2870. Taken together, 

these data suggesting that NADPH oxidase-derived superoxide is the major source 

of ROS in HG-treated HAoECs, whilst noting that the specific contribution of H2O2 was 

not assessed.   
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Figure 5-13: Morphology of HAoECs after two days of treatment with NG or HG 

+/- VAS2870.    HAoECs were treated with normal glucose (NG; 5.5 mM) and high 

glucose (HG; 25 mM) +/- 1μM VAS2870 for two days.  (A) NG, (B) HG, (C) NG + 

VAS2870, (D) HG + VAS2870. HAoECs exhibit a similar cobblestone morphology 

between all treatments. Cells were imaged on a Leica DMi1 microscope. Scale bar is 

100μm. 
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Figure 5-14: NOX4 expression in HAoECs after treatment with NG or HG +/-

VAS2870 and/or PMA.  HAoECs were treated with normal glucose (NG; 5.5 mM) or 

high glucose (HG; 25 mM) for two days. (A) HAoECs were also treated with either 

1μM for two days or (B) with 100nM PMA for the last 16 hours, and cells were 

collected for quantification of NOX4 mRNA expression using qRT-PCR. Mean ± SEM; 

n=3; # p<0.05, ## p<0.01 compared to relevant untreated control; Kruskal-Wallis with 

Dunn’s post-hoc testing.  
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Figure 5-15: Total ROS production was assessed in HAoECs after two days of 

treatment with normal or high glucose.  HAoECs were treated with normal glucose 

(NG; 5.5 mM; represented in red) and high D-glucose (HG; 25 mM; represented in 

blue). Total ROS production was assessed by DCF staining and measured by flow 

cytometry. Top panel illustrates number of stained NG- and HG-treated HAoECs 

relative to an unstained control (grey); bottom panel illustrates median fluorescence 

intensity in NG- and HG-treated HAoECs. Mean ± SEM; n=3; ** p<0.01 compared to 

NG; student’s unpaired t-test.   
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Figure 5-16: ROS production in HAoECs following treatment with normal and 

high glucose +/- VAS2870.    HAoECs were treated for two days with normal glucose 

(NG; 5.5 mM) and high glucose (HG; 25 mM) +/- 1 μM VAS2870. Total ROS 

production was assessed by staining with 2’-7’- dichlorodihydrofluorescein diacetate 

(DCF). Cells were imaged using a Leica DMi8 epifluorescent microscope, scale bar is 

75μm and image fluorescence was quantified using ImageJ. Mean ± SEM, n=4; ### 

p<0.001 compared to untreated control; one-way ANOVA with Bonferroni post-hoc 

testing. 
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Figure 5-17: O2
- production in HAoECs following treatment with normal and high 

glucose ± VAS2870.    HAoECs were treated for two days with normal glucose (NG; 

5.5 mM) and high glucose (HG; 25 mM) +/- 1 μM VAS2870. O2
- production was 

assessed by staining with dihydroethidium (DHE). Cells were imaged using a Leica 

DMi8 epifluorescent microscope, scale bar is 75μm and image fluorescence was 

quantified using ImageJ.  Mean ± SEM, n=4; # p<0.05 compared to untreated control, 

** p<0.01 compared to NG control; one-way ANOVA with Bonferroni post-hoc testing.  
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5.1.2.3 HAoECs treated with high glucose promote TGFβ-induced fibrosis in 

3T3 fibroblasts.  

The findings from the two previous in vivo chapters have confirmed the prominent role 

of cardiac fibrosis in the development and progression of diabetic cardiac remodelling. 

Our next aim was therefore to identify whether endothelial responses to 

hyperglycaemia altered fibroblast differentiation via paracrine signalling in vitro. After 

two days, conditioned media was collected from glucose-treated HAoECs, and NIH 

3T3 fibroblasts were treated with the conditioned media +/-TGFβ for 24h. Conditioned 

media from HG-treated HAoECs appeared to promote a spindle-shaped phenotype 

in 3T3 cells with or without TGFβ stimulation (Figure 5-18), and TGFβ-induced 

fibroblast differentiation was promoted after incubation with media from HG-treated 

HAoECs, as indicated by significantly increased mRNA expression of αSMA and a 

tendency towards higher expression of Col1α2 and CTGF mRNA (Figure 5-19). As 

such, these initial data suggest that hyperglycaemia may increase endothelial cell 

paracrine modulation of fibrosis, at least in vitro.   
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Figure 5-18: Phenotype of NIH 3T3 fibroblasts +/- 5ng/μl TGFβ after treatment 

with conditioned media from glucose-treated HAoECs.  HAoECs were treated 

with normal glucose (5.5 mM) or high glucose (25 mM) for two days. NIH 3T3 

fibroblasts were treated with conditioned media from NG- or HG-treated HAoECs, with 

or without TGFβ for 24h. Cells were imaged on a Leica DMi1 microscope. Scale bar 

is 100μm.  
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Figure 5-19: Fibrotic gene expression in NIH 3T3 fibroblasts treated with 

conditioned media from glucose-treated HAoECs +/- 5ng/μl TGFβ.  HAoECs were 

treated with normal glucose (NG; 5.5 mM) and high glucose (HG; 25 mM) for two 

days, after which conditioned media was removed and centrifuged. NIH 3T3 

fibroblasts were treated with conditioned media from the HAoECs +/- 5 ng/μl TGFβ. 

After 24 h, cells were collected for quantification of (A) αSMA, (B) Col1α2 and (C) 

CTGF using qRT-PCR. Mean ± SEM; n=3; * p<0.05 compared to relevant NG control; 

Kruskal-Wallis test.   
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5.1.3 NOX4 knockdown in HAoECs 

5.1.3.1 Confirmation of NOX4 siRNA knockdown  

Since our next aim was to identify whether NOX4 was an important source of ROS 

production in HAoECs in response to hyperglycaemia, we decided to knock down 

NOX4 before assessing effects on HG-induced ROS production. We therefore first 

defined the optimal timepoint at which maximal NOX4 knockdown was achieved in 

HAoECs. As with our previous treatments, HAoECs exhibited similar morphology after 

transfection with either SCR or NOX4 siRNA, as illustrated in Figure 5-20, although 

HAoECs appeared to be less confluent following transfection of NOX4 siRNA. Initial 

experiments in NG-treated HAoECs established that maximal knockdown of NOX4 

protein expression was observed after 72h and was maintained after 96h (Figure 

5-21). In future experiments, it was therefore decided to knock down NOX4 for 48h 

before a further 48h of glucose treatment.  

5.1.3.2 NOX4 mRNA and protein expression was decreased in NG- and HG-

treated HAoECs following siRNA knockdown  

In order to identify whether NOX4 altered ROS signalling in HAoECs in response to 

hyperglycaemia, NOX4 was knocked down in HAoECs for 48h before a further 48 

hours of glucose treatment and assessment of ROS generation and gene expression. 

As before, the phenotype of HAoECs, illustrated in Figure 5-22, was similar between 

all treatments, although HAoECs were less confluent after NOX4 siRNA transfection. 

NOX4 knockdown was confirmed by mRNA and protein expression, as illustrated in 

Figure 5-23, with a significant and similar decrease observed in both NG- and HG-

treated HAoECs. As expected, NOX4 protein expression was markedly increased in 

HG-treated SCR-transfected HAoECs, although only low levels were evident after 

NOX4 siRNA knockdown. 

5.1.3.3 NOX4 knockdown modulated HG-induced alterations in antioxidant 

gene expression and ROS production in HAoECs 

Antioxidant gene expression and ROS production were assessed in HAoECs 

following 48h of NOX4 knockdown and 48h treatment with NG or HG. NRF2 mRNA 

expression was upregulated whilst CAT mRNA expression was downregulated 

following NOX4 knockdown in both NG- and HG-treated HAoECs (Figure 5-24). In 

contrast, mRNA expression of eNOS, SOD1 HMOX1, and NQO1 was increased in 

HG- versus NG-treated HAoECs following NOX4 knockdown, indicating broad 

induction of antioxidant signalling in this setting. Consistent with these findings, total 
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ROS production tended to be reduced following NOX4 knockdown and further 

decreased with HG treatment (Figure 5-25). In contrast, superoxide generation 

assessed by DHE staining (Figure 5-26) was significantly increased following NOX4 

knockdown in NG-treated HAoECs and by HG treatment alone, but  was not further 

elevated following NOX4 knockdown. Taken together, these data imply that NOX4 

knockdown in HAoECs results in differential dysregulation of antioxidant and 

superoxide signalling in NG versus HG conditions which may underlie associated 

alterations in endothelial cell function and paracrine communication.   

5.1.3.4 HG-treated HAoECs appeared to exacerbate TGFβ-induced 3T3 

fibroblast differentiation which was attenuated following NOX4 

knockdown. 

In order to assess whether NOX4 knockdown altered paracrine induction of fibroblast 

differentiation, 3T3 fibroblasts were treated with conditioned media from HAoECs 

treated with NG and HG, with and without NOX4 knockdown. Figure 5-27 illustrates 

that there was no difference in 3T3 fibroblast morphology between any of the 

experimental groups. Whilst treatment with HG HAoEC conditioned media alone did 

not significantly promote 3T3 fibroblast differentiation, as assessed by mRNA 

expression of αSMA, CTGF, and Col1α2, α-SMA mRNA levels were significantly 

reduced with additional NOX4 knockdown and CTGF levels tended to be lower 

(Figure 5-28), suggesting that NOX4 knockdown reduces EC-mediated paracrine 

promotion of fibroblast differentiation under HG conditions.  



Chapter 5 

~ 5-235 ~ 
 

 

Figure 5-20 Morphology of HAoECs after transfection with SCR or NOX4 siRNA.  

HAoECs were transfected with scrambled (SCR) or NOX4 siRNA and cells were 

collected every 24h to define the optimal experimental time point for maximal NOX4 

knockdown. Cells were imaged on a Leica DMi1 microscope. Scale bar is 100μm.  
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Figure 5-21: Time course of NOX4 protein knockdown in HAoECs. NOX4 was 

knocked down in HAoECs and protein expression assessed over the course of 96 by 

Western blot.  

 

Figure 5-22: Morphology of HAoECs after NOX4 knockdown and treatment with 

normal or high glucose. Scrambled (SCR) and NOX4 siRNA were transfected into 

HAoECs to knock down NOX4 and after 48h, cells were treated for a further 48h with 

NG or HG.  Cells were imaged on a Leica DMi1 microscope. Scale bar is 100μm. 
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Figure 5-23: NOX4 mRNA and protein expression in HAoECs following NOX4 

siRNA transfection under normal glucose or high glucose conditions. 

Scrambled (SCR) and NOX4 siRNA were transfected into HAoECs to knockdown 

NOX4 and after 48h cells were treated for a further 48h with NG or HG.   Gene (A) 

and protein (B) expression of NOX4 in HAoECs. Mean ± SEM; n=3, ### p<0.001 

relative to SCR control; Kruskal-Wallis with Dunn’s post-hoc testing.  
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Figure 5-24: Antioxidant gene expression in HAoECs after NOX4 knockdown 

and treatment with normal or high glucose. SCR and NOX4 siRNA were 

transfected into HAoECs using Dharmafect, and after 48h HAoECs were treated with 

NG and HG for a further 48h. (A) NRF2, (B) eNOS, (C) SOD1, (D) CAT, (E) HMOX1 

and (F) NQO1 were quantified using qRT-PCR. Mean ± SEM; n=3; */# p<0.05, **/## 

p<0.01, ***/### p<0.001 compared to relevant NG/SCR control; Kruskal-Wallis with 

Dunn’s post-hoc testing.  
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Figure 5-25: Total ROS production in HAoECs after NOX4 knockdown and 

treatment with normal or high glucose. SCR and NOX4 siRNA were transfected 

into HAoECs using Dharmafect, and after 48h HAoECs were treated with NG and HG 

for a further 48h. Total ROS production was assessed by staining with 2’-7’- 

dichlorodihydrofluorescein diacetate (DCF). Cells were imaged using a Leica DMi8 

epifluorescent microscope, scale bar is 75μm; and image fluorescence was quantified 

using ImageJ. Mean ± SEM; n=3, p=NS; one-way ANOVA test.  
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Figure 5-26: O2
- production in HAoECs after NOX4 knockdown and treatment 

with normal or high glucose. SCR and NOX4 siRNA were transfected into HAoECs 

using Dharmafect, and after 48h HAoECs were treated with NG and HG for a further 

48h. O2
- production was assessed by staining with dihydroethidium (DHE). HAoECs 

were imaged using a Leica DMi8 epifluorescent microscope, scale bar is 75μm; and 

image fluorescence was quantified using ImageJ. Mean ± SEM; n=3; ** p<0.01 

compared to relevant NG control, ### p<0.001 compared to relevant SCR control; 

one-way ANOVA with Bonferroni post-hoc testing.  
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Figure 5-27: Morphology of NIH 3T3 fibroblasts after treatment with conditioned 

media from HAoECs subjected to NOX4 knockdown and NG or HG treatment.      

HAoECs were transfected with either SCR or NOX4 siRNA for 48h and were treated 

with either normal glucose (NG; 5.5 mM) or high glucose (HG; 25 mM) for a further 

48h. NIH 3T3 fibroblasts were treated with conditioned media from HAoECs, for 24h. 

Cells were imaged on a Leica DMi1 microscope. Scale bar is 100μm.  
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Figure 5-28: Fibrotic gene expression in 3T3 fibroblasts after treatment with 

conditioned media from HAoECs subjected to NOX4 knockdown and NG or HG 

treatment. HAoECs were transfected with either SCR or NOX4 siRNA for 48h and 

were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 25 mM) 

for a further 48h. 3T3 fibroblasts were treated with conditioned media from HAoECs, 

for 24h. Gene expression of the fibrotic genes (A) αSMA, (B) CTGF and (C) Col1α2 

were quantified using qRT-PCR. Mean ± SEM; n=3; # p<0.05 compared to relevant 

SCR control; Kruskal-Wallis with Dunn’s post-hoc testing.  
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5.1.4 NOX4 overexpression in HAoECs 

5.1.4.1 Confirmation of NOX4 overexpression 

Once the effects of NOX4 in HAoECs had been established, our next aim was to 

overexpress NOX4 to see if this had opposite effects. Electroporation transfection had 

previously been established in our laboratory in endothelial colony-forming cells 

(ECFCS) so a similar protocol was used to transfect an EV or NOX4 overexpressing 

plasmid into HAoECs. Figure 5-29 shows that HAoEC morphology was unaltered 

following transfection with either the EV or NOX4 overexpressing plasmid, although 

HAoECs appeared to be more confluent following NOX4 overexpression. NOX4 

overexpression was confirmed by Western blot, with maximal protein levels being 

apparent at 72h which were maintained at 96h, as illustrated in Figure 5-30. 

Subsequent experiments were performed following a similar protocol to the NOX4 

knockdown studies, whereby NOX4 was overexpressed in HAoECs for 48h before 

treatment with NG or HG for a further 48h.  

