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Abstract 
 

Endothelial cell dysfunction plays a key role in heart failure and diabetic cardiovascular 

disease. There is extensive heterogeneity among endothelial cells, the characteristics 

of which depend on the tissue in which they are located. The metabolic characteristics 

of microvascular endothelial cells from skeletal muscle and adipose tissue remain 

largely understudied.  

 

Endothelial cells were isolated from the skeletal muscle and adipose tissue of four 

patient groups: those with either heart failure or type II diabetes, a group with both 

conditions, and a group with neither condition. After incubating the endothelial cells for 

4–5 weeks, until passage 2, the identity of the cells was confirmed by their response 

to stimulation with vascular endothelial growth factor (VEGF). Flow cytometry 

confirmed further that >98% of the cells were endothelial in origin.  

 

The insulin signalling pathway was then explored in these endothelial cells by real-

time PCR and Western blotting. Insulin was used to increase the phosphorylation of 

some protein reacting. Phosphorylated proteins of Akt and eNOS were identified by 

using specific phospho-Akt (Ser473) and phospho-eNOS (Ser1177) antibodies. 

Simple qualification and comparative analysis of expression and signalling were 

investigated. Endothelial cell functional characterisation was explored. Our findings 

indicated that while diabetes conditions impaired adipose tissue angiogenesis, HF 

conditions produced the most superoxide generation.  

 

A comprehensive understanding of the molecular mechanisms of endothelial cell 

function may aid in developing more effective therapeutic drugs to improve symptoms 

and survival rates in heart failure and diabetes patients. The overall aim of this 

research was to investigate downstream of the insulin signalling pathway of 

microvascular endothelial cells in these patients.   
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Chapter 1: Introduction 

1 Introduction 

 

Type 2 diabetes mellitus (DM) and heart failure (HF) both have a high risk of 

morbidity and mortality. The global prevalence of each condition has been expanding 

over recent years. The global prevalence of diabetes is estimated to have been 463 

million people in 2019 and will rise to 700 million people in 2045 (1). This rise in 

prevalence is attributable to various factors, including increasing population growth, 

aging, urbanisation, the prevalence of obesity, and physical inactivity. According to 

global estimates, 4.2 million people aged 20 to 79 years died from diabetes in 2019 

(2). In 2017, the global prevalence of HF was estimated to be 64.3 million people (3). 

HF prevalence has a linear relationship with the socio-demographic index (SDI), and 

it continues to represent a healthcare burden in low-to-middle SDI regions (4). Despite 

advances in cardiovascular care, the mortality rate of HF remains high at 22% in the 

first year, and approximately 42% within 5 years of diagnosis (5). 

 

Having one of DM or HF independently increases the risk of developing the 

other, and both conditions often occur simultaneously, with a synergistic adverse 

effect on sufferer’s physical condition and quality of life. The prevalence of diabetes in 

patients with congestive HF (CHF) is dependent on several factors, including race. 

Whereas the prevalence of diabetes in white CHF patients is 24%, in Asian CHF 

patients it is 57% (6). A recent study found that CHF patients with type 2 DM had 

double the risk of all-cause mortality, cardiovascular mortality, and progressive heart 

failure, and the risk of sudden death was nearly three times higher than in patients 

without diabetes (7).  

 

The aetiology of progressive HF in diabetes can be ascribed to an amplification 

of the neurohumoral response to CHF, especially the aggravation of the renin-

angiotensin-aldosterone system (RAAS) and sympathetic nervous system (SNS). In 

addition, the production of advanced glycation end-products (AGEs) and reactive 

oxygen species (ROS) in hyperglycaemic conditions encourages cardiac fibrosis, 

which drives progressive HF and the development of cardiac arrhythmia (8). 
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In type 2 DM, CHF can manifest as either HF with a reduced ejection fraction 

(HFrEF) or HF with a preserved ejection fraction (HFpEF). HFrEF is classically defined 

by a left ventricular ejection fraction (LVEF) less than 40% and HFpEF by an LVEF 

greater than 50%. There exists a group with an LVEF between 40 and 49% labelled 

HF with a mid-range EF (HFmrEF) (9). In general, the pathogenesis of HFrEF in 

patients with diabetic is derived from the risk of coronary artery disease (CAD). 

Moreover, diabetes can cause a HFpEF known as ‘diabetic cardiomyopathy’, which 

initially manifests as a diastolic relaxation abnormality and progresses to clinical HF. 

This type of cardiomyopathy is not associated with CAD or hypertension; rather, it is 

thought to be driven primarily by insulin resistance and hyperglycaemia (10).  

 

Both DM and HF have known links in their pathophysiology, which include 

insulin resistance and endothelial dysfunction. Insulin resistance is the primary 

pathological process underlying the development of cardiovascular disease (CVD) 

through the initiation and progression of atherosclerosis. Insulin resistance occurs in 

type 2 diabetes due to ectopic lipid accumulation in muscle and liver, adipose tissue 

dysfunction (e.g., altered adipokines, inflammation), mitochondrial dysfunction, 

oxidative stress, and incomplete fatty acid oxidation (FAO). Insulin resistance occurs 

in HF for a variety of reasons, including ectopic lipid accumulation in skeletal muscle 

and liver, inflammation in skeletal muscle and adipose tissue, and growth hormone 

resistance. Furthermore, insulin resistance can cause hyperinsulinaemia, which 

results in increased lipolysis in adipose tissue and decreased glucose uptake in 

skeletal muscle (11). This phenomenon is known as selective insulin resistance. This 

can occur through several mechanisms, including changes in the expression or 

localization of insulin receptors, alterations in downstream signaling pathways, and 

increased levels of inhibitory signaling molecules. Additionally, factors such as 

inflammation, oxidative stress, and nutrient excess can contribute to the development 

of selective insulin resistance. 

 

Insulin resistance is a characteristic of HF and type 2 DM that can contribute 

mechanistically to the disorder’s development by inflammation, hyperglycaemia, 

hypertension, bone marrow dysfunction, visceral obesity, and atherogenic 

hyperlipidaemia. In addition, there is a strong correlation between insulin resistance 
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and endothelial dysfunction. Insulin resistance has been demonstrated to disrupt the 

insulin signalling pathway, resulting in decreased endothelial nitric oxide (NO) 

production (12) and increased ROS generation, which are crucial pathogenic 

processes in endothelial dysfunction (13). 

 

Regarding endothelial dysfunction, this pathological process plays a significant 

role in HF and diabetic cardiovascular disease. However, endothelial cells exhibit 

enormous heterogeneity depending on the tissue in which they are found (14). The 

metabolic characteristics of microvascular endothelial cells from skeletal muscle and 

adipose tissue remain largely understudied. Therefore, the purpose of this research 

was to investigate the downstream insulin signalling pathways of microvascular 

endothelial cells in HF and diabetes patients.  

 

 

 Endothelial cell function 

 

Endothelial cells are squamous cells that line the inner surface of the blood vessel 

wall as a monolayer. They play a variety of essential roles, including barrier function, 

stimulating and managing the inflammatory response, encouraging angiogenesis (the 

formation of new vessels), controlling vascular tone, and regulating thrombosis (15). 

 

 Role of endothelial cells in vascular biology 

 

 Barrier function 

 

Endothelial cell layers play a crucial role in selectively controlling the movement 

of fluids, solutes, and circulating cells between the bloodstream and various tissues. 

Molecules can cross the tight endothelial barrier via two routes: transcellular (through 

the endothelial cells) or intercellular (between the endothelial cells) (16). The 

permeability of these cell layers can be classified into either normal/physiological or 

pathological conditions. The effectiveness of the endothelial barrier depends on many 

factors, including shear stress, inflammation, pathogens, and disease states. These 

factors induce changes in endothelial permeability by altering the synthesis and 

expression of cell-cell junction proteins or cell-matrix adhesion molecules. Reduced 

shear stress in HF and metabolic/inflammatory disorders in DM result in endothelial 
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barrier dysfunction, allowing plasma proteins and lipids to flow excessively into the 

vascular wall and adjacent tissues (17).  

 

 

 Inflammation 

 

Endothelial cells have a central role in regulating inflammatory reactions. They 

participate in both innate and adaptive immune responses, including cytokine 

secretion, phagocytic function, antigen presentation, and proinflammatory, immune-

enhancing, anti-inflammatory, and immunosuppressive responses (18). Under 

physiological conditions, all endothelial cells contribute to the inhibition of inflammation; 

under pathological conditions, they stimulate an inflammatory response by interacting 

with white blood cells and producing adhesion molecules, including vascular cell 

adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), and 

proinflammatory cytokines like tumour necrosis factor-beta (TNF-β) and macrophage 

colony-stimulating factor (M-CSF) (19). These factors are an essential part of the 

development of atherosclerosis as they induce inflammation in the vascular wall (20). 

 

 New blood vessel formation and damage repair 

 

Angiogenesis, or the sprouting of new vessels from pre-existing vessels, is 

another critical function of endothelial cells. Key to normal vessel growth and 

development, is a balance between endothelial cell migration and proliferation which 

are regulated by chemotactic, haptotactic, and mechanotactic stimuli (21). When this 

process is inappropriately activated, abnormal vessel formation occurs, as seen in 

diabetic retinopathy and tumour growth. Typically, endothelial cells respond to 

vascular endothelial growth factor (VEGF), which is the central mediator of 

angiogenesis. Other angiogenic stimuli include hypoxia-inducible factors (HIFs) and 

insulin-like growth factors (IGFs) (22). 

 

 Control of vascular tone 

 

Endothelial cells regulate vascular tone by releasing vasodilators, such as nitric 

oxide (NO), endothelium-derived hyperpolarising factor (EDHF), and prostacyclin, in 
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addition to vasoconstrictors, such as endothelin-1 (ET-1) and angiotensin II. These 

vasodilators and vasoconstrictors diffuse to adjacent smooth muscle cells and cause 

relaxation or constriction, respectively. NO is thought to play a critical role in the 

regulation of vascular dilation. We now know that endothelial NO is produced from 

endothelial nitric oxide synthase (eNOS), L-arginine, O2, and the cofactors 

tetrahydrobiopterin (BH4), haem, nicotinamide adenine dinucleotide diphosphate 

(NADPH), flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD) to L-

citrulline and NO. Diffusion of the NO to adjacent vascular smooth muscle cells 

(VSMCs), is followed by binding to soluble guanylyl cyclase (sGC), resulting in an 

increase in cyclic guanosine monophosphate (cGMP) levels, which activates protein 

kinase G (PKG) and decreases calcium concentrations, resulting in vascular dilation 

(23).  

 

While eNOS plays a pivotal role in controlling vascular function by producing 

NO, eNOS uncoupling is associated with pathological conditions by leading to the 

production of superoxide. Superoxide can combine with NO to form peroxynitrite 

(ONOO-), a highly reactive oxidant that can cause endothelial cell dysfunction (Figure 

1) (23) and thereby playing a key role in a vicious cycle. 

 

 

Figure 1: Mechanism of endothelial cell control vascular tone under physiological and pathological 
conditions. 

 

 Thrombosis and fibrinolysis 
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In addition to controlling vascular tone, all endothelial cells play a role in 

inhibiting blood coagulation under physiological conditions by binding tissue factor 

pathway inhibitors (TFPIs), activating protein C, and synthesising heparan sulphate 

(HS) proteoglycans, which have cell-surface anti-coagulant properties. Furthermore, 

vascular endothelial cells regulate thrombosis through their interaction with platelets 

by producing pro-thrombotic molecules, such as thromboxane, plasminogen activator 

inhibitor-1 (PAI-1), von Willebrand’s factor (vWF), and tissue factor (24).  

 

As a result of these diverse functions of endothelial cells, they have been 

implicated in the development, persistence and progression of a variety of diseases, 

including atherosclerosis, hypertension, primary pulmonary hypertension, systemic 

inflammatory response syndrome, CHF, and cancer (25).  

 
 Endothelial cell heterogeneity 

 

In addition to the various functions described, endothelial cell also exhibit 

extensive heterogeneity across cell lines derived from different tissues (26). This 

heterogeneity exists at the level of cell morphology, function, gene expression, and 

antigen composition. As a result, studying endothelial cell function requires 

consideration of the endothelial cells’ origin. For example, while endothelial cells 

derived from large vessels, such as the umbilical vein (human umbilical vein 

endothelial cell [HUVEC]) and aorta (human aortic endothelial cell [HAEC]) are 

suitable for atherosclerosis research, endothelial cells derived from small vessels 

(human microvascular endothelial cell [HMVEC]), skeletal muscle (human skeletal 

muscle endothelial cell [HSkMEC]), and fat tissue (human adipose tissue endothelial 

cell [HATEC]) are better suited for angiogenesis research. Therefore, understanding 

the molecular basis of endothelial heterogeneity may provide valuable insights into 

vascular bed-specific therapies (14). 

 
 The role of endothelial cells in adipose tissue 

 

Adipose tissue is composed of stromal vascular cells, immune factors, stem 

cells, endothelial cells, lymphocytes, adipocytes, preadipocytes, connective tissue 

matrix, and nerve tissue. New perspectives have emerged on adipose tissue being 
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not just a tissue for storing energy in the form of lipids, but also as an endocrine tissue. 

Adipose tissue produces several adipokines, such as adiponectin, leptin, resistin, and 

adipsin. Furthermore, adipose tissue is now known to be a critical regulator of 

cardiovascular health by producing various bioactive molecules, including 

adipocytokines, microvesicles, and ROS, which act as autocrine, paracrine, and 

endocrine effectors of the cardiovascular system (27). Consequently, adipose tissue 

dysfunction contributes to the development of CVD by stimulating inflammation, 

hyperlipidaemia, and insulin resistance.  

 

One unique feature of adipose tissue is that it has the capacity to expand many-

fold, and vascularisation is essential for this growth; therefore, the angiogenesis 

function of endothelial cells in adipose tissue is critical. This process comprises 

endothelial cell proliferation, directed migration through the extracellular matrix, 

formation of intercellular junctions and a lumen, organisation of perivascular 

supporting cells, anastomosis with pre-existing vessels, and establishment of 

circulation (28). There are two possible models for the stimulation of angiogenesis 

during the growth of adipose tissue: A) in response to increased caloric consumption, 

adipocyte hypertrophy and hyperplasia occur, resulting in the formation of areas of 

tissue hypoxia that stimulate angiogenesis; and B) increased caloric intake alters 

systemic levels of trophic factors like insulin, which directly encourages adipose tissue 

angiogenesis. Increased angiogenesis promotes hyperplasia and lipid storage in 

adipocytes. Simultaneous expansion of adipocytes and vasculature prevents hypoxia 

and metabolic stress. 

 

In addition to their barrier, inflammatory, and angiogenesis functions, adipose 

tissue endothelial cells (ATECs) also play a role in fat metabolism by regulating fatty 

acid transport and storage. The exchange of fatty acids between ATECs and 

adipocytes is bidirectional, and fatty acids activate peroxisome proliferator-activated 

receptor-γ (PPARγ) in ATECs. PPARγ, also known as the glitazone receptor, is a 

master regulator of adipocyte differentiation and plays a critical role in regulating 

adipogenesis. This fat metabolism-related function is unique to ATECs and does not 

exist in HUVECs (29).  

 



 

 

 

8 

A previous study on adipogenesis suggested that both brown adipocytes (BAs) 

and white adipocytes (WAs) had a common origin from endothelial cells in adipose 

tissue capillaries. After treatment with a PPARγ agonist, cells within capillary sprouts 

produced lipid droplets and exhibited molecular and morphological characteristics 

consistent with adipocytes. This development of adipocytes from endothelial cells 

appeared to follow the transdifferentiation pathway (conversion from one cell type to 

another) rather than differentiation from a poorly differentiated stem cell (30).  

 

 Endothelial cell function in heart failure and diabetes 

 
1.2.1 Pathophysiology of heart failure and diabetes 

 
HF and DM are both common diseases that, when combined, exacerbate one 

another. HF is a chronic clinical syndrome characterised by the inability of the heart to 

maintain adequate circulation to meet the needs of the body, which manifests as the 

symptoms of shortness of breath and fatigue, as well as an increased risk of 

hospitalisation and early death. DM is caused by impaired glucose tolerance due to 

decreased insulin levels or resistance to their effect, eventually leading to 

hyperglycaemia, which manifests as nocturia, polyuria, unexplained weight loss, and 

extreme tiredness. Although often considered distinct entities, HF and DM have a 

closely related pathophysiology; both conditions are characterised by neurohumoral 

activation, specifically overactivation of the RAAS and SNS. Furthermore, both HF and 

DM result in functional defects in the endothelial cell response to insulin, which 

accelerates the progression of atherosclerosis and other cardiovascular pathologies 

(31, 32). 

 

1.2.2 Endothelial dysfunction in heart failure and diabetes 

 

Both HF and DM are associated with endothelial cell dysfunction, which 

contributes to an increased risk of atherosclerotic events. As a result of this 

atherosclerotic complication, diabetic patients develop microcirculatory disturbances 

and subsequent multiple end-organ diseases, such as retinopathy, nephropathy, 

neuropathy, cardiomyopathy, peripheral vascular disease, and foot disease. 

Endothelial dysfunction in DM is caused by several mechanisms, including altered cell 
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signalling in endothelial cells, which results in decreased NO production, augmented 

oxidative stress, increased mitochondrial dysfunction, and is activated by 

proinflammatory factors such as tumour necrosis factor-alpha (TNF-α) and enabled by 

protein kinase C beta (PKCβ) (33, 34). 

 

In HFrEF, a key cause of endothelial dysfunction is decreased shear stress on 

the luminal endothelial surface, resulting in decreased production of endothelium-

derived NO and decreased endothelium-dependent dilation (35). Lower NO 

production in the vascular wall is also contributed by neurohumoral activation in HF 

which increases angiotensin II production, resulting in increased superoxide anion (O2
-) 

formation. The superoxide anion reacts with NO to form peroxynitrite (ONOO-), a 

potent oxidant that can damage molecules in endothelial cells.  

 

HF with preserved left ventricular systolic function (HFpEF) is also associated 

with endothelial dysfunction. The factors causing endothelial dysfunction include 

increased oxidative stress, eNOS uncoupling, reduced NO production, and impaired 

GMP-PKG signalling. Impaired nitric oxide-cyclic guanosine monophosphate (NO-

cGMP) pathway and endothelial dysfunction contribute to the pathophysiology of HF 

with both reduced and preserved left ventricular systolic function (36-38). 

 

Endothelial dysfunction in HF and DM is associated with decreased NO 

generation. NO is a colourless free radical gas that is synthesised by various nitric 

oxide synthase (NOS) enzymes from NADPH, oxygen, and L-arginine. Existing data 

strongly suggest that NO production by endothelial cells has an essential role in 

preventing complications of atherosclerosis in several ways, including endothelium-

dependent vasodilation, inhibiting platelet aggregation, and preventing smooth muscle 

proliferation (39). Therefore, decreased NO production resulting in endothelial 

dysfunction is a systemic process that occurs early in atherosclerosis and could 

represent a treatment target in both HF and DM. 
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 Insulin signalling in endothelial cells in heart failure and diabetes 

 
1.3.1 Insulin signalling in the normal state 

 

Insulin and the IGF system are essential for the growth and development of 

living organisms. These systems include insulin, IGF1, IGF2, IGF-binding proteins 

(IGFBPs), and their receptors, insulin receptor (IR), IGF1 receptor (IGF1R) and 

IGF2/mannose 6-phosphate receptor (IGF2/M6PR). While insulin is an anabolic 

hormone protein produced exclusively by the beta cells of the pancreas, IGF1  is a 

hormone with a molecular structure similar to that of insulin and is produced by the 

liver under the control of growth hormone, and IGF2 and IGFBP are proteins produced 

by brain, muscle, and kidney (Figure 2). The insulin-related receptor family consists of 

three receptors: IR, IGF1R, and IGF2/M6PR (40). The receptors are all tyrosine kinase 

based with two identical units. Each unit contains an alpha chain localised on the outer 

membrane and linked to the other units via disulphide bonds, and a beta chain that 

spans the membrane and extends to the inner surface of the cell membrane. Tyrosine 

kinase domains are found in the beta chain, and they play a role in the process of 

autophosphorylation (41). 

