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ABSTRACT  

Background. Inflammation is one of the main underlying mechanisms in the development of 

cardiovascular disease (CVD). Indeed, in diseases characterised by high-grade systemic 

inflammation and in comorbid conditions, such as diabetes mellitus, it has been suggested that 

inflammation, at least in part, contribute to the increased risk of CVD. One of the earliest signs 

of inflammation-induced CVD is endothelial dysfunction. However, whether inflammation 

promotes endothelial dysfunction via the same signalling pathways in different pathological 

conditions characterised by systemic inflammation is not well understood.  Inflammation-

induced aberrant expression of microRNA (miRNA), small non-coding RNAs that function to 

regulate gene expression post-transcriptionally, have been linked to impaired endothelial 

function. However, the mechanisms whereby miRNAs may mediate endothelial activation 

requires further investigation. Therefore, the aim of this study was to investigate the molecular 

mechanisms involved in the regulation of endothelial function in different models of 

inflammation.   

  

Methods. EA.hy926 immortalized endothelial cells were cultured in Dulbecco’s modified 

eagle’s medium (DMEM) + HAM’s F12 nutrient mix supplemented with 10% foetal bovine 

serum (FBS). EA.hy926 cells were exposed to tumour necrosis factor-alpha (TNF-α) at a 

concentration of 10ng/ml for 24 hours to induce an inflammatory response while the controls 

were cells exposed to plain media for 24 hours. EA.hy926 cells were also exposed to either 

5mM or 30mM glucose for 72 hours, as a model of glycemia-induced inflammation, while the 

control cells were exposed to plain media for 72 hours. Total RNA was extracted from the cell 

pellets and subsequently reverse transcribed to miRNA cDNA and mRNA cDNA. Quantitative 

real time PCR was used to determine the relative expression of interleukin-6 (IL-6), vascular 

cell adhesion molecule 1 (VCAM-1), miRNA-155-5p, endothelial nitric oxide synthase (eNOS) 

and superoxide dismutase 2 (SOD-2). Additionally, an ELISA assay was used to determine the 

ratio of phosphorylated p65/total p65 in cells exposed to TNF-α (10ng/ml for 24 hours), glucose  

(30mM for 72 hours) and plain media controls.   

  

Results. Compared to control cells, the relative mRNA expression of the inflammatory marker 

IL-6 was significantly increased in the cells exposed to TNF-α (p=0.002) and 5mM (p=0.002) 

and 30mM (p = 0.0001) glucose, respectively. In addition, the relative mRNA expression of 

VCAM-1 was increased in the cells exposed to TNF-α (p <0.0001) and 30mM glucose (p =  
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0.03) when compared to their respective controls. Interestingly, miRNA-155-5p expression was 

also increased in the cells exposed to TNF-α (p= 0.04), 5 mM glucose (p = 0.007) and 30 mM 

glucose (p = 0.02).  Exposure to TNF-α, and 5 mM and 30 mM glucose resulted in increased 

eNOS expression compared to the control cells (p = 0.04, p=0.002 and p = 0.0002, 

respectively). The ratio of phosphorylated-to-total NF-κB p65 were not different in either the  

TNF-α exposed or glucose exposed cells compared to control cells (all p>0.05).   

  

Conclusion. These findings suggest that TNF-α and hyperglycaemia exposure resulted in 

endothelial dysfunction. However, hyperglycaemia caused much greater oxidative stress 

(increased eNOS) most likely due to glucose scavenging of nitric oxide (NO). This suggests 

that the underlying mechanisms of endothelial dysfunction occurring due to hyperglycaemia 

and inflammation may be driven by different mechanisms. This study highlights the need for 

further investigation into the mechanisms whereby miRNA-155-5p regulate endothelial 

dysfunction.  
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CHAPTER 1: INTRODUCTION  
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Cardiovascular disease (CVD) is one of the leading causes of global mortality and a major 

contributor to the ever-rising cost of public healthcare (Roth et al., 2020). The global prevalence 

of CVD, including coronary heart disease, stroke, peripheral arterial disease, and aortic disease, 

increased from an estimated 271 million in 1990 to 523 million in 2019 (Roth et al., 2020; 

WHO, 2023). According to the current World Health Organisation (WHO) report in 2019, 

CVDs accounted for 17.9 million deaths annually, with 85% of them attributed to myocardial 

infarctions and strokes (WHO, 2023). It is well accepted that traditional risk factors including 

age, hypertension, dyslipidaemia, obesity, diabetes mellitus (DM) and cigarette smoking 

contribute substantially to the development of CVD (de Goma et al., 2012). Of these risk 

factors, DM remains one of the main causes of cardiovascular mortality and cardiac events 

(Yusuf et al., 2020).   