5.1.4.2 NOX4 mRNA and protein expression was increased in HAoECs 

following treatment with NG or HG  

Initially, NOX4 was overexpressed in HAoECs before 48h treatment with HG. The 

morphology of HAoECs, as illustrated in Figure 5-31, was not different between any 

of the groups, although cells tended to be more confluent following NOX4 

overexpression. Consistent with previous experiments, NOX4 mRNA and protein 

expression was increased with HG treatment in EV transfected cells, as illustrated in 

Figure 5-32, whilst transfection with NOX4 overexpression plasmid resulted in 

increased NOX4 mRNA and protein expression under both NG and HG conditions, 

which appeared to occur to a greater extent following treatment with HG.  
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Figure 5-29: Morphology of HAoECs after NOX4 overexpression.       Empty vector 

(EV) or NOX4 overexpressing (OE) plasmids were transfected into HAoECs by 

electroporation transfection and cells were collected every 24h to identify the optimal 

experimental time point. Cells were imaged on a Leica DMi1 microscope. Scale bar 

is 100μm.  
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Figure 5-30: Time course of NOX4 overexpression.   NOX4 was overexpressed in 

HAoECs and protein expression of NOX4 was assessed over the course of 96h by 

Western blot. 

 

Figure 5-31: Morphology of HAoECs after NOX4 overexpression and treatment 

with normal or high glucose.      Empty vector (EV) and NOX4 overexpressing (OE) 

plasmids were transfected into HAoECs to overexpress NOX4 and after 48h, cells 

were treated for a further 48 hours with NG or HG.  Cells were imaged on a Leica 

DMi1 microscope. Scale bar is 100μm.  

 



Chapter 5 

~ 5-246 ~ 
 

 

Figure 5-32: NOX4 mRNA and protein expression was increased following 

NOX4 overexpression in HAoECs under normal and high glucose conditions.      

Empty vector (EV) and NOX4 overexpressing (OE) plasmid were transfected into 

HAoECs to overexpress NOX4 and after 48h, cells were treated for a further 48h with 

NG or HG.   (A) Gene expression (n=3) and (B) protein expression (n=1 pooled from 

three samples) of NOX4 was assessed in HAoECs with HPRT as a loading control. 

Mean ± SEM; p=NS; Kruskal-Wallis test.   
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5.1.4.3 NOX4 overexpression altered ROS production in HAoECs. 

In order to assess ROS production in HAoECs following NOX4 overexpression, total 

ROS (Figure 5-33), O2
- (Figure 5-34) and H2O2 (Figure 5-35) levels were assessed. 

Whilst HG treatment did not alter HAoEC total ROS production, assessed by DCF 

flow cytometry, this was significantly reduced by NOX4 overexpression in HG but not 

NG conditions. In contrast, DHE O2
- staining showed that NOX4 overexpression 

significantly increased O2
- in NG-treated HAoECs, which was also increased by HG 

treatment but reduced with NOX4 overexpression. Taken together, these data 

suggest that the proportion of O2
- production is higher in NG- versus HG-treated 

HAoECs following NOX4 overexpression, although there is clearly modulation of other 

ROS under these conditions. Surprisingly, however, NOX4 overexpression did not 

alter H2O2 production in HAoECs with reference treatment with exogenous H2O2 as a 

positive control (Figure 5-35). In fact, PMA-induced H2O2 generation in NG-treated 

EV-transfected HAoECs was abolished by HG treatment and NOX4 overexpression 

under both NG and HG conditions. In future experiments, it would be interesting to 

assess the effects of these inhibitors after stimulation of H2O2 generation in order to 

further interrogate influence of endothelial NOX4 on ROS production in HAoECs. It is 

currently difficult to draw any firm conclusions from the data presented in this thesis.   

In order to assess effects on ROS regulation, antioxidant gene expression was 

quantified by qRT-PCR, as illustrated in Figure 5-36. Whilst mRNA expression of 

NRF2, HIF1α, and TRDX appeared to increase with NOX4 overexpression, this did 

not reach statistical significance. Interestingly, SOD1 mRNA was significantly 

increased with NOX4 overexpression under NG but not HG conditions, which was 

opposite to the changes observed with NOX4 knockdown, whilst reduced CAT mRNA 

levels seen with NOX4 knockdown under both NG and HG conditions were restored 

by NOX4 overexpression. HMOX1 mRNA expression was unaltered between 

experimental groups. As SOD1 was the only gene to show a significant increase at 

mRNA level, albeit with low sample numbers, further assessment of protein 

expression and activity would be useful to make a more complete analysis of effects 

on ROS regulation.  
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Figure 5-33: Total ROS production in HAoECs, as measured by DCF 

fluorescence in flow cytometry, following NOX4 overexpression and high 

glucose treatment.      HAoECs were transfected with either the empty vector (EV) 

or NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 48h, 

HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 

25 mM) for a further 48h. Total ROS production was measured using DCF staining, 

analysed by flow cytometry. First panel, unstained (grey) versus stained NG EV (red) 

and HG EV (blue) histogram; second panel, unstained (grey) versus stained HG EV 

(red) versus HG OE (blue) histogram; third panel quantification of ROS staining. Mean 

± SEM; n=3; * p<0.05 compared to relevant NG control, ### p<0.001 compared to 

relevant EV control; one-way ANOVA with Bonferroni post-hoc testing.   
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Figure 5-34: O2
- production in HAoECs following NOX4 overexpression and high 

glucose treatment. HAoECs were transfected with either the empty vector (EV) or 

NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 48h, 

HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 

25 mM) for a further 48h. O2
- production was assessed by staining with 

dihydroethidium (DHE). Cells were imaged on a Leica DMi8 and images were 

analysed in ImageJ. Mean ± SEM, n=4; # p<0.05 compared to EV control, ** p<0.01 

compared to NG control; one-way ANOVA with Bonferroni post-hoc testing. Scale bar 

is 75μm.  
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Figure 5-36: Antioxidant gene expression in HAoECs after NOX4 

overexpression and high glucose treatment. HAoECs were transfected with either 

the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. RNA was isolated for 

quantification of (A) NRF2, (B) HMOX1, (C) SOD, (D) CAT, (E) HIF1α and (F) TRDX 

were quantified using qRT-PCR. Mean ± SEM; n=3; */# p<0.05 compared to relevant 

NG/EV control; Kruskal-Wallis with Dunn’s post-hoc testing.    



Chapter 5 

~ 5-252 ~ 
 

5.1.5 Investigation of the functional role of endothelial NOX4 

5.1.5.1 NOX4 overexpression modulates glucose transport in HG-treated 

HAoECs 

Next, glucose transporter gene expression was assessed as a crude assessment of 

glucose uptake in HAoECs. GLUT1 and GLUT4 mRNA expression both tended to 

increase in HG-treated HAoECs, whilst GLUT4 mRNA was significantly elevated in 

by NOX4 overexpression with NG treatment by significantly reduced by HG treatment 

(Figure 5-37). While these initial data suggest that NOX4 may exert differential effects 

on GLUT4 mRNA expression in NG- and HG-treated HAoECs, it would be interesting 

to interrogate consequent changes in glucose uptake and metabolism to identify 

potential functional differences.  

5.1.5.2 Nox4 overexpression increases Ca2+-dependent signalling in HAoECs 

In order to assess effects on intracellular signalling, Flexstation experiments were 

performed to identify potential changes in Ca2+ mobilisation following treatment with 

various agonists. Figure 5-38 illustrates example traces from NOX4-overexpressing 

HAoECs following treatment with glucose. While 1μM bradykinin and 100μM 

acetylcholine had no effect on Ca2+ mobilisation (Figure 5-39), the Fura2 ratio was 

increased following treatment with 10μM ionomycin (Figure 5-40), 100μM ATP (Figure 

4-41) and 100μM thrombin (Figure 5-42), with NOX4 appearing to increase Ca2+ 

mobilisation in both NG- and HG-treated HAoECs. Statistical analysis confirmed 

ionomycin induced Ca2+ mobilisation in HAoECs in all treatment groups, although the 

majority of Ca2+ influx will have been through the plasma membrane and this is 

therefore unlikely to be indicative of a cellular pathway (Bishara et al., 2002). NOX4 

overexpression significantly increases Ca2+ mobilisation, as assessed by peak [Ca2+]i 

and area under the curve (Table 5-4) in both NG- and HG-treated HAoECs following 

treatment with 100μM ATP, which releases Ca2+ from the ER via the PLC-IP3 pathway 

(Wilson et al., 2018), Treatment with 100μM thrombin, which also releases Ca2+ from 

the ER via the PLC-IP3 pathway (Sacks et al., 2008), also significantly increases Ca2+ 

mobilisation following NOX4 overexpression (Table 5-5). This therefore suggests that 

NOX4 is important in Ca2+ signalling in HAoECs, although the mechanisms of Ca2+ 

influx and extrusion are as yet unclear and further work would be required to elucidate 

the role of NOX4 in EC signalling. 
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Figure 5-37: Glucose transporter gene expression in HAoECs following NOX4 

overexpression and high glucose treatment.  HAoECs were transfected with either 

the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. RNA was extracted for 

quantification of (A) GLUT1 and (B) GLUT4 by qRT-PCR. Mean ± SEM; n=3; **/## 

p<0.01 compared to relevant NG/EV control; Kruskal-Wallis with Dunn’s post-hoc 

testing.  
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Figure 5-38: Flexstation traces from HAoECs following NOX4 overexpression 

and high glucose treatment.  HAoECs were transfected with either the empty vector 

(EV) or NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 

48h, HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose 

(HG; 25 mM) for a further 48h. Flexstation was performed on HAoECs to identify 

changes in Ca2+ release following treatment with (A) the negative control 20mM 

HBSS, (B) the positive control 10μM ionomycin, (C) 1μM bradykinin, (D) 100μM ATP, 

(E) 100μM acetylcholine and (F) 100μM thrombin.  
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Figure 5-39: Flexstation in HAoECs following NOX4 overexpression and high 

glucose treatment. HAoECs were transfected with either the empty vector (EV) or 

NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 48h, 

HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 

25 mM) for a further 48h. Flexstation was performed on HAoECs to identify changes 

in Ca2+ mobilisation following treatment with (A) the negative control 20mM HBSS, (B) 

1μM bradykinin and (C) 100μM acetylcholine.  
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Figure 5-40: Ca2+ mobilisation in HAoECs treated with 10μM ionomycin 

following NOX4 overexpression and high glucose treatment. HAoECs were 

transfected with either the empty vector (EV) or NOX4 overexpressing (OE) plasmid 

by nucleofection electroporation. After 48h, HAoECs were treated with either normal 

glucose (NG; 5.5 mM) or high glucose (HG; 25 mM) for a further 48h. Flexstation was 

performed on HAoECs to identify changes in Ca2+ mobilisation following treatment 

with 10μM ionomycin.  
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Figure 5-41: Ca2+ mobilisation in HAoECs treated with 100μM ATP following 

NOX4 overexpression and high glucose treatment. HAoECs were transfected with 

either the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. Flexstation was performed on 

HAoECs to identify changes in Ca2+ mobilisation following treatment with 100μM ATP. 
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Figure 5-42: Ca2+ mobilisation in HAoECs treated with 100μM thrombin 

following NOX4 overexpression and high glucose treatment. HAoECs were 

transfected with either the empty vector (EV) or NOX4 overexpressing (OE) plasmid 

by nucleofection electroporation. After 48h, HAoECs were treated with either normal 

glucose (NG; 5.5 mM) or high glucose (HG; 25 mM) for a further 48h. Flexstation was 

performed on HAoECs to identify changes in Ca2+ mobilisation following treatment 

with 100μM thrombin. 
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Measurement NG EV HG EV NG OE HG OE 

Peak LM1/LM2 2.338±0.038 2.377±0.026 
2.555±0.056 

(***) 

2.571±0.045 

(**) 

Area under 

curve 
141.6 140 153.3 151 

 

Table 5-4: Ca2 release in HAoECs in response to ATP in HAoECs following NOX4 

overexpression and high glucose treatment. HAoECs were transfected with either 

the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. Flexstation was performed on 

HAoECs to identify changes in Ca2+ release following treatment with 100μM ATP. N=4 

per group; */#/$ p<0.05, **/##/$$ p<0.01, ***/###/$$$ p<0.001 compared to relevant 

EV control / LM1/LM2 30secs prior / LM1/LM2 60secs prior; two-way ANOVA with 

Bonferroni post-hoc testing. 

 

Measurement NG EV HG EV NG OE HG OE 

Peak LM1/LM2 2.511±0.102 2.444±0.078 2.527±0.036 2.639±0.088 

Area under 

curve 
130.7 127.7 139.8 138.1 

 

Table 5-5: Ca2+ release in HAoECs in response to thrombin following NOX4 

overexpression and high glucose treatment. HAoECs were transfected with either 

the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. Flexstation was performed on 

HAoECs to identify changes in Ca2+ release following treatment with 100μM thrombin. 

N=4 per group; */#/$ p<0.05, **/##/$$ p<0.01, ***/###/$$$ p<0.001 compared to 

relevant EV control / LM1/LM2 30secs prior / LM1/LM2 60secs prior; two-way ANOVA 

with Bonferroni post-hoc testing. 
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5.1.5.3 NOX4 overexpression normalises HG-induced increases in endothelial- 

and angiogenesis-specific gene expression in HAoECs  

In order to assess potential effects on angiogenic function, expression of endothelial-

specific (Figure 5-43) and angiogenic (Figure 5-44) genes were quantified by qRT-

PCR. There was a significant increase in eNOS, KDR, NOTCH and VEGF mRNA 

expression, whilst JAG1 mRNA also tended to be higher, in HG-treated HAoECs, 

which was normalised following NOX4 overexpression. mRNA expression of vWF and 

DLL also tended to decrease with NOX4 overexpression in both NG- and HG-treated 

HAoECs, suggesting that NOX4 overexpression suppresses functional gene 

expression. However, since mRNA expression does not always correlate with 

functional activity, phosphorylation of several key endothelial proteins was also 

assessed in HAoECs to further interrogate potential functional effects. AKT is involved 

in proliferation, survival and glucose metabolism in ECs and also modulates 

angiogenesis. However, AKT phosphorylation tended to decrease in with NOX4 

overexpression in both NG- and HG-treated HAoECs (Figure 5-45). While PKC is 

involved in many inflammatory mechanisms, it is also promoting angiogenesis via an 

eNOS-dependent mechanism. It is therefore interesting to note that, while PKC 

protein levels appeared to decrease following NOX4 overexpression and treatment 

with HG, PKC phosphorylation remained relatively high (Figure 5-46). In contrast, 

while protein expression of eNOS was unaltered between any of the treatment groups, 

eNOS phosphorylation appeared to be higher in HG-treated HAoECs following NOX4 

overexpression (Figure 5-47), suggesting increased eNOS activity. Interestingly, 

eNOS phosphorylation in ECs is associated with increased Ca2+ release, so these 

findings appear to be consistent with our previously presented Flexstation data. 