 

As a potent anabolic hormone, insulin promotes cellular nutrient uptake, 

storage, and synthesis while simultaneously inhibiting nutrient breakdown and release 

into the circulation. The basal concentration of insulin in the blood ranges between 

0.01 nM and 0.2 nM, and it can be increased up to tenfold following a meal, causing 

cells to take up more glucose (42). Insulin also stimulates protein synthesis, free fatty 

acid uptake and synthesis, and inhibits lipolysis in adipocytes. In addition, insulin 

regulates adipose tissue growth and adipocyte differentiation via gene transcription, 

various adipokines, and fat-specific transcription factors, such as PPARγ (43). In 

physiological concentrations, insulin exerts anti-inflammatory and anti-atherosclerotic 

effects on the cardiovascular system through endothelial cell function whilst the 

degree of insulin resistance is correlated with endothelial dysfunction, which is directly 

linked to cardiovascular complications. Most of the actions of insulin occur through IR. 

However, both insulin and IGF1 can bind to and activate the IGF1R, leading to similar 

downstream signaling pathways (44). 
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The IGF system has a critical role in endothelial cells. IGF1 promotes vital 

cellular processes necessary for normal growth and development, such as 

proliferation, differentiation, survival, and metabolism. IGF1 activation through the 

IGF1R, IGF2/M6PR, and IR promotes proliferation, migration, survival, and tube 

formation in endothelial cells, although the greatest response occurs through IGF1R 

(40). IGF2 exerts some of its actions through IGF2/M6PR, which acts as a clearance 

receptor. The activity of IGF is also regulated by six IGFBPs: IGFBP1, IGFBP2, 

IGFBP3, IGFBP4, IGFBP5, and IGFBP6. These IGFBPs can either enhance or inhibit 

the activities of IGF. Recent animal studies have indicated that IGF1R serves a variety 

of physiological functions, including promoting cell proliferation, inhibiting apoptosis, 

and stimulating growth and development (45). In addition, IGF1R has been shown to 

protect endothelial cells by inhibiting apoptosis induced by hydrogen peroxide (H2O2) 

(46). According to a recent study, decreased IGF1R expression was associated with 

the development of diabetes and cardiovascular disease (47). The mechanism by 

which IGF1R acts on endothelial cells under these conditions is complex and requires 

further investigation. 

 

Intracellular signalling involves the addition and breakdown of phosphate 

groups on proteins, called ‘phosphorylation’ and ‘dephosphorylation’, respectively. 

These essential processes can stimulate or reduce the activity of proteins. The 

enzyme responsible for the addition of the phosphate group is called a ‘kinase’; it takes 

the γ-phosphate group from adenosine triphosphate (ATP) and adds it to the target 

protein at specific locations, such as at serine/threonine or tyrosine. Therefore, protein 

kinases can be classified according to the location of the phosphate group addition, 

e.g., serine (Ser or S)/threonine (Thr or T) kinase and tyrosine (Tyr or Y) kinase. The 

enzyme responsible for the breakdown of phosphate groups from proteins is called a 

‘phosphatase’ (48). 

 

Once insulin and IGF1 bind to their receptors, the alpha and beta chains in the 

receptors move closer together and undergo autophosphorylation, increasing their 

tyrosine kinase activity. The phosphorylated tyrosine residues of the insulin receptor 

attract and activate the insulin receptor substrate 1 and 2 (IRS 1/2) protein. As a result, 

phosphoinositide 3-kinase (PI3K) is translocated to the plasma membrane, where the 
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SH2 domain of the PI3K adaptor subunit binds to the tyrosine residues of IRS, leading 

to PI3K activation, which generates phosphatidylinositol (3,4,5)-triphosphate (PIP3) 

from phosphatidylinositol (3,4)-biphosphate (PIP2). The phosphoinositide-dependent 

protein kinase 1 (PDPK1) then binds to PIP3 and phosphorylates protein kinase B 

(also known as Akt) (49). Akt is phosphorylated at Thr 308 by PDPK1, and at Ser 473 

by mTORC2 (mechanistic target of rapamycin complex 2). Once Akt is phosphorylated, 

it activates multiple cellular proteins, including forkhead box O (FOXO), B-cell 

leukaemia/lymphoma 2 (BCL-2), mTOR, and eNOS (50). Phosphorylation of these Akt 

signalling proteins induces pleiotropic cellular responses, increasing cell survival and 

proliferation through negative regulation of FOXO proteins, increasing protein 

synthesis through activation of mTOR complex 1, and inducing vasodilation through 

enhanced eNOS activity (Figure 2). The present study focuses on the PI3K/Akt and 

eNOS pathways. eNOS is an essential enzyme in the cardiovascular system since it 

produces NO, which is a crucial regulator of blood pressure control, and is associated 

with the pathogenesis of atherosclerosis (51). 

 

 

Figure 2: Schematic of the insulin signalling pathway. When the insulin receptor is activated, it 
primarily recruits and phosphorylates two adaptor proteins: IRS and Shc. PI3K/Akt is an IRS-
mediated pathway that is crucial for activation of eNOS activity and regulation of a variety of 
metabolic events, including glucose transport and glycogen, protein, and lipid synthesis. Shc is 
involved in the activation of the mitogen-activated protein kinase (MAPK) pathway, which 
regulates growth and differentiation.  
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In endothelial cells, insulin action stimulates two major signalling pathways: the 

PI3K pathway and the MAPK pathway (Figure 3) (52). In the PI3K pathway, also 

known as the ‘metabolic signalling pathway’, activation of PI3K is required for insulin-

mediated glucose transport into insulin-dependent target tissues, such as skeletal 

muscle and adipose tissue. Furthermore, this pathway has been shown to play a role 

in the regulation of insulin-dependent endothelial NO production. It was demonstrated 

that when insulin-mediated glucose uptake was impaired, insulin-stimulated 

endothelial vasodilation was also impaired. Therefore, a systemic defect in the PI3K 

pathway, which most likely characterises insulin resistance, causes both insulin-

mediated glucose transport and insulin-stimulated endothelial vasodilation to be 

impaired.  

 

Previous work has shown that activation of the PI3K/Akt pathway was 

terminated when phosphatase and tensin homolog deleted on chromosome 10 

(PTEN) extracted the phosphate group from PIP3 at the 3'-OH group in the inositol 

ring (53). Alternatively, the SH2 domain-containing inositol polyphosphate 5-

phosphatase (SHIP) enzyme removed phosphate groups at the 5'-OH group, resulting 

in dephosphorylation of PIP3 to PIP2 (54). Furthermore, it was found that the PH 

domain and leucine-rich repeat protein phosphatase (PHLPP) inhibited Akt by 

removing the phosphate group from Akt at Ser 473 and/or Thr 308 (55). Therefore, 

PTEN, SHIP, and PHLPP act as negative regulators of this pathway. 

 

The MAPK pathway is also known as the ‘mitogenic signalling pathway’. This 

pathway begins when Src homology and collagen (Shc) isoforms bind to IR via their 

phosphotyrosine binding (PTB) domain and undergo tyrosine phosphorylation. Shc 

then interacts with growth factor receptor-bound protein 2 (Grb2), which acts as the 

adaptor protein. Grb2 is also linked to the proline-rich domain of the son of sevenless 

(SOS), which can activate the Ras pathway (56). This pathway involves the activation 

of a cascade including Ras, Raf, MAPK/ERK kinases (MEKs), and extracellular signal-

regulated kinases (ERKs), which lead to nuclear translocation of ERK and 

phosphorylation of transcription factors (Elk1, p62TCF, etc.), resulting in the initiation of 

a transcriptional process that mediates cellular proliferation and differentiation (57). 

This pathway also regulates endothelial cell, vascular smooth muscle cell, and 

monocyte migration in the vasculature. In addition, it appears to mediate expression 
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of the prothrombotic and profibrotic factor, plasminogen activator inhibitor 1, by a 

variety of stimuli.  

 

Endothelial balance is maintained by vasodilatory substances via the PI3K 

pathway and vasoconstriction via the MAPK pathway (Figure 3) (58). Previous data 

clearly demonstrate that insulin resistance and the associated defects accompanying 

metabolic syndrome are dependent on a defect in the PI3K pathway, whereas 

functions mediated by the MAPK pathway remain active (59). As a result, this may 

cause an imbalance between decreased endothelial production of NO and enhanced 

production of ET-1, leading to decreased blood flow due to vasoconstriction  and 

subsequent endothelial dysfunction. 

 

 
Figure 3: Balancing two major insulin signalling pathways to regulate vascular tone. 

 

1.3.2 Insulin receptor 

 

The IR is a heterotetramer made up of two extracellular and two 

transmembrane subunits, extracellular subunit (IRα) and transmembrane subunit 

(IRβ), which are connected by disulphide bridges (60). The extracellular subunit of the 

IR consists of two isoforms, IR-A and IR-B, due to alternate splicing during 

transcription, resulting in the absence (IR-A) or presence (IR-B) of a 12-amino acid 
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segment encoded by exon 11 (61). Relative expression of the two isoforms varies 

depending on the tissue. IR-A promotes cell growth and is mostly found in foetal and 

tumour tissues, although it can also be found in most adult tissues. IR-B regulates 

glucose homeostasis and is primarily expressed in insulin target tissues, such as the 

liver, muscle, adipose tissue, and kidney in adults.  

 

During adulthood, increased IR-A expression may play a role in a variety of 

pathological processes and cancers, including lung, colon, ovarian, thyroid, and 

muscle cancers (62), while increased IR-B expression is associated with a 

predominance of insulin metabolic actions. The IR-A/IR-B ratio was found to be 

increased in diabetic patients, and was linked to decreased glucose uptake, 

decreased insulin signalling in insulin target tissues such as the liver and white adipose 

tissue, and increased growth of atherosclerotic plaques in aorta. Furthermore, weight 

loss from a very low-calorie diet or bariatric surgery has been shown to cause an 

increase in IR-B levels in adipose tissue, which improves insulin resistance (63).  

 

The transmembrane subunit of IR contains seven tyrosine phosphorylation 

sites: two in the juxtamembrane domain (Tyr 965 and Tyr 972), three in the tyrosine 

kinase domain (Tyr 1158, Tyr 1162, and Tyr 1163), and two in the carboxy-terminal 

tail (Tyr 1328 and Tyr 1334) (Figure 4). When an insulin receptor tyrosine kinase is 

activated, it promotes autophosphorylation of the β subunit, with phosphorylation of 

three crucial tyrosine residues (Tyr 1158, Tyr 1162, and Tyr 1163), leading to full 

activation of the receptor kinase (64). 

 



 

 

 

16 

 

Figure 4: Insulin receptor. The insulin receptor is a disulphide-linked, α/β heterodimer glycoprotein 
that is predominantly found on the cell surface. Once activated by insulin, the receptor kinase can 
phosphorylate exogenous substrates that act as adaptors: IRS 1–4, Shc at the juxtamembrane 
region via their PTB domains, and SH2B2 at the kinase region via its SH2 domain, serving as an 
adaptor protein for the substrate Cbl. 

 

1.3.3 Insulin-like growth factor 1 receptor  

 

IGF1R is a transmembrane receptor that is activated by the hormones IGF1 

and IGF2. It is a member of the large family of tyrosine kinase receptors. This receptor 

mediates the effects of IGF1, which is critical for growth, and its anabolic effects persist 

in adulthood. IGF1R may contribute to progression in early atherosclerosis by 

mediating the proatherogenic effects of IGFs. mRNA IGF1R expression was shown to 

be increased in VSMCs from asymptomatic patients' atherosclerotic plaques when 

compared with those of symptomatic patients (65). Because IGF1 is a potent mitogen 

for VSMCs, numerous studies in experimental atherosclerosis models have suggested 

that IGF1 promotes vascular hyperplasia by stimulating neointimal growth.  

 

When the kinase domain of IGF1R is activated, specific tyrosine residues are 

autophosphorylated. The subsequent recruitment and phosphorylation of IRS allows 

PI3K to be recruited and the Akt-mTOR pathway to be activated. This signalling 

pathway promotes cell survival, growth, and proliferation by regulating metabolism and 

transcription. IGF1R activation may also recruit Shc adaptor proteins, and IGF1-

induced Shc phosphorylation activates the RAS and MAPK pathways, which are 
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involved in the transmission of mitogenic, differentiation, and migratory signals (66). 

Furthermore, IGF1R activity has been shown to promote tumorigenesis, maintenance 

of the transformed phenotype, and progression of cancer (67).  

 

While IGF1R shares structural similarities with IR, most notably in the kinase 

and juxtamembrane domains (84% and 61% sequence identity, respectively), the C-

terminal tails are distinct (44% sequence identity) (68). In IGF1R, sequential 

autophosphorylation of three tyrosines (Tyr 1135, Tyr 1131, and Tyr 1136) facilitates 

stabilisation of the kinase activation loop (A-loop) in a position that promotes catalysis 

and subsequent phosphorylation of substrates (69). 

 
1.3.4 Insulin receptor substrate (IRS) 

 

The IRS protein family consists of nine members, which are found in the cytosol 

and bound to intracellular membranes. Isoforms IRS1–4 are required for complete 

insulin signal transduction in various tissues and species. Among all isoforms, IRS1 

plays a critical role in activating the PI3K/Akt pathway. IRS3 is not encoded by a gene 

in the human genome. Studies in mice with tissue-specific knockout of IRS1 or IRS2 

have found that IRS1 plays a significant role in insulin resistance in muscle and 

adipose tissue (70, 71), whereas IRS2 play a role in liver and the pancreatic β-cells 

(72). At the amino terminal of IRS1, a pleckstrin homology (PH) domain aids in the 

protein's anchoring to the membrane near the IR. IRS1 sequences are highly 

conserved across species, and motifs potentially involved in IRS1 function in mice and 

human are conserved (73). Multiple tyrosine phosphorylation sites are located at the 

C-terminal of IRS proteins. When phosphorylated, these sites act as docking sites for 

other signalling proteins with SH2 domains, such as the PI3K p85 regulatory subunit, 

Grb2, and SHP-2, which further propagate and regulate insulin signalling inside the 

cell (74). 

 

1.3.5 Phosphatidylinositol 3-kinase  

 

PI3K is classified as a lipid kinase, due to its ability to add phosphate groups to 

the inositol ring at the 3'-OH group position in phosphatidylinositol (PI) and 

phosphoinositide (PIP, PIP2) molecules by using ATP as a phosphate group donor. 



 

 

 

18 

As a result, molecules of phosphatidylinositol-3-monophosphate (PIP), 

phosphatidylinositol-4,5-bisphosphate (PIP2), and phosphatidylinositol-3,4,5-

trisphosphate (PIP3) are formed. PIP3 is a second messenger that controls a variety 

of cellular processes, including cell division, cell multiplication, and cell survival. In 

mammals, PI3K is classified into three classes, each of which is composed of distinct 

genes: class I, class II, and class III. These three groups are classified according to 

their properties, specificity, substrates, structure, expression in various tissues, 

activation mechanism, and function. Class I PI3Ks primarily phosphorylate PIP2 to 

generate the lipid second messenger PIP3 (75). 

 

1.3.6 Akt/Protein kinase B 

 

Akt/PKB is a serine/threonine kinase that is classified as a downstream effector 

of PI3K. It was found that the Akt1 and Akt2 gene were similar to viral oncogene (v-

akt), which was first discovered in mice with T-cell lymphoma. Further studies were 

conducted to determine that the kinase domain of Akt was similar to that of protein 

kinase A (PKA) and protein kinase C (PKC), so it was called protein kinase B (PKB). 

Akt is currently classified into three isoforms in mammals: Akt1/PKBα, Akt2/PKBβ, and 

Akt3/PKBγ (Figure 5) (76). Although the three isoforms are derived from different 

genes, amino acid homology accounts for approximately 80% of their structural 

components. 

 

Akt expression studies revealed that Akt1 and Akt2 were found in common 

tissues, with Akt1 playing a role in embryonic development, cell growth, and survival. 

Akt2 is more common in insulin-targeted tissues, and it plays a role in the control of 

blood sugar levels (glucose homeostasis). Akt3 has been reported in the brain and 

has been linked to brain cell proliferation. When human retinal endothelial cells 

(HRECs) were exposed to high concentrations of glucose, the relative expression 

levels of AKT3 mRNA and protein were significantly increased; furthermore, VEGF 

mRNA and protein expression levels were significantly decreased in high glucose-

treated HRECs transfected with AKT3 siRNA (77). There is evidence that increasing 

Akt3 inhibits adipogenesis and prevents mice from developing obesity (78). Although 

the three isoforms of Akt perform different functions, their structures are highly 

preserved across each, especially Akt1 and Akt2. 
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Figure 5: The structure of the Akt1, Akt2, and Akt3 proteins consists of the pleckstrin homology 
(PH) domain, helical domain (Helix), kinase domain, and regulatory domain. Although all three 
isoforms are formed by genes on different chromosomes, they have similar locations for the 
addition of the phosphate group. 

 

1.3.7 Endothelial NOS  

 

eNOS, also known as nitric oxide synthase 3 (NOS3), is one of three enzyme 

isoforms responsible for NO synthesis; the other isoforms are neuronal nitric oxide 

synthase (nNOS) and inducible nitric oxide synthase (iNOS). While nNOS expression 

is localised in specific neurons of the brain, iNOS expression is typically induced in 

inflammatory diseases. All three isoforms have 50–60% amino acid sequence 

homology and have an N-terminal oxygenase domain with haem, L-arginine, BH4-

binding domains, a central calmodulin (CaM)-binding region, and a C-terminal 

reductase domain with NADPH-, FAD-, and FMN-binding sites (79). eNOS is primarily 

responsible for production of NO in the vascular endothelium, which plays a vital role 

in promoting vasorelaxation, and activates anti-inflammatory and anti-atherosclerotic 

pathways. As a result, eNOS function is essential for keeping the cardiovascular 

system healthy. 

 

Multiple phosphorylation sites on tyrosine (Tyr or Y), serine (Ser or S), and 

threonine (Thr or T) residues can regulate eNOS. The currently identified tyrosine sites 

localise to Tyr 83 and Tyr 567, the serine sites localise to Ser 114, Ser 615, Ser 633, 

and Ser 1177, and the threonine site localises to T495 (using the human sequence 

nomenclature). The phosphorylation of tyrosine residues has been shown to regulate 
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the NO-producing capability of eNOS (80). It has been noted that tyrosine 

phosphorylation appears to be most prominent in primary EC and may be lost when 

cells are cultured. eNOS becomes rapidly serine phosphorylated when EC are 

exposed to fluid shear stress (FSS), leading to phosphorylation of Ser 1177 that is 

mediated by AKT1 (81) and other kinases, such as PKA and AMP-activated protein 

kinase (AMPK) (82). PKC signalling inhibits eNOS activity in endothelial cells by 

phosphorylating Thr 495 and dephosphorylating Ser 1177, whereas PKA signalling 

activates eNOS by increasing phosphorylation of Ser 1177 and dephosphorylation of 

Thr 495 (83).  

 

Akt phosphorylation of Ser 1177 significantly increases (>50%) the maximal 

superoxide generated by eNOS. In endothelial cells, VEGF-induced phosphorylation 

of Ser 1177 increases superoxide production via eNOS. Therefore, phosphorylation 

of eNOS at Ser 1177 is required for the direct control of superoxide and NO generation 

(84). 

 

1.3.8 Insulin signalling in the insulin-resistant state 

 

Both HF and DM are characterised by generalised insulin resistance, which 

leads to a cascade of effects on insulin signalling in endothelial cells (32). Insulin 

resistance is a condition in which normal concentrations of insulin cannot influence 

metabolism at important sites, such as skeletal muscle and adipose tissue. Insulin 

resistance in skeletal muscle significantly decreases glucose uptake, thereby 

encouraging hyperglycaemia and possibly local maladaptive effects, whilst insulin 

resistance in adipose tissue promotes lipolysis, resulting in increased fatty acids and 

hypertriglyceridaemia. Moreover, peripheral insulin resistance leads to a chronic 

adaptation of beta cells, resulting in a several-fold increase in insulin production and 

hyperinsulinaemia. This combination of metabolic abnormalities has an effect on 

insulin signalling.  