DM is a metabolic disorder that is characterized by hyperglycaemia and compromised glucose 

tolerance (Tsalamandris et al., 2019). Individuals with DM are two to three times more likely 

to develop CVD compared to the general population (Marks & Raskin, 2000; Zegkos et al., 

2016). Furthermore, diabetes-associated vascular complications are responsible for 75% of 

deaths in diabetic populations, a two-to-four-fold increase in incidence of coronary artery 

disease and a 10-fold increase in peripheral vascular diseases (Einarson et al., 2018; Grundy et 

al., 2002; Strain & Paldánius, 2018). The DM-induced vascular dysfunction has been suggested 

to be largely driven by systemic inflammation as a result of hyperglycaemia (Lumeng & Saltiel, 

2011). It has been proposed that hyperglycaemia increase causes the production of ROS, which 

induces an inflammatory response (Naudi et al., 2012). The pathogenesis of diabetes-induced 

CVD is therefore believed to be initiated by chronic systemic inflammation (Shoelson et al., 

2006).   

Similar to individuals with DM, the risk of developing CVD is higher in individuals with 

highgrade systemic inflammatory diseases, such as rheumatoid arthritis (RA), systemic lupus 

erythematosus (SLE) and vasculitis (Mason & Libby, 2015; Zegkos et al., 2016)). In these 

conditions, inflammatory mediators play a central role in the development of endothelial 

activation and dysfunction (Steyers & Miller, 2014) and is considered a key initiator of 

atherogenesis (Katsiari et al., 2019). Indeed inflammation-induced atherosclerosis accounts for 

the highest prevalence of CVD incidence in patients suffering from several inflammatory 

diseases (Einarson et al., 2018; Urman et al., 2018). Hence it is not surprising that inflammation 

have been strongly implicated in the development of CVD in these systemic inflammatory 

conditions (Aletaha & Smolen, 2018).  
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Systemic inflammation is an important non-traditional risk factor for the development of CVD 

and has been considered one of the main underlying mechanisms of co-morbid disease induced 

CVD (Katsiari et al., 2019).  Inflammation-induced atherosclerosis accounts for the greatest 

portion of CVD incidence in patients with DM (Einarson et al., 2018).  

It is widely accepted that the earliest signs of atherosclerosis are endothelial activation and 

endothelial dysfunction (Gimbrone & García-Cardeña, 2016; Mudau et al., 2012). Endothelial 

activation is an independent prognostic marker for the risk of future CV events (Gonzalez & 

Selwyn, 2003; Y. Xu et al., 2014). Congruently, the development of atherosclerosis in DM is 

commonly preceded by endothelial activation and dysfunction (Low Wang et al., 2016; Ye et 

al., 2022). Endothelial activation occurs when proinflammatory cytokines trigger the 

expression of cell surface adhesion molecules such as intercellular adhesion molecule-1 

(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) (Liao, 2013). Expression of cell 

adhesion molecules promotes the recruitment, attachment and trans-endothelial migration of 

leukocytes (Gerhardt & Ley, 2015; Liao, 2013). The activated cell produces reactive oxygen 

species (ROS) that decrease nitric oxide (NO) bioavailability through suppression of the 

enzyme endothelial nitric oxide synthase (eNOS) resulting in endothelial dysfunction (Kattoor 

et al., 2017; Liao, 2013).   

However, the role of inflammation in the mechanisms underlying the development of 

endothelial dysfunction in DM is not well understood. A greater understanding of the role of 

inflammation in the development of endothelial dysfunction in DM will aid in the treatment 

and management of CVD risk in patients with DM. Therefore, mechanistic studies 

investigating the role of inflammation in hyperglycaemia-induced endothelial activation is 

warranted.     

In this regard, dysregulated expression of miRNAs has been implicated in the pathogenesis of 

multiple diseases, including inflammatory and diabetic diseases. This theory is further 

supported by several in vitro and in vivo experiments (Pashangzadeh et al., 2021; 

Papadopoulos, et al., 2023; Zárate-Neira et al., 2017) which have shown that miRNAs are 

implicated in several pathways associated with disease pathogenesis. Studies have shown that 

miRNA-155-5p might play a role in the development of endothelial activation and dysfunction 

(Wu et al., 2014; Sun et al., 2012). However, the mechanisms whereby miRNA-155-5p may 

contribute to endothelial activation especially in inflammatory conditions require further 

investigation.   
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This dissertation is structured into five chapters. After this introductory chapter, the literature 

is reviewed, and the rationale for conducting this study is highlighted in Chapter 2. Chapter 3 

provides an outline of the study design and methods. The results are presented in Chapter 4 and 

interpreted in the context of the current literature in Chapter 5. 
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CHAPTER 2: LITERATURE REVIEW  
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2.1 Endothelial activation as a risk marker for cardiovascular disease  

Blood vessels consist of three layers (Figure 2.1), namely the outer layer known as the 

adventitia, the middle layer known as the tunica media and the innermost layer known as the 

tunica intima (Martinez-Lemus, 2012). The innermost layer, composed of the endothelium, 

lines the vasculature and consists of a single layer of epithelial cells, which is vital to the 

function of the vasculature (Martinez-Lemus, 2012; Tse & Stan, 2010). The endothelium 

mediates vascular homeostasis by controlling the movement of hormones, fluid, solutes, 

macromolecules and blood cells (Krüger-Genge et al., 2019). Importantly, the endothelium 

actively mediates vascular tone through the production and secretion of vasoconstrictors and 

vasodilators.   Factors that result in endothelial contraction include endothelin I, angiotensin II, 

uridine adenosine tetraphosphate and ROS (Cau et al., 2018; Krüger-Genge et al., 2019). 