However, it is important to highlight that these gene expression analyses are 

somewhat preliminary in nature, particularly the rather limited assessment of protein 

expression and phosphorylation. As such, further analysis of eNOS signalling, 

endothelial function and angiogenesis is clearly required to support detailed 

interrogation of the precise role of endothelial NOX4 overexpression in HAoECs.  
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Figure 5-43: Endothelial cell gene expression in HAoECs following NOX4 

overexpression high glucose treatment.  HAoECs were transfected with either the 

empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. RNA was extracted for 

quantification of (A) eNOS, (B) vWF and (C) KDR by qRT-PCR. Mean ± SEM; n=3; 

*/# p<0.05 compared to relevant NG/EV control; Kruskal-Wallis with Dunn’s post-hoc 

testing.   
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Figure 5-44: Angiogenesis gene expression in HAoECs following NOX4 

overexpression and high glucose treatment.  HAoECs were transfected with either 

the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. RNA was extracted for 

quantification of (A) NOTCH, (B) JAG1, (C) DLL and (D) VEGF by qRT-PCR. Mean ± 

SEM; n=3; */# p<0.05, ** p<0.01 compared to relevant NG/EV control; Kruskal-Wallis 

with Dunn’s post-hoc testing.  
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Figure 5-45: Akt phosphorylation in HAoECs after NOX4 overexpression and 

high glucose treatment. HAoECs were transfected with either the empty vector (EV) 

or NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 48h, 

HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 

25 mM) for a further 48h. Protein was collected for assessment of Akt phosphorylation 

by Western blot, with β-actin as a loading control. N=1, pooled from three samples. 
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Figure 5-46: PKC phosphorylation in HAoECs after NOX4 overexpression and 

high glucose treatment. HAoECs were transfected with either the empty vector (EV) 

or NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 48h, 

HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 

25 mM) for a further 48h. Protein was collected for assessment of PKC 

phosphorylation by Western blot, with β-actin as a loading control. N=1, pooled from 

three samples.  
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Figure 5-47: eNOS phosphorylation in HAoECs after NOX4 overexpression and 

high glucose treatment. HAoECs were transfected with either the empty vector (EV) 

or NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 48h, 

HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 

25 mM) for a further 48h. Protein was collected for assessment of eNOS 

phosphorylation by Western blot, with β-actin as a loading control. N=1, pooled from 

three samples.  
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5.1.5.4 Endothelial inflammation is increased by NOX4 overexpression in NG 

conditions but suppressed with high glucose treatment 

In order to assess inflammation in HAoECs following NOX4 overexpression, 

inflammatory gene expression was interrogated by qRT-PCR, as illustrated in Figure 

5-48. mRNA expression of IL1β, IL12 and IL6 tended to increase with NOX4 

overexpression in NG-treated HAoECs, whilst HG-induced increases in IL1β and IL6 

mRNA were not evident after NOX4 overexpression. Consistent with these findings, 

levels of the pro-inflammatory protein, NFκB, showed a similar pattern (Figure 5-49), 

with increased expression following NOX4 overexpression in NG-treated HAoECs 

and reduced expression in the presence of HG. Taken together, these data suggest 

that NOX4 may be pro-inflammatory in HAoECs under normoglycaemic conditions 

but may exert anti-inflammatory actions with hyperglycaemia.  

A complementary cytokine array was performed on conditioned media from HAoECs 

following NOX4 overexpression to identify specific cytokines that may be modulated 

by endothelial NOX4, as illustrated in Figure 5-50. Interestingly, there was an increase 

in the majority of cytokines released from NOX-overexpressing HAoECs under NG 

conditions, with the largest increases seen in the cytokines, CCL2, CCL5, CXCL1, 

CXCL12, and PAI1a, and the interleukins, IL6, IL8. IL18 and IL21 (Figure 5-51). 

Notably, many of these proteins are proinflammatory or prothrombotic and associated 

with the recruitment of monocytes, leukocytes, neutrophils and lymphocytes. 

However, there was a decrease in secretion of some cytokines, including pro-

inflammatory IL1α, IL1β and MIF, and anti-inflammatory IL10 and IL12, and the 

chemokines, complement component C5/C5a and CXCL10. HG-treated NOX4-

overexpressing HAoECs also exhibited increased secretion of all cytokines apart from 

CCL2 and CXCL1, suggesting that NOX4 overexpression promotes cytokine release 

under both NG and HG conditions. Unsurprisingly, HG itself induced cytokine release 

from HAoECs, albeit to a greater extent in control versus NOX4-overexpressing 

HAoECs. In particular, the inflammatory chemokines, CCL1, CLC3, CCL5, CXCL1, 

and CXCL12, the pro-inflammatory interleukins, IL6, IL8, IL18 and IL21, the ligand for 

leukocytes, ICAM1, the pro-apoptotic and anti-proliferative cytokine, INFγ, the pro-

thrombotic cytokine, PAI, and the pro-inflammatory cytokine, TNFα, were all highly 

increased following NOX4 overexpression with and without HG treatment, suggesting 

that endothelial NOX4 may promote a pro-inflammatory milieu in the surrounding 

tissue in hyperglycaemia.     
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Figure 5-48: Inflammatory gene expression in HAoECs following NOX4 

overexpression and high glucose treatment.  HAoECs were transfected with either 

the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48h, HAoECs were treated with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48h. RNA was extracted for 

quantification of (A) αSMA, (B) CTGF, (C) Col1α1, (D) Col3α1 and (E) FGF by qRT-

PCR. Mean ± SEM; n=3; * p<0.05 compared to relevant NG control; Kruskal-Wallis 

with Dunn’s post-hoc testing. 
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Figure 5-49: NFκB expression in HAoECs following NOX4 overexpression and 

high glucose treatment.  HAoECs were transfected with either the empty vector (EV) 

or NOX4 overexpressing (OE) plasmid by nucleofection electroporation. After 48h, 

HAoECs were treated with either normal glucose (NG; 5.5 mM) or high glucose (HG; 

25 mM) for a further 48h. Protein was then isolated from HAoECs for quantification of 

NFκB expression, with β-actin as a loading control. N=1 pooled from three samples.  
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Figure 5-50: Cytokine array of conditioned media collected from HAoECs 

following NOX4 overexpression and high glucose treatment.  HAoECs were 

transfected with either the empty vector (EV) or NOX4 overexpressing (OE) plasmid 

by nucleofection electroporation. After 48h, HAoECs were treated with either high L-

glucose (LG; 5.5 mM) or high glucose (HG; 25 mM) for a further 48h. Conditioned 

media was collected from treated cells, centrifuged and filtered before removing 1ml 

for performance of a cytokine assay. Membrane D0381 = CTR EV, D0382 = CTR OE, 

D0383 = HG EV, D0384 = HG OE.  
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 CTR EV vs CTR OE CTR EV vs HG EV HG EV vs HG OE CTR OE vs HG OE 

CCL1 255.6268252 895.6297539 459.5544757 9834.195223 

CCL2 3178.514854 9794.421234 -525.7062939 119.0874882 

CCL3 117.0307902 435.4716164 315.3812253 1507.159505 

CCL5 2523.18631 1995.027742 4390.018391 37.80605843 

CD40 -5.7058378 388.8914409 274.0372861 920.9581367 

C5/C5A -93.32995312 548.5351768 152.9270512 35.45215652 

CXCL1 1837.68071 10708.75564 -1614.407651 26.32779438 

CXCL10 -327.8016879 868.9657126 819.5376034 5222.366771 

CXCL11 158.0806525 556.3127323 488.1867676 77.06435464 

CXCL12 929.262665 1234.6202 633.7844104 459.353983 

G-CSF 196.8765178 432.5807684 411.1095215 160.073309 

GM-CSF 119.3913395 353.55278 394.0914856 79.94489223 

ICAM1 219.7877514 1199.998292 468.4850476 201.8291351 

IFNγ 93.8600204 1292.684159 462.426743 196.1279048 

IL1α -2.5724607 961.6197265 141.1416786 96.29852599 

IL1β -128.610246 467.9098392 96.53266869 26.95816133 

IL1ra 75.8264934 437.8197799 426.5185879 74.02822015 

IL2 53.0230279 298.966885 307.1442169 52.87900996 

IL4 33.2846303 227.5514786 287.9119548 39.62135566 

IL5 59.8331674 305.5128965 277.2347318 44.4049631 

IL6 1817.883919 5445.982802 782.7399369 2619.44997 

IL8 8605.80039 13085.76324 2032.679975 8001.614764 

IL10 -105.2153949 378.1184911 146.1400276 96.07510479 

IL12 -100.2857118 159.205311 81.62427649 39.81285955 

IL13 -4.4267978 668.5249243 435.4179809 85.19928005 

IL16 55.577 508.5857342 399.7033596 94.73457761 

IL17A 9.0323572 191.8640298 248.4930131 40.42726784 

IL17E 103.6272315 208.2534737 268.6847508 108.1318702 

IL18 402.7559309 1068.777216 299.3332489 274.6804043 

IL21 777.349076 1474.266497 203.9303099 407.9551385 

IL27 19.7880139 295.4967099 78.63826851 79.47411185 

IL32α 167.6282857 144.4652233 62.77644877 140.1928121 

MIF -801.180527 2858.70335 246.3465415 701.3590371 

PAI1 3323.628134 2323.046093 1281.403947 2746.061965 

TNFα 76.2579833 240.4771285 228.9963488 43.57511293 

TREM1 -0.1316048 131.7995719 184.4275875 39.14658562 
 

Figure 5-51: Cytokine release from HAoECs following NOX4 overexpression 

and high glucose treatment.  HAoECs were transfected with the empty vector (EV) 

or NOX4 overexpressing (OE) plasmid. After 48h, HAoECs were treated with high L-

glucose (LG; 5.5 mM) or high glucose (HG; 25 mM) for a further 48h. Conditioned 

media was collected from treated cells, centrifuged and filtered before removing 1ml 

for performance of a cytokine assay. Relative changes in cytokine release, as 

assessed by change in pixel density, are illustrated as differences in control vs 

experimental group; green indicates relative increase, red indicates relative decrease.   
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5.1.5.5 Nox4 overexpression increases paracrine mediated fibroblast 

differentiation 

Finally, it was important to assess whether Nox4 overexpression in HG-treated 

HAoECs modulated paracrine induction of fibroblast differentiation. To identify 

whether the release of cytokines from NOX4-overexpressing HAoECs may promote 

fibroblast differentiation by paracrine signalling, conditioned media was collected from 

each treatment group and incubated with NIH 3T3 fibroblasts. After 48h treatment, 

there were no obvious effects on fibroblast morphology (Figure 5-52), whilst mRNA 

expression of pro-fibrotic genes αSMA, Col1α2 and CTGF tended to increase with 

NOX4 overexpression in both NG- and HG-treated HAoECs, but to an apparently 

greater extent in HG (Figure 5-53). Complementary experiments were then performed 

using VHCFs as a more relevant cell type. Although cell morphology was not affected 

by HAoEC conditioned media, VHCFs tended to become more confluent following 

treatment with media collected from NOX4 overexpressing HG-treated HAoECs 

(Figure 5-54). Indeed, VHCFs demonstrated a more exaggerated phenotype than 3T3 

fibroblasts upon exposure to conditioned media from HG-treated NOX4-

overexpressing HAoECs, which resulted in marked upregulation of αSMA, CTGF, 

Col1α1 and Col3α1 mRNA compared to both NG and EV controls (Figure 5-55). 

Taken together, these data suggest that endothelial NOX4 overexpression in HAoECs 

under HG conditions promotes fibroblast differentiation, and therefore cardiac fibrosis, 

via modulation of paracrine signalling.  
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Figure 5-52: Morphology of NIH 3T3 fibroblasts after treatment with conditioned 

media from HAoECs subjected to NOX4 overexpression and high glucose.      

HAoECs were transfected with either SCR or NOX4 siRNA for 48h and were treated 

with either normal glucose (NG; 5.5 mM) or high glucose (HG; 25 mM) for a further 

48h. NIH 3T3 fibroblasts were treated with conditioned media from HAoECs, for 24h. 

Cells were imaged on a Leica DMi1 microscope. Scale bar is 100μm.  
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Figure 5-53: Fibrotic gene expression in 3T3 fibroblasts after treatment with 

conditioned media from HAoECs subjected to NOX4 overexpression and high 

glucose. HAoECs were transfected with either empty vector (EV) or NOX4 

overexpressing (OE) plasmid for 48h and with either normal glucose (NG; 5.5 mM) or 

high glucose (HG; 25 mM) for a further 48h. 3T3 fibroblasts were treated with 

conditioned media from HAoECs, for 24h. Gene expression of the fibrotic genes (A) 

αSMA, (B) Col1α2 and (C) CTGF were quantified using qRT-PCR. Mean ± SEM; n=3; 

* p<0.05 compared to relevant NG control; Kruskal-Wallis with Dunn’s post-hoc 

testing.   
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Figure 5-54: Morphology of VHCFs after treatment with conditioned media from 

HAoECs subjected to NOX4 overexpression and high glucose.  HAoECs were 

transfected with either SCR or NOX4 siRNA for 48h and were treated with either 

normal glucose (NG; 5.5 mM) or high glucose (HG; 25 mM) for a further 48h. VHCFs 

were treated with conditioned media from HAoECs, for 24h. Cells were imaged on a 

Leica DMi microscope. Scale bar is 100μm. 
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Figure 5-55: Fibrotic gene expression in VHCFs after treatment with conditioned 

media from HAoECs subjected to NOX4 overexpression and high glucose.      

HAoECs were transfected with either empty vector (EV) or NOX4 overexpressing 

(OE) plasmid for 48h and with either normal glucose (NG; 5.5 mM) or high glucose 

(HG; 25 mM) for a further 48h. VHCFs were treated with conditioned media from 

HAoECs, for 24h. Gene expression of the fibrotic genes (A) αSMA, (B) Col1α2 and 

(C) CTGF were quantified using qRT-PCR. Mean ± SEM; n=3; ***/### p<0.001 

compared to relevant NG/EV control; Kruskal-Wallis with Dunn’s post-hoc testing 
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5.1.6 Characterisation of mouse coronary microvascular ECs 

To substantiate data obtained in macrovascular HAoECs in a microvascular setting, 

similar experiments were performed in mouse CMECs to identify changes in Nox4 

expression and endothelial cell function. Initial characterisation showed that CMECs 

exhibited a characteristic cobblestone morphology upon confluence (Figure 5-56), 

CMECs stained positive for the endothelial markers, CD144, CD31, isolectin B4 and 

eNOS (Figure 5-57). CMECs also exhibited a similar pattern of Nox mRNA and protein 

expression compared to HAoECs, as illustrated in Figure 5-58 and Figure 5-59, 

respectively, whereby HG increased expression of both Nox2 and Nox4. This was 

consistent with previous data generated in HAoECs and suggested that two days of 

glucose treatment was appropriate for further experiments. Moreover, as NG was 

used as a control for the HAoEC experiments, we decided to use LG as a more 

relevant osmotic control for comparison of HG-mediated effects in CMECs.  