 

Hyperglycaemia in patients with insulin resistance can induce the formation of 

AGEs because high blood sugar levels promote the non-enzymatic glycation of 

proteins, lipids and nucleic acids. In this process, sugar molecules bind to and modify 
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the structure of these biomolecules, leading to the formation of AGEs.  AGEs, such as 

pyrraline, pentosidine, and N-carboxy-methyl lysine (CML), stimulate the production 

of ROS (Figure 6), inhibit tyrosine phosphorylation of IRS1 and IRS2 and decrease 

activation of the PI3K/Akt pathway by activating PKC (85). 

 

Lipotoxicity, caused by an increase in free fatty acids, inhibits the PI3K/Akt 

signalling pathway and activates the MAPK/ERK signalling pathway. Free fatty acids 

also stimulate PKC, impairing Akt function via IRS1/2 inactivation and increasing NOX-

mediated ROS generation (86). Furthermore, ROS can stimulate NF-κB, which 

promotes the formation of adhesion molecules and ET-1. Adhesion molecules 

facilitate monocyte contact with endothelial cells, resulting in the formation of foam 

cells that produce IL-6 and TNF-α. This contributes to the development of 

atherosclerosis and increases the risk of cardiovascular disease (87).  

 

Initially, hyperinsulinaemia in the early stage stimulates insulin signalling, 

resulting in increased expression of IRS1, PI3K, and Akt (88). However, longer-

standing hyperinsulinaemia desensitises the insulin signalling pathways, resulting in 

decreased expression of IRS1, PI3K and Akt (89). This reduction in insulin action via 

the IRS1/PI3K/Akt pathway results in a decrease in antiatherosclerotic activity and 

contributes to the acceleration of atherosclerosis and other cardiovascular diseases. 

 

 

Figure 6: Insulin signalling in the PI3K/Akt/eNOS pathway under physiological conditions and in 
insulin resistance. 
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In early stages of HF caused by pressure overload or in the early stages of 

metabolic syndrome, hyperinsulinaemia leads to activation of IRS1 and Akt1 to 

promote pathological hypertrophy, mitochondrial dysfunction, and decreased 

autophagy, all of which contribute to accelerated left ventricular (LV) remodelling. As 

HF progresses, insulin signalling pathways may become desensitised, resulting in loss 

of the cytoprotective effects of Akt signalling and persistent nuclear localisation of 

FOXO proteins, which accelerates HF through a variety of mechanisms that include 

increased apoptosis and exacerbation of lipotoxicity (Figure 7) (11). 

 

 

Figure 7: Insulin signalling in the early and late stages of heart failure. 

 

 Reactive oxygen species in endothelial cells 

 

ROS are a group of highly reactive intermediate molecules derived from oxygen 

obtaining an electron from another molecule during an oxidation reaction. ROS can 

be classified into two types: non-radicals (ozone, hydrogen peroxide, peroxynitrite) 

and free radicals (superoxide anion, hydroxyl radicals, peroxyl radicals). ROS, such 

as hydrogen peroxide and the superoxide anion, play a key role as messengers in 

normal cell signal transduction and are involved in a variety of physiological processes 

known as ‘redox signalling’ (90). ROS are also a known component of the immune 

cells' killing response, causing cell differentiation, apoptosis, and damage to lipids, 



 

 

 

23 

proteins, and nucleic acids. Therefore, ROS contribute to the natural aging process 

and play a role in the development of a variety of diseases, including atherosclerosis, 

obesity, hepatitis, pancreatitis, neurodegenerative diseases, inflammatory conditions, 

heart failure, and diabetes, in addition to being involved in gene mutations causing 

cancer (91). 

 

1.4.1 ROS generation and regulation  

 

The production of ROS is influenced by both endogenous and exogenous 

factors. Endogenous sources of ROS are produced mainly in the mitochondrial 

electron transport chain and by several enzymes, including NADPH oxidases (NOXs), 

uncoupled eNOS, flavoprotein oxidases, xanthine oxidase (XO), myeloperoxidase 

(MPO), cytochrome P450 oxidase, microsomal cyclooxygenase (COX), lipoxygenase, 

and catalysed metal reactions. Exogenous sources of ROS include various sources, 

such as chemicals, drugs, pollutants, nutrient overdose, mutagens, xenobiotics, and 

ionising radiation (92). 

 

Under physiological conditions, low levels of ROS are involved in signalling 

termed ‘oxidative eustress’, which initiates a protective response in the form of cellular 

defence mechanisms, cell proliferation, differentiation, migration, and angiogenesis. 

However, excessive ROS production, termed ‘oxidative stress’, can result in 

inflammation, fibrogenesis, tumour growth, metastasis, growth arrest, and cell damage 

(93). Balancing homeostasis between these processes through the breakdown of 

ROS is critical for normal cell function. While superoxide anion is dismuted into 

hydrogen peroxide and oxygen by superoxide dismutase (SOD), hydrogen peroxide 

is broken down into water and oxygen by catalase, glutathione peroxidase, and 

peroxiredoxins (94). Within the ROS group, superoxide anion is the primary cause of 

oxidative stress in diabetes and HF, and it is primarily produced by NOXs. 
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1.4.2 NADPH oxidases 

 

NOXs are membrane-bound enzyme complexes that produce ROS in 

phagocytic cells, skeletal muscle cells, and endothelial cells. All NOXs transfer 

electrons from NADPH to molecular oxygen, resulting in the formation of superoxide 

anions and other downstream ROS with NADP+ as a by-product. In humans, the NOX 

family consists of seven isoforms distinguished by their catalytic core component, 

including five NOX homologues (NOX1–5) and two dual oxidases (DUOX1/2), each of 

which vary in their tissue distribution (Figure 8) (95). The predominant NOX isoforms 

present in endothelial cells are NOX1, 2, 4, and 5 (96). NOX1, 2, 3, and 5 produce 

mainly superoxide anion and are associated with endothelial dysfunction, whereas 

NOX4 produces mainly hydrogen peroxide and is associated with protective effects 

on the vessel wall; DUOX1 and DUOX2 produce both superoxide anion and hydrogen 

peroxide (97). Each NOX isoform contains two membrane-bound subunits, including 

one catalytic subunit and one p22phox subunit (for stability and activation), and various 

cytosolic subunits; NOX5 contains only one catalytic subunit (98), and NOX4 requires 

only the p22phox subunit, without a cytosolic subunit (99). NOX2 and NOX4 promote 

the proliferation of endothelial cells, whereas NOX1 promotes mitogenesis and 

proliferation in smooth muscle cells. Furthermore, NOXs regulate vascular contractility 

and are involved in the pathogenesis of vascular dysfunction and disease. 

 

Despite their similar structure and enzymatic functions, the NOX family of 

enzymes have distinct activation mechanisms. NOX1 activity requires the presence of 

p22phox, NOXO1, NOXA1, and the small GTPase Rac. NOX2 activity requires the 

presence of p22phox, p47phox, p67phox, and Rac. NOX3 requires p22phox and NOXO1, 

and may also require NOXA1, depending on the species; Rac can participate but its 

necessity for activity is not clearly established. NOX4 requires p22phox in vivo and is 

constitutively active. NOX5, DUOX1, and DUOX2 are activated by Ca2+ ions, and  

DUOX1 and DUOX2 require association with the maturation factors 

DUOXA1/DUOXA2 for activation (96). 
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Figure 8: The NOX family includes seven isoforms that are distinguished by their catalytic core 
component, including five NOX homologues (NOX1–5) and two dual oxidases (DUOX1–2), all of 
which have different tissue distributions (95).  

 

 

1.4.2.1 NOX1 

 

NOX1, the first NOX2 homologue, plays a role in host defence, cell growth 

(proliferation and mitogenesis), and malignant transformation. NOX1 is expressed at 

high levels in colon epithelial cells (100), smooth muscle cells, and in endothelial cells. 

In a recent study, it was discovered that high levels of NOX1 were associated with 

human gastrointestinal malignancies (101). Due to the fact that NOX1 is expressed in 

both endothelial cells and VSMCs, global NOX1 KO-mediated improvements in 

endothelium-dependent (acetylcholine-induced dilation) and smooth muscle-

dependent (NO donor-induced dilation and myogenic tone) responses suggest that 

NOX1 is likely involved in metabolic vascular pathology in both cell types (102). In the 

endothelium, NOX1 is expressed at low levels; its expression is increased in 

cardiovascular diseases, including hypertension, atherosclerosis, diabetes, and 

hypercholesterolaemia (103). NOX1 also contributes to diabetes-associated 

endothelial dysfunction and is the predominant NOX isoform underlying eNOS 

uncoupling in diabetes (104).  
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1.4.2.2 NOX2 

 

NOX2, also known as gp91phox-containing NOX, is the prototype NOX and is 

typically highly expressed in phagocytic cells and found in all vascular wall cells, 

especially the endothelial cells of large arteries. The two major NOX isoforms 

expressed in cardiac cells are NOX2 and NOX4 (105). NOX2 is highly expressed in 

myeloid leukaemia cells (106). NOX2 is an important source of superoxide anion (107), 

and also plays a role in endothelial dysfunction. Sukumar and colleagues generated 

transgenic mice with endothelial-specific insulin resistance and demonstrated that 

deletion of NOX2 decreased superoxide generation and improved endothelial cell 

function (108).  

 

NOX2 activation in the endothelium can be mediated by a variety of metabolic 

factors, including glucose, palmitate, and oxidised low-density lipoprotein (LDL) (109). 

Furthermore, hyperinsulinaemia can lead to NOX2-mediated superoxide production in 

microvascular endothelial cells, resulting in a decrease in NO and an increase in 

peroxynitrite formation (110). Evidence suggests that NOX2-mediated endothelial 

dysfunction is mediated in part by activation of ERK1/2. ERK1/2 signalling also 

downregulates IR and eNOS signalling. In middle-aged mice, it was demonstrated that 

NOX2-knockout prevented high-fat diet-induced ROS production and ERK1/2 

activation, and reduced weight gain and improved insulin sensitivity and endothelial 

function (111). In clinical studies, obese patients (irrespective of gender) were shown 

to have increased expression of endothelial p47phox (required for canonical NOX2 

activation), implying that NOX2 contributes to increased vascular 

superoxide production and oxidative stress in these patients. Furthermore, endothelial 

NOX2 has been shown to induce cardiac fibrosis and diastolic dysfunction (112), and 

the NOX2-selective inhibitor NOX2ds-tat effectively reduced oxidative stress and 

vascular dysfunction caused by insulin resistance (108). 

 

1.4.2.3 NOX4 

 

NOX4 is highly expressed in the kidney (distal and proximal tubules) and blood 

vessels. It is overexpressed in various types of cancer, such as breast cancer and 

prostate cancer (113). In contrast to NOX1, 2, and 5, NOX4 is the isoform with the 
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highest expression in HUVECs, with 100-fold higher levels than NOX2 (114, 115) and 

is the only isoform with mitochondrial localisation (116). Ninety per cent of NOX4 is 

involved in the production of hydrogen peroxide, which is thought to be an 

endothelium-derived relaxing factor, and ten per cent produces superoxide anion 

(117). This NOX4 activity is generally considered protective of vascular function and 

promotes endothelial angiogenic responses (99, 118). It is also involved in the 

physiological functions of cell survival, apoptosis, senescence, insulin signalling, 

differentiation, and migration (96). Importantly, NOX4-derived H2O2 does not react with 

NO. Another study demonstrated that laminar shear stress may facilitate eNOS 

activation in the endothelium via NOX4-induced sulphenylation of SHP2 (tyrosine-

protein phosphatase non-receptor type 11) (119). Moreover, endothelial NOX4 

contributes significantly to the prevention of arterial stiffness and progression of 

atherosclerosis (120). Previous research established that NOX4-mediated 

downregulation of NOX2 is a critical aspect of the vasoprotective effects of NOX4 

(121). Therefore, altered or decreased NOX4 expression in obesity may be an early 

event triggering endothelial dysfunction and vascular stiffness. Furthermore, 

excessive production of mitochondrial ROS plays an important role in the development 

of diabetes and diabetic complications (122, 123) and in the development of cardiac 

fibrosis and remodelling via the NOX4 signalling pathway (124).  

 

1.4.2.4 NOX5 

 

NOX5 is highly expressed in the testes and lymph nodes and is involved in the 

motility and viability of sperm (125). It is overexpressed in a number of cancers, 

including prostate cancer (126), malignant melanomas, breast cancer (127), and 

oesophageal cancer (128).  NOX5 is an isoform that is expressed at the plasma 

membrane and is responsible for the production of superoxide anion (129). A recent 

study established that NOX5 can induce eNOS uncoupling and can cause age-related 

hypertension (130). Furthermore, elevated expression of NOX5 in the kidneys of 

diabetic patients has been linked to diabetic nephropathy (131), atherosclerosis (132), 

pulmonary hypertension, and diabetes-related cardiovascular complications.  
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1.4.3 ROS and antioxidants in endothelial cells 

 
As previously stated, oxidative stress is defined as an imbalance between ROS 

production and antioxidant defence that results in a change in the cellular redox status. 

 

1.4.3.1 Superoxide anion 

 

Superoxide anion (O2
-) is a compound formed by one-electron reduction of 

dioxygen. Superoxide anion is a highly reactive molecule with a charge that prevents 

it from readily crossing membranes; it is short-lived, and its effect is mostly local. In 

the vasculature, superoxide anion promotes contraction and hypertrophy of VSMCs 

through Ca2+ signalling and activation of a variety of kinases, including Src, Rho, and 

ERKs (133). Superoxide anion also promotes macromolecular extravasation and 

leucocyte adhesion at the vascular wall (134). 

 

1.4.3.2 Hydrogen peroxide 

 

Hydrogen peroxide (H2O2) is an important oxidising molecule that is produced 

by NOXs and the mitochondrial respiratory chain. Superoxide anion produced by the 

NOX family (except for NOX4, which mainly releases hydrogen peroxide) can be 

converted to hydrogen peroxide via SOD (99). Hydrogen peroxide can react with 

transition metals like Fe2+ and Cu2+ in the extracellular environment, resulting in the 

formation of a highly reactive hydroxyl radical that cause damage to macromolecules. 

However, within cells and tissues, hydrogen peroxide acts as a signalling modulator 

and initiated cellular responses, such as proliferation, immune cell recruitment, and 

cell shape alterations. For example, in murine models, hydrogen peroxide has been 

shown to aid in the prevention of atherosclerosis (121) by maintaining eNOS and haem 

oxygenase 1 expression during vascular stress, inhibition of vascular smooth muscle 

cell proliferation, and prevention of vascular inflammation and remodelling (99, 135). 

In addition, hydrogen peroxide produced by NOX4 promotes endothelial angiogenesis 

via eNOS activation (136). 
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1.4.3.3 Superoxide dismutase  

 

This protein family of metalloprotein antioxidant enzymes can catalyse the 

dismutation of two superoxide radicals into hydrogen peroxide and oxygen (Figure 9). 

It is the most powerful antioxidant enzyme in humans to counteract superoxide anion 

(137). SOD exists in three isoforms, SOD1–3, each with specific cofactors and 

subcellular localisation that places it close to the source of ROS production. 

 

SOD1 (Cu/ZnSOD or cytosolic SOD) is found in the cytoplasm and the 

mitochondrial intermembrane space. The highest SOD1 activity has been reported in 

the human liver. Excess hydrogen peroxide produced by overexpression of SOD1 

results in the formation of proatherogenic molecules, such as hydroxyl radicals and 

metal-associated reactive species (138). SOD2 (MnSOD or mitochondrial SOD) is 

expressed in the mitochondrial matrix and plays a role in the protection of superoxide 

anion from the mitochondrial electron transport chain. SOD2 activity is found at high 

levels in the renal cortex. Lack of SOD2 leads to mitochondrial dysfunction and an 

increased risk of developing atherosclerosis (139). SOD3 (ecSOD or extracellular 

SOD) is found in the extracellular matrix, on the cell surface, and in the vascular wall 

(140, 141). SOD3 is present in human lymphocytes and plasma, and its deficiency 

increases the risk of developing ischemic heart disease and HF (142). 

 

1.4.3.4 Catalase 

 

Catalase, a tetrameric haem protein, is a common and critical enzyme found 

exclusively in peroxisomes, where it catalyses hydrogen peroxide to water and oxygen 

(Figure 9) (143). Catalase plays a vital role in protecting cells from the toxic effects of 

hydrogen peroxide. It has also been associated with the pathophysiology of various 

diseases, as evidenced by the increased oxidative stress and decreased catalase 

activity observed in patients with type 1 and type 2 diabetes (144, 145). Catalase also 

prevents progressive remodelling of the myocardium, leading to HF (146). 

Furthermore, decreased catalase activity has been observed in a variety of different 

cancers, including lymphoma, breast cancer, gynaecological cancer, urological cancer, 

head and neck cancer, prostate cancer, and pancreatic cancer (147-149). 
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Figure 9: Oxidative enzymes, reactive molecules, and their conversion to other species by 
antioxidative enzymes. 

 

1.4.3.5 Peroxiredoxin 

 

Peroxiredoxins (Prxs) are enzymes that protect endothelial cells from peroxide 

damage caused by hydrogen peroxide and peroxynitrite. Peroxiredoxin exists in six 

different isoforms, each with a different subcellular localisation. While Prx1 contributes 

to the reduction of pressure overload-induced cardiac hypertrophy and HF (150), Prx2 

and Prx4 are significantly upregulated and involved in cardiomyopathy and HF (151, 

152). 

 

1.4.3.6 Glutathione peroxidase 

 

Glutathione peroxidase (Gpx) is a tetrameric selenoprotein that is found in the 

cytoplasm, nucleus, and mitochondria. The main biological function of Gpx is to 

detoxify free hydrogen peroxide to water and to reduce lipid hydroperoxides by using 

the reducing capacity of coupled glutathione/glutathione disulphide (GSH/GSSG). 

Lipid hydroperoxides, such as cholesterol, free fatty acids, cholesterol esters, and 

phospholipids are neutralised by phospholipases, Prx, and glutathione S-transferase 

(GST). There is a positive correlation between increased Gpx concentration and anti-

inflammatory activity of the cardiovascular system. To date, eight different isoforms of 

Gpx have been identified in humans. Gpx1 (cytosolic or classical Gpx [cGpx]) is 

localised in the cytoplasm and its preferred substrate is hydrogen peroxide (153). The 

preferred substrate of Gpx4 (phospholipid Gpx or PHGpx) is lipid hydroperoxides and 

its expression is downregulated in the early and middle stages of myocardial infarction 

(154). 
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1.4.3.7 Non-enzymatic antioxidants  

 

Non-enzymatic antioxidants are critical for human health because they protect 

cells from free radicals, which can be classified as either exogenous or endogenous 

(155). Examples of non-enzymatic antioxidants are vitamin C, E, A, flavonoids, 

carotenoids, glutathione, plant polyphenols, uric acid, theaflavin, allyl sulphides, 

curcumin, melatonin, bilirubin, and polyamines. Vitamin C (ascorbic acid) is the most 

potent water-soluble antioxidant found in human plasma, with evidence supporting its 

ability to improve vascular endothelial function (156). Vitamin E, which is lipophilic and 

is found on the cell membrane, is a potent antioxidant that prevents lipid peroxidation. 

Vitamin E treatment neutralises circulating free radicals and enhances endothelium-

dependent vasodilation (157). 

 

1.4.4 Oxidative stress in endothelial dysfunction in heart failure and diabetes 

 

Oxidative stress refers to an imbalance in the antioxidant response caused by 

an excess of ROS or oxidants, which results in endothelial cell damage. Superoxide 

anion, hydrogen peroxide, and NO are required under physiological conditions to 

maintain vascular function, structure, and angiogenesis (158). ROS play a major role 

in cellular signalling and function; this process is referred to as redox signalling. 