Factors that modulate relaxation including endothelial-derived relaxing factors (EDRF) such 

as NO, endothelial-derived hyperpolarizing factors (EDHF), bradykinin and prostacyclin.  A 

fine balance between vasorelaxation and vasocontraction is required to maintain optimal 

perfusion to all parts of the body (Cau et al., 2018; Deanfield et al., 2007).  In addition, this 

balance between vasorelaxation and vasoconstriction is also a marker of the function and health 

of the vascular system.   

  

Figure 2.1. Layered structure of a typical blood vessel (from "Chronic allograft rejection: A 

significant hurdle to transplant success”, by Kloc & Ghobrial., 2014, Burns Trauma 2,3-10. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4994504/pdf/41038_2014_Article_2001000 

3.pdf).   

 

Indeed, endothelial dysfunction is described by an increase in endothelium-derived 

vasoconstrictors and decreased availability and functionality of endothelial vasodilators, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4994504/pdf/41038_2014_Article_20010003.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4994504/pdf/41038_2014_Article_20010003.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4994504/pdf/41038_2014_Article_20010003.pdf
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especially NO (Hadi et al., 2005).  Endothelial dysfunction is an independent prognostic marker 

for the risk of future CV events (Gonzalez & Selwyn, 2003; Y. Xu et al., 2014).  

However, what are the factors that could result in endothelial dysfunction?  

2.2 Risk factors for endothelial activation  

The endothelium, being the innermost layer of the blood vessel, is exposed to various 

circulating biomolecules which may alter its function. In several illnesses and disease states, 

the production of certain circulating molecules may adversely affect the functioning of 

endothelial cells. In this regard, exposure to several traditional risk factors including smoking, 

ageing, hypertension, hypercholesterolemia and hyperglycaemia have been shown to 

significantly affect the endothelium (Liao, 2013). However, it has been suggested that increased 

circulating systemic inflammatory markers in these comorbid conditions may be the underlying 

mechanism that alter endothelial function (Theofilis et al., 2021). Independent of comorbid 

conditions, inflammation has been shown to affect endothelial function.   

Acute phase proteins, such as C-reactive protein (CRP), and inflammatory cytokines have been 

strongly implicated in alterations in endothelium function (Carnevale et al., 2014; Clapp et al., 

2004). Some cytokines interact with endothelial cells to express specific receptors called 

selectins (Duś et al., 2003). Circulating neutrophils then react with these selectins, which 

ultimately results in them “rolling along” the endothelium (Williams et al., 2011). These 

inflammatory signals cause these neutrophils to express integrins on their surface, which bind 

onto cell surface adhesion molecules expressed on the endothelial surface (Williams et al., 

2011). Therefore, circulating cytokines induce and upregulate the endothelial expression of 

various soluble adhesion molecules including VCAM-1, intracellular adhesion molecule 

(ICAM-1) and E-selectin (Liao, 2013; Szekanecz & Koch, 2000).  The inflammatory cytokines 

also cause the release of bradykinin which loosens the tight junctions between endothelial cells 

(Claesson-Welsh et al., 2021). Together, the expression of adhesion molecules and the 

loosening of tight junctions allows circulating neutrophils and monocytes to infiltrate the 

arterial wall intima where they differentiate to become macrophages, which produce more 

inflammatory cytokines (Dos Santos et al., 2021). This process of increased expression of the 

adhesion molecules is known as endothelial activation.   
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2.3 Consequences of endothelial activation  

In a state of endothelial activation, the production of inflammatory cytokines leads to a cascade 

of events that alters vessel function in several ways. First, increased pro-inflammatory 

cytokines reduces the bioavailability of NO and failure to secrete mediators that regulate 

vascular homeostasis (Hadi et al., 2005). This failure of the endothelium to perform its 

vasoactive function is termed endothelial dysfunction, which limits the ability of the vessels to 

vasodilate and hence to regulate perfusion to target organs (Deanfield et al., 2007). Endothelial 

dysfunction is frequently used as a marker of risk stratification to predict cardiovascular events 

(Bonetti et al., 2003; Lerman & Zeiher, 2005).  

Second, endothelial activation and the subsequent development of endothelial dysfunction is 

one of the earliest pathophysiological changes that occurs prior to the development of 

atherosclerosis (Mudau et al., 2012). In this regard, with endothelial activation, when 

monocytes adhere to cell adhesion molecules, infiltration of the endothelial lining and the 

arterial wall intima results in these monocytes differentiating into phagocytes that engulf 

lipoproteins (Gerhardt & Ley, 2015). When macrophages engulf lipoproteins, they are 

transformed into cholesterol-filled foam cells (Moore et al., 2013; Schumski et al., 2018). The 

formation of foam cells induces the development of atherosclerotic plaque.  