5.1.7 Nox4 overexpression in CMECs 

5.1.7.1 Confirmation of Nox4 overexpression in CMECs 

In order to compare effects of Nox4 in CMECs and HAoECs, a Nox4 overexpressing 

plasmid was transfected into CMECs. The morphology of CMECs was similar after 

both Nox4 overexpression and treatment with LG or HG, as illustrated in Figure 5-60, 

although Nox4 overexpressing CMECs appeared to be more confluent. Nox4 

overexpression in CMECs was confirmed at both mRNA and protein level, as 

illustrated in Figure 5-61. Notably, Nox4 expression appeared to be increased to a 

greater extent versus plasmid-transfected HAoECs and to a similar level between LG- 

and HG-treated CMECs.   
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Figure 5-56: Phenotype of CMECs.  CMECs exhibit a cobblestone morphology once 

confluent, between passages 2 and 30. Cells were imaged on a Leica DMi1 

microscope. Scale bar is 100μm. 

 

Figure 5-57: Immunohistochemistry staining of CMECs. CMECs exhibit a 

cobblestone morphology once confluent, between passages 2 and 30. Cells were 

stained with CD144, isolectin B4, CD31 or eNOS with DAPI to assess endothelial 

markers. Cells were imaged on a Leica DMi8 epifluorescent microscope. Scale bar is 

75μm.  
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Figure 5-58: Nox NADPH oxidase mRNA expression in CMECs with high 

glucose treatment.  CMECs were treated with normal glucose (NG; 5.5mM), high L-

glucose (LG; 5.5mM NG +19.5mM LG) or high D-glucose (HG; 25mM) and after 48h, 

RNA was isolated for quantification of (A) Nox2 and (B) Nox4 by qRT-PCR. Mean ± 

SEM; n=3; p=NS; Kruskal-Wallis test.  
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Figure 5-59: Nox NADPH oxidase protein expression in CMECs with high 

glucose treatment.  CMECs were treated with normal glucose (NG; 5.5mM), high L-

glucose (LG; 5.5mM NG +19.5mM LG) or high D-glucose (HG; 25mM) and after 48h, 

protein was isolated for quantification of Nox2 and Nox4 by Western blot with β-actin 

as a loading control. N=1, pooled from three samples.  
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Figure 5-60: Morphology of CMECs after NOX4 overexpression and high 

glucose treatment.  EV and NOX4 overexpressing plasmids were transfected into 

CMECs to overexpress NOX4 and after 48h, cells were treated for a further 48h with 

LG or HG.  Cells were imaged on a Leica DMi1 microscope. Scale bar is 100μm.  
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Figure 5-61: Nox expression in CMECs following Nox4 overexpression and high 

glucose treatment. Nox4 was overexpressed in CMECs by electroporation 

transfection of a Nox4 plasmid, with an empty vector (EV) plasmid as a control. After 

48h, CMECs were treated with high L-glucose (LG; 5.5 mM NG+ 19.5 mM L-glucose) 

or high D-glucose (HG; 25 mM D-glucose) for a further 48h. RNA was extracted (A) 

gene and (B) protein expression of Nox4 was assessed with β-actin as a loading 

control. Mean ± SEM; n=3 per group; ### p<0.001 compared to relevant EV control; 

Kruskal-Wallis with Dunn’s post-hoc testing.  



Chapter 5 

~ 5-282 ~ 
 

5.1.7.2 ROS production was altered in CMECs following Nox4 overexpression. 

In order to investigate the effect of NOX4 overexpression in CMECs on ROS 

production, total ROS (Figure 5-62) and O2
- production (Figure 5-63) were assessed. 

Similar to the previously presented findings in HAoECs, O2
- tended to increase in HG-

treated CMECs following Nox4 overexpression, which was abolished by SOD, while 

Nox4 overexpression tended to reduce total ROS production in both LG- and HG-

treated CMECs. Neither PEG-CAT nor PEG-SOD treatment altered basal O2
- or ROS 

generation under any condition. Taken together, it is difficult to draw any firm 

conclusions from these data in relation to the specific influence of Nox4 on ROS 

production in CMECs. To assess ROS regulation in CMECs, antioxidant gene 

expression was quantified by qRT-PCR, as illustrated in Figure 5-64. Under LG 

conditions, Nox4 overexpression reduced mRNA expression of all of the antioxidant 

genes, although this only reached statistical significance for NRF2 and PRDX1. In 

contrast, under HG conditions, Nox4 overexpression had no effect on antioxidant 

gene expression versus EV controls, although when compared with LG Nox4 

overexpression, mRNA overexpression of NRF2, PRDX1, SOD1, SOD3, and CAT 

were significantly higher. However, there was no difference in Nrf2 protein expression 

following Nox4 overexpression under either LG or HG conditions, as illustrated in 

Figure 5-65. It is interesting to note that while Nox4 overexpression broadly increases 

antioxidant gene expression in HG-treated CMECs and HAoECs, Nox4 

overexpression in LG-treated CMECs appears to decrease antioxidant gene 

expression, while NG-treated HAoECs show the reverse response. As the role of 

endothelial Nox4 in regulation of ROS signalling is complex, it is evident that more 

detailed analysis is required, including assessment of pro- and antioxidant enzymatic 

activity, which may assist in clarifying the specific actions of Nox4 under both LG and 

HG conditions.  
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Figure 5-62: Total ROS production in CMECs following two days of NOX4 

overexpression and two days of glucose treatment. CMECs were transfected with 

either the empty vector (EV) or NOX4 overexpressing (OE) plasmid by nucleofection 

electroporation. After 48 hours, CMECs were treated with (LG; 5.5 mM NG+ 19.5 mM 

L-glucose) or high D-glucose (HG; 25 mM D-glucose) for a further two days. Total 

ROS production was assessed by staining with 2’-7’- dichlorodihydrofluorescein 

diacetate (DCF). Fluorescence was assessed on a microplate reader and was 

normalised to the control group. Mean ± SEM, n=3; p=NS; Kruskal-Wallis test. 
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Figure 5-63: O2
- production in CMECs following two days of NOX4 

overexpression and two days of glucose treatment.      CMECs were transfected 

with either the empty vector (EV) or NOX4 overexpressing (OE) plasmid by 

nucleofection electroporation. After 48 hours, CMECs were treated with (LG; 5.5 mM 

NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM D-glucose) for a further two 

days. O2
- production was assessed by staining with dihydroethidium (DHE) and cells 

were imaged on a Leica DMi8 epifluorescent microscope, scale bar is 75μm. 

Fluorescence normalised to cell count was assessed in ImageJ. Mean ± SEM, n=3; 

p=NS; one-way ANOVA test.  
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Figure 5-64: Antioxidant gene expression in CMECs following Nox4 

overexpression and high glucose treatment.      Nox4 was overexpressed in 

CMECs by electroporation transfection of a Nox4 plasmid, with an empty vector (EV) 

plasmid as a control. After 48h, CMECs were treated with high L-glucose (LG; 5.5 mM 

NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM D-glucose) for a further 48h. 

RNA was extracted and expression of (A) NRF2, (B) GPx1, (C) PRDX1, (D) SOD1, 

(E) SOD2, (F) SOD3 and (G) CAT was assessed using qRT-PCR. Mean ± SEM; n=3; 

*/# p<0.05, ** p<0.01, *** p<0.001 compared to relevant LG/EV control; Kruskal-Wallis 

with Dunn’s post-hoc testing. 
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Figure 5-65: Nrf2 protein expression in CMECs following Nox4 overexpression 

and high glucose treatment.Nox4 was overexpressed in CMECs by electroporation 

transfection of a Nox4 plasmid, with an empty vector (EV) plasmid as a control. After 

48h, CMECs were treated with high L-glucose (LG; 5.5 mM NG+ 19.5 mM L-glucose) 

or high D-glucose (HG; 25 mM D-glucose) for a further 48h. Protein was isolated from 

CMECs for quantification of NRF2 by Western blot with β-actin as a loading control. 

N=1 pooled from three samples.  
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5.1.7.3 Nox4 overexpression may promote glucose uptake in CMECs. 

Initially, glucose transporter gene expression was assessed by qRT-PCR, as 

illustrated in Figure 5-66. While mRNA expression of both GLUT1 and GLUT4 tended 

to be increased in HG-treated CMECs, GLUT4, but not GLUT1 mRNA levels were 

significantly higher following Nox4 overexpression. Interestingly, this differs from 

HAoECs, which exhibited an increase in GLUT4 mRNA following treatment with NG 

which was normalised following treatment with HG. This suggests that glucose uptake 

may be increased in microvascular ECs following Nox4 overexpression, although this 

it should be noted that is a very crude assessment and further assessment of glucose 

uptake and metabolism would be required to elucidate the precise role of Nox4 in 

regulating cell metabolism.  

5.1.7.4 Endothelial Nox4 overexpression increases angiogenic gene and 

protein expression in HG-treated CMECs. 

Expression of endothelial- (Figure 5-67) and angiogenic-specific (Figure 5-68) genes 

was assessed as a surrogate measure of endothelial function. mRNA expression of 

the majority of assessed genes tended to increase in HG-treated CMECs, although 

this only reached statistical significance for VEGF. Whilst ET1 mRNA expression was 

significantly reduced in LG-treated CMECs following Nox4 overexpression, while 

eNOS, ET1 and VEGF mRNA expression was significantly increased in HG-treated 

CMECs following Nox4 overexpression. Taken together, these data suggest that 

Nox4 overexpression may promote endothelial and angiogenic function in HG-treated 

CMECs. In support of this, phosphorylation of PKA (Figure 5-69), PKC (Figure 5-70), 

AKT (Figure 5-71), and eNOS (Figure 5-72) all appeared to be increased with Nox4 

overexpression in HG-treated CMECs. This may be indicative of a more functional 

Nox4-mediated phenotype in microvascular CMECs versus macrovascular HAoECs, 

although complementary functional assays would be required to further investigate 

this supposition. 
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Figure 5-66: Glucose transporter gene expression in CMECs following two days 

of Nox4 overexpression and two days of glucose treatment. Nox4 was 

overexpressed in CMECs by electroporation transfection of a Nox4 plasmid, with an 

empty vector (EV) plasmid as a control. After two days, CMECs were treated with 

high L-glucose (LG; 5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM 

D-glucose) for a further two days. RNA was extracted and expression of (A) GLUT1 

and (B) GLUT4 was assessed in CMECs. Mean ± SEM; n=3; * p<0.05 compared to 

relevant LG control; Kruskal-Wallis with Dunn’s post-hoc testing. 
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Figure 5-67: Endothelial cell gene expression in CMECs following two days of 

Nox4 overexpression and two days of glucose treatment.. Nox4 was 

overexpressed in CMECs by electroporation transfection of a Nox4 plasmid, with an 

empty vector (EV) plasmid as a control. After two days, CMECs were treated with 

high L-glucose (LG; 5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM 

D-glucose) for a further two days. RNA was extracted and expression of (A) CD31, 

(B) eNOS, (C) ET1 and (D) CAD5 was assessed in CMECs. Mean ± SEM; n=3 per 

group; # p<0.05 compared to relevant EV control, ** p<0.01 compared to relevant LG 

control; Kruskal-Wallis with Dunn’s post-hoc testing.  
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Figure 5-68: Angiogenesis gene expression in CMECs following two days of 

NOX4 overexpression and two days of glucose treatment. NOX4 was 

overexpressed in CMECs by electroporation transfection of a NOX4 plasmid, with an 

empty vector (EV) plasmid as a control. After two days, CMECs were treated with 

high L-glucose (LG; 5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM 

D-glucose) for a further two days. RNA was extracted and expression of (A) VEGF, 

(B) VEGFR, (C) NOTCH and (D) Jag was assessed in CMECs. Mean ± SEM; n=3; * 

p<0.05, *** p<0.001 compared to relevant LG control; Kruskal-Wallis with Dunn’s 

post-hoc testing.  
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Figure 5-69: PKA protein expression in CMECs following two days of Nox4 

overexpression and two days of glucose treatment.      Nox4 was overexpressed 

in CMECs by electroporation transfection of a Nox4 plasmid, with an empty vector 

(EV) plasmid as a control. After two days, CMECs were treated with high L-glucose 

(LG; 5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM D-glucose) for 

a further two days. Protein was isolated from CMECs for quantification of PKA by 

Western blot with β-actin as a loading control. N=1 pooled from three samples.  

 

Figure 5-70: PKC protein expression in CMECs following two days of Nox4 

overexpression and two days of glucose treatment. Nox4 was overexpressed in 

CMECs by electroporation transfection of a Nox4 plasmid, with an empty vector (EV) 

plasmid as a control. After two days, CMECs were treated with high L-glucose (LG; 

5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM D-glucose) for a 

further two days. Protein was isolated from CMECs for quantification of PKC by 

Western blot with β-actin as a loading control. N=1 pooled from three samples.  
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Figure 5-71: Akt protein expression in CMECs following two days of Nox4 

overexpression and two days of glucose treatment. Nox4 was overexpressed in 

CMECs by electroporation transfection of a Nox4 plasmid, with an empty vector (EV) 

plasmid as a control. After two days, CMECs were treated with high L-glucose (LG; 

5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM D-glucose) for a 

further two days. Protein was isolated from CMECs for quantification of Akt by 

Western blot with β-actin as a loading control. N=1 pooled from three samples. 

 

Figure 5-72: eNOS protein expression in CMECs following two days of Nox4 

overexpression and two days of glucose treatment. Nox4 was overexpressed in 

CMECs by electroporation transfection of a Nox4 plasmid, with an empty vector (EV) 

plasmid as a control. After two days, CMECs were treated with high L-glucose (LG; 

5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM D-glucose) for a 

further two days. Protein was isolated from CMECs for quantification of eNOS by 

Western blot with β-actin as a loading control. N=1 pooled from three samples.  
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5.1.7.5 Pro-inflammatory gene expression in CMECs tends to be increased by 

HG and exacerbated with Nox4 overexpression 

Effects of HG treatment and Nox4 overexpression on CMEC inflammatory gene 

expression were assessed, as illustrated in Figure 5-73. mRNA expression of the 

cytokines, IL1β and IL6, and adhesion molecules, ICAM1 and VCAM1, tended to 

increase following HG treatment with HG, and were furthered increase following Nox4 

overexpression, which reached statistical significance for VCAM1. Interestingly, it 

seemed that VCAM expression increased following Nox4 overexpression in NG-

treated HAoECs, as illustrated in Figure 5-74, although it seemed that different 

isoforms were expressed following Nox4 overexpression in LG- and HG-treated 

CMECs. Previous studies have established that both isoforms are expressed on the 

cell surface of ECs but that the larger isoform tends to be expressed on the apical 

surface, while the smaller isoform is expressed on the basolateral surface following 

induction by cytokines (Pirozzi et al., 1994). Further studies will clearly be important 

to assess the precise effects of Nox4 on endothelial inflammation under both LG and 

HG conditions. 