Hydrogen peroxide encourages calcium-dependent eNOS activity, allowing for 

adequate production of NO (159).  

 

Several studies suggest that oxidative stress plays a role in the 

pathophysiology of a variety of diseases, including atherosclerosis, hypertension, 

diabetes, and HF, in which the levels of superoxide anion in the vascular wall is 

increased (160). Excess superoxide anion can inactivate NO, resulting in the rapid 

formation of peroxynitrite (ONOO-) in endothelial cells. Peroxynitrite then enhances 

the effect of eNOS uncoupling by oxidising the eNOS cofactor BH4 to inactive 

dihydrobiopterin (BH2). Uncoupling eNOS results in the formation of a toxic 

superoxide anion cycle, which decreases NO bioavailability and results in endothelial 

dysfunction (23). Furthermore, oxidative stress can induce cellular transformation 

under pathological conditions, such as in HF and diabetes. This process can transform 
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endothelial cells into myofibroblasts via TGF-β-induced endothelial-to-mesenchymal 

transition (161). 

 

1.4.5 Antioxidative stress in endothelial dysfunction in heart failure and diabetes 

 

In patients with endothelial dysfunction, antioxidants can help prevent oxidative 

damage and restore endothelial function (162, 163). Several antioxidants, including 

SOD (164), catalase (165), vitamin D (166), and vitamin E (167), have been shown to 

neutralise circulating free radicals and improve vascular cells in experimental 

conditions. However, most of the clinical research has been conducted on healthy and 

diseased humans, and there is inconsistent evidence for the benefit of exogenous 

antioxidants in preventing adverse cardiovascular complications (168-171). This 

finding could be explained by several factors, including the exogenous antioxidants’ 

lack of site specificity. Furthermore, excessive dietary intake of exogenous 

antioxidants could interfere with the activation of the endogenous antioxidant defence 

system and can cause partial immune depression (172, 173). Further research is 

required to fully understand the role of antioxidants in the treatment of human disease 

states and in the promotion of health. 

 

 

1.5 Angiogenesis 

 

Angiogenesis is defined as the process of new capillary blood vessel formation 

from pre-existing vasculature and is vital to the growth and development of all organ 

systems. Numerous complex processes occur during angiogenesis, including 

vasodilation, increased endothelial permeability, basal membrane dissolution, 

endothelial cell proliferation, migration, tubule formation, replasticity, and endothelial 

cell differentiation and maturation. Angiogenesis is critical and occurs in both 

physiological and pathological processes, including wound healing, post-ischemic 

neovascularisation, adipose tissue expansion, diabetic retinopathy and nephropathy, 

and carcinogenesis. It is regulated by a balance of proangiogenic and antiangiogenic 

factors (174-179). Angiogenesis is classified into either ‘sprouting’ or ‘intussusception’ 

types and endothelial cells facilitate this process by proliferating, migrating, 

differentiating, and forming new capillaries (180).  
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Angiogenesis is activated by mechanical forces and a variety of chemical 

stimuli, such as VEGF, HIF-1α, FGF, and angiopoietin-2 (Ang-2). Among these 

proangiogenic factors, VEGF-A, acting through VEGF receptor 2 (VEGFR2, also 

known as KDR) is the most potent mitogenic and chemoattractant signal that is 

capable of activating quiescent endothelial cells into tip and stalk cells. Tip cells have 

numerous long and mobile filopodia that release proteases to degrade the basement 

membrane, allowing the stalk cells to proliferate and migrate, following behind the tip 

cells along the proangiogenic factor gradient (181). Following angiogenesis, a balance 

is established between pro- and anti-angiogenic factors, such as angiopoietin-1 (Ang-

1) and pigment epithelium derived factor (PEDF), and vessels begin to regress through 

apoptosis in order to maintain a functional vascular network (182).   

 

Adipose tissue has the highest angiogenic capacity and its remodeling in 

response to body weight changes is dependent upon angiogenesis. During weight 

gain, adipose tissue can overexpand manyfold. Adequate blood flow to this tissue is 

thus critical for growth and proper function; however, blood flow is insufficient during 

rapid adipose tissue expansion, resulting in tissue hypoxia. This hypoxic stress 

stimulates the production of VEGF, promoting inflammation and insulin resistance. 

Overexpression of VEGF results in enhanced vascularisation, decreased inflammation, 

and restored insulin resistance in adipose tissue (183). VEGF and other proangiogenic 

factors participate in angiogenesis by inducing endothelial cells to release NO (184). 

1.5.1 Nitric oxide and new blood vessel formation 

NO is produced by NOSs and is considered to be a critical mediator of the 

angiogenic response of endothelial cells. Within the NOS family, eNOS, nNOS, and 

iNOS are interchangeable; however, eNOS is the main source of NO and is selectively 

activated in response to VEGF. There is evidence in murine models that dietary 

supplementation with L-arginine, the eNOS substrate, increases NO production and 

improves vascularisation (185). In eNOS-deficient mice, the angiogenic response to 

hindlimb ischemia is impaired and cannot be reversed by VEGF, implying that eNOS 

acts downstream of VEGF (186). NO produced by eNOS has been shown to increase 

expression of HIF-1α, which can in turn induce the synthesis and release of VEGF via 
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a positive feedback mechanism (187). During angiogenesis, NO also acts as an 

endothelial survival factor, inhibiting apoptosis and promoting endothelial cell 

proliferation and migration (188). Furthermore, increased flow from NO-induced 

vasodilation promotes angiogenesis, which has been observed via increasing 

endothelial cell proliferation (189). 

1.5.2 ROS and angiogenesis 

In physiological concentrations, superoxide anion and hydrogen peroxide act 

as second messengers and influence cell signalling, proliferation, survival, migration, 

and angiogenesis. Several cytokines and growth factors are involved in the production 

of ROS and angiogenesis, including VEGF, protein tyrosine phosphatases (PTPs), 

FGFs, and TNFα. VEGF is the major contributor to angiogenesis; VEGF-A has the 

most angiogenic potential and can bind to three receptors, including VEGFR1, 2, and 

3, of which VEGFR2 is the best characterised. The binding of VEGF-A to VEGFR2 

promotes the production of ROS in endothelial cells via NOX enzymes (190). The 

downstream effectors of VEGFR2 include NOX4, p66Shc-Rac1, and PKC, all of which 

are capable of activating NOX1/2. The superoxide anion produced by NOX2 and the 

hydrogen peroxide produced by NOX4 have been shown to increase the activity of 

cellular sarcoma (c-Src) and MAPKs, which promote endothelial cell proliferation, 

survival, and migration (191-193). Hydrogen peroxide derived from NOX4 can induce 

and activate eNOS, and NOX4-deficient mice exhibit reduced angiogenesis, eNOS, 

and NO production (99). Hydrogen peroxide also induces reversible S-

glutathionylation of the sarcoplasmic-endoplasmic reticulum calcium ATPase 

(SERCA), resulting in Ca2+ influx and endothelial cell migration (194). Furthermore, 

extracellular hydrogen peroxide produced by SOD3 was able to sustain VEGF 

signalling through oxidative inactivation of the membrane-bound phosphatases 

PTP1B and DEP1, which encourage angiogenesis (195). 

 

Prolonged exposure to pathologically high levels of ROS is detrimental to 

vascular tissues. Among the types of ROS, superoxide anion appears to be more 

harmful than hydrogen peroxide. Superoxide anion can reduce the bioavailability of 

NO by forming peroxynitrite, and both superoxide anion and peroxynitrite have a high 

oxidative potential. It has been proposed that high concentrations of superoxide anion 
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and hydrogen peroxide inhibit angiogenesis, whereas low concentrations of 

superoxide anion and hydrogen peroxide stimulate angiogenesis (196, 197). 

1.5.3 Angiogenesis in heart failure and diabetes 

Insulin resistance occurs in both heart failure and diabetes, and this metabolic 

abnormality results in endothelial dysfunction and decreased angiogenesis. Insulin 

resistance has been shown to result in a significant reduce in endothelial NO 

bioavailability when insulin signalling is impaired. NO is a free radical gas produced 

by the NOS family that plays a role in physiological responses, such as vasodilation, 

anticoagulation, vascular permeability, and angiogenesis. As a result, angiogenesis 

tends to be reduced in HF and diabetes. 

 

1.5.3.1 Angiogenesis in heart failure 

 

In HFrEF, decreased shear stress affects endothelial function and 

angiogenesis by decreasing eNOS, decreasing endothelial repair, increasing ROS 

production, increasing leucocyte adhesion, and increasing inflammation (198). 

Reduced eNOS activity in HF results in decreased NO production, which promotes 

endothelial cell apoptosis while inhibiting angiogenesis (199). Reduced NO in HF 

typically coexists with increased superoxide anion synthesis, which is capable of 

oxidising BH4 to BH2 and biopterin, causing NOS to become uncoupled and produce 

superoxide instead of NO (200). The interaction of NO with superoxide anion in the 

form of peroxynitrite may have an additional effect on NO generation.  

 

1.5.3.2 Angiogenesis in diabetes 

 

Endothelial cells exposed to long-term elevated blood glucose become 

dysfunctional, resulting in loss of integrity and increased susceptibility to apoptosis, 

detachment, and circulation into the blood stream, ultimately becoming the source of 

micro- and macrovascular complications. Numerous complications of diabetes are 

characterised by vasculopathy related to abnormalities in angiogenesis, including 

diabetic retinopathy, diabetic nephropathy, impaired wound healing, and impaired 

formation of coronary collaterals.  
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Diabetes is unique. As a systemic disease, whether the chronic hyperglycaemia 

and the other dyscrasias, enhance or inhibit angiogenesis is determined by the 

balance of neurohumoral factors and tissue or organ involved. Excessive 

angiogenesis in diabetes occurs due to upregulation of VEGF, FGF, integrins, 

fibronectin and fibronectin fragments, non-enzymatic glycosylation, and activation of 

the polyol metabolic pathway. In diabetic retinopathy, pericyte coverage in the retinal 

capillary network is decreased, resulting in vascular oedema and leakage. 

Furthermore, hypoxia caused by capillary damage leads to increase expression of 

HIF-1 transcription factor and subsequent upregulation of VEGF-A. In diabetic 

nephropathy, expression of VEGF-A and its receptor VEGFR-2 are increased in the 

early stages, whereas abnormal receptors are observed during disease progression, 

resulting in increased circulating of VEGF-A but decreased VEGF-A sensing (201).   

 

In contrast to diabetic retinopathy and nephropathy, angiogenesis is decreased 

in diabetic patients during wound healing and the formation of coronary collaterals. 

The deficient angiogenesis is caused by various mechanisms, including a decrease in 

proangiogenic factors, an increase in anti-angiogenic factors (202), insufficient 

extracellular matrix/basement membrane (ECM/BM) degradation, cytokine imbalance, 

signal transduction abnormalities (203), and a decrease in the population of 

endothelial progenitor cells (EPCs) from the bone marrow (204). In wound healing, it 

has been established that macrophages are the major source of VEGF and other 

proangiogenic factors. In diabetic wounds, impaired macrophage function switches 

them from a proinflammatory to pro-reparative phenotype, resulting in decreased 

VEGF-A and angiogenic function (205, 206). 

 

As discussed in detail above, the present thesis deals with the role of insulin 

signalling and functional characterisation in human microvascular endothelial cells, 

with a particular emphasis on patients with HF and type 2 DM. A comprehensive 

understanding of insulin signalling may facilitate the development of more effective 

medications, improving the symptoms and survival rate of these patients. 
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Chapter 2: Objectives 

2 Objectives 

 

The overall aim of my Ph.D. research is: 

 

1. Isolation and characterisation of human skeletal muscle and adipose tissue 

microvascular endothelial cells (isolation, confirmation of identity/purity using a 

multitude of techniques). 

2. To understand insulin signalling in heart failure and diabetic patient endothelial 

cells (simple qualification and comparative analysis of expression and 

signalling). 

 

Hypotheses 

1. Impaired insulin signaling in microvascular endothelial cells of patients with 

heart failure and diabetes leads to decreased functional characteristics, such 

as increased ROS production and decreased new capillary blood vessels 

formation. 

2. Insulin treatment may improve insulin signaling in microvascular endothelial 

cells, leading to improved functional characteristics such as decreased 

production of ROS. 
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Chapter 3: Materials 

3 Materials  
 

 Endothelial cell isolation 

 
MACS Tissue Storage Solution           Miltenyi Biotec 

Hank’s Balanced Salt Solution (H9269)          Sigma-Aldrich 

Collagenase/Dispase (11097113001)          Roche 

Scalpel blades size 22             Swann-Morton 

Venflon Pro Safety IV Cannula with Injection Port 14G        BD Biosciences 

Dulbeccos’s Phosphate Buffered Saline (PBS)         Sigma-Aldrich 

Bovine serum albumin 7.5%           Sigma-Aldrich 

MACSmixTM tube rotator            Miltenyi Biotec 

Dead Cell Removal Kit            Miltenyi Biotec 

MidiMACSTM Separator            Miltenyi Biotec 

MiniMACSTM Separator            Miltenyi Biotec 

MACS LS cell separation columns                    Miltenyi Biotec 

MACS MS cell separation columns           Miltenyi Biotec 

MACS 70 m cell strainers and filters          Miltenyi Biotec 

MACS 30 m cell strainers and filters          Miltenyi Biotec 

Red Blood Cell Lysis Solution (10x) – Removal reagents       Miltenyi Biotec 

CD31 microbead, human #130-091-935          Miltenyi Biotec 

EC growth medium MV + supplements           PromoCell 

Antibiotic/antimycotic supplement           Invitrogen 

Corning Costar cell culture plates 24 well, flat bottom       Sigma-Aldrich 

 

 Cell culture 

 
Dulbeccos’s Phosphate Buffered Saline (PBS)         Sigma-Aldrich 

Trypsin-EDTA 0.25%            Sigma-Aldrich 

EC growth medium MV + supplements           PromoCell 

Antibiotic/antimycotic supplement           Invitrogen 

Corning Costar cell culture plates 6 well, flat bottom        Sigma-Aldrich 
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ReagentPack Subculture Reagent, 100 ml         Lonza 

EBMTM-2 Endothelial Cell Growth Basal Medium-2, 500 mL       Lonza 

Olympus Fluorescence Microscope          Olympus 

 

 Fluorescence-based method for calcium measurement 

 
Fura-2AM (INV F1221)            Invitrogen 

Pluronic acid (PA)             Sigma-Aldrich 

Dimethyl sulfoxide (DMSO)           Sigma-Aldrich 

Vascular endothelial growth factor (VEGF)         Sigma-Aldrich 

Sodium Chloride (NaCl)            Sigma-Aldrich 

Potassium Chloride (KCl)            Sigma-Aldrich 

Calcium Chloride (CaCl2)            Sigma-Aldrich 

Magnesium Chloride (MgCl2)           Sigma-Aldrich 

Glucose              Sigma-Aldrich 

HEPES sodium salt             Sigma-Aldrich 

Sodium hydroxide (NaOH)            Sigma-Aldrich 

FLEX Station 3 Multi-mode microplate reader         Molecular Devices 

Costar clear plates 96 well            Sigma-Aldrich 

Costar 96 Ubtm clear 0.3 ml           Sigma-Aldrich 

Pipette Tips 96 clear            Molecular Devices 

 

 Flow cytometry 

 
Dulbeccos’s Phosphate Buffered Saline (PBS)         Sigma-Aldrich 

Bovine serum albumin 7.5%           Sigma-Aldrich 

Trypsin-EDTA 0.25%            Sigma-Aldrich 

EC growth medium MV + supplements           PromoCell 

Foetal bovine serum            Biosera 

Antibiotic/antimycotic supplement           Invitrogen 

CD45-FITC, human #130-113-679          Miltenyi Biotec 

CD144-PE, human #130-118-495                     Miltenyi Biotec 

CD31-PerCP-Vio700, human #130-110-811         Miltenyi Biotec 

Cytoflex 4-laser system            Life Sciences 
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 Real time quantitative PCR 

 

Dulbeccos’s Phosphate Buffered Saline (PBS) 

TRIzol (Tri reagent) 

1-Bromo-3-chloropropane 

Isopropyl alcohol 

Ethyl alcohol 

DNA/RNA free water 

Precision DNase kit 

Precision nanoScriptTM 2 reverse transcription kit 

2X iTaq SYBR Green mastermix 

NanoDrop ND1000 Spectrophotometer 

ND-1000 v3.1 software 

LightCycler 480 Real-Time PCR System 

LightCycler Multiwell Plate 384, clear 

 
 

 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

BD Biosciences 

Primer design 

Primer design 

Bio-RAD 

Thermo Scientific 

Thermo Scientific 

Roche 

Roche 

 
 

 

 Western blotting 

 
 Dulbeccos’s Phosphate Buffered Saline (PBS)         Sigma-Aldrich 

 Bovine serum albumin 7.5%           Sigma-Aldrich 

 Trypsin-EDTA 0.25%            Sigma-Aldrich 

  EC growth medium MV + supplements           PromoCell 

  Foetal bovine serum            Biosera 

  Antibiotic/antimycotic supplement           Invitrogen 

  Insulin              Sigma-Aldrich 

  Cell extraction buffer (CEB)           Thermo Scientific 

  Cell scraper              Krackeler Scientific 

  Pierce BCA protein assay kit           Thermo Scientific 

  96 well clear microplate            Greiner Bio-One 

  PowerWave HT microplate spectrophotometer        BioTek 

  XCell SureLockTM Mini-cell           Invitrogen  

  NuPAGETM LDS sample buffer           Thermo Scientific 
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  NuPAGETM sample reducing agent          Thermo Scientific 

  NuPAGE™ MES SDS Running Buffer (20x)         Thermo Scientific 

  NuPAGE™ 4-12% Bis-Tris Protein Gels, 1.5 mm, 15-well          Thermo Scientific 

  NuPAGE™ 4-12% Bis-Tris Gel (1.5 mm x 10 well)        Thermo Scientific 

  Filter paper                                                                                   Merck Millipore  

  Transfer membrane Immobilon-P PVDF                    Merck Millipore 

  Tris base              Sigma-Aldrich 

  Glycine              Sigma-Aldrich 

  20% Sodium dodecyl sulphate (SDS)          Sigma-Aldrich 

  Methanol              Sigma-Aldrich 

  Scalpel blades size 22             Swann-Morton 

  Magnetic stirrer             Thermo Scientific 

  Precision Plus Protein™ WesternC™ Blotting Standards       Bio-RAD 

  Precision Protein™ StrepTactin-AP Conjugate        Bio-RAD 

  Phosphate buffered saline tablets          Sigma-Aldrich 

  Tween-20              Sigma-Aldrich 

  Skim milk               Sigma-Aldrich 

  Restore™ PLUS Western Blot Stripping Buffer        Thermo Scientific 

  Immobilon Western Chemiluminescent HRP Substrate               Merck Millipore 

  Syngene G-box imaging system           Syngene 

Purified mouse Anti-eNOS/NOS Type III #610297  BD Biosciences 

Phospho-eNOS (S1177) Rabbit Antibody #9571 Cell signaling technology 

Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb #4060 Cell signaling technology 

Akt Rabbit Ab #9272 Cell signaling technology 

Phospho-IR (Tyr1334) Polyclonal Antibody #44-809G Invitrogen 

Insulin Receptor β (4B8) Rabbit mAb #3025 Cell signaling technology 

IGF-I Receptor β (D23H3) XP Rabbit mAb #9750 Cell signaling technology 

IGF-IRβ Antibody (3G5C1) mouse mAb #sc-81167 Santa Cruz Biotechnology 

Anti-NOX2/gp91phox antibody [EPR6991] #ab129068 Abcam 

Anti-NADPH oxidase 4 antibody [UOTR1B492] #ab230322 Abcam 

p47phox Polyclonal Antibody #PA1-9073 Invitrogen 

Phospho-p47phox (Ser370) Polyclonal Antibody #PA5-36863 Invitrogen 

CD38 Antibody (T16) #sc-51726 Santa Cruz Biotechnology 
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Polyclonal Goat Anti-Mouse Ig/HRP #P0447 

Polyclonal Goat Anti-Rabbit Ig/HRP #P0448 

 
 

DAKO 

DAKO 

 
 

 Lucigenin enhanced chemiluminescent 

 

  Trypan blue              Sigma-Aldrich 

  Neubauer Counting Chamber           Hawksley 

  Microscope slide coverslip 22 mm x 22 mm         SLS 

  Sodium Chloride (NaCl)            Sigma-Aldrich 

  Potassium Chloride (KCl)            Sigma-Aldrich 

  Calcium Chloride (CaCl2)            Sigma-Aldrich 

  Magnesium Chloride (MgCl2)                      Sigma-Aldrich 

  Glucose              Sigma-Aldrich 

  HEPES sodium salt            Sigma-Aldrich 

  Sodium hydroxide (NaOH)           Sigma-Aldrich 

  Lucigenin               Sigma-Aldrich 

  NADPH tetrasodium salt                      Santa Cruz 

  Tiron                    Sigma-Aldrich 

  GP91-ds tat RP21052            Genscript 

  GP91-ds tat scrambled peptide RP21051         Genscript 

  CLARIOstar Plus Luminescence Plate Reader        BMG Labtech 

  Corning 96-Well Solid White Polystyrene Microplates        Thermo Scientific 

        

 Angiogenesis assay    

  Scalpel blades size 22             Swann-Morton 

  Sterile Syringe Filter            Sigma-Aldrich 

  Petri dishes, polystyrene 100 mm x 20 mm         Sigma-Aldrich 

  Dulbeccos’s Phosphate Buffered Saline (PBS)        Sigma-Aldrich 

Aprotinin from bovine lung (lyophilized powder, 3-8 TIU/mg 

solid) Sigma-Aldrich 

Fibrinogen type 1 Sigma-Aldrich 

Thrombin from bovine plasma Sigma-Aldrich 

  Corning Costar cell culture plates 24 well, flat bottom       Sigma-Aldrich 

  EC growth medium MV + supplements           PromoCell 
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  Antibiotic/antimycotic supplement           Invitrogen 

  Olympus Fluorescence Microscope          Olympus 

  MACS Tissue Storage Solution           Miltenyi Biotec 
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Chapter 4: Methods 

4 Methods 

 

Several methods exist for studying the insulin signalling pathway and functional 

characterisation of human microvascular endothelial cells. All the experiments in this 

study were chosen for their reliability and validity. Ethical approval was obtained for 

work on patient tissue (11/YH/0291). The study recruited participants from Leeds 

General Infirmary and patients were allocated by the presence or absence of type 2 

DM, HFrEF, neither or both. Classify these conditions based on medical history, blood 

test results, and echocardiography. All participants were over the age of 18 years, 

provided informed consent, and read the information sheet prior to tissue sampling. 