Finally, endothelial dysfunction has also been linked to the development and progression of 

remodelling and stiffening of the vessel, i.e., arteriosclerosis. Arteriosclerosis is characterised 

by thickening and hardening of the arterial intima-media that usually develops with age (Park 

& Lakatta, 2012). However, endothelial activation drives the process of increased collagen 

production and increased elastin degradation (Park & Lakatta, 2012).  Ultimately, endothelial 

activation drives the process of arterial stiffening, which is characterised by an altered structure 

and reduced functional capabilities of the arteries. Arterial stiffness has been linked to and is 

considered an independent predictor of cardiovascular events and mortality (Cecelja & 

Chowienczyk, 2012).   

Taken together, markers of endothelial activation have been strongly associated with the 

development of CVDs (Camici et al., 2015; Shirwany & Zou, 2010).  Figure 2.2 shows that the 

development of endothelial activation may initiate a cascade of events that can contribute to 

adverse cardiovascular outcomes. In this regard, once the endothelium is activated, 

inflammatory cytokines are produced, which ultimately results in endothelial dysfunction that 

is characterised by an imbalance in vasoactive substances and hence, vessel tone. Furthermore, 
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endothelial activation and the subsequent production of inflammatory cytokines drive the 

progression of smooth muscle proliferation that leads to vessel wall stiffening (arteriosclerosis) 

and the development of atherosclerotic plaque (atherosclerosis) (Park & Lakatta, 2012). In 

order to develop effective therapeutic targets for the treatment of endothelial activation, it is 

important to understand the mechanisms whereby endothelial dysfunction develops and the 

factors that are involved in the regulation of endothelial dysfunction.  

  

  

Figure 2.2. A summary of the process of endothelial activation and the consequence of 

endothelial activation. The presence of inflammatory cytokines triggers the expression of cell 

surface adhesion molecules such as VCAM-1, resulting in endothelial activation. Binding of 

leukocytes to the adhesion molecules initiates a series of processes that may result in 

endothelial dysfunction, arteriosclerosis and atherosclerosis.   

  

2.4 The role of hyperglycaemia and inflammation in the molecular mechanisms of 

endothelial activation and dysfunction   

Prolonged exposure to high levels of glucose can lead to endothelial dysfunction, primarily 

through oxidative stress and inflammation. Hyperglycaemia triggers the production of ROS 

and activates various inflammatory pathways. In this regard, ROS is produced in various 

locations as byproducts of aerobic respiration. Under normal physiological conditions ROS are 

maintained at low levels, as cellular anti-oxidants mechanisms are in place to counteract ROS 

production. However, in the presence of exogeneous stimuli such as increased inflammatory 
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cytokines or prolonged exposure to high levels of glucose, ROS production increases to a level 

which surpasses the capacity of cellular antioxidants to neutralize ROS, known as oxidative 

stress (Bae et al., 2011; Ray et al., 2012). Increased ROS disrupts NO signalling in endothelial 

cells, which contributes to endothelial dysfunction. ROS production in endothelial cells alters 

the expression of endothelial nitric oxide (eNOS). Endothelial NOS is an enzyme involved in 

the production of NO (Liao, 2013). Majority of studies have shown that changes in eNOS 

expression and activity ultimately results in decreased NO bioavailability, which impairs the 

vasodilatory capacity of the vessel. In this regard, NO scavenges ROS, and hence increased 

ROS decreases the bioavailability of NO. Some studies have shown that ROS decreases eNOS 

production and hence decreases NO production (An et al., 2023; Meza et al., 2019). In contrast, 

others have shown that ROS increases eNOS production (Förstermann & Li, 2011). In this 

scenario, through a process known as uncoupling, ROS-induced increased eNOS production 

causes eNOS to produce superoxide rather than NO (Förstermann & Li, 2011). The production 

of superoxide results in the formation of peroxynitrite, which inactivates the antioxidant 

superoxide dismutase (SOD) (Meza et al., 2019). Increased ROS and decreased bioavailability 

of NO enhances leukocyte adhesion (Kattoor et al., 2017; Liao, 2013), and induces the 

expression of adhesion molecules, including ICAM-1 and VCAM-1. These adhesion molecules 

further facilitate the attachment of circulating immune cells to the endothelium, promoting a 

proinflammatory state within the blood vessel walls. ROS also promotes the oxidation of low-

density lipoprotein (LDL) to oxidised low density lipoprotein (oxLDL) that advances plaque 

formation (Li et al., 2016; Liao, 2013). Altogether, these effects of hyperglycaemia on 

endothelial activation are key contributors to the development and progression of vascular 

complications associated with DM.  

Recent research has focused on understanding the molecular pathways involved in the 

development of endothelial dysfunction. Although several pathways have been implicated in 

the development of endothelial dysfunction, nuclear factor-kappa B (NF-κB) signalling 

pathways have received particular attention in both hyperglycaemia and inflammation-induced 

endothelial dysfunction. NF-κB is a proinflammatory transcription factor that promotes the 

expression of molecules that regulate endothelial function, including cell adhesion molecules 

such as VCAM-1, ICAM-1 and E-selectin (Li et al., 2016; Zhong et al., 2018). Increased 

circulating pro-inflammatory cytokine concentrations activates NF-κB signalling, thereby 

initiating endothelial dysfunction (Yang et al., 2016). Figure 2.3 shows the activation of the 

NF-κB occurs through either the canonical pathway or noncanonical pathway (Liu et al., 2017).    