5.1.7.6  Nox4 overexpression in CMECs exacerbates HG-induced pro-fibrotic 

signalling 

Finally, effects of endothelial Nox4 on paracrine modulation of fibroblast differentiation 

was assessed by treating VHCFs with conditioned media collected from HG-treated 

CMECs with or without Nox4 overexpression. The morphology of VHCFs, as 

illustrated in Figure 5-75, remained similar between groups, although VHCFs tended 

to be more confluent following treatment with conditioned media from HG-treated 

CMECs, and from Nox4-overexpressing CMECs, although functional assessment of 

proliferation was not performed. Whilst conditioned media from HG-treated CMECs 

had limited effects, as illustrated in Figure 5-76, conditioned media from Nox4 

overexpressing CMECs tended to promote fibrotic gene expression, with this reaching 

statistical significance for Col1α1. While further assessment of fibroblast 

differentiation and function is clearly required, these initial data suggest that CMEC 

paracrine signalling modulates differentiation of fibroblasts, but perhaps to a lesser 

extent than observed in HAoECs, as discussed in section 5.1.5.5. 
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Figure 5-73: Inflammation gene expression in CMECs following two days of 

Nox4 overexpression and two days of glucose treatment. Nox4 was 

overexpressed in CMECs by electroporation transfection of a Nox4 plasmid, with an 

empty vector (EV) plasmid as a control. After two days, CMECs were treated with 

high L-glucose (LG; 5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM 

D-glucose) for a further two days. RNA was extracted and expression of (A) IL1β, (B) 

IL6, (C) ICAM1 and (D) VCAM1 was assessed in CMECs. Mean ± SEM; n=3; *** 

p<0.001 compared to relevant LG control; Kruskal-Wallis with Dunn’s post-hoc 

testing. 
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Figure 5-74: VCAM1 protein expression in CMECs following two days of Nox4 

overexpression and two days of glucose treatment.      Nox4 was overexpressed 

in CMECs by electroporation transfection of a Nox4 plasmid, with an empty vector 

(EV) plasmid as a control. After two days, CMECs were treated with high L-glucose 

(LG; 5.5 mM NG+ 19.5 mM L-glucose) or high D-glucose (HG; 25 mM D-glucose) for 

a further two days. Protein was isolated from CMECs for quantification of VCAM1 by 

Western blot with β-actin as a loading control. N=1 pooled from three samples.  
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Figure 5-75: Phenotype of VHCFs treated with conditioned media from CMECs 

after two days of Nox4 overexpression and two days of glucose treatment.      

Nox4 was overexpressed in CMECs by electroporation transfection of a Nox4 

plasmid, with an empty vector (EV) plasmid as a control. After two days, CMECs were 

treated with normal glucose (NG; 5.5 mM), high L-glucose (LG; 5.5 mM NG+ 19.5 mM 

L-glucose) or high D-glucose (HG; 25 mM D-glucose) for a further two days. Cells 

were imaged on a Leica DMi1 microscope. Scale bar is 100μm.  
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Figure 5-76: Fibrotic gene expression in VHCFs treated with conditioned media 

from CMECs with 48 hours of NOX4 overexpression and a further 48 hours of 

glucose treatment.  CMECs were transfected with either empty vector (EV) or NOX4 

overexpressing (OE) plasmid for 48 hours and with either normal glucose (NG; 5.5 

mM) or high glucose (HG; 25 mM) for a further 48 hours. VHCFs were treated with 

conditioned media from CMECs, for 24 hours. Gene expression of the fibrotic genes 

(A) αSMA, (B) Col1α2 and (C) CTGF were quantified using qRT-PCR. Mean ± SEM; 

n=3; # p<0.05 compared to relevant EV control; Kruskal-Wallis with Dunn’s post-hoc 

testing.   
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5.2 Discussion 

5.2.1 Summary of findings 

This chapter has demonstrated that HG-treated HAoECs show increased mRNA and 

protein expression of NOX4, which is associated with modulation of ROS production 

and antioxidant signalling, and that conditioned media from NOX4-overexpressing 

HG-treated HAoECs promoted paracrine-mediated differentiation of VHCFs. 

Moreover, NOX4 knockdown in HAoECs reduces antioxidant gene expression and 

increases superoxide production under NG conditions, while these effects are 

reversed following treatment with HG. Furthermore, increased TGFβ-induced 

fibroblast differentiation following treatment with conditioned media from HG-treated 

HAoECs is normalised following NOX4 overexpression. Taken together, these 

findings suggest that NOX4 overexpression alters ROS production in HAoECs whilst 

exacerbating TGFβ-induced fibroblast differentiation. Interestingly, NOX4 

overexpression in CMECs appears to exert different effects compared with those 

observed in macrovascular HAoECs, which in some cases demonstrated a more 

defined phenotype in terms of ROS production and regulation, cell viability, 

angiogenesis, inflammation and fibroblast differentiation. A summary of the role of 

Nox4 in HG-treated HAoECs and CMECs in vitro is illustrated in Table 6-2 on page 

6-306. Taken together, whilst clearly complex, the in vitro data presented in this 

chapter are broadly supportive of the in vivo data discussed in the previous chapter 

in implicating NOX4 in the development of cardiac fibrosis and diastolic dysfunction 

in diabetes.  

5.2.2 Discussion of findings 

5.2.2.1 NOX4 expression increases in response to HG in HAoECs which is 

associated with modulation of ROS production and signalling 

In this chapter, we reported that HAoECs show increased NOX4 expression in 

response to HG, which is associated with altered NADPH oxidase-dependent ROS 

production and paracrine induction of fibrotic gene expression in 3T3 fibroblasts. 

Many previous studies have established NOX4 as the predominant NADPH oxidase 

isoform in ECs, and shown that its expression increases in HG-treated ECs and is 

associated with endothelial dysfunction (Li et al., 2017, Liao et al., 2018, Zhang et al., 

2013b, Patel et al., 2013, Van Buul et al., 2005). Moreover, we have shown that, 

despite an increased antioxidant gene expression, much of the HG-induced ROS 



Chapter 5 

~ 5-299 ~ 
 

production in ECs is derived from NADPH oxidases. Other studies have established 

a similar pattern, in which HG-treated ECs demonstrated an increase in antioxidant 

expression as well as an increase in O2
- and H2O2 production (Li et al., 2017, Liao et 

al., 2018, Patel et al., 2013). Interestingly, the phenomenon known as “metabolic 

memory”, whereby HG-induced EC damage can be maintained even following 

normalisation of glucose levels, is maintained with respect to NOX4-induced ROS 

production, and NOX4 inhibition has been reported to be capable of reversing 

metabolic memory in ECs (Liao et al., 2018). We also demonstrated that fibroblasts 

show increased expression of myofibroblast markers following incubation with 

conditioned media from HG-treated HAoECs with NOX4 overexpression, although 

this was less apparent for microvascular cells. This is particularly noteworthy as, to 

the best of our knowledge, the role of EC NOX4 on paracrine modulation of fibroblasts 

in diabetes has not been previously investigated. Additionally, NOX4 knockdown was 

associated with a general decrease in antioxidant gene expression, altered ROS 

production and reduced fibrotic gene expression in 3T3 fibroblasts incubated with 

conditioned media from HG-treated HAoECs. Previous studies have shown that 

inhibition of NOX4 prevents oxidative stress and inflammation in HUVECs (Li et al., 

2017). As such, this report supports our findings discussed in the previous section 

indicating that NOX4 is important for regulating ROS production and antioxidant 

expression in HAoECs and that endothelial-specific NOX4 is an important regulator 

of paracrine-induced fibroblast differentiation.  

5.2.2.2 NOX4 overexpression in HAoECs may promote Ca2+ release from the 

ER, cytokine secretion and fibroblast differentiation. 

NOX4 overexpression in HG-treated HAoECs was associated with increased 

antioxidant gene expression and altered ROS production, specifically increased O2
- 

and total ROS generation. NOX4 overexpression also increased O2
- production in NG-

treated HAoECs, while it decreased both total ROS and O2
- in HG-treated HAoECs. 

Whilst changes in H2O2 were not investigated, this is clearly important since H2O2 is 

thought to account for ~90% of NOX4-derived ROS (Xiao et al., 2009). In addition, 

NOX4 overexpression in HAoECs increased GLUT4 expression in NG- but not HG-

treated HAoECs, whilst having minimal effects on cell viability and endothelial or 

angiogenic gene expression, with HG treatment alone tending to increase mRNA 

expression of eNOS, KDR, NOTCH or VEGF. While it seems likely that NOX4 

overexpression may have some effects on HG-treated HAoECs, it is not possible to 

draw any firm conclusions from the data generated in our study.  
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While effects on H2O2 production were not investigated, pathways downstream of 

H2O2 appeared to be promoted following NOX4 overexpression. Specifically, NOX4 

overexpression seemed to increase PKC phosphorylation in NG- and HG- treated 

HAoECs. PKC possesses a cysteine-rich region which is prone to oxidation by H2O2 

(Breton-Romero and Lamas, 2013). In addition, phosphorylation of eNOS, which is 

regulated by NOX4-derived H2O2 in an Erk- and Akt-dependent manner (Breton-

Romero and Lamas, 2013, Xu et al., 2018, Thomas et al., 2002, Cai et al., 2003), was 

increased in HG-treated HAoECs following NOX4 overexpression. Moreover, NOX4 

overexpression was associated with increased release of Ca2+ from the ER. While 

peak [Ca2+]I was also higher in HG-treated NOX4-overexpressing HAoECs, [Ca2+]i 

appeared to plateau earlier. Such an increase in [Ca2+]i has been associated with 

increased Akt and PKC phosphorylation (Thomas et al., 2002). It is interesting to note 

that hyperglycaemia increases hyperpolarisation of the mitochondrial membrane, 

leading to further ATP release, which may increase the activity of SERCA2a and 

consequent Ca2+ reuptake (Patel et al., 2013). Identifying changes in Ca2+ release in 

response to various agonists will therefore be critical in identifying the specific 

pathways involved in pathological EC signalling. In this regard, it may be significant 

that NOX4 is localised to both the mitochondria and ER in ECs (Van Buul et al., 2005, 

Block et al., 2009). 

Inflammation was also induced in NOX4-overexpressing HAoECs, with increased 

inflammatory gene expression observed following treatment with HG, which tended 

to be further increased with NOX4 overexpression. Partly consistent with these data, 

NFκB protein expression was higher in HG-treated HAoECs and in NG-treated NOX4-

overexpressing HAoECs relative to control NG-treated cells, although no further 

increase in NFκB protein expression was observed in HG-treated NOX4-

overexpressing HAoECs; however, it would be interesting to investigate NFκB 

translocation to the nucleus. It was previously reported that increased NFκB levels in 

human ECs induced NOX4 and p22phox expression in association with increased ROS 

production, whilst inhibition of NFκB prevented glucose-induced NOX4 expression 

(Rodino-Janeiro et al., 2015). As expected, treatment with HG increased cytokine 

release from HAoECs, which was exacerbated with NOX4 overexpression in both 

NG- and HG-treated HAoECs. Indeed, endothelial dysfunction is strongly associated 

with endothelial activation, whereby ECs show increased expression of adhesion 

molecules such as ICAM1, cytokines such as IL1β, IL6, and TNFα, and through 

promotion of interaction with the CD40 ligand (Zhang, 2008). Such inflammatory 

signalling has been strongly correlated with oxidative stress in ECs and is thought to 
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be a key driver of cardiovascular complications associated with diabetes (Zhang, 

2008). As such, it may not be surprising that increased cytokine release was observed 

in HG-treated HAoECs. Moreover, NOX4 has been specifically associated with 

inflammatory activation in ECs, linked with increased expression and release of pro-

inflammatory cytokines (Basuroy et al., 2009, Lee et al., 2009, Stevenson et al., 2019). 

Indeed, TGFβ-induced differentiation of fibroblasts following treatment with 

conditioned media from HG-treated HAoECs was exacerbated following NOX4 

overexpression, suggesting that increased endothelial NOX4 expression may 

promote fibrosis via paracrine signalling. In fact, several of the cytokines upregulated 

with NOX4 overexpression have been linked with myofibroblast differentiation and 

fibrosis both in vitro and in vivo, and in patients with diabetes and HF; these cytokines 

include, but are not limited to, IL1, IL4, IL6, IL10, IL13, IL18, CXCL12 and TNFα 

(Marques et al., 2018, Azzam et al., 2017, Gullestad et al., 2019, Roselló-Lletí et al., 

2007, Borthwick et al., 2013, Sziksz et al., 2015). While further work is clearly required 

to elucidate which specific cytokines are primarily involved in mediating EC-fibroblast 

signalling in this setting, it appears that activation of pro-inflammatory signalling in 

NOX4-overexpressing ECs plays a key role in driving paracrine-mediated fibroblast 

differentiation, so is therefore likely to make a significant contribution to cardiac 

fibrosis and dysfunction associated with experimental and clinical diabetes.  

5.2.2.3 CMECs show a more exacerbated phenotype than HAoECs with Nox4 

overexpression in terms of O2
- production, angiogenesis, and 

inflammation 

Similar to HAoECs, Nox4 expression was found to increases in CMECs in response 

to HG treatment. Moreover, total ROS generation tended to decrease following Nox4 

overexpression in LG- and HG-treated CMECs, with O2
- increasing in HG-treated 

CMECs following Nox4 overexpression. Antioxidant gene expression was also 

significantly upregulated in HG-treated CMECs following Nox4 overexpression 

relative to LG-treated controls. As previously discussed, HG-induced Nox4 

expression is associated with increased oxidative stress, although our data suggest 

that HG exposure increases both O2
- production and antioxidant gene expression to 

a greater extent in microvascular versus macrovascular ECs following Nox4 

overexpression. Interestingly, HG-treated CMECs were also found to express 

significantly higher levels of angiogenic- and endothelial-specific genes following 

Nox4 overexpression, which was not observed in HAoECs. Moreover, levels of Akt, 

PKC and eNOS phosphorylation all increased in HG-treated CMECs following Nox4 

overexpression. Indeed, previous studies have reported that Nox4-dependent H2O2 
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production increases eNOS phosphorylation via Erk- and Akt-dependent pathways 

(Breton-Romero and Lamas, 2013, Xu et al., 2018, Thomas et al., 2002). While further 

investigation is required, it appears that phosphorylation of such proteins may be 

higher in microvascular ECs. It is should be noted that it is not necessarily surprising 

that CMECs show a more exaggerated phenotype than HAoECs in vitro considering 

the fact that development of microvascular dysfunction precedes macrovascular 

dysfunction in vivo (Patel et al., 2013). Moreover, microvascular cells are more 

prominent targets of hyperglycaemic damage considering their greater ability to take 

up glucose (Stehouwer, 2018). 

5.2.3 Limitations of the current study 

One clear limitation of the current study is that HAoECs were used for many of the 

current studies, and it subsequently became apparent that microvascular 

overexpression of NOX4 may have a different, and potentially more exaggerated, 

effect on the endothelium than in macrovascular ECs. While it will be important to 

characterise the effect of Nox4 overexpression in CMECs, the difference in macro- 

and microvascular ECs is still an important finding which supports our hypothesis that 

microvascular dysfunction specifically is likely to be more important in the 

development of diabetic cardiac remodelling. It would be ideal to perform more 

detailed assessment of the specific endothelial pathways regulated by NOX4 

overexpression, as well as further investigating the impact of endothelial inflammation 

on surrounding fibroblasts. However, the nature of such in vitro cultures is lacking in 

that hyperglycaemia is only one aspect of the diabetic phenotype and it therefore does 

not accurately represent the complex physiological nature of diabetes in vivo. Using 

more complex models, such as co-cultures or models integrating vascular function, 

such as shear stress, would provide a more representative model of vascular function 

in diabetes. Future work will build on assessing NOX4-dependent EC signalling in 

response to hyperglycaemia that ultimately promotes inflammation and fibroblast 

differentiation.  