The participant or the participant's family was informed of any anticipated risks and 

benefits. 

 

 Endothelial cell isolation 

 

4.1.1 Tissue harvesting 

 

Approximately 250–500 mg of fresh human tissue (skeletal muscle from the 

pectoralis major and fat tissue from the subcutaneous adipose tissue of the pectoral 

region) was obtained from all eligible participants during the implantation of cardiac 

implantable electronic devices (CIEDs). Local anaesthesia was provided prior to a 

small incision by infiltrating the skin and subcutaneous tissue around the implant site 

with 1–2% lidocaine. A 1.5- to 2-inch incision and a subcutaneous pocket was created 

before a small tissue biopsy. The tissues were immediately placed in ice-cold Hank’s 

balanced salt solution (HBSS) or tissue-storage solution (Miltenyi Biotec) and 

transported to the laboratory. Tissues were stored overnight in a 1.5 ml 

microcentrifuge tube containing 1 ml MACS tissue storage solution prior to endothelial 

cell isolation the next morning.   
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4.1.2 ATEC isolation 

 

Tissues were minced into 1 mm2 pieces using a double scalpel blade technique 

and digested for 60 minutes at 37 C in a MacsMix rotator with 1 mg/ml 

collagenase/dispase in HBSS containing 1 mM CaCl2 and 1 mM MgCl2 (Figure 10). 

Post-incubation, the digestion process was stopped by adding 10 ml of endothelial cell 

growth medium MV. The digested mix was triturated and passed through a 70-m cell 

sieve. The suspension was collected and centrifuged to aspirate the supernatant, 

followed by removal of dead cells and red blood cells (RBCs) using a Dead Cell 

Removal Kit (Miltenyi Biotec) and RBC lysis buffer, respectively. To remove dead cells, 

the cell pellet was resuspended in 200 l of Dead Cell Removal microbeads and 

incubated at room temperature for 15 minutes. After incubation, the cell suspension 

was passed through an LS cell separation column attached to a MidiMACSTM 

Separator and washed with 1x binding buffer. The cell suspension was collected and 

centrifuged to aspirate the supernatant. To lyse the RBCs, the cell pellet was 

resuspended in 400 l of 0.5% PBS-BSA (phosphate-buffered saline–bovine serum 

albumin) and 3.6 ml of 1x RBC lysis solution was added and incubated at room 

temperature for 10 minutes. The cells were then pelleted and washed with 0.5% PBS-

BSA buffer and incubated with CD31-coated magnetic beads (Miltenyi Biotec) for 20 

minutes at 4 C. After passing the mixture through an MS cell separation column 

attached to a MiniMACS TM Separator, the bound CD31-positive cells were eluted, 

pelleted, and resuspended in the endothelial growth medium MV. The isolated cells 

were plated into two wells of a gelatine-coated 24-well plate (passage 0 or P0).  
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Figure 10: Schematic illustrating the process of isolating endothelial cells from skeletal muscle 
and adipose tissue. 

 

 Cell culture 

 

The isolated cells were incubated at 37C in the incubator and the endothelial 

growth media MV was changed every three days (the endothelial growth media MV 

already included antibiotics and supplement). Cells in each well of a 24-well plate were 

plated onto a single well of a 6-well plate once they reached 80% confluency, which 

typically took approximately 2–4 weeks (passage 1 or P1). Normally, it took 

approximately 1 week for the P1 cells to reach confluence and be ready for passage 

onto a six-well plate again (P2). Experiments were performed on P2–P4-generation 

cells. The endothelial cells could maintain their normal morphology until P5.  

 

 Identity confirmation 

 

4.3.1 Fluorescence-based method for calcium measurement 

 

The purpose of this method was to demonstrate the intracellular calcium flux of 

the endothelial cells in response to stimulation with VEGF. Cell plates and compound 

plates were prepared before starting calcium measurement at the FLEX station. For 

the cell plate, endothelial cells were cultured in 96-well plates (200 µl/well). These cells 

were transported to the darkroom, then incubated for 45 minutes at 37 C with 50 µl 

of a mixture of standard bath solution (SBS: NaCl 135 mM, KCl 5 mM, MgCl2 1.2 mM, 

glucose 8 mM, HEPES 10 mM, and CaCl2 1.5 mM; osmolarity 290 mOsm, pH 7.2 
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adjusted with 4 M NaOH), Fura2 (aminopolycarboxylic acid), and pluronic acid (PA)  in 

a ratio of 1000:2.5:1 l, respectively. During the incubation period, the cell plate was 

covered in aluminium foil. After 45 minutes, cells were washed twice with 200 µl SBS 

added to each well. The cells were then incubated in 100 µl fresh SBS and left for 15 

minutes at room temperature (the cell plate was again covered in aluminium foil). For 

the compound plate, VEGF was prepared at a concentration of 50 ng/ml to assess the 

calcium influx response. The FLEX station was set up, as shown below. 

 

Setup:  

a. Wavelengths 

i. Excitation  340/380 nm 

ii. Emission  510 nm 

iii. Emission cut-off 495 nm  

b. Sensitivity 

i. Readings  6 

ii. PMT   Medium 

c. Timing 

i. Time   360 s, Reads: 73 

ii. Interval  5 s, Min int: 3.09 s, Min run time: 88 s 

d. Assay plate type  96-well Costar clear 

e. Wells to read   Columns 1–4 (read area A1–F4) 

f. Compound source  Costar 96 Ubtm clear 0.3 ml 

g. Compound transfer            T1: 80, 1, 100@60 

i. Transfers   1 

ii. Pipettor height 80 µl 

iii. Sample volume 100 µl 

iv. Dispense speed (Rate) 1 (~16 µl/s) 
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v. Time Point  60 s 

vi. Transfer times 20 s 

The FLEX station added compounds and read the response column-by-column, 

so that if the experiment required four columns to be read at a time of 6 minutes each, 

the assay would be completed in 24 minutes. 

 

4.3.2 Flow cytometry 

 

Flow cytometry was used to determine the purity of the endothelial cells. To begin, 

cells were visually inspected to ensure they were healthy and morphologically 

representative. Cells in the confluent well were washed twice with PBS and then detached 

using a warm trypsin/EDTA solution. Then cells were placed in the incubator for 2 minutes 

and detachment was verified using a tissue culture microscope. Once detached, the 

trypsin was neutralised with endothelial cell growth media MV containing FCS (foetal calf 

serum). Then cell suspension was aspirated and dispensed into a 15 ml Falcon tube. The 

cell suspension was centrifuged at 400 g for 8 minutes and the supernatant was discarded 

without disturbing the pellet. The cell pellet was resuspended in 1 ml MACS buffer and 

500 µl was transferred to two Eppendorf tubes and labelled as either ‘unstained control’ 

or ‘stained sample’. Then, 500 µl MACS buffer was added to each Eppendorf tube and 

centrifuged at 400 g for 8 minutes (MACS buffer was prepared using 500 mL PBS, 2.5 g 

BSA, and 2 mM EDTA [292 mg]). A staining cocktail was prepared in the manner 

described in Table 1. 

 
Table 1: Staining cocktail with the proportion of fluorochrome-labelled antibodies.  

 

Sample 

number 

CD45-

FITC (µl) 

CD144-PE 

(µl) 

CD31-PerCP-

Vio700 (µl) 

MACS 

buffer (µl) 

1 2 10 2 100 

2 4 20 4 200 

3 6 30 6 300 

4 8 40 8 400 

5 10 50 10 500 

 
 FITC = fluorescein isothiocyanate, PE = phycoerythrin, PerCP = peridinin chlorophyll protein 
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The supernatant was discarded and the cells resuspended in 100 µl MACS buffer 

for the unstained control and 100 µl staining cocktail for the stained sample. The cells 

were vortexed and placed in the refrigerator for 10 minutes, and 1 ml MACS buffer was 

then added to each tube. The cells were centrifuged at 400 g for 8 minutes and the 

supernatant was discarded. Then, cells were resuspended in 500 µl MACS buffer and the 

Eppendorf tubes were stored in a covered icebox until analysis. Flow cytometry was 

performed using the template on the Cytoflex 4-laser system. Data were recorded for 

10,000 cells per sample in singlet gate (P2), and the tube was labelled with the unique 

patient ID, tissue type, ‘unstained’ or ‘stained’, and date. P1 was inspected to ensure that 

it surrounded a major cell cluster and that most of these cells fell within the P2 singlet 

gate. The unstained control was inspected to ensure that it had minimal CD45- CD144+ 

CD31+ cells as a percentage of singlets. The CD45- CD144+ CD31+ cells in the stained 

sample were recorded as the percentage of singlets. 

 

 Real-time quantitative PCR 

 

 RNA isolation 

 

Cells (P2) from one well of the six-well plate were used to isolate RNA. The 

endothelial cell growth medium MV was removed and washed with 2 ml PBS. Then, 1 

ml Tri-Reagent was added to each well and left at room temperature for approximately 

90 seconds (caution is warranted in this step due to phenol and chloroform in Tri-

Reagent that may lead to serious chemical burns and permanent scarring). The 

sample was then transferred to a 1.5-ml Eppendorf tube. At this stage, the cells could 

be stored at -80 C in a freezer, if necessary. Each sample of the cells in the Tri-

Reagent was mixed with 100 l of 1-bromo-3-chloropropane. The sample was 

vortexed and allowed to stand at room temperature for 15 minutes before centrifuging 

at 13,000 rpm for 15 minutes at 4 C for the phase separation process (Figure 11). An 

upper aqueous phase (clear layer containing nucleic acids) was transferred to another 

Eppendorf tube and an equal volume of isopropanol was added for RNA precipitation. 

The sample was vortexed and left at room temperature for 10 minutes, then 

centrifuged at 13,000 rpm for 20 minutes at 4 C. After centrifugation, the supernatant 

was removed without disturbing the pellet. Then, 1 ml 70% ethanol was added to the 
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sample, vortexed, and centrifuged at 13,000 rpm for 2 minutes at 4 C. After 

centrifugation, the 70% ethanol was removed without disturbing the pellet. Leaving the 

pellet on ice with the lid open for ~5 minutes allowed any remaining ethanol to 

evaporate before resuspending the pellet in 20 µl DNA/RNA-free water. The sample 

was stored at -80 C in the freezer before DNAase treatment. 

 

Figure 11: Phase separation process 

 

 

 DNase treatment 

 

The Precision DNase kit from Primer Design was used to purify RNA by 

removing genomic DNA (gDNA). We prepared the Mastermix and added 2 µl of 10x 

Precision DNase reaction buffer and 0.2 µl of Precision DNase enzyme to each sample. 

For DNase treatment, we vortexed and wrapped the samples in cling film to prevent 

contamination before placing them in an incubator at 30 C for 10 minutes. We then 

incubated the samples at 55 C for 5 minutes for DNase inactivation. The samples 

were centrifuged at 10,000 rpm for 2 minutes and the supernatant RNA was 

transferred to another Eppendorf tube. The sample was either stored at -80 C in a 

freezer or used in the next step of RNA measurement. 

 

 RNA measurement 

 

RNA was quantified from 1.6 μl of each sample and analysed using a NanoDrop 

ND-1000 spectrophotometer (Thermo Scientific, Loughborough, UK), using the 

manufacturer’s instructions to determine the concentration and purity of RNA: 260/280 

(the purity should be in the range of 1.9–2.1, with a lower ratio indicating protein or 

phenol contamination) and 260/230 (the purity should be in the range of 2.0–2.2, with 

a lower ratio indicating protein, phenol, or carbohydrate contamination). 
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 Reverse transcription of RNA 

 

The Precision nanoScriptTM 2 reverse transcription kit (Primer design) was 

used to reverse transcribe 1,000 ng RNA into cDNA. For the annealing step, 1 l of 

random nonamer primer was added to the 1,000-ng sample, according to the 

manufacturer’s guidelines. The sample was then vortexed and centrifuged in pulse 

mode. We heated the sample at 65 C for 5 minutes, then immediately cooled it in an 

ice water bath. For the extension step, we prepared a mixture according to the protocol 

outlined in Table 2, adding 10 l of this mixture to each of the samples on ice. We 

vortexed the sample briefly, followed by a pulse centrifugation, and incubated it at 25 

C for 5 minutes. We then heated the sample at 42 C for 20 minutes and the reaction 

was heat inactivated at 75 C for 10 minutes. The cDNA sample was stored at -20 C 

in a freezer or used in the next step of real-time PCR. 

 

Table 2: Components of the mixture for one reaction of the extension step. 

 

Components for one reaction Volume (μl) 

nanoScript2 4X Buffer (BLACK)  5.0 

dNTP mix 10mM (ORANGE) 1.0 

RNAse/DNAse free water (WHITE) 3.0 

nanoScript2 enzyme (WHITE)* 1.0 

Final volume 10 

 

 

 

 Real-time quantitative PCR 

 

The cDNA samples were diluted with de-ionised water to a final cDNA 

concentration of 10 ng/µl. The components of one reaction (10 l) of 384-well plate 

include the cDNA sample, 2x iTaq SYBR Green mastermix, and primer (specific to the 

gene), and are outlined in Table 3. The sequences for each primer are listed in Table 

4. We used working stocks of forward and reverse primers at a concentration of 5 M. 

To ensure accuracy, the real-time quantitative PCR was performed in duplicate with 

each sample on a LightCycler 480 Real-Time PCR System. The difference in Ct value 
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between the target gene and the housekeeping gene GAPDH (Ct) was then used to 

calculate the relative quantity (RQ) using the following formula: 

 

GAPDH is commonly used as a housekeeping gene because it is a well-known, 

highly conserved and ubiquitous protein involved in glycolysis. Moreover, GAPDH is 

expressed in many types of cells and tissues under a wide range of physiological 

conditions, and its expression level is relatively stable under different treatments and 

experimental conditions. 

 

Table 3: Components of the mixture for real-time quantitative PCR. 

 

Components for one reaction Volume (μl) 

2x iTaq SYBR Green mastermix  5.0 

Forward primer (specific to the gene) 0.5 

Reverse primer (specific to the gene) 0.5 

RNA/DNA free water 2.0 

cDNA sample 2.0 

Final volume 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RQ = 2-ΔCt x 100 
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Table 4: Sequence of each target gene. 

 
Target gene Forward primer Reverse primer 

hGAPDH 5'-GGA AGG ACT CAT GAC CAC AGT-3' 5'-GGA TGA TGT TCT GGA GAG CCC-3' 

hIR 5'-GTC ATC AAC GGG CAG TTT G-3' 5'-GGT GCA GCC GTG TGA CTT AC-3' 

hIGF1R 5'-CCA GGC CAA AAC AGG AAC TGA A-3' 5'-TCT CTT TCT ATG GAA GAC GTA CAG CAT-3' 

hNOS 5'-CTC GAG CAC CCC ACG CT-3' 5'-AGC GGT GAG GGT CAC ACA G-3' 

hAkt1  5'-AGC GAC GTG GCT ATT GTG AAG-3' 5'-GCC ATC ATT CTT GAG GAG GAA GT-3' 

hAkt2  5'-ACC ACA GTC ATC GAG AGG ACC-3' 5'-GGA GCC ACA CTT GTA GTC CA-3' 

hAkt3  5'-TGT GGA TTT ACC TTA TCC CCT CA-3' 5'-GTT TGG CTT TGG TCG TTC TGT-3' 

hNOX2 5'-CTG GAC AGG AAT CTC ACC TTT CAT-3' 
 

5'-AAT TTA TCT ACA CGT TAC CAC ACT TAG-3' 
 

hNOX4  5'-CAC CAG ATG TTG GGG CTA GG-3' 5'-TGA TCC TCG GAG GTA AGC CA-3' 

hSOD1  5'-CTA GCG AGT TAT GGC GAC GA-3' 5'-TGG TCC ATT ACT TTC CTT CTG CT-3' 

hSOD2  5'-GCT CCC CGC GCT TTC TTA-3' 5'-GCT GGT GCC GCA CAC T-3' 

hSOD3  5'-AGG CCT CCA TTT GTA CCG AA-3' 5'-AGT CTC AGG GCT TAT GGG GT-3' 

hCat  5'-TTG CCA CAG GAA AGT ACC CC-3' 5'-TGA GGC CAA ACC TTG GTG AG-3' 

 

Real-time PCR investigations of the NOX2 and SOD3 genes were difficult despite 

attempts to use several NOX2 primer sequences, as shown in Table 5. 

 

Table 5: Sequences of NOX2 primers. 