11  

  

The canonical NF-κB pathway is stimulated by a diverse group of ligands where activation of 

the pathway occurs through site-specific phosphorylation of two N-terminal serine residues of 

inhibitor of nuclear factor kappa B(IκB) proteins (Karin & Delhase, 2000). The IκB proteins 

then undergo ubiquitin-dependent degradation in the proteosome that leads to the nuclear 

translocation of the released NF-κB (Israël, 2010). Once the canonical pathway is activated, it 

has been linked to increased inflammatory cytokine production, proliferation, apoptosis and 

matrix remodelling.   

In contrast, the noncanonical pathway is only activated by a specific group of ligands that 

belong to a subset of the tumour necrosis factor receptor (TNFR) family (Liu et al., 2017). This 

pathway is activated when NF-κB-inducing kinase (NIK) activates IKKα and in conjunction 

with IKKα mediates the phosphorylation of p100 (a precursor for NF-κB2), which leads to 

ubiquitination and processing of p100 (Liu et al., 2017; Xiao et al., 2001). During the 

processing of p100, its C-terminal structure is degraded, and this results in production of the 

mature NF-κB2 (p52) that is subsequently translocated to the nucleus (Sun, 2012; Zhang & 

Sun, 2015). Activation of the noncanonical pathway has been linked to adaptive immune 

responses and cell survival.   

  

Figure 2.3. Canonical and non-canonical pathways of NF-κB activation. The canonical 

pathway is triggered by a diverse group of stimuli while the non-canonical pathway is only 

triggered by a group of stimuli belonging to a subset of the TNFR family. (Adapted from 

https://www.mdpi.com/1422-0067/20/17/4185).   

https://www.mdpi.com/1422-0067/20/17/4185
https://www.mdpi.com/1422-0067/20/17/4185
https://www.mdpi.com/1422-0067/20/17/4185
https://www.mdpi.com/1422-0067/20/17/4185
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Although several factors have been shown to initiate the activation of the NF-κB pathways, for 

the purpose of this dissertation, I will focus only on the effects of hyperglycaemia and 

inflammation. Hyperglycaemia causes oxidative stress in cells through increased production of 

ROS, which cause a redox imbalance (Evans et al., 2002). Hyperglycaemia-induced oxidative 

stress in the cells leads to activation of the canonical NF-κB pathway leading to a 

proinflammatory state (Evans et al., 2002). Hyperglycaemia causes oxidative stress in various 

ways, some of these include: 1) triggering an increase in the production of mitochondrial ROS  

(Brownlee, 2001); 2) formation of advanced glycation end products (AGEs) by forming 

covalent links with plasma proteins (Brownlee, 2000; Brownlee & Cerami, 1981); 3) glucose 

autoxidation (Wolff et al., 1991); 4) production of ROS from mitochondrial uncoupling and β-

oxidation due to elevated levels of free fatty acids (FFAs) (Carlsson et al., 1999; Rao & Reddy, 

2001; Wojtczak & Schönfeld, 1993; Yamagishi et al., 2001). The resulting oxidative stress 

activates various signalling pathways including the NF-κB pathway (Evans et al., 2002). Once 

the NF-κB pathway is activated it modulates the expression of a host of genes including those 

for TNF-α and VCAM-1 resulting in inflammation and endothelial activation (Evans et al., 

2002). Furthermore, the oxidative stress causes eNOS uncoupling such that even though its 

expression increases there is still a reduction in the bioavailability of NO thus causing 

endothelial dysfunction (Förstermann & Li, 2011), as previously explained.  

Besides hyperglycaemia, it is well known that systemic inflammation causes the activation of 

the NF-κB pathways in endothelial cells. In this regard, tumour necrosis factor alpha (TNF-α) 

a cytokine that is crucial in the inflammatory cascade, has been shown to activate the NF-κB 

pathway (Liu et al., 2017). The increased concentrations of TNF-α in the inflammatory process 

activate the NF-κB canonical pathway resulting in a proinflammatory state that causes 

oxidative stress and endothelial activation (Liu et al.,2017; Evans et al., 2002; Mussbacher et 

al., 2019).  TNF-α signalling causes oxidative stress through increased ROS production (Daiber 

et al., 2019; Kim et al., 2010). Similarly, the TNF-α mediated increased ROS causes eNOS 

uncoupling, which ultimately leads to endothelial dysfunction (Förstermann & Münzel, 2006).  

Taken together, the NF-κB pathway is integral to the development of endothelial dysfunction. 