5.2.4 Conclusions 

NOX4 expression is clearly upregulated in response to HG in both macrovascular and 

microvascular ECs and is associated with increased ROS production and antioxidant 

gene expression. In HAoECs, NOX overexpression increases Ca2+ signalling which 

may be partially responsible for increased H2O2-depepdent protein activation and 

cytokine release. Moreover, NOX4 overexpression in HG-treated HAoECs 
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exacerbates TGFβ-induced fibroblast differentiation via paracrine signalling, likely 

due to adverse regulation of numerous cytokines in response to hyperglycaemia. 

Notably, the combination of HG treatment and Nox4 overexpression appears to 

promote more severe phenotype in CMECs, likely due to their higher sensitivity to 

glucose versus macrovascular ECs. Taken together, the data presented in this 

chapter builds on previous reports demonstrating the importance of coronary 

microvascular EC dysfunction as a key regulator of diabetic cardiac remodelling, 

whilst specifically implicating NOX4-mediated endothelial oxidative stress and 

inflammation as central factors contributing to cardiac fibrosis and diastolic 

dysfunction. 
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6 DISCUSSION 

6.1 Key findings of this thesis 

This thesis has investigated the role of endothelial-specific Nox2 and Nox4 in 

endothelial dysfunction and associated cardiac remodelling and dysfunction in 

experimental diabetes. Our findings confirmed that experimental diabetes was linked 

with reduced cardiac function and adverse remodelling, whilst highlighting an 

important role for endothelial Nox4, but not endothelial Nox2. Specifically, endothelial-

specific Nox4 overexpression promoted STZ diabetes-induced systolic and diastolic 

dysfunction, cardiac fibrosis and cardiomyocyte hypertrophy, in parallel with 

modulation of ROS production and regulation, inflammation and angiogenesis, as 

summarised in Table 6-1. These results were supported by in vitro findings, whereby 

Nox4 overexpression in HG-treated HAoECs and CMECs induced ROS production 

and paracrine promotion of fibroblast differentiation. Moreover, NOX4 overexpression 

in HG-treated HAoECs promoted intracellular Ca2+ release, endothelial and 

angiogenic gene expression, proinflammatory signalling, and secretion of several 

cytokines known to modulate myofibroblast differentiation, as illustrated in Table 6-2. 

Taken together, the findings of this thesis clearly implicate endothelial Nox4 as a key 

driver of development and progression of adverse cardiac remodelling associated 

with diabetes, thereby suggesting that endothelial Nox4 signalling may represent an 

effective novel therapeutic target for this major clinical condition for which there is 

currently no specific treatment. 
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In vivo 

assessment of 

structure/function 

Measurements 

3 months 6 months ATII 3mo. 

Tg STZ 
Tg 
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Tg STZ 
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Blood glucose = ↑↑↑ ↑ = ↑↑↑ ↑↑↑ NA NA 

Morphometric = = = = = = NA NA 

Diastolic function = ↓ ↓ ↓ ↓↓ ↓ NA NA 

Systolic function = = = = ↑ = NA NA 

Fibrosis gene 

expression 
= = = = = = NA NA 

Cardiomyocyte 

hypertrophy 
NA NA NA = = = NA NA 

Hypertrophic gene 

expression 
= = = = = ↑ NA NA 

L
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O
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n
 

NADPH oxidase 

gene expression 
= = = = = = NA NA 

NADPH oxidase 

protein expression 
= = = = = = NA NA 

Antioxidant gene 

expression 
= = = = ↑ = NA NA 

L
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c
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s
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p
p
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Endothelial gene 

expression 
= = = = = = NA NA 

Inflammatory gene 

expression 
= = = = = = NA NA 
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Blood glucose = ↑↑↑ ↑ = ↑↑↑ ↑↑↑ ↑ ↑ 

Morphometric = ↑ ↑ = = ↓ ↑ ↑↑ 

Diastolic function = ↓ ↓ ↓ ↓ ↓ ↓↓ ↓↓↓ 

Systolic function = = = = = = = ↓ 

Cardiac fibrosis = = = ↑ ↑ ↑ ↑↑ ↑↑↑ 

Fibrosis gene 

expression 
= ↑ ↑ ↑ ↑ ↑ ↑↑ ↑ 

Cardiomyocyte 

hypertrophy 
= = = = = = ↑↑ ↑↑↑ 

Hypertrophic gene 

expression 
= = = = = ↑ ↑↑ ↑↓ 

L
V
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O

S
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u
c
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o
n
 Total ROS = = = = = ↓ NA NA 

Superoxide = = = = = = NA NA 

NADPH oxidase 

gene expression 
= ↑ ↑ = ↑ ↑ ↑ ↑↑↑ 

NADPH oxidase 

protein expression 
= = = = = = = = 

Antioxidant gene 

expression 
= = = = = ↑ ↑ ↓ 
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LV vascular extent = = = = = = NA NA 

Endothelial gene 

expression 
= = = = ↑ ↓ ↑↑ ↓↓ 

Angiogenesis gene 

expression 
= = = = ↑ ↓ ↑↑ ↓ 

Inflammatory gene 

expression 
= = ↑ = ↑ ↑ = = 

Table 6-1: Summary of in vivo and ex vivo assessment of diabetic cardiac 

remodelling and dysfunction in endothelial-specific Nox2- and Nox4-

overexpressing mice.   Changes in diabetes-induced structure and function, LV 

ROS supply and LV vascular supply/inflammation are summarised at three and six 

months relative to their WT counterparts. General increase, green arrow; no change, 

orange =, relative decrease, red arrow.   
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In vitro assessment of EC function 
HAoECs CMECs 

NG HG NG HG 
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 Nox2 gene No Yes 

Nox4 gene Yes Yes 

Nox2 protein Yes Yes 

Nox4 protein Yes Yes 
H

G
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Nox4 ↑ Yes 

Antioxidant ↑ NA 

Total ROS ↑ NA 

O2
- ↑ NA 

Total ROS + VAS ↓ ↓ NA NA 

O2
- + VAS = ↑ NA NA 

Fibroblast gene expression = ↑ NA NA 
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 Nox4 expression ↓ ↓ NA NA 

Antioxidant 

expression 
↓ ↑ NA NA 

Total ROS ↓ ↓ NA NA 

O2
- ↑ = NA NA 

Fibroblast gene expression = ↓ NA NA 
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 Nox4 expression ↑ ↑ ↑ ↑ 

Antioxidant 

expression 
↑ ↑ ↓ ↑ 

Total ROS = ↓ ↓ ↓ 

O2
- ↑ ↓ = ↑ 
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Ca2+ release ↑ ↑ NA NA 

EC/angiogenesis 

genes 
= ↓ ↓ ↑ 

pPKC/PKC = ↑ = ↑ 

peNOS/eNOS = = = ↑ 

pAKT/AKT = ↑ = ↑ 
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 NFκB ↑ = NA NA 

Inflammatory 

gene expression 
↑ = = ↑ 

Cytokine release ↑ ↑ NA NA 

Fibroblast gene expression ↑ ↑↑↑ ↑ = 

Table 6-2: Summary of in vitro assessment of Nox4 overexpression in normal 

(NG; 5.5mM) and high (25mM)-treated HAoECs and CMECs.   Changes in ROS 

regulation, cell signalling inflammation and paracrine fibrosis were assessed in Nox4-

overexpressing HAoECs and CMECs following treatment with NG/HG. General 

increase, green arrow; no change, orange =, relative decrease, red arrow.  
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6.2 Pathophysiological function of Nox2 in vivo 

6.2.1 Nox2 activation in the rodent heart in response to experimental 

diabetes and other pathological stimuli 

To the best of our knowledge, this is the first study to investigate the role of 

endothelial-specific Nox2 overexpression in the development and progression of 

diabetic cardiac remodelling. Although the presented data suggest that endothelial 

Nox2 plays a limited role in the diabetic heart, they contribute to furthering 

understanding of the role of this Nox isoform in regulating pathological cardiac 

remodelling. Our original hypothesis was that endothelial-specific Nox2 contributed 

adversely to diabetic cardiac remodelling in vivo. This was based on in vitro studies 

showing increased Nox2 expression and activity in ECs in response to 

hyperglycaemia, and in vivo studies reporting increased Nox2 expression and activity 

in the failing heart (Kuroda and Sadoshima, 2010, Parajuli et al., 2014). While our 

results do not fit with this hypothesis, they do not necessarily contradict other in vivo 

studies, and rather serve to highlight the complexity of cardiovascular Nox2 signalling. 

Our study demonstrated decreased diastolic function in diabetic EC-Nox2WT mice, 

which has previously been established in the STZ model of experimental T1D (Riehle 

and Bauersachs, 2019, Bugger and Abel, 2009). Previous work in endothelial-specific 

Nox2 overexpressing mice have not studied experimental T1D and have instead 

reported detrimental changes in cardiac function in response to pathological stimuli 

such as ATII, PO, atherosclerosis, MI and insulin resistance (Bendall et al., 2007, 

Byrne et al., 2003, Douglas et al., 2012, Grieve et al., 2004, Looi et al., 2008, Murdoch 

et al., 2014, Murdoch et al., 2011, Mahmoud et al., 2017, Sukumar et al., 2013, Sirker 

et al., 2016).  Interestingly, increased myocardial Nox2 expression and activity has 

been observed in response to insulin resistance, LV hypertrophy and increased FFA 

metabolism, implicating myocardial Nox2 as a regulator of cardiac dysfunction in T2D 

(Du et al., 2013, MacCarthy et al., 2001, Bugger and Abel, 2009, Joseph LC, 2016, 

Nediani et al., 2007, Bendall et al., 2002, Grieve et al., 2006, Hingtgen et al., 2006, 

Satoh et al., 2006, Johar et al., 2006, Matsushima et al., 2009, Sirker et al., 2016). It 

has previously been established that the pathology of diabetic cardiac remodelling 

may differ between T1D and T2D (Hölscher et al., 2016), and it is therefore interesting 

to note that both endothelial- and cardiomyocyte-specific Nox2 is associated with 

many pathological stimuli seen in T2D, such as insulin resistance, increased 

cardiomyocyte-specific FAO, atherosclerosis and high blood pressure. This suggests 
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that endothelial-specific Nox2 may be more involved in the development of cardiac 

dysfunction in T2D, although further research would be required to confirm this.    

6.2.2 Human cardiovascular Nox2 studies  

It is of note that the increased myocardial Nox2 seen in rodents is also apparent in 

human diabetic and failing hearts, supporting the hypothesis that it may play a role in 

the development of diabetic cardiac remodelling (Sorescu and Griendling, 2002, 

Murdoch et al., 2006, Kuroda and Sadoshima, 2010, Paulus and Dal Canto, 2018). 

Moreover, NOX2 expression and activity is increased in both arteries and veins of 

diabetic patients undergoing coronary artery bypass grafting, which is associated with 

increased endothelial O2
- production (Channon and Guzik, 2002, Guzik et al., 2002, 

Guzik et al., 2004). In addition, NOX2 expression was upregulated in cardiomyocytes 

isolated from the infarct zone of patients following fatal MI (Krijnen et al., 2003). 

However, it is worth noting that such studies have primarily focussed on the 

vasculature of patients with T2D or patients with evidence of atherosclerosis 

(Channon and Guzik, 2002, Guzik et al., 2002). In contrast, there is limited previous 

literature in support of a specific role for NOX2 in the development and progression 

of endothelial dysfunction in T1D patients. Nonetheless, taken together with the data 

discussed in Chapter 3, it seems likely that endothelial Nox2 may play a more 

prominent role in cardiac remodelling in response to pathological stimuli associated 

with T2D, such as insulin resistance, atherosclerosis and high blood pressure, 

compared with lesser importance in T1D, although further investigation would be 

required to confirm this hypothesis.     

6.3 Pathophysiological function of Nox4 in vivo 

6.3.1 Nox4 activation in the rodent heart in response to experimental 

diabetes and other pathological stimuli 

We believe that this is the first study to investigate the role of endothelial-specific Nox4 

overexpression in the development and progression of diabetic cardiac remodelling. 

The data show that endothelial-specific Nox4 overexpression increases cardiac 

fibrosis and reduces diastolic function in normoglycaemic mice, but that diabetes 

clearly exacerbates this detrimental phenotype. Moreover, diabetic ATII-infused EC-

Nox4Tg mice show a more severe phenotype, whereby reduced antioxidant and 

angiogenic gene expression and increased fibrosis and hypertrophy were associated 

with progression of both systolic and diastolic dysfunction. Such correlation between 
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increased fibrosis and decreased diastolic function has previously been established 

in rodents following STZ-induced diabetes (Riehle and Bauersachs, 2019, Bugger 

and Abel, 2009). While the role of endothelial-specific Nox4 in STZ-induced diabetes 

has not been assessed, its precise role in cardiac remodelling is the subject of some 

debate, with studies showing different responses to different stimuli. Some studies 

have reported that Nox4 has a cardioprotective role. For example, initial studies 

showed that normoglycaemic EC-Nox4Tg mice were protected against ATII-induced 

hypertension and endothelial dysfunction (Ray et al., 2011), whilst exercise was 

shown to increase Nox4 expression in cardiomyocytes in association with improved 

cardiac function (Hancock et al., 2018, Nabeebaccus et al., 2017, Morawietz, 2019, 

Smyrnias et al., 2015). Consistent with these findings, cardiomyocyte-specific Nox4-/- 

is associated with increased inflammation, whilst global Nox4-/- promotes endothelial 

inflammation and leukocyte transmigration (Stevenson et al., 2019, Miller, 2017, 

Schroder et al., 2012). Furthermore, Zhang et al. demonstrated exaggerated 

contractile dysfunction and cardiac hypertrophy in global-, cardiomyocyte- and 

endothelial-specific Nox4-/- mice in response to PO, although cardiac fibrosis was not 

assessed (Zhang et al., 2010, Zhang et al., 2018). However, other studies reported 

that Nox4 promoted cardiac hypertrophy in response to PO as Nox4-/- mice were 

protected (Ago et al., 2010a, Matsushima et al., 2013b, Kuroda et al., 2010). In fact, 

several studies have established a key role for Nox4 in response to pathological 

stimuli such as PO, aging, ischaemia, hypertension, atherosclerosis, HF and 

diabetes, some of which were prevented following Nox4 knockout or treatment with 

the Nox4 inhibitor GKT137831 (Roe et al., 2011, Konior et al., 2014, Zhang et al., 

2010, Maalouf et al., 2012, Chen et al., 2012, Varga et al., 2017, Maack et al., 2003, 

Li et al., 2010, Morawietz, 2019, Ago et al., 2010b, Ago et al., 2010a, Kuroda et al., 

2010, Matsushima et al., 2013a, Matsushima et al., 2013b, Tong et al., 2016). Taken 

together, it seems that the role of Nox4 in the heart is highly stress-dependent which 

may determine whether it is broadly protective or detrimental, although the specific 

function of Nox4 in pathological cardiac remodelling is complex and remains to be 

completely established.  