Target gene Forward primer Reverse primer 

hNOX2 a 5'-TCA TCA CCA AGG TGG TCA CTC-3' 5'-ACA CCT TTG GGC ACT TGA CA-3' 

hNOX2 b 5'-CTG TGA ATG AGG GGC TCT CC-3' 5'-CCA GTG CTG ACC CAA GAA GTT-3' 

hNOX2 c 5'-CCT AAG ATA GCG GTT GAT GG-3' 5'-GAC TTG AGA ATG GAT GCG AA-3' 

hNOX2 d 5'-GTC ACA CCC TTC GCA TCC ATT CTC AAG TCA GT-3' 5'-CTG AGA CTC ATC CCA GCC AGT GAG GTA G-3' 

hNOX2 e 5'-ACC GGG TTT ATG ATA TTC CAC CT-3' 5'-GAT TTC GAC AGA CTG GCA AGA-3' 

hNOX2 f 5'-AAC GAA TTG TAC GTG GGC AGA-3' 5'-GAG GGT TTC CAG CAA ACT GAG-3' 

hNOX2 g 5’-AAG ATC TAC TTC TAC TGG CTG-3’ 5’-AGA TGT TGT AGC TGA GGA AG-3’ 

hNOX2 h 5’-ATA AAG AAC CCT GAA GGA GG-3’ 5’-AAT TAA TAT GAG GCA CAG CG-3’ 

hNOX2 i 5’-CTT CTT TAG TAT CCA TAT CCG C-3’ 5’-TAT CTT AGG TAG TTT CCA CGC-3’ 

hNOX2 j 5'-CTG GAC AGG AAT CTC ACC TTT CAT-3' 5'-AAT TTA TCT ACA CGT TAC CAC ACT TAG-3' 

hNOX2 KO 5'-ACT TCT TGG GTC AGC ACT GG-3' 5'-ATT CCT GTC CAG TTG TCT TCG-3' 
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 Insulin signalling by Western blot technique 

 

 Preparing endothelial cell samples 

 

The Western blot technique was used to investigate insulin signalling in the 

endothelial cells. Cell samples were grown to confluence in a six-well plate, with one 

well for basal, one for control, and one for each insulin concentration of 25, 50, 100, 

and 150 nM. We changed the media 1 day prior to harvesting the samples. The control 

and insulin wells used 2 ml of serum starvation media (SSM; prepare using 50 ml of 

endothelial growth media MV and 0.2% foetal bovine serum), and the basal well used 

2 ml of endothelial growth media MV containing antibiotics and supplement. In the 

morning, 2 µl of 25-, 50-, and 100-µM stock insulin were added to the 25, 50, 100 nM 

insulin wells, respectively, and 3 µl of 100-µM stock insulin were added to the 150 nM 

insulin well. The samples were mixed well and incubated at 37 C for 10 minutes. After 

removing the media, we added 2 ml of cold PBS and mixed thoroughly to eliminate 

the PBS. We filled each well with 100 µl of cell extraction buffer (with protease inhibitor) 

and collected the cell sample using a cell scraper. The samples were stored at -80 C 

in the freezer before protein measurement. 

 

 Protein measurement 

 

Harvested samples were kept on ice for 30 minutes, with occasional vortexing, 

then centrifuged at 13,000 rpm at 4 C for 15 minutes. We then transferred the 

supernatant to new Eppendorf tubes and stored them on ice. The protein 

concentrations of the samples were determined using a bicinchoninic acid (BCA) 

protein assay kit and spectrophotometer. The samples were calculated to the volume 

required for the experiment, which was 40 µg of protein.  

 

 Gel electrophoresis 

 

Prior to electrophoresis, protein samples were boiled to denature the proteins 

for 5 minutes at 95 C. We prepared a tank and NuPAGE™ 4–12% Bis-Tris gel, then 

added 25 ml MES buffer and diluted to 500 ml with distilled water. We added 5 µl of 

Precision Plus Protein™ WesternC™ Blotting Standards and 40 µg of each sample 
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into separate wells. We ran the gel with a power pack machine at 180 V for one gel or 

160 V for two gels for ~90 minutes. We then turned off the power, pulled out the 

electrodes, and carefully removed the gels. 

 

 Membrane transfer 

 

Prior to transferring to the PVDF membrane, we prepared 10x transfer buffers 

(58.15 g of Tris base, 29.28 g of glycine, and 18.5 ml of 20% SDS topped up with 

1,000 ml water) and 1x transfer buffers (100 ml of 10x transfer buffer, 200 ml of 

methanol, and 700 ml of distilled water). We sequentially soaked the PVDF membrane 

in 100% methanol, distilled water, and 1x transfer buffer. We then prepared a transfer 

stack on the black side of a cassette, as illustrated in Figure 12. We placed the 

cassette, magnetic stirrer, and 1x transfer buffer in the tank. We then ran the stirrer 

and power pack machine at 100 V for 1 hour. 

 

 

Figure 12: Stack preparation for the protein from SDS-PAGE gel transfer to PVDF membrane. 

 

 

 Immunostaining 

 

After the protein transfer, the membrane was detached from the transfer 

sandwich. Then, a clean scalpel was used to cut the membrane at the levels 

corresponding to 50 kDa and 75 kDa from the reference ladder, making it possible to 

perform simultaneous immunostaining for eNOS, Akt, and β actin as a control. To 

prepare PBST 0.05% Tween or wash buffer, dissolve 5 tablets of PBS in 500 l of 

Tween-20 and 1,000 ml of water.  The three membranes were then incubated for 20 
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minutes at room temperature in 10 mL of a 5% BSA buffer, which was prepared by 

mixing 20 mL of PBST 0.05% Tween and 1 gm of BSA powder, to block non-specific 

binding.  

During these 20 minutes period, the primary antibodies (both phosphoprotein 

and total protein antibodies) were prepared in a 5% BSA buffer at a final dilution of 

1:1,000. After removing 10 ml of 5% BSA buffer, the membranes were incubated 

overnight with their respective primary antibody solutions for 16-20 hours at 4°C. The 

following morning, the membranes were washed three times for 15 minutes each in 

PBST 0.05% Tween. At this stage, the appropriate Ig/HRP secondary antibody was 

prepared in a 10 mL solution of 5% milk buffer. This buffer was made by mixing 20 mL 

of PBST 0.05% Tween with 1 gm of milk powder, resulting in a final dilution of 1:5,000. 

The membrane was then incubated in this solution for one hour at room temperature. 

Afterwards, a 1:25,000 dilution of anti-Western C marker (Streptactin) in PBST 0.05% 

Tween was prepared and the membrane was incubated in this solution for 15 minutes. 

Finally, the membranes were washed twice with PBST 0.05% Tween for 15 minutes 

each. 

 

 Densitometry (band quantification) 

 

This present study focused on signalling in the IR/Akt/eNOS pathway. Proteins 

of interest were visualised and detected by a chemiluminescent detection methods 

(Genesys). We prepared a peroxide mixture in a new Eppendorf tube by combining 

600 µl Immobilon Western HRP substrate luminol reagent with 600 µl peroxide reagent. 

We then stored the peroxide solution in the dark environment. Before imaging, we 

poured the peroxide mixture to completely submerge the blot. Protein band images 

were analysed using densitometry (gene tool program) to evaluate the relative amount 

of protein staining present in each image. 

 

 Superoxide measurement 

Cell samples were grown to confluence in two wells of a six-well plate, with one 

well as the control and the other containing 100 nM insulin. The cell media was 

changed 1 day before sample harvesting by adding 2 ml of SSM to the insulin well. In 

the morning, we filled the insulin well with 2 µl of 100-µM stock insulin, then mixed and 
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incubated it at 37 C for 30 minutes. After removing the media, we added 2 ml of PBS 

and mixed thoroughly to completely eradicate the PBS. We trypsinised and pelleted 

the cells in the centrifuge, and then resuspend the pellet in 400 µl of SBS to obtain a 

final suspension. For cell counting purposes, 20 μL of each sample was removed and 

mixed with an equal volume of trypan blue solution. The mixture was injected into a 

haemocytometer and the cells were counted under a microscope. Extrapolation of the 

count estimated the number of cells present in the solution (approximately 50,000 cells 

per well). We filled each tube with 1:1,000 of NADPH and prepared 15 μM lucigenin 

in 300 μM NADPH-containing SBS for the luminol reaction, with superoxide in the cell 

samples. We aliquoted 50,000 cells of the cell suspension into each well of a Corning 

96-Well Solid White Polystyrene Microplate. For accuracy purpose, the superoxide 

measurement was carried out using a CLARIOstar Plus Luminescence Plate Reader, 

with each sample analysed in triplicate. We recorded the luminescence every 96 

seconds for 35 minutes until reaching a luminescence plateau. 

 

 Angiogenesis assay  

 

Subcutaneous white adipose tissue from the pectoral region was harvested and 

placed in EC growth media. Surface blood vessels were dissected from the adipose 

tissue sample, which was then cut into pieces no larger than 1 mm3 under sterile cell 

culture conditions. To prepare each sample, a minimum of 20 pieces were embedded 

in a fibrin matrix in each well of a 24-well cell culture plate. We prepared the fibrin 

matrix by adding 12.5 µl of thrombin to the centre of each well and mixing thoroughly. 

We then added 500 µl/well of 4 U/ml aprotinin and 2 mg/ml fibrinogen type 1 to the 

mixture. We placed a piece of adipose tissue into the well before the matrix had 

completely set up. The plates were incubated at room temperature for 20 minutes 

before being heated to 37 oC for another 20 minutes to ensure that the matrix had 

completely formed around the piece of adipose tissue. We carefully pipetted 1 ml of 

EC media onto the top of each well and plates were cultured for up to 7 days at 37 oC 

with 5% CO2. During the culture period, the media were discarded and replaced every 

second day. Throughout the experiment, the samples were imaged at 4x magnification 

using an Olympus fluorescence microscope CKX41, and the number and length of 

endothelial sprouts emerging from each piece of fat were measured. 
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 Statistical analysis 

 

Data sets are reported as mean with a standard error of the mean (SEM). For 

statistical analysis, the Fisher’s exact test, two-tailed unpaired Student’s t-test, and 

ANOVA (Analysis of Variance) test were used. Fisher's exact test is a statistical test 

used for comparing proportions between two groups. The main benefit of Fisher's 

exact test is that it provides an accurate statistical test for small sample sizes and can 

be used for testing independence in a 2x2 contingency table, whereas many other 

tests, such as the chi-square test, have restrictions. The two-tailed unpaired Student's 

t-test is used to compare the means of two independent groups, regardless of whether 

the difference is positive or negative, making it a useful test for a wide range of 

applications. This test is particularly useful when the sample size is small. ANOVA is 

a statistical test used to compare the means of more than two groups. The main benefit 

of ANOVA is that it provides a powerful way to test the equality of means across 

multiple groups, taking into account the variability within each group. In this study, 

differences with a p-value of < 0.05 were considered statistically significant. Graphs 

and statistical analyses were produced using Origin Pro 2019b. 
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Chapter 5: Results 

5 Results 

Thirty-nine patients were included in this study and the clinical characteristics 

are shown in table 7 with comparison between normal, DM, HF, and DM/HF. Clear 

differences between the groups can be seen in terms of NYHA class I (p <0.001) and 

II (p =0.018), history of IHD (p =0.035), history of DCM (p =0.009), renal function (p 

=0.002), HbA1c (p <0.001), and LV systolic function (p <0.001). 

 

Table 6: Demographic and clinical characteristics of the patients, with comparison between normal, 
DM, HF, and DM/HF patients. 

 

Data are presented as mean ± SD or percentages of patients. NYHA = New York Heart Association; 

IHD = ischemic heart disease; DCM = dilated cardiomyopathy; AF = atrial fibrillation; CABG = 

coronary artery bypass graft; HTN = hypertension; COPD = chronic obstructive pulmonary disease; 

LVEF = left ventricular ejection fraction; PASP = pulmonary arterial systolic pressure; LVIDs = left 

ventricular end-systolic internal diameter; LVIDd = left ventricular end-diastolic internal diameter. 

Fisher’s exact test was used for categorical variables, and ANOVA was used for continuous 

variables.  
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Table 8 compares the characteristics of the non-diabetic and diabetic patients. 

Significant differences were only observed in HbA1c (p <0.001) and blood Na (p = 

0.01) between these patient cohorts. 

 

Table 7: Demographic and clinical characteristics of non-diabetic and diabetic patients. 

 

Data are presented as mean ± SD or percentages of patients. NYHA = New York Heart Association; 

IHD = ischemic heart disease; DCM = dilated cardiomyopathy; AF = atrial fibrillation; CABG = 

coronary artery bypass graft; HTN = hypertension; COPD = chronic obstructive pulmonary disease; 

LVEF = left ventricular ejection fraction; PASP = pulmonary arterial systolic pressure; LVIDs = left 

ventricular end-systolic internal diameter; LVIDd = left ventricular end-diastolic internal diameter. 

Fisher’s exact test was used for categorical variables, and the t-test was used for continuous 

variables.  
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When patients were classified as non-HF or HF, significant differences were 

observed in the proportions of patients with NYHA class I (p <0.001), II (p =0.003), III 

(p = 0.048), history of IHD (p = 0.013), history of DCM (p = 0.003), renal function (p 

<0.001), NT-proBNP (p = 0.011), and LV systolic function (p <0.001, Table 9). 

  

Table 8: Demographic and clinical characteristics of the patients with and without heart failure. 

 

Data are presented as mean ± SD or percentages of patients. NYHA = New York Heart Association; 

IHD = ischemic heart disease; DCM = dilated cardiomyopathy; AF = atrial fibrillation; CABG = 

coronary artery bypass graft; HTN = hypertension; COPD = chronic obstructive pulmonary disease; 

LVEF = left ventricular ejection fraction; PASP = pulmonary arterial systolic pressure; LVIDs = left 

ventricular end-systolic internal diameter; LVIDd = left ventricular end-diastolic internal diameter. 

Fisher’s exact test was used for categorical variables, and the t-test was used for continuous 

variables. 
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The medications taken by each cohort of patients are shown in Table 10.  

 

Table 9: Medications taken by each cohort of patients: Normal, DM, HF, and DM/HF. 

 

Data are presented as percentages of patients. ACEI = angiotensin-converting enzyme inhibitor; 

ARB = angiotensin receptor blocker; AIIR = angiotensin II receptor antagonist; MRA = 

mineralocorticoid receptor antagonist; DPP-4 inhibitor = dipeptidyl peptidase-4 inhibitor; SGLT-2 

inhibitor = sodium-glucose cotransporter-2 inhibitor. Fisher’s exact test was used for categorical 

variables. 

 

 Endothelial cell isolation 

 

In the first steps of our protocol for endothelial cell isolation, we discovered that 

cells from two wells of a 24-well plate (P0) grew slowly to confluence in 4–6 weeks 

and were contaminated with RBCs. The protocol was then changed to remove dead 

cells and RBCs using the Dead Cell Removal Kit (Miltenyi Biotec) and RBC lysis buffer, 

respectively. For the new protocol, cells were grown to confluence from P0 in 3 weeks 

(average time to confluence = 21.5 days), with lower RBC contamination. Cells from 

each well were then plated into a single well of a six-well plate (P1), and cells were 

grown to confluence in 1 week (average time to confluence = 7.5 days). When 

comparing normal, DM, HF, and DM/HF patients, we found no difference in time to 

confluence from P0–P1 and P1–P2 in each cohort (Figure 13).  

 

Normal (n=10) DM (n=4) HF (n=15) DM/HF (n=10) P value

Medication, %

     ACEI 30 50 47 60 0.6

     Beta blocker 30 50 100 100 <0.001

     Entresto 0 0 13 10 0.59

     Loop diuretic 10 25 67 60 0.026

     ARB/AIIR 10 25 33 30 0.6

     MRA 10 0 67 50 0.011

     Statin 70 100 67 60 0.53

     ASA 0 50 27 20 0.17

     Metformin 0 100 0 60 <0.001

     Insulin 0 0 0 20 0.11

     Sulfonylurea 0 25 0 10 0.17

     DDP-4 inhibitor 0 0 0 10 0.39

     SGLT-2 inhibitor 0 0 0 20 0.11

     P2Y12 receptor antagonist

          Clopidogrel 20 0 7 10 0.64

          Prasugrel 0 0 0 0

          Ticagrelor 0 25 13 0 0.26

     Anticoagulant 40 50 60 60 0.76

     Digoxin 10 0 0 20 0.28

     Ivabradine 0 0 0 20 0.11
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Figure 13: Average time to confluence of the isolated cells in each group from P0–P1 and P1–P2. 

 

Images of the morphology of isolated cells obtained from skeletal muscle and 

adipose tissue are shown in Figure 14A and B, respectively. These cells showed a 

typical ‘cobblestone’ monolayer pattern, which is compatible with endothelial cells.  

 

  

                               A                                                                           B 

Figure 14: Morphology of the isolated cells showed a ‘cobblestone’ monolayer pattern, which is 
compatible with endothelial cells. A. Cells isolated from skeletal muscle. B. Cells isolated from 
adipose tissue.   

 

Additional examination is necessary to determine the identity and purity of 

these isolated cells, as certain skeletal muscle tissue samples were contaminated with 

skeletal muscle cells, as illustrated in Figure 15. 

 

Human endothelial cells isolation

Isolated cells from Skelatal muscle Isolated cells from White adipose tissue
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Figure 15: Cells isolated from a skeletal muscle sample that had been contaminated with skeletal 
muscle cells. 

 

 Confirmation of the identity of endothelial cells 

 

 Intracellular calcium measurement induced by VEGF 

 

A fluorescence-based method for calcium measurement was used to validate 

the cells from endothelial cell isolation. These cells were confirmed by using 

intracellular calcium influx in response to VEGF stimulation. As shown in Figure 16, 

the cells reacted favourably to VEGF, indicating that they were representative of a 

large proportion of endothelial cells. This finding, however, did not confirm the purity 

of these endothelial cells; flow cytometry was used for this purpose. 

 

 

Figure 16: Intracellular calcium flux of isolated cells from skeletal muscle (sk.msl EC) and adipose 
tissue (adipose tissue EC) increased significantly in response to 50 ng/ml VEGF stimulation. 
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 Flow cytometric analysis of isolated endothelial cells 

 

To determine the purity of the endothelial cells, flow cytometry was used to 

investigate the binding of three different fluorochrome-labelled antibodies to 

endothelial cell surface antigens. These antibodies were CD45-FITC, CD144-PE, and 

CD31-PerCP-Vio700. Flow cytometric data were analysed in a dot plot and histogram 

using different parameters, such as forward-scattered light (FSC) and side-scattered 

light (SSC). In addition, gating was used to restrict the analysis to endothelial cells (dot 

plot in the lower panel of Figure 17 and 18), which revealed that 98.0 ± 1.0% (mean ± 

SEM, n = 4) and 98.0 ± 0.7% (mean ± SEM, n = 12) of the cells in skeletal muscle and 

adipose tissue, respectively, were endothelial cells (CD31-PerCP positive and CD144-

PE positive).  

 

 

 

Figure 17: Flow cytometry of human skeletal muscle endothelial cells fully stained with CD31+ 
and CD144+ demonstrated a high-purity population of endothelial cells (98.22%). The axes in the 
lower panel dot plot depict both the fluorescence intensity and the fluorescence channel 
wavelength of CD144-PE (x-axis) and CD31-PerCP (y-axis). 
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Figure 18: Flow cytometry of human adipose tissue endothelial cells fully stained with CD31+ and 
CD144+ demonstrated a high-purity population of endothelial cells (99.59%). The axes in the 
lower panel dot plot depict both the fluorescence intensity and the fluorescence channel-
wavelength of CD144-PE (x-axis) and CD31-PerCP (y-axis). 

  

 Gene expression analysis 

 

We examined gene expression in confirmed and purified endothelial cells. 

Following cDNA preparation and storage at -20 oC, frequent freeze/thaw cycles were 

avoided to prevent degradation of cDNA samples. Moreover, cDNA samples are prone 

to degradation over time, which can result in a loss of quality and accuracy in 

experiments. When cDNA samples are stored at 4°C, the temperature is higher than 

the recommended storage temperature of -20°C, which is optimal for preserving the 

stability of the cDNA samples. As shown in Table 11, cDNA samples of GAPDH 

degraded after being stored at 4 oC for more than 8 weeks. As a result, all real-time 

PCR experiments were conducted within 1 week of the cDNA sample preparation. 
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Table 10: Gene expression of GAPDH was compared between the first (real-time PCR performed 
1 week after cDNA samples were prepared) and second (real-time PCR performed >8 weeks after 
the cDNA samples were prepared and stored in 4 oC) results. 