However, the activation and regulation of the canonical and noncanonical NFκB pathways in 

various disease states is currently under investigation. More evidence is required to understand 

the role of the different NF-κB pathways in states of systemic inflammation and in 

hyperglycaemia.  Moreover, the upstream regulation of the NF-κB pathway activation is 

currently uncertain. In recent literature, several mechanisms for the regulation of the NF-κB 
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pathway have been described, including a mechanism involving microRNA (miRNA). 

miRNAs regulate protein expression of specific mRNA targets, leading to mRNA degradation 

or translational repression, which is a crucial post-transcriptional mechanism that regulates 

normal gene expression in various biological processes.  The aberrant expression of certain 

miRNAs has been linked to inflammation and vascular integrity; therefore, miRNAs have the 

potential to be novel biomarkers of endothelial dysfunction and targets for therapeutics (Hosen 

et al., 2020).  

2.5 The role of miRNAs in the regulation of endothelial function   

Several biomarkers of endothelial activation and dysfunction including ICAM-1, VCAM-1, E-

selectin, pentraxin-3 (PTX-3), asymmetric dimethylarginine (ADMA) and vascular endothelial 

growth factor (VEGF) have been identified (Constans & Conri, 2006; Page & Liles, 2013; Sibal 

et al., 2010). These biomarkers are frequently evaluated in research as predictors of the 

development of endothelial activation and dysfunction (Choudhury & Devagourou, 2017).  

Although the molecules and growth factors that modulate these markers of endothelial function 

have received considerable attention, little is known about the upstream factors that modulate 

gene expression to determine vascular integrity (Urbich et al., 2008). In this regard, recent 

literature points to miRNAs as potential upstream regulators of endothelial function (Urbich et 

al., 2008).   

miRNAs are small noncoding RNAs that are, on average, 22 nucleotides and are transcribed 

from DNA and function to modulate gene expression (O’Brien et al., 2018). In the canonical 

pathway of miRNA biogenesis, DNA sequences are transcribed into primary miRNAs 

(primiRNAs), by RNA polymerase II in the cytoplasm (Denli et al., 2004). The miRNAs are 

then processed by microprocessor complex of the RNase III enzyme Drosha and two DGCR8 

molecules in the nucleus to give the precursor miRNAs (pre-miRNAs) (Han et al., 2004). The 

pre-miRNA is cleaved near its terminal loop by another RNase III enzyme, Dicer, to produce 

double stranded miRNA that interacts with an Argonaute (Ago) protein (Denli et al., 2004; 

Yoda et al., 2010). One of the strands in the double stranded miRNA, the passenger strand, is 

subsequently discarded and this leaves the final mature miRNA (O’Brien et al., 2018). 

Alternative miRNA biogenesis pathways exist that are either dicer-independent and/or drosha 

independent and these are known as non-canonical pathways. miRNAs usually bind to the 3′ 

UTR of target mRNAs to regulate gene expression. Modulation occurs via induction of mRNA 
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degradation or through translational inhibition and mRNA capping and degradation (Ipsaro & 

Joshua-Tor, 2015).   

Aberrant expression of certain miRNAs has been linked to inflammation (Zhong et al., 2018), 

diabetes mellitus (Kim & Zhang, 2019) and impaired vascular integrity (Hosen et al., 2020). 

miRNAs may serve as novel biomarkers of endothelial dysfunction and a potential therapeutic 

target for the treatment of endothelial dysfunction (Hosen et al., 2020), with several miRNAs 

being identified in the mediation of NF-κB-associated inflammation and by extension, 

endothelial function. Specifically, miR-155-5p has received considerable attention in the 

regulation of endothelial function and integrity as it has been implicated in the inflammatory 

response, the expression of cellular adhesion molecules, and in atherogenesis (Zhong et al., 

2018). The section below briefly highlights the current evidence of the involvement of miRNA 

155-5p in endothelial dysfunction.   

MiR155-5p is considered an important regulator of inflammation (Mahesh and Biswas, 2019). 

Growing evidence suggests that miR155-5p is aberrantly expressed in a variety of activated 

immune cells (Moran-Moguel et al., 2018). MiR-155-5p is particularly responsive to 

inflammatory stimuli, including TNF-α, interleukin-1β and interferons (O’Connell et al., 

2007), and its expression significantly increases upon stimulation by these inflammatory 

cytokines. However, the pathways involved in increased production of miR-155-5p is 

controversial. In this regard, some have suggested that miR-155-5p is upregulated in response 

to NF-κB activation. In turn, miR155-5p expression activates NF-κB signalling via positive 

feedback loop which increases IL-6 and TNF-α production (Mann et al., 2017) and hence the 

inflammatory response is either maintained or increased (Filkova et al., 2012). Indeed, an in 

vitro study found that inhibition of miR-155-5p prevented phosphorylation of IκB proteins thus 

suppressing NF-κB activation (Zhang et al., 2017). In contrast, others have shown that 

increased miR-155-5p expression may limit NF-κB activity or downregulate its expression by 

controlling the expression of various genes along the pathway (Costinean et al., 2006; Ma et 

al., 2011). Although there is a strong link between the miR-155-5p and the NF-κB pathways, 

the exact relationship requires further investigation.   