Whilst Nox4 is cardioprotective in certain disease settings, it has been identified as a 

potential driver of adverse cardiac remodelling in STZ-induced diabetes. For example, 

STZ-induced atherosclerosis in ApoE-/- mice was slowed following Nox4 knockout, 

whilst STZ-induced fibrosis and cardiac dysfunction in C57BL/J mice was attenuated 

following treatment with the Nox1/4 inhibitor, GKT137831 (Maalouf et al., 2012, Zhao 

et al., 2015, Gray et al., 2016). Many studies have identified increased levels of Nox4-
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derived O2
- and total ROS in the left ventricle of STZ-induced diabetic rodents (Bugger 

and Abel, 2009, Maalouf et al., 2012). In addition, endothelial Nox4 has been linked 

with activation of cytokines such as TNFα, together with induction of inflammatory 

gene expression and increased leukocyte adhesion and transmigration (Hartge et al., 

2007, Konior et al., 2014, Zhang et al., 2013a, Streeter et al., 2013). Nox4 knockout 

mice demonstrate reduced vascular H2O2 production and attenuation of 

proinflammatory marker expression (Gray et al., 2016), whilst endothelial-specific 

Nox4 overexpression is linked with increased cardiac fibrosis by induction of 

processes including EndMT and collagen deposition (Zeisberg et al., 2007, Cucoranu 

et al., 2005, Burgoyne et al., 2012, Cai, 2005). Importantly, in the context of this thesis, 

Nox4 overexpression is associated with decreased endothelial proliferation and 

microvascularisation, leading to disruption of normal myocardial structure, fibrosis and 

contractile dysfunction (Zeisberg et al., 2007, Fang et al., 2004, Shah and Mann, 

2011).  

6.3.2 Human cardiovascular Nox4 studies 

Importantly, many of the findings reported by animal studies have been corroborated 

in human studies, whereby Nox4 has been specifically implicated as a major 

pathological source of O2
- in cardiomyocytes in response to various stimuli including 

hypertrophy, PO, aging, hypertension and HF (Ago et al., 2010a, Borchi et al., 2010, 

Kuroda et al., 2010, Ago et al., 2010b, Paravicini et al., 2004). Other studies have 

reported increased Nox4 expression in association with endothelial and vascular 

dysfunction, oxidative stress, antioxidant dysregulation, and inflammation in human 

HF (Dworakowski et al., 2008b, Craige et al., 2011, Sam et al., 2005, Borchi et al., 

2010). With direct relevance to this thesis, both diabetic and HF patients exhibit 

increased Nox4 expression, ROS production and inflammation, coincident with 

reduced endothelial function and increased cardiac fibrosis (Dworakowski et al., 

2008b, Jiao et al., 2019, Cucoranu et al., 2005, Di Marco et al., 2016b, Hecker et al., 

2014, Zheng et al., 2015, Guzik et al., 2004, Guzik et al., 2006). The findings of our 

study are therefore supported by many previous reports showing that Nox4 makes an 

important contribution to cardiac fibrosis and function. Moreover, while we have not 

fully interrogated the precise influence of endothelial Nox4 on endothelial function, 

ROS production and inflammation, the data presented in this thesis clearly support 

Nox4-driven adverse effects on inflammation and microvascular remodelling, 

consistent with previous reports. In this regard, it is interesting to note that Nox4 has 

been associated with fibrosis and organ dysfunction predominantly several non-

cardiac tissues, including eyes, kidney, liver, and lungs (Gorin and Block, 2013, 
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Barnes and Gorin, 2011, Gray et al., 2017, Hecker et al., 2014, Sato et al., 2016, Zhao 

et al., 2015). Indeed, increased Nox4 expression in diabetes has also been identified 

in the eyes and kidneys which, aside from the heart, are the most damaged organs 

associated with diabetes-induced microvascular dysfunction (Gorin et al., 2015, Etoh 

et al., 2003, Li et al., 2015, Al-Lawati, 2017, Block et al., 2009). 

6.4 Pathophysiological function of Nox4 in vitro 

6.4.1 Nox4 activity in ECs in response to hyperglycaemia 

Our in vitro studies demonstrated that HG-induced NOX4 expression was associated 

with altered ROS production, increased ER Ca2+ release, pathological protein 

phosphorylation, increased cytokine generation and increased fibrosis in both 

macrovascular and microvascular ECs, with specific effects on key endothelial, 

angiogenic, and inflammation pathways, which appeared to be exacerbated in 

CMECs versus HAoECs. Indeed, upregulation of NOX4 in response to 

hyperglycaemia has been well established in ECs, and associated with increased 

oxidative stress and inflammation (Ghazaly and Li, 2014, Konior et al., 2014, Li et al., 

2017, Xu et al., 2018, Liao et al., 2018, Zhang et al., 2013b, Patel et al., 2013, Van 

Buul et al., 2005, Block et al., 2009). Moreover, NOX4 overexpression has been linked 

with increased antioxidant expression through activation of nuclear NRF2 

translocation (Brewer et al., 2011b, Eickholt et al., 2017, Hecker et al., 2014, Xue et 

al., 2008). One may expect this to improve EC function, and in this respect, we did 

not demonstrate significant changes in ROS production in response to NOX4 

overexpression in both HAoECs and CMECs. However, we identified phosphorylation 

of proteins such as Akt, PKC and eNOS, which are all known to be oxidised by NOX4-

derived H2O2 (Shah and Mann, 2011, Craige et al., 2011, Breton-Romero and Lamas, 

2013), and to be linked with altered angiogenesis, survival, inflammation and fibrosis 

in ECs (Shah and Mann, 2011, Craige et al., 2011, Breton-Romero and Lamas, 2013). 

While we did not assess functional changes in ECs in response to HG-induced NOX4 

overexpression, it is clear that NOX4 plays an important regulatory role with regard to 

gene and protein expression and oxidative signalling, supported by previous reports 

of key cellular functions which are dependent on NOX4 localisation to the nucleus, 

ER and mitochondria (Ushio-Fukai, 2006). For example, mitochondrial localisation of 

NOX4 is associated with increased O2
- production and apoptosis in response to 

hyperglycaemia (Matsushima et al., 2016). Furthermore, nuclear NOX4 induces 

expression of genes involved in regulation of oxidative stress, antioxidant signalling, 

hypertrophy and collagen deposition, while excessive ROS derived from nuclear 
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NOX4 is associated with DNA damage and apoptosis (Burgoyne et al., 2012, Cai, 

2005, Weyemi et al., 2012, Ahmarani et al., 2013, Matsushima et al., 2013b, Kuroda 

et al., 2005, Anilkumar et al., 2013). In addition, localisation of NOX4 to the ER is 

linked with increased protein oxidation and phosphorylation, as well as induction of 

the unfolded protein response (UPR), resulting in increased protein folding or ER 

stress (Kim et al., 2016, Breton-Romero and Lamas, 2013, Bravo et al., 2013, Wu et 

al., 2010, Camargo et al., 2018). It is interesting to note that HG-induced ER stress 

and Ca2+ leakage in ECs causes activation of key signalling pathways, including Akt, 

PKC, eNOS, NRF2 and NFκB, which are associated with aberrant angiogenesis, 

apoptosis, oxidative stress,  antioxidant expression, endothelial activation, and 

induction of adhesion molecules and cytokines, such as IL6, IL8, MCP1 and TNFα 

(Basha et al., 2012, Lenna et al., 2014, Yan et al., 2014, Li et al., 2017), which have 

been identified as central drivers of fibroblast differentiation and fibrosis in diabetes 

(Marques et al., 2018, Azzam et al., 2017, Gullestad et al., 2019, Roselló-Lletí et al., 

2007, Borthwick et al., 2013, Sziksz et al., 2015). It therefore seems that endothelial 

NOX4 plays a critical role in regulation of gene and protein expression and 

phosphorylation, oxidative and ER stress, inflammation and paracrine-mediated 

fibrosis in HG-treated ECs, as summarised in Figure 6-1.  
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Figure 6-1:  Regulation of cellular pathways in ECs by NOX4, leading to 

fibroblast differentiation and cardiac dysfunction.   Endothelial dysfunction, driven 

by oxidative stress, is a critical mediator of diabetes-induced cardiac dysfunction. 

NOX4 is central to the role of oxidative stress in ECs and is responsible for regulating 

ROS production, antioxidant gene expression, mitochondrial ROS production, Ca2+ 

release from ER stores, and activation of proteins involved in proliferation, survival, 

angiogenesis and inflammation. Moreover, HG-induced increases in NOX4 promote 

cytokine release from ECs and consequent fibroblast differentiation. Fibrosis has 

been associated with cardiac stiffening and dysfunction in diabetes.   
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6.4.2 Justification of animal models 

6.4.2.1 Cardiac function in mice 

While the structure of the mouse heart is similar to humans, the heart rate is 10 times 

faster, 600-700 beats/min in conscious mice (Yang et al., 1999, Scherrer-Crosbie and 

Thibault, 2008). Nonetheless, cardiac dysfunction in mice tends to mimic cardiac 

dysfunction seen in humans in response to various stimuli (Scherrer-Crosbie and 

Thibault, 2008), so assessing cardiac function in diabetic mice is a useful model in 

lieu of studying diabetic patients. One limitation, however, is that echocardiography 

on conscious mice is practically difficult, both in terms of training mice and assessing 

such a quick heart rate (Yang et al., 1999, Scherrer-Crosbie and Thibault, 2008, Gao 

et al., 2011). Anaesthesia is therefore commonly used to assess cardiac function in 

mice, although certain anaesthetics can depress heart rate and cardiac function 

(Yang et al., 1999, Scherrer-Crosbie and Thibault, 2008, Gao et al., 2011). The 

consensus, however, is that 2% isofluorane, as used in the studies described in this 

thesis, causes minimal depression of heart rate and cardiac function and is easy to 

administer (Yang et al., 1999, Scherrer-Crosbie and Thibault, 2008, Gao et al., 2011, 

Hawkley and Maani, 2019), so we are confident that assessment of cardiac function 

under light anaesthesia in mice can be compared to human diabetic patients.  

6.5 Clinical relevance of thesis 

6.5.1.1 Targeting the endothelium to alter gene expression 

In this thesis, we established EC-Nox2Tg and EC-Nox4Tg mice from founder breeding 

pairs kindly donated from Prof Ajay Shah (King’s College, London). These mice were 

generated by targeting Nox2 or Nox4 to the promoter region of the Tie2 gene to direct 

overexpression to the endothelium (Murdoch et al., 2011, Murdoch et al., 2014, Ray 

et al., 2011, Sag et al., 2017, Zhang et al., 2018). Tie2 is highly expressed specifically 

in the endothelium throughout the lifespan of mammals, although it has also been 

identified in macrophages (Schlaeger et al., 1997, Wong et al., 1997, Chen et al., 

2016). To the best of our knowledge, the only other mouse model targeting 

endothelial-specific Nox4 overexpression used the vascular endothelial (VE)- 

cadherin promoter, which may be more specifically localised to the endothelium 

(Craige et al., 2011). It would clearly be interesting to compare basal and stress 

responses between these mice with regard to both endothelial and cardiac function.  
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6.5.1.2 Mouse models of diabetes 

We used a murine model of STZ-induced diabetes to investigate effects of endothelial 

Nox2 and Nox4 on development and progression of associated cardiac remodelling 

and dysfunction. This model was chosen as it is relatively easy to and reliable to 

induce, allows investigation of diabetes on various genetic backgrounds, and mimics 

aspects of the clinical condition (Bugger and Abel, 2009, Riehle and Bauersachs, 

2019). As confirmed in this thesis, previous studies have established early 

development of diastolic dysfunction in STZ-induced diabetes, followed by later 

development of systolic dysfunction, a phenotype which is also reflected in human 

patients (Riehle and Bauersachs, 2019, Bugger and Abel, 2009, Fuentes-Antrás et 

al., 2015). One disadvantage of the STZ model is the use of chemical injections of a 

toxin, which are not required with genetic models of T1D, such as Akita and OVE26 

mice. Of these, the former is more widely used as Akita mice develop diabetes at 5-6 

weeks of age, which is thought to equate to 15-25 years of age in humans (Riehle 

and Bauersachs, 2019, Bugger and Abel, 2009). However, Akita mice generally die 

at 40-50 weeks of age and, in fact, we found that Akita EC-Nox4Tg mice (not reported 

in this thesis) tended to develop tumours around 30 weeks of age, which is an 

interesting observation since insulin-independent diabetic mice and endothelial Nox4 

have been implicated in tumorigenesis (Yamasaki et al., 2010, Helfinger et al., 2016, 

Bugger and Abel, 2009). With regard to cardiac remodelling and dysfunction, Akita 

mice tend to exhibit a less severe phenotype whilst STZ diabetic mice display 

characteristic hallmarks such as myocardial apoptosis, interstitial fibrosis, 

cardiomyocyte hypertrophy, increased FAO, reduced glucose metabolism, impaired 

Ca2+ handling, oxidative stress and inflammation (Fuentes-Antrás et al., 2015, Ares-

Carrasco et al., 2009). Taken together, we considered that the STZ model of diabetes 

was a more useful model for our study, due to its ease of use and relevance to human 

studies (Fuentes-Antrás et al., 2015, Bugger and Abel, 2009, Riehle and Bauersachs, 

2019). However, it is worth noting that female mice tend to be resistant to diabetes 

induced by STZ (Riehle and Bauersachs, 2019, Bugger and Abel, 2009), which is why 

our study focused solely on male animals. 

Models of T2D include db/db and ob/ob mice, which are associated with leptin 

deficiency or resistance, respectively (Riehle and Bauersachs, 2019, Bugger and 

Abel, 2009). The db/db model develops more severe T2D, as assessed by 

hyperglycaemia and obesity, and at an earlier age than ob/ob mice, which is linked 

with more severe cardiac dysfunction (Bugger and Abel, 2009), so may therefore be 

a useful model for interrogation of the specific role of endothelial NADPH oxidases in 
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T2D-associated cardiac remodelling. Importantly, rodent models of T2D show a 

similar cardiac phenotype to T1D models, specifically reduced diastolic function and 

cardiac efficiency, interstitial fibrosis, myocardial apoptosis, cardiomyocyte 

hypertrophy, impaired Ca2+ handling, increased FAO, and reduced glucose 

metabolism (Fuentes-Antrás et al., 2015, Bugger and Abel, 2009). However, db/db 

mice have the added complication of hyperinsulinemia and circulating FFAs and 

triglycerides, which drive increased mitochondrial ROS production, lipid peroxidation 

and FFA-induced mitochondrial uncoupling, which are seen in models of T2D but not 

T1D (Bugger and Abel, 2009, Fuentes-Antrás et al., 2015). While genetic strains of 

T2D have commonly been used, feeding rodents a high fat diet (HFD) is a widely used 

approach to induce experimental T2D (Bugger and Abel, 2009). HFD mice have 

similar practical benefits to STZ mice in that diabetes can be induced as required in 

various genetic strains (Bugger and Abel, 2009). While the degree of hyperglycaemia 

is not as severe in HFD mice as in genetic models of T2D, changes in myocardial 

substrate preference emerge in HFD mice prior to onset of obesity, insulin resistance 

and diabetes, which may be associated with increased inflammation and cardiac 

dysfunction (Bugger and Abel, 2009, Fuentes-Antrás et al., 2015). In fact, the HFD 

model of diabetes may be a more appropriate model for the study of T2D in terms of 

cardiovascular pathophysiology, although significant remodelling and functional 

changes typically take much longer to develop and may not be as severe as other 

experimental T1D and T2D models (Fuentes-Antrás et al., 2015).  