  

 
 

 

Numerous genes were investigated for their expression in ATECs, including IR, 

IGF1R, Akt1, Akt2, Akt3, eNOS, NOX2, NOX4, SOD1, SOD2, SOD3, and catalase. 

The housekeeping gene GAPDH was used as a control.                         

   

Figure 19 compares the relative expression of genes in normal, DM, HF, and 

DM/HF patients. While a significant decrease in eNOS mRNA expression was 

observed in DM compared to normal conditions (0.00084±0.00005 vs 0.0014±0.0002, 

p = 0.040), Akt3 expression was increased in both DM and DM/HF compared to normal 

conditions. Catalase expression was significantly higher in DM/HF compared to just 

HF conditions (0.038±0.006 vs 0.023±0.003, p = 0.045). This result remains significant 

when patients are classified as non-DM or DM, as illustrated in Figure 20. 

 



 

 

 

69 

 

--
0.000

0.002

0.004

0.006

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

IR
/G

A
P

D
H

 (
a
.u

.)

 Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

IR/GAPDH
 

--
0.000

0.005

0.010

0.015

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

IG
F

1
R

/G
A

P
D

H
 (

a
.u

.)  Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

IGF1R/GAPDH

 

--

0.00

0.01

0.02

0.03

0.04

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

A
k
t1

/G
A

P
D

H
 (

a
.u

.)

 Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

Akt1/GAPDH

 

--

0.000

0.001

0.002

0.003

0.004

0.005

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

A
k
t2

/G
A

P
D

H
 (

a
.u

.)  Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

Akt2/GAPDH

 

--

0.0

0.1

0.2

0.3

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

A
k
t3

/G
A

P
D

H
 (

a
.u

.)

 Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

Akt3/GAPDH
 

--

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

N
O

S
/G

A
P

D
H

 (
a

.u
.)  Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

*

eNOS/GAPDH
 



 

 

 

70 

--

0.00

0.01

0.02

0.03

0.04
R

e
la

ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

N
O

X
4

/G
A

P
D

H
 (

a
.u

.)  Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

NOX4/GAPDH
 

--

0.0

0.1

0.2

0.3

0.4

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

S
O

D
1

/G
A

P
D

H
 (

a
.u

.)  Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

SOD1/GAPDH
 

--

0.000

0.001

0.002

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

S
O

D
2

/G
A

P
D

H
 (

a
.u

.)  Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

SOD2/GAPDH

 

--

0.00

0.01

0.02

0.03

0.04

0.05

0.06

R
e

la
ti
v
e
 e

x
p
re

s
s
io

n
 o

f 
g

e
n

e
 h

C
a
ta

la
s
e

/G
A

P
D

H
 (

a
.u

.)  Normal (n=10)

 DM (n=4)

 HF (n=15)

 DM/HF (n=10)

Normal DM HF DM/HF

*

Catalase/GAPDH

 

Figure 19: Relative gene expression of IR, IGF1R, Akt1, Akt2, Akt3, eNOS, NOX4, SOD1, SOD2, 
and catalase between the normal, DM, HF, and DM/HF groups (asterisks denote statistical 
significance with p-value less than 0.05). 
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Figure 20: Relative gene expression of IR, IGF1R, Akt1, Akt2, Akt3, eNOS, NOX4, SOD1, SOD2, 
and catalase between the non-DM and DM groups (asterisks denote statistical significance with 
p-value less than 0.05). 

 

When patients were classified as non-HF or HF, there were no significant 

differences between the groups. However, NOX4 mRNA expression showed a trend 

towards being lower in the HF condition, as illustrated in Figure 21. 
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Figure 21: Relative gene expression of IR, IGF1R, Akt1, Akt2, Akt3, eNOS, NOX4, SOD1, SOD2, 
and catalase between the non-HF and HF groups. 

 

 Protein expression analysis 

 

By using the Western blot technique, the ATECs from HF and DM patients were 

used to investigate proteins involved in the insulin signalling pathway and ROS 

production, including IR, IGF1R, Akt, eNOS, p47phox, NOX2, and NOX4. For both 

phosphorylated and total protein expression, actin (structural or housekeeping protein) 

was used as a loading control. 
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Between the non-DM and DM groups, there were no significant differences in 

basal phosphorylation of IR, Akt, eNOS, p47phox and total expression of IGF1R, 

NOX2 and NOX4 (Figure 22). While insulin had a minimal effect on stimulating Akt 

phosphorylation in the DM group, insulin had a significant effect on phosphorylation of 

IR and Akt in the non-diabetic group (p = 0.048 and p = 0.025, respectively). 

Furthermore, we found that insulin stimulation had no effect on the phosphorylation of 

eNOS and p47phox in both the non-DM and DM groups (Figure 23). 
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Figure 22: Protein expression of basal phospho-IR, total IR, IGF1R, phospho-Akt, total Akt, 
phospho-eNOS, total eNOS, phospho-p47phox, total p47phox, NOX2, and NOX4 from human 
ATECs between the non-diabetic and diabetic groups. 
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Figure 23: Insulin-stimulated phosphorylation of IR, Akt, eNOS, and p47phox from human ATECs 
between the non-diabetic and diabetic groups. Values (means ± SE) are expressed relative to no 
insulin (asterisks denote statistical significance with p-value less than 0.05). 

 

Regarding protein expression in the non-HF and HF groups, there were no 

significant differences in basal phosphorylation of IR, Akt, eNOS, p47phox and total 

expression of IGF1R, NOX2, and NOX4 (Figure 24). In terms of insulin-stimulated 

phosphorylation, insulin had a significant effect in stimulating IR phosphorylation (p = 

0.031) and showed a trend towards increasing Akt phosphorylation in the non-HF 

group, whereas it had only a minimal effect on the HF group. We also observed that 

insulin stimulation had no effect on eNOS and p47phox phosphorylation in both the 

non-HF and HF groups (Figure 25). 
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Figure 24: Protein expression of basal phospho-IR, total IR, IGF1R, phospho-Akt, total Akt, 
phospho-eNOS, total eNOS, phospho-p47phox, total p47phox, NOX2, and NOX4 from human 
ATECs between the non-HF and HF groups. 
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Figure 25: Insulin-stimulated phosphorylation of IR, Akt, eNOS, and p47phox from human ATECs 
between the non-HF and HF groups. Values (means ± SE) are expressed relative to no insulin 
(asterisks denote statistical significance with p-value less than 0.05). 

 

 Superoxide production in endothelial cells 

 

We used lucigenin-enhanced chemiluminescence (100 µM) to quantify 

NADPH-dependent superoxide production. At the start of this experiment, human 

coronary artery endothelial cells (HCAECs, Lonza cells) were used to compare the 

normal and DM groups. As shown in Figure 26, superoxide production was higher in 

the DM group than in the normal group. 
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Lucigenin 

 
Figure 26: Lucigenin-enhanced chemiluminescence of HCAECs (Lonza cells) between the normal 
(n = 3) and DM (n = 4) groups. 

 

For ATECs, data indicated that superoxide production was higher in the HF and 

DM/HF groups compared to DM conditions (153.3 vs 121.2, p = 0.018 and 173.7 vs 

121.2, p < 0.001, respectively), implying that HF was a major contributor to increased 

superoxide production when compared with diabetes (Figure 27). 

 

 
Figure 27: Lucigenin-enhanced chemiluminescence of ATECs between the normal (n = 11), DM 
(n = 3), HF (n = 10), and DM/HF (n = 5) groups. 

 

When superoxide production in ATECs was observed in the non-DM and DM 

groups, the data revealed that the DM group tended to produce higher levels of 

superoxide than the non-DM group (Figure 28). Between the non-HF and HF ATECs, 
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the HF condition produced significantly more superoxide compared to the non-HF 

condition (160.1 vs 101.8, p < 0.001), as shown in Figure 29. 

 
Figure 28: Lucigenin-enhanced chemiluminescence of ATECs between the non-DM (n = 21) and 
DM (n = 8) groups. 

 

 
Figure 29: Lucigenin-enhanced chemiluminescence of ATECs between the non-HF (n = 14) and 
HF (n = 15) groups. 

 

Superoxide production was quantified in ATECs following 100 nM insulin 

stimulation. The normal group showed higher production of superoxide (p = 0.011), 

whereas the HF and DM/HF groups had lower production of superoxide (p = 0.027 

and < 0.001, respectively) (Figure 30).  
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Figure 30: Insulin stimulated the production of superoxide in ATECs under normal, HF, and DM/HF 
conditions. 

 

 Angiogenic capacity of adipose tissue 

 
The angiogenesis assay was performed on subcutaneous white adipose tissue. 

On day 7, when the adipose tissue was assessed, the number of sprouts was difficult 

to count (Figure 31). As a result, the present study evaluated angiogenesis function 

on day 4. 
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Figure 31: Angiogenesis assay of human white adipose tissue. On day 7, when adipose tissue 
was assessed, the number of sprouts was difficult to count. 

 

For the first time, the experiment utilised fresh adipose tissue. Table 12 shows 

the patient characteristics and preliminary angiogenesis results. If fresh adipose tissue 

is used, the experiment must be conducted late in the day. As a result, the tissue was 

stored overnight in a tissue storage solution (Miltenyi Biotec) to allow us to perform 

the angiogenesis assay on the following morning. However, storing tissue overnight 

did not yield favourable results, as evidenced by the absence of sprout formation on 

day 4 in all samples (Table 13). As a result, all samples were assayed for angiogenesis 

on the same day as the tissue samples were collected. 
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Table 11: Patient characteristics and results of the angiogenesis assay on fresh adipose tissue. 

 

Characteristic Sample 189 Sample 190 Sample 191 Sample 192 Sample 193 

Gender Male Male Male Male Male 

Age 71 79 67 61 81 

BMI (kg/m
2

) 41.08 27.16 28.96   24.16 

Medical condition           

Diabetes mellitus No No Yes Yes No 

Hypertension No No Yes No Yes 

Hyperlipidemia Yes No Yes Yes Yes 

Congestive heart failure Yes Yes No Yes No 

Coronary artery disease Yes Yes Yes No No 

Type of tissue Fresh Fresh Fresh Fresh Fresh 

Average number of sprouts  
(10 wells per sample) Day 4 

32 33 0 39 24 

Average length of sprouts  
(10 wells per sample) Day 4 (µm)  

N/A 327.03 0 187.47 179.56 
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Table 12: Patient characteristics and results of the angiogenesis assay on adipose tissue stored 
overnight in tissue storage solution (preserved). 

 

Characteristic 
Sample 

194 

Sample 
195 

Sample 
196 

Sample 
197 

Sample 
198 

Sample 
200 

Sample 
201 

Sample 
202 

Sample 
203 

Sample 
204 

Gender Male Female Male Male Male N/A Male Female Female Male 

Age 82 81 84 32 67 N/A 67  77 94 79 

BMI (kg/m
2

) 27.68 22.49 28.38  25.08 N/A N/A 20.89  25.5 30.6 

Medical condition                

Diabetes mellitus Yes No No No Yes N/A No Yes No Yes 

Hypertension No Yes Yes No No N/A No No No Yes 

Hyperlipidemia N0 No No No No N/A No No No No 

Congestive heart 
failure 

Yes Yes No No Yes N/A No No Yes No 

Coronary artery 
disease 

Yes No No No Yes N/A No No No No 

Type of tissue Preserved Preserved Preserved Preserved Preserved Preserved Preserved Preserved Fresh Fresh 

Average number 
of sprouts  

(10 wells per 
sample) Day 4 

0 0 0 0 0 0 0 0 23 0 

Average length of 
sprouts  

(10 wells per 
sample) Day 4 

(µm)  

0 0 0 0 0 0 0 0 255 0 

 
 

For angiogenesis results, Figure 32 and 33 show that the diabetes condition 

resulted in a lower number of sprouts and a significantly lower length of sprout on day 

4. However, there was no significant difference in the number and length of sprouts 

on day 4 between samples that were classified as non-HF or HF (Figure 34). 
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Figure 32: Average sprout number and length on day 4 in human white adipose tissue between 
the normal (n = 9), DM (n = 5), HF (n = 21), and DM/HF (n = 11) groups. 

 

Figure 33: Average sprout number and length on day 4 in human white adipose tissue between 
the non-DM (n = 30) and DM (n = 16) groups. 

 

Figure 34: Average sprout number and length on day 4 in human white adipose tissue between 
the non-HF (n = 14) and HF (n = 32) groups. 
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Chapter 6: Discussion 

 

6 Discussion 

 

HF and diabetes, which both involve insulin resistance and have a significant 

association with endothelial dysfunction, are common high-morbidity and high-

mortality diseases whose prevalence continues to increase. In order to explore their 

possible overlapping pathophysiologies at a cellular level with a view to novel 

therapies, endothelial cells have been extensively studied. It is now known that 

endothelial cells demonstrate a high degree of heterogeneity, not only between macro- 

and microvascular endothelial cells, but also between microvascular endothelial cells 

from different organs. Previously, the most common source of endothelial cells for 

research was from human umbilical veins; however, the HUVECs derived from 

neonatal tissue had differing physiology and did not constitute an ideal model for 

studying most physiological and pathological conditions. While the lack of a human 

microvascular endothelial cell model represents a gap in the research, our own 

laboratory group proposed a novel method of isolating adipose tissue- and skeletal 

muscle-derived endothelial cells from patients undergoing CIED implantation. This 

novel method helps to improve the quality and the translational value of HMVEC 

research in our laboratory. Understanding the functional characteristics of HMVECs 

from the perspective of a specific real-life patient is valuable and could lead to the 

future development of specialised therapeutics. 

 

The present study aimed to investigate insulin signalling and functional 

characteristics of HMVECs in HF and diabetes patients. Several interesting findings 

were generated from this work. First, after HMVEC isolation, we demonstrated the 

feasibility of isolating HSkMECs and HATECs, and that they were pure enough to be 

used in the experiment. The isolated cells from skeletal muscle and adipose tissue 

showed significant calcium influx in response to VEGF, confirming a high population 

of endothelial cells. The purity of the isolated HSkMECs and HATECs was represented 

by their CD31-PerCP and CD144-PE positivity and CD45-FITC negativity on 

fluorescent staining (98.0 ± 1.0% and 98.0 ± 0.7%, respectively).  
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Insulin signalling in endothelial cells was investigated by comparing gene and 

protein expression between normal, DM, HF, and DM/HF conditions. In terms of gene 

expression, it was apparent that Akt3 and catalase mRNA expression was increased 

in the diabetic group; however, eNOS mRNA expression was significantly decreased 

in the diabetic group as compared with the non-diabetic group. In terms of protein 

expression, there were no significant differences between the diabetic and non-

diabetic groups regarding basal phosphorylation of IR, Akt, eNOS, p47phox, total 

IGF1R, NOX2, and NOX4. Regarding insulin-stimulated phosphorylation, while IR and 

Akt phosphorylation showed a blunted response to insulin in the diabetic group, there 

was no significant difference in eNOS and p47phox phosphorylation between the non-

diabetic and diabetic groups. 

 

The present study investigated the angiogenic function of endothelial cells, and 

the results revealed that sprout length on day 4 was considerably shorter in the 

diabetic group when compared with the non-diabetic group, whereas HF did not 

significantly reduce angiogenesis. Among the various essential functions of HMVECs, 

angiogenesis is a vital process for generating new blood vessels to reperfuse tissues 

following an ischemic vascular occlusion. HMVECs play a critical role in angiogenesis 

research as angiogenesis does not occur in large blood vessels. Furthermore, 

angiogenesis also associated with insulin resistance, which is a condition that leads 

to excessive ROS generation.  

 

Overproduction of ROS interferes with vascular regeneration, repair, and 

causes vascular injury. Additional work from our laboratory demonstrated that insulin 

resistance was characterised by increased NOX2-derived vascular superoxide. 

However, complete removal of NOX2 in mice with endothelial cell insulin resistance 

worsened vascular damage, whereas partial pharmacological NOX2 inhibition 

protected from vascular injury (207). This research suggests that NOX2-derived ROS 

has a dual effect: it is beneficial at low-to-normal concentrations but harmful at high, 

pathological concentrations. 

 

Finally, lucigenin-enhanced chemiluminescence was used to study the 

superoxide production of endothelial cells in each condition. The data showed that 
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superoxide production was trending towards being higher in the diabetic group 

compared to the non-diabetic group. However, when comparing the diabetes and 

heart failure groups, it was discovered that superoxide production was significantly 

higher in the heart failure group. Furthermore, we found that insulin activated 

superoxide production under normal conditions, but inhibited superoxide production in 

insulin resistance. 

 

Each of these findings will be discussed in additional detail in the following 

section. 

 

 Summary of key findings 

 
 Isolation and confirmation of identity of the endothelial cells 

 

While most of the research on endothelial cells has been derived from the study 

of large vessels, such as HUVECs, the study of HMVECs remains under-investigated. 

In this study, our laboratory group described a novel method for isolating HMVECs 

from patients undergoing CIED implantation. This method allows for the simple 

acquisition of fresh skeletal muscle from the pectoralis major and subcutaneous white 

adipose tissue with minimal risk of haemorrhage, similar to that seen in regular CIED 

implantation, approximately 0.58–2.81% (208). As stated in section 4.1.2, isolating 

HMVECs is a time-consuming process that takes approximately 5–6 hours. After 

transporting the tissue biopsy from the operating room to the laboratory in the 

afternoon, the experiment to isolate endothelial cells was completed in the late evening. 

As a result, the tissue storage solution was used to store the fresh tissue overnight so 

that the endothelial cells could be isolated the next morning.  

 

For the beginning step of isolation, the immuno-magnetic separation technique 

of MACS (magnetically-activated cell sorting) technology was used with CD31-coated 

magnetic beads as the primary antibody. CD31, also known as platelet endothelial cell 

adhesion molecule-1 (PECAM-1), is expressed in large amounts on mature 

endothelial cells at intercellular junctions, platelets, and on some white blood cells, 

such as monocytes, NK cells, granulocytes, B cells, and T cells. However, we 

discovered that the isolated cells were contaminated by RBCs, which have magnetic 
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properties due to their iron content. Therefore, the protocol for isolating endothelial 

cells was modified by adding additional steps to eliminate RBCs. Furthermore, isolated 

cells grew slowly in cell culture during the first step. We hypothesised that the sudden 

and severe environmental stress from the endothelial cell isolation process led to cell 

swelling and eventual lysis. Because dead cells impair viability and may induce 

apoptosis in endothelial cell cultures, this study attempted to remove the dead cells 

during the isolation process. After removing the dead cells, microscopy revealed that 

the cells grew rapidly in the first week and reached confluence in 1 month in a 24-well 

plate.  

 

Isolating cells using MACS technology is advantageous because it is a highly 

selective and rapid method for isolating target populations or removing undesirable 

cells with a high degree of specificity. However, one of the disadvantages of magnet 

separators is the inefficient drainage of unbound cells, which results in many unbound 

cells remaining with the bound cells. Therefore, isolating cells from skeletal muscle 

can occasionally lead to contamination of the sample with skeletal muscle or 

fibroblastic cells. If the morphology showed clearly contamination, further confirmation 

methods were not necessary to be conducted. In contrast, isolating cells from adipose 

tissue yields superior outcomes with less contamination.  

 

The morphology of isolated cells was a cobblestone monolayer pattern that was 

compatible with endothelial cells and a cell diameter of 17–20 µm. However, the 

cobblestone morphology can be found in other cell types, such as mesothelial and 

epithelial cells. As a result, analysing the morphology of isolated cells is not reliable 

and is insufficient to confirm the presence of endothelial cells. 

 

Confirmation of endothelial cells can be achieved using a variety of classic 

endothelial cells markers, such as CD31 (PECAM-1), CD54 (ICAM-1), von Willebrand 

factor (vWF), Weibel-Palade bodies (WPB), angiotensin-converting enzyme (ACE, 

CD143), and CD144 (VE-cadherin) (209). Endothelial cells can also be confirmed 

using functional assays, such as VEGF stimulation, NO production, uptake of a 

fluorescent, labelled, acetylated LDL, or the presence of the endothelial surface layer 

(ESL) (including glycocalyx) by using a fluorescent labelled lectin (e.g., wheat germ 

agglutin). In this study, the fluorescence method for calcium measurement was used. 
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The purpose of this method is to demonstrate the intracellular calcium flux of the 

endothelial cells stimulated by VEGF. This technique established that the isolated cells 

were endothelial cells by their induction of a significant calcium influx in response to 

VEGF. However, this method cannot demonstrate the purity of the endothelial cells. 