With regards to the effects of upregulated MiR-155-5p, it has been linked to changes in 

endothelial function under inflammatory conditions. In this regard some studies suggested that 

miR-155-5p downregulates eNOS and hence leads to a decrease in production and 

bioavailability of NO. (Jankauskas et al., 2021; Majid et al., 2020; Prattichizzo et al., 2021; 

Sun et al., 2012). In contrast, others have shown that eNOS expression may increase in response 
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to miR-155-5p, but that due to uncoupling of the enzyme there is decreased NO bioavailability 

as the enzyme instead produces more ROS and less NO (Kalinowski et al., 2016). Nevertheless, 

increased miR-155-5p expression is consistently associated with a decreased NO 

bioavailability. However, the exact mechanism whereby miR-155-5p contribute to endothelial 

dysfunction requires further investigation.   

MiR-155-5p has been implicated in the pathogenesis of hyperglycaemic disease states such as 

diabetes mellitus. Yang et al. (2015) reported that miR-155-5p expression was upregulated in 

patients with DM compared to their healthy counterparts (Yang et al., 2015). Two clinical trials 

also found that patients with diabetic nephropathy displayed higher serum levels of miR155-

5p when compared to healthy control participants (Bai et al., 2020; Wang et al., 2020). This 

suggests that under high glucose conditions, miR-155-5p may be involved in the progress 

endothelial injury. However, the exact mechanisms whereby miR-155-5p is involved in 

endothelial dysfunction in diabetes mellitus warrant investigation.   

In summary, the involvement miR-155-5p in the inflammatory response has been well 

documented. Recent evidence further indicates that this miRNA is also involved in the 

regulation of endothelial function. However, the role of miR-155-5p in endothelial function in 

hyperglycaemia is uncertain. In this regard the current controversies surrounding the 

mechanisms whereby miR-155-5p influence the NF-κB pathway and contribute to endothelial 

dysfunction requires further investigation.    

2.6 Problem statement  

It is widely accepted that inflammation is implicated in the development of CVD. Endothelial 

dysfunction is considered an early prognostic marker of CVD. In this regard it is uncertain 

whether inflammation promotes endothelial dysfunction via the same signalling pathways in 

different pathological conditions characterised by systemic inflammation, such as RA and DM. 

It is currently uncertain whether the mechanisms and cellular pathways that initiate endothelial 

activation are the same for comorbid disease-induced inflammation and diseases of systemic 

inflammation. Furthermore, the role of aberrant expression of miR-155-5p in the development 

of endothelial activation in inflammatory conditions and in hyperglycaemia requires 

elucidation. Therefore, further investigation is required to determine the role of miR-155-5p in 

the signalling pathways of endothelial activation in different disease states characterised by 

systemic inflammation and to determine whether they hold potential as therapeutic strategies 
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against the development of inflammation-induced endothelial dysfunction, atherosclerosis and 

ultimately CVD.  

2.7 Aim and objectives  

The aim of this study was to investigate the in vitro effects of TNF-α and hyperglycaemia in 

EA.hy926 cells and their roles in the development of endothelial activation.   

The specific objectives were to:  

1. assess the relative expression of markers of inflammation (IL-6), endothelial activation 

(VCAM-1) and vascular integrity (eNOS) in EA.hy926 cells exposed to TNF-α and 

hyperglycaemia using comparative gene expression real-time PCR.  

2. determine a suitable reference gene for the analysis of miRNA expression in an 

endothelial cell line.  

3. assess the relative expression of miR-155-5p in EAhy926 cells exposed to TNF-α and 

hyperglycaemia using comparative gene expression real-time PCR.  

4. investigate the role of the NF-κB signalling pathway inflammation-induced vascular 

dysfunction by measuring the NF-κB p65 molecule using an ELISA.  

5. determine the association between miR-155-5p and markers of inflammation and 

endothelial activation.  
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CHAPTER 3: METHODS  
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3.1 Cell culture models of endothelial function  

In vivo models are commonly used to investigate a wide range of physiological mechanisms. 

However, it is not possible to elucidate the independent effects of inflammation on specific 

pathways using in vivo models, due to the presence of multiple confounding factors 

(MedinaLeyte et al., 2020). The human umbilical vein endothelial cell (HUVEC) line is an in 

vitro model that closely represents the vascular endothelium in humans (Medina-Leyte et al., 

2020). Cell culture studies using HUVECs allow researchers to study the independent effect of 

inflammation on miRNA expression and endothelial dysfunction. The specific contribution of 

inflammatory cytokines can be studied in a confounder-controlled environment using 

endothelial cell lines, providing a possible advantage over the use of in vivo models for this 

application. The EA.hy926 is a human endothelial/-somatic hybrid cell line created by fusing  

HUVECs with cells of the human lung carcinoma cell line A549 (Lu et al., 2009). The  

EA.hy926 cell line is a popular in vitro model in cardiovascular disease research (Ahn et al., 

1995; Lu et al., 2009).   

3.2 Ethical clearance  

An ethics waiver was obtained from the Human Research Ethics Committee of the University 

of the Witwatersrand (W-CBP-220926-01) as no humans or animals were used in this study 

(Appendix A). The cell line used in the study is a commercially available immortalized human 

vascular endothelial cell line (EA.hy926, (ATCC CRL-2922, Manassas, Virginia, USA).   

3.3 Cell culture  

EA.hy926 cells (ATCC CRL-2922, Manassas, Virginia, USA), initially derived by fusion of 

human umbilical vein endothelial cells (HUVEC) with continuous human lung carcinoma cell 

line A549 (Edgell et al.,1983), were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

+ HAM’s F12 nutrient mix (Gibco; Thermo Fisher Scientific, Waltham, USA)) supplemented 

with 10% foetal bovine serum (FBS, Gibco; Thermo Fisher Scientific, Waltham, USA)) and 

Hank’s balanced salt solution (HBSS 1X, Gibco; Thermo Fisher Scientific, Waltham, USA) in 

T75 flasks. Flasks were maintained in a humidified incubator at 37°C with 5% CO2. The 

EA.hy926 cells were seeded into 12 well plates in serum-free DMEM + Ham’s F-12 

supplemented with 10% Penicillin-Streptomycin and allowed to reach ~85% confluence.  
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3.4 Cell treatment with TNF-α   

EA.hy926 cells were incubated with or without tumour necrosis factor alpha (TNF-α, 10ng/ml; 

Sigma Aldrich, St. Louis, MO) for 8 hours (h) or 24 h, with 6 wells per treatment and each 

experiment was performed in duplicate. The 10 ng/ml TNF-α was added to the plates at 1 

ml/well (King et al., 2019). To determine the optimal treatment period, we evaluated the mRNA 

expression of IL6, the gene that codes for interleukin 6. TNF-α incubation was performed to 

induce an inflammatory response, which was assessed by mRNA expression of IL-6, a known 

marker of inflammation (Hirano, 2021). mRNA expression of IL-6 was increased following 

incubation of the cells with TNF-α at both 8 h (mean ± SD; 4.28 ± 0.26; p<0.05) and at 24 h 

(3.49 ± 1.04; p <0.05) when compared to controls. There was no significant difference between 

the mRNA expressions of IL-6 following incubation of the cells with TNFα at 8 h when 

compared to 24 h (p >0.05). Therefore, the 24h incubation was used for all subsequent 

experiments.   

3.5 Cell treatment with glucose  

EA.hy926 cells were incubated with glucose to model a hyperglycaemic state. Cells were 

treated as follows: 1) 0 mM glucose representing an untreated control, 2) 5 mM glucose 

represent moderate glycaemia and 3) 30 mM glucose representing hyperglycaemia and 

incubated for 72 h. The concentrations for the glucose exposure were selected based on 

previous literature, which showed significant hyperglycaemic effects in endothelial cells 

(Chiechanowska et al., 2021). The treatment period of 72 h was selected based on a previous 

study, which showed that 72 h was the optimal time to investigate vascular effects of 

hyperglycaemia-induced metabolic dysfunction, which mimics diabetic conditions in 

endothelial cells (Irshad et al., 2019).  

3.6 Total RNA extraction  

Once the treatment periods were completed, the cell culture media was discarded from the 

culture plates and 2 ml/well phosphate buffered saline-ethylenediaminetetraacetic acid 

(PBSEDTA;1 x PBS, 10 mM EDTA) was added to detach the cells from the plate. Once cells 

were detached, each cell suspension was transferred to a respective 15 ml tube and cells were 

pelleted by centrifugation (1500 rpm for 5 minutes; Hettich benchtop centrifuge, Universal 

320, Berlin, Germany). The supernatant was discarded, and lysis buffer was added to the cell 

pellet. Total mRNA was extracted from the cell pellets using an Illustra™ Mini Spin RNA 
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extraction kit (GE Healthcare, Buckinghamshire, UK) and total miRNA was extracted using 

the MagMAX™ mirVana™ Total RNA Isolation Kit (Thermo Fisher Scientific, Waltham, 

USA) according to the manufacturers’ instructions. A Nanodrop OneC spectrophotometer 

(Thermo Fischer Scientific, Waltham, USA) was used to quantify and confirm the presence of 

high-quality RNA (concentration of >20 ng/ul with a 260/280 reading of ~1.8), prior to cDNA 

synthesis.  

3.7 cDNA synthesis for relative miRNA expression  

Total miRNA was reverse transcribed to produce cDNA templates using the TaqMan® 

Advanced miRNA cDNA synthesis kit, (Thermo Fisher Scientific, Waltham, USA) according 

to manufacturer’s instructions. Prior to reverse transcription, the miRNA was extended at the 

3’-end by poly(A) tailing and subsequently at the 5’-end by ligation of an adaptor sequence to 

produce cDNA which was then uniformly amplified. The cDNA constructs were then stored at 

-20°C prior to performing the relative miRNA expression assays.    

3.8 cDNA synthesis for relative mRNA expression   

Total mRNA was reverse transcribed to produce cDNA templates using SuperScript™ IV 

VILO™ cDNA synthesis master mix (Thermo Fisher Scientific, Waltham, USA), according to 

manufacturer’s instructions. Cycling conditions consisted of incubation at 25oC for 10 minutes 

to allow the primers to bind to RNA, followed by incubation at an increased temperature of 

42oC for 60 minutes to allow for DNA polymerization and finally a cycle at 85oC for 5 minutes 

to inactivate the enzyme.