6.5.2 Relevance to diabetic cardiac remodelling in humans 

Diabetic cardiac remodelling and dysfunction in rodents can be considered as being 

broadly comparable to that seen in humans, with up to 75% of patients with T1D and 

T2D thought to develop subclinical myocardial dysfunction (Nikolajević Starčević et 

al., 2019, Jia et al., 2016, Bugger and Abel, 2014) which is initially characterised by 

reduced diastolic function associated with structural remodelling (Nikolajević 

Starčević et al., 2019, Jia et al., 2016, Bugger and Abel, 2014, Negishi, 2018). Systolic 

dysfunction tends to develop at a later stage, although it is interesting to note that T1D 

tends to be more associated with HF with reduced ejection fraction (HFREF), which 

is driven by cardiac fibrosis, while T2D is associated with HF with preserved ejection 

fraction (HFPEF), which is more often driven by cardiomyocyte hypertrophy 

(Nikolajević Starčević et al., 2019, Jia et al., 2016, Bugger and Abel, 2014, Seferović 

and Paulus, 2015, Falcao-Pires and Leite-Moreira, 2012). This may be partially 

explained by the “Randle phenomenon”, seen in both T1D and T2D, where 

cardiomyocytes increase FAO with an associated decrease in glucose metabolism, 
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with FFAs being more prevalent in patients with T2D so providing a readily available 

substrate for cardiomyocyte metabolism (Riehle and Bauersachs, 2019, Randle et al., 

1964, Fuentes-Antrás et al., 2015). The diabetic heart is also characterised by altered 

Ca2+ handling, increased ROS production, endothelial dysfunction, interstitial fibrosis, 

cardiomyocyte hypertrophy, microvascular abnormalities and chronic inflammation, 

associated with increased expression of inflammatory markers such as NFκB, IL1β, 

IL6, MCP1 and VCAM1 (Fuentes-Antrás et al., 2015, Schilling and Mann, 2012, 

Dworakowski et al., 2008b, Mann, 2002, Huang and Glass, 2010). Therefore, while 

there are some clear shortcomings of rodent models in terms of differences in age, 

heart rate and phenotype of diabetes versus humans, they are generally considered 

useful in emulating a cardiac phenotype similar to that seen in diabetic patients 

(Bugger and Abel, 2009).  

6.6 Therapeutic potential of targeting NOX4 in diabetes.  

6.6.1 Pharmacological targeting of NOX4 

Since oxidative stress is central to the development of endothelial dysfunction, ROS 

scavenging represented an initial logical therapeutic target (Schramm et al., 2012). 

Indeed, endothelial regulation of vascular tone, as assessed by flow-mediated 

dilatation, is improved in diabetic patients following treatment with antioxidants 

(Schramm et al., 2012). However, large-scale clinical trials such, as Heart Outcomes 

Prevention Evaluation (HOPE) and Heart Prevention Study (HPS) demonstrated that 

there was no significant benefit of treatment with non-specific antioxidants, such as 

vitamin C and vitamin E (Schramm et al., 2012). This is most likely because basal 

levels of ROS exert physiological benefits, with each specific ROS having temporal- 

and localisation-specific function, so it is not surprising that generic scavenging is not 

beneficial (Schramm et al., 2012). While current therapies do not directly address 

oxidative stress in the vascular endothelium, inactivating NADPH oxidases, and 

particularly NOX4 may improve endothelial dysfunction, providing a future more 

specific therapeutic target (Konior et al., 2014, Takac et al., 2012, Higashi et al., 2009, 

Drummond et al., 2011). Indeed, many drugs with targets upstream of NADPH 

oxidases, such as statins, ATII blockers, aldosterone inhibitors and ACE inhibitors, 

have been associated with reduced NADPH oxidase activation and O2
- production 

and improved endothelial function in diabetic patients (Privratsky et al., 2003, 

Schramm et al., 2012, Kleniewska et al., 2012, Sydnow and Munzel, 2003, Paravicini 

and Touyz, 2008, Ray and Shah, 2005, Schneider et al., 2002, Guzik et al., 2006, 

Streeter et al., 2013). However, such pathways mediate multiple cellular processes, 
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so direct inhibition of NADPH oxidases may be more advantageous (Ray and Shah, 

2005). For example, GKT137831 is a NOX1/4 inhibitor that has been associated with 

protection against experimental cardiomyocyte hypertrophy, fibrosis and 

atherosclerosis (Schramm et al., 2012, Takac et al., 2012, Gorin et al., 2015, Gray et 

al., 2017, Zhao et al., 2015). Additionally, GKT137831 has been shown to reduce 

oxidative stress and endothelial dysfunction in response to HG, and to prevent 

adverse cardiac remodelling and dysfunction in response to pathological stimuli, such 

as PO or ATII (Jiao et al., 2019, Zhao et al., 2015, Kuroda et al., 2010, Maalouf et al., 

2012). Considering the central role of NOX4 in diabetes-induced endothelial 

dysfunction, it appears to be an exciting therapeutic target to improve cardiovascular 

outcomes (Konior et al., 2014, Drummond et al., 2011, Higashi et al., 2009). However, 

other studies have shown that NOX4 promotes beneficial cardiovascular effects; for 

example, exercise-induced upregulation of cardiomyocyte-specific Nox4 is 

associated with improved cardiac function (Hancock et al., 2018, Nabeebaccus et al., 

2017), whilst endothelial-specific Nox4 overexpression has been associated with 

enhanced endothelial progenitor cell (EPC)-mediated angiogenesis in response to 

ischaemia (O'Neill et al., 2019). Therefore, while it is clearly worth pursuing 

pharmacological inhibition of NOX4 as a novel cardiovascular therapy, such 

approaches may also inhibit beneficial physiological functions of NOX4 as they are 

not cell- or stimulus-specific (Ray and Shah, 2005). It is therefore important to 

investigate cell- and organ-specific approaches in order to slow diabetes-induced 

cardiac dysfunction without driving further cardiovascular complications.  

6.6.2 Using nanomedicine and personalised therapies to target 

endothelial NOX4 in CVD 

The future treatment of CVD will be personalised, with precision medicine taking into 

account both genetic and environmental causes of disease, thereby tailoring 

therapies to individual patients (Jain, 2017). Such treatments are likely to include 

pharmacological targeting of pathways in specific cells and altering cell-specific gene 

expression using human gene therapy (HGT), employing ex vivo gene transfer to 

target damaged blood vessels and in vivo gene delivery using cell- and molecular-

based delivery systems (Rubanyi, 2001, Dishart et al., 2003). In terms of surgical 

procedures to improve cardiac function, drug-eluting stents have already been 

implanted in patients with coronary artery disease to prevent inflammation and fibrosis 

around the target area, whilst ex vivo genetic modification of vascular tissue is 

currently being optimised for gene therapy of vein grafts in patients undergoing 
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coronary artery bypass surgery (Mittal et al., 2018, Dishart et al., 2003). However, 

considering that microvascular and myocardial dysfunction are largely associated with 

diabetes, it seems that surgical options for diabetic patients with HF may be limited to 

heart transplants, meaning that surgical options to improve diabetic cardiomyopathy 

with ex vivo gene therapy may not be a suitable option until donor organs can be 

grown and genetically manipulated in the laboratory. Nonetheless, it seems that stem 

cell therapy may be a more useful method of specifically targeting endothelial 

dysfunction in HF (Mittal et al., 2018). Indeed, stem cells have been used to promote 

angiogenesis in conditions such as MI and ischemia, and it may be possible to isolate 

stem cells from patient bone marrow prior to differentiation and modification of 

expression of a protein of interest, and reinjection into the patient would avoid the 

issue of tissue rejection (Mittal et al., 2018). Moreover, circulating EPCs, which are 

important in maintaining EC function and replacing damaged ECs, may be useful in 

ameliorating endothelial dysfunction and improving outcomes for patients with HF 

(Mittal et al., 2018, Premer et al., 2019). However, it is worth noting that 

overexpression of NOX4 in endothelial colony-forming cells (ECFCs), a subpopulation 

of EPCs, promotes revascularisation in a rodent model of hind-limb ischaemia when 

injected into the site of ischaemia (O'Neill et al., 2019), demonstrating that endothelial 

NOX4 overexpression has beneficial roles in certain tissues and under certain 

pathological conditions. Moreover, unpublished data from our laboratory have shown 

that ECFCs from diabetic patients are less functional than those from non-diabetic 

counterparts, so targeting endothelial dysfunction in diabetic cardiac remodelling 

using stem cell therapy may be complicated.  

Nanomedicine may be a better option for targeting endothelial NOX4 in diabetic 

cardiomyopathy as it allows for drug delivery to target cells using a range of 

therapeutic agents such as DNA, siRNA and peptides (Mittal et al., 2018). 

Manipulation of the genome in such a way is likely to be more beneficial than using 

purely genetic techniques such as CRISPR-Cas9, which is more suitable for 

Mendelian inheritance of dysfunctional proteins in conditions such as Huntington’s 

disease, and is less appropriate for complex multifactorial disorders (Collins and 

Thrasher, 2015, German et al., 2019). However, application of such approaches for 

treatment of diabetic cardiomyopathy is likely to be much less straightforward due to 

the complexity of its underlying mechanisms and consequent aetiology in patients 

(Jain, 2017). However, the quest for personalised medicine is advancing gene 

expression analysis, using next generation sequencing, and identifying potential 

therapeutic targets, by assessing protein-protein interactions in individual patients, 



Chapter 6 

~ 6-320 ~ 
 

allowing for personalised data collection towards assessment of specific treatments 

and disease mechanisms (Jain, 2017). In this way, it may be viable to target NOX4 

siRNA to the cardiac endothelium using nanoparticles such as aptamers, which are 

synthetic nucleic acid ligands capable of binding with high specificity to biological 

targets (Mittal et al., 2018, Collins and Thrasher, 2015, Kruspe and Giangrande, 

2017). A similar approach could also be used to downregulate activated proteins 

downstream of NOX4, which could be more effective. In addition, antioxidant or anti-

inflammatory gene expression in ECs could be rescued by viral vectors such as the 

murine leukaemia virus (MLV) or human immunodeficiency virus (HIV), which 

overexpress specific genes in dividing and non-dividing cells, respectively, or with 

human adeno-associated viruses (AAVs) allowing long term overexpression (Dishart 

et al., 2003, Collins and Thrasher, 2015). Targeting such treatments specifically to the 

endothelium should be relatively easy since it is in direct contact with the blood 

(Rubanyi, 2001). Therefore, if endothelial NOX4 is confirmed as a central mediator of 

diabetic cardiac remodelling and dysfunction, targeting NOX4 inhibitors or siRNA to 

the cardiac endothelium may prevent further diabetes-induced dysfunction.  

6.7 Conclusions 

In summary, the findings presented in this thesis demonstrate that STZ-induced 

diabetes induces cardiac remodelling and dysfunction, which is driven by endothelial-

specific Nox4 but not Nox2. Moreover, Nox4 overexpression in macrovascular ECs 

alters ROS generation, increases Ca2+ signalling and protein phosphorylation, and 

promotes inflammation and cytokine release from ECs, associated with increased 

fibroblast differentiation. Notably, the effects of Nox4 on inflammatory and pro-fibrotic 

signalling were exaggerated in microvascular versus macrovascular ECs, supporting 

our conclusion that endothelial Nox4 is a key driver of adverse cardiac remodelling 

and dysfunction associated with experimental diabetes.   

6.7.1 Limitations of the current study 

In terms of in vivo assessment of endothelial-specific Nox2 and Nox4 overexpression 

in diabetes, it would have been beneficial to confirm specific localisation of both Nox2 

and Nox4 in the endothelium, either by immunohistochemistry or by isolation of 

cardiac ECs. Moreover, we were unable to successfully establish ex vivo assessment 

of vascular function by pressure myography of small mesenteric or coronary arterioles 

which will be important to do in future in order to interrogate detailed functional effects. 

Detailed assessment of ROS in the presence of specific inhibitors, both in the 
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vasculature and the left ventricle, would also have identified the various sources and 

scavengers of ROS in the heart following STZ-induced diabetes. Finally, isolation of 

ECs from mouse hearts would allow for ex vivo assessment of EC function using 

primary cells, which would have helped us to draw more definite conclusions with 

regard to the specific role of endothelial Nox4 in experimental diabetes.  

In terms of in vitro assessment of Nox4 overexpression in ECs, many of the 

preliminary experiments were performed in macrovascular HAoECs. While the 

CMECs were derived from mice, and not humans, so were therefore a less clinically-

relevant cell line, it is clear that these microvascular ECs were more sensitive to both 

HG and Nox4 overexpression. As such, it would be interesting to perform more 

detailed analyses in both mouse and human CMECs to compare Nox4 signalling. It 

is important to note that NG was used as a control in initial experiments using 

HAoECs, whilst LG was used as a more appropriate osmotic control later experiments 

with CMECs, and this disparity would need to be addressed in future work. Finally, 

many of the conclusions drawn in this thesis are based on somewhat limited gene 

and protein expression data, so complementary functional assays are required to 

more completely interrogate the role of Nox4 in terms of effects on endothelial cell 

function and paracrine signalling to fibroblasts.  

6.7.2 Future work 

Within the scope of this experimental study, it would be useful to perform a more 

complete ex vivo assessment of cardiac tissue from endothelial-specific Nox2 and 

Nox4 overexpressing mice, alongside basic cell studies in order to confirm our 

conclusion that endothelial Nox4 plays a more prominent role versus endothelial Nox2 

with regard to driving myocardial responses to hyperglycaemia. Complementary 

studies knocking out endothelial-specific Nox2 and Nox4 would confirm our 

hypotheses. It would also be interesting to compare the effects of endothelial Nox2 

and Nox4 on cardiac remodelling and dysfunction in response to T2D, which may be 

different to T1D considering the established actions of insulin resistance and 

atherosclerosis on endothelial Nox2 expression and activity.  Finally, assessment of 

NOX2 and NOX4 in biopsies of diabetic patients would allow us to assess the 

translational application of our in vivo and in vitro work in patients.  
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