Therefore, before proceeding with further aspects of the experiment, the purity of the 

isolated endothelial cells had to be determined. 

 

Flow cytometry with specific markers was used to confirm the purity of the 

endothelial cells. The fluorochrome-labelled antibodies used in this method are CD31-

PerCP, CD144-PE, and CD45-FITC. CD144, also known as vascular endothelial (VE)-

cadherin, is express in all types of endothelia. CD45, also known as leucocyte 

common antigen, is a transmembrane protein tyrosine phosphatase located on most 

haematopoietic cells. Therefore, CD45-FITC-positive cells were gated out to exclude 

haematopoietic cells, whereas CD31-PerCP-positive and CD144-PE-positive cells 

were gated to be compatible with endothelial cells. This study found that isolated cells 

from skeletal muscle (HSkMECs) and adipose tissue (HATECs) were positive for 

CD31-PerCP and CD144-PE and negative for CD45-FITC on fluorescent staining 

(98.0 ± 1.0% and 98.0 ± 0.7%, respectively). This finding indicated that the isolated 

endothelial cells had a high purity and were pure enough to be used in the experiments. 

Furthermore, this method produced higher yields than previous methods for isolating 

endothelial cells (purity of 91.0 ± 1.0%, n = 6) (210), and the cells exhibited typical 

endothelial morphological and phenotypic characteristics.  

 
 

 Insulin signalling in human microvascular endothelial cells 

 

In general, insulin signalling gene and protein expression varies by tissue and 

in response to environmental signals, and our research investigated this critical 

pathway in HMVECs between normal, DM, HF, and DM/HF conditions. 

 

 Gene expression 

 

In terms of gene expression, cDNA samples were stored at -20 C to prevent 

degradation and frequent freeze/thaw cycles were avoided. However, cDNA is a highly 
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unstable single-stranded DNA and should be used as soon as possible due to the 

scarcity of stability data at 4 C. All data for the real-time PCR analysis in this study 

were obtained from cDNA samples that were prepared in less than 1 week because, 

as shown in Table 9, we discovered that cDNA had a higher CT value when stored at 

4 C for longer than 8 weeks. The findings of the present study are consistent with the 

findings of Wilkening and Bader (211), who demonstrated that cDNA degrades 50% 

after 3 weeks of storage at 4 C. 

 

Insulin resistance and hyperinsulinaemia produced several changes in the 

mRNA levels of the investigated genes. Our study discovered that, while Akt3 and 

catalase mRNA expression increased significantly in the diabetic group, eNOS mRNA 

expression decreased significantly in the diabetic group compared with the non-

diabetic group. Contrary to our expectations, previous research using HUVEC cells 

from patients with gestational diabetes revealed modest reductions in transcript levels, 

specifically affecting the IR-A isoform (212). However, these findings were consistent 

with those of Qin and colleagues (77), who found that, while high glucose increased 

Akt3 mRNA expression, it had no effect on the other isoforms of Akt genes and 

proteins Akt1, Akt2, p-Akt (Ser 473), and p-Akt (Thr 308). Furthermore, our findings on 

SOD1 and catalase mRNA expression corroborate those of Limaye and colleagues, 

who reported that diabetic mice had higher levels of both SOD1 and catalase gene 

expression (213). Our findings regarding eNOS mRNA were consistent with those of 

Srinivasan and colleagues, who reported that diabetic mice had decreased eNOS 

mRNA expression (214).  

 

We discovered that NOX2 genes were difficult to demonstrate in real-time PCR, 

despite using several NOX2 primer sequences (Table 10). This challenge may be due 

to low NOX2 mRNA expression in subcutaneous adipose tissue endothelial cells 

(SATECs). According to previous data, van Buul et al. discovered that NOX4 mRNA 

was expressed at 100-fold higher levels than NOX2 mRNA in HUVECs (115). Gray et 

al. found that NOX4 levels were inversely correlated with NOX2 gene and protein 

levels (121). Therefore, some of the protective effects of NOX4 may be mediated 

through downregulation of NOX2, and disruption of physiological endothelial NOX4 
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signalling is thought to be a precursor to metabolic disease pathology via upregulation 

of other NOX isoforms.  

 

NOX2 may play a minor role in SATECs. If we compare subcutaneous adipose 

tissue (SAT) and visceral adipose tissue (VAT) in the human body, VAT expansion is 

significantly associated with increased cardiometabolic risks (215) and more 

associated with systemic endothelial dysfunction than SAT (216). Due to the difficulty 

of real-time PCR expression in our study, NOX2 mRNA expression may be low in 

SATECs. This finding may also be attributed to the fact that NOX2 is an important 

source of superoxide anion (107), and that it plays a vital role in insulin resistance. 

Therefore, the location of adipose tissue endothelial cells is an important factor in 

superoxide production, and future studies on specific cell types will contribute to a 

more complete understanding of the oxidative stress produced by SATECs and 

visceral adipose tissue endothelial cells (VATECs). 

 

Our findings for NOX4 mRNA indicated that there was no significant difference 

between expression in the diabetic and non-diabetic groups. Jiao and colleagues 

discovered that high glucose levels significantly increased NOX4 mRNA expression 

in HRECs, whereas NOX1, NOX2, NOX3, and NOX5 mRNA expression levels 

remained unaffected (217). Endothelial NOX4 is important in high glucose-induced 

pathological signalling because it alters ROS production, resulting in increased 

inflammation and fibrosis, which appears to be more severe in the microvasculature. 

This inconsistency could be explained by the fact that our P3 HATECs were cultured 

in media without added glucose; as a result, NOX4 mRNA expression was consistent 

across all HATEC conditions.  

 

Our study discovered that there was no significant difference in the expression 

of IR, IGF1R, Akt1, Akt2, Akt3, eNOS, SOD1, SOD2, and catalase mRNA between 

the HF and non-HF groups, whereas NOX4 mRNA expression showed a trend 

towards being lower in the HF group. This finding could be explained by the fact that 

the protective effect of NOX4 was diminished in HF (121, 218). However, some 

contrasting findings have been published that demonstrated that NOX4 expression 

was significantly upregulated in HF patients and had a detrimental effect (219). 
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Therefore, to increase the reliability of the experimental results, the number of samples 

must be increased in future experiments. 

 

 Protein expression 

 

Regarding protein expression, one must consider that mRNA levels do not 

always correspond to protein expression levels. There were no significant differences 

in basal phosphorylation of IR, Akt Ser473, eNOS Ser1177, p47phox, total IGF1R, 

NOX2, and NOX4 between the non-diabetic and diabetic groups, or between the non-

HF and HF groups. This finding could be explained by the fact that HATECs were 

cultured in media without the addition of glucose or shear stress. As a result, the 

downstream insulin signalling proteins in the different conditions were unaffected. 

 

 Insulin-stimulated phosphorylation 

 

We demonstrated phosphorylation of the target protein after 10 minutes of 

various insulin dosing: 0, 25, 50, 100, and 150 nM (dose response experiments). We 

intend to use supraphysiological insulin concentrations for stimulating and detecting 

phosphorylation of proteins. Physiological insulin levels between meals range from 57 

to 79 pmol/L; during digestion 1–2 hours following the meal, insulin levels oscillate 

every 3–6 minutes, fluctuating between >800 pmol/L and <100 pmol/L (220). 

Therefore, insulin concentrations of 25, 50, 100, and 150 nM were suitable for 

stimulating phosphorylation of proteins of insulin signalling pathway. 

 

Typically, following insulin stimulation, Akt phosphorylation at Thr308 and 

Ser473 peaks around 2–5 minutes and is sustained for at least 2–3 hours post-

stimulation (221). Kong and colleagues discovered that 5 minutes of low shear stress 

increased eNOS Ser1177 phosphorylation in HUVECs (222). Furthermore, Salt and 

colleagues discovered that after 1–2 minutes, insulin stimulated NO production in 

HAECs (223). Therefore, detecting phosphorylated proteins at a time interval of 10  

minutes was considered appropriate for our study. As a result of the design of this 

experiment, data were analysed at a single interval rather than over a specific period, 

as in a time-course experiments; therefore, this experiment examined the effect of 

insulin at various concentrations. While time-course experiments are frequently used 
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to establish the duration of insulin effects observed at various insulin doses over a 

specific period, we intended to conduct this experiment in the following step. 

 

While insulin had a minimal effect on stimulating IR and Akt phosphorylation in 

the diabetic and HF groups, insulin had a significant effect on stimulating IR and Akt 

phosphorylation in the non-diabetic and non-HF groups. Furthermore, we found that 

phosphorylation of eNOS and p47phox did not respond to insulin stimulation, which 

was observed in all groups. Surprisingly, while insulin increased Akt phosphorylation, 

it had no effect on eNOS phosphorylation in the non-diabetic and non-HF groups. This 

finding was unexpected and implied that phosphorylation of Akt did not result in the 

activation of eNOS phosphorylation at Ser1177. This result could be explained by a 

variety of factors, including increased PKC signalling or decreased VEGF levels during 

this experiment, both of which resulted in dephosphorylation of eNOS at Ser1177 (83).  

 

 Functional characterisation of human microvascular endothelial cells 

 

 Adipose tissue angiogenesis 

 

Our research revealed that adipose tissue cannot be stored in a tissue storage 

solution overnight for angiogenesis. As shown in Table 12, no sprout formation was 

observed on day 4 in any of the preserved samples. The findings of this study are 

consistent with those of Rojas-Rodriguez and colleagues, who recommended that the 

time between removing adipose tissue from a human subject and embedding it in 

Matrigel should be kept to a minimum, preferably under 3 hours (224). Therefore, while 

we currently have a tissue storage solution that can preserve skeletal muscle and 

adipose tissue for endothelial isolation, we cannot use this solution to preserve tissue 

samples for angiogenesis assays. As a result, all samples were tested for 

angiogenesis within 3 hours of tissue collection. 

 

Our findings are consistent with those of Inoue and colleagues (225), who 

discovered that diabetes impaired adipose tissue angiogenesis. As previously 

mentioned, diabetes causes poor angiogenesis through a variety of mechanisms, 

including decreased proangiogenic factors and signal transduction issues (203). 

However, we discovered that HF had no effect on adipose tissue angiogenesis (Figure 
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34), in contrast to Cunningham and Gotlieb's earlier finding that decreased shear 

stress impaired endothelial function and angiogenesis in HFrEF (198). Shear stress is 

known to play a significant role in the formation of blood vessels, specifically in 

angiogenesis. One hypothesis is that adipose tissue from the non-HF and HF 

conditions was cultured in vitro in a similar environment, free from shear stress; 

therefore, there was no significant difference in adipose tissue angiogenesis between 

the non-HF and HF conditions.   

 

 Superoxide production 

 

Our findings indicated that HF conditions produced the most superoxide when 

compared with diabetes and normal conditions. Our findings were consistent with the 

findings of Dworakowski and colleagues, who reported that HF conditions generated 

over twofold more NADPH-dependent superoxide than non-HF conditions (226). 

Furthermore, Sukumar and colleagues demonstrated that the pulmonary endothelial 

cells (PECs) of insulin-resistant mice generated approximately 1.6-fold more 

superoxide than wild-type PECs (108). Our findings thus support that oxidative stress 

is an important mechanism in the development of insulin resistance in HF.  

 

Oxidative stress is caused not only by an increase in ROS production, but also 

by impaired antioxidant defence systems. A previous study reported that targeted 

antioxidant therapy can partially restore abnormal insulin signalling and improve 

cardiac structure and function (227). Furthermore, various antioxidants have been 

investigated. However, clinical trials on the cardioprotective potential of antioxidants 

in the treatment of cardiac dysfunction remain inconclusive. Therefore, there remains 

a gap in our understanding of antioxidants and their use in cardiometabolic diseases. 

 

 

 Limitations 

 
 Factors affecting insulin sensitivity and insulin signalling 

 
The results of this investigation of insulin signalling may not be as 

straightforward as those obtained from cell lines or animal models in which variables 
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affecting downstream protein expression levels can be controlled. In human studies, 

a variety of factors, such as obesity, hypertension, and medications all influence insulin 

signalling.  

From patient characteristics in our study, mean BMI of normal group was 28.1 

± 3.6 kg/m2, which was defined as ‘overweight’ and possibly associated with insulin 

resistance. Obesity, particularly central abdominal obesity, has been shown to have a 

detrimental effect on insulin sensitivity (228). In the diabetic group in our study, 71% 

of patients received metformin, which previous studies found that metformin improve 

insulin sensitivity in the liver, muscle, and adipose tissue via both AMPK-dependent 

and AMPK-independent mechanisms (229). Metformin also reduces hyperinsulinemia 

and hyperglycaemia, both of which have the effect of lowering the levels of ROS (230). 

Additionally, other conditions characterized by insulin resistance, including sepsis, 

cancer cachexia, starvation, acromegaly, burn trauma, metabolic syndrome, and 

increased levels of ROS (231). All these conditions can also affect the downstream 

proteins of the insulin signaling pathway. 

 

Overexpression of Akt has been observed in breast cancer, colorectal cancer, 

and a variety of other cancers. For phospho-eNOS Ser1177, several factors can 

increase their activity, such as shear stress, VEGF, IGF1, oestrogen, adiponectin, 

leptin, and statins. Furthermore, other diseases have been observed to decrease 

phospho-eNOS Ser1177, including atherosclerosis, hyperhomocysteinaemia, hypoxia, 

Alzheimer's disease, and cancer (232). Therefore, other factors affecting the insulin 

signalling pathway should be thoroughly investigated and evaluated for more explicitly. 

 
 

 Contamination of HSkMECs 

 

This research focused on HMVECs isolated from skeletal muscle and adipose 

tissue. During the process of isolating endothelium cells from skeletal muscle, a 

significant proportion of the sample was contaminated with skeletal muscle cells 

(Figure 15). Due to this contamination, the sample of HSkMECs was insufficient for 

subsequent tests. As a result, the current study focused exclusively on HATECs. The 

endothelial cells from skeletal muscle remain an interesting model for studying insulin 
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signalling. Therefore, future research on HSkMECs will contribute to the establishment 

of a more comprehensive understanding of HMVECs. 

 

 Small sample size 

 
One of the limitations of the current study was the relatively small sample size 

for the experiments. The COVID-19 pandemic limited access to collect the fresh tissue 

since the laboratories were closed in response to the ‘stay at home’ order. However, 

the sample size used in this study was intended to be exploratory, rather than to 

provide definitive conclusions. Taking this into consideration, we believe that the 

sample sizes reflected a reasonable compromise that enabled the generation of data 

that could serve as the basis for future research. 

 
 Model of angiogenesis 

 
The model of angiogenesis used in this study was a simplification of the human 

disease process. Because angiogenesis in humans is highly complex and involves 

several different pathways, experiments on model adipose tissue angiogenesis are 

approximations rather than true representations of clinical pathology. Furthermore, the 

number of sprouts observed may be somewhat limited in our angiogenesis assay, as 

we could not quantify sprouts above and below the adipose tissue using a microscope. 

However, the mean number of sprouts that grew on the side of the adipose tissue 

could be approximated. 

 
 

 Future directions 

 
 Insulin signalling in HMVECs 

 

This thesis focused on the different molecular and cellular genes and proteins 

involved in insulin signalling in insulin-resistant states of HMVECs. However, other 

important proteins are also worth studying, including IRS, PI3K, FOXO transcription 

factors, AMPK, mTOR, and GLUT4. It is important to assess the duration of insulin 

effects on the proteins of interest by administering 100 nM insulin and harvesting the 

cells at various periods in a time-course experiment of insulin-stimulated protein 
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phosphorylation. However, the differences in basal levels of proteins and 

phosphoproteins in the insulin signaling pathway in freshly isolated endothelial cells 

are more important. This is because freshly isolated cells are more closely resemble 

the in vivo environment and therefore provide a more accurate representation of the 

physiological state. 

 

It would also be beneficial to investigate insulin signalling in other insulin-

sensitive human tissues, such as muscle and liver tissue. Moreover, future research 

comparing SATECs and VATECs in adipose tissue would aid in the development of a 

more complete understanding of insulin signalling and oxidative stress between those 

tissues, particularly in epicardial adipose tissue.  

 

It would be interesting to compare gene expression between normal and 

abnormal endothelial cells in HF and diabetes using RNA sequencing. This technique 

is more effective for identifying genes of interest. However, RNA sequencing is limited 

in part by financial and time constraints, and specialist analysis is required to 

adequately examine the large amount of data generated by this process. 

 
 

 HMVECs in other functional assays 

 

Another important issue concerns experiments on adipose tissue angiogenesis. 

Although this experiment is more real-world setting because it conducted on whole 

tissue, the results may not reflect the true function of endothelial cells. Endothelial cell 

angiogenesis is thus a promising area of future research.  

 

Additional functional assays of interest include determining the effects of insulin 

resistance and oxidative stress on migration and proliferation of HMVECs, in addition 

to the production of other ROS, such as hydrogen peroxide, by NOX4 in HMVECs. 

The previous study demonstrated that NOX4-derived ROS have a protective effect 

within the vasculature (121). However, it is important to establish better connections 

between the molecular and cellular phenotyping of the experiments and the patient 

phenotype to gain a more complete understanding in human health and disease. 

 
 The translational value of HMVEC research 
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As mentioned previously, increased superoxide production by a variety of cells 

in the vascular system contributes to oxidative stress in the vessel wall and the insulin-

resistant state, which disrupts metabolic activity and cell structure. As a result, 

antioxidants were deemed the obvious solution, but have routinely failed in clinical 

trials and have occasionally caused harm (233). Prior research on antioxidants has 

shown that they are non-selective, interfering with both physiological and pathological 

ROS. As a result, future research on selective NOX inhibitors that are relevant to 

disease is worth studying. 

 

 Conclusion 

 

The present study provides novel findings about insulin signalling in 

microvascular endothelial cells in patients with either HF or diabetes. To begin, we 

developed a novel method for isolating endothelial cells generated from adipose tissue 

and skeletal muscle from patients undergoing CIED implantation. The isolated cells 

were confirmed to have high-purity endothelial cells (>98%) and were deemed suitable 

for use in the experiment. We examined insulin signalling gene and protein expression 

in confirmed and purified endothelial cells under normal, DM, HF, and DM/HF 

conditions. We observed a decrease in eNOS mRNA expression in patients with 

diabetes. Furthermore, we discovered that NOX4 mRNA was expressed at a higher 

level than NOX2 mRNA in ATECs, despite the fact that NOX2 mRNA cannot be 

detected by PCR. Regarding protein expression, there were no significant differences 

in basal phosphorylation of IR, Akt Ser473, eNOS Ser1177, p47phox, total IGF1R, 

NOX2, and NOX4 between the non-diabetes and diabetes groups, and the non-HF 

and HF groups. Regarding insulin-stimulated phosphorylation in both the diabetic and 

HF groups, supraphysiological insulin concentration had a minor effect on the 

stimulated downstream insulin signalling pathway in the insulin-resistant states. 

 

Regarding functional characterisation of HMVECs, we discovered that diabetic 

conditions impaired adipose tissue angiogenesis, whereas HF conditions had no effect 

on adipose tissue angiogenesis. These data must be interpreted with caution as the 

effect of shear stress was not observed in vitro. In terms of oxidative stress, we 
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discovered that ATECs under HF conditions produced significantly more superoxide 

than ATECs under diabetic conditions. 

 

We hope that better understanding the functional characteristics of HMVECs 

from the perspective of a specific real-life patient will aid in the development of novel 

drugs and the improvement of existing ones. We believe that improved understanding 

insulin signalling has the potential to yield significant returns on investments in the 

near future. 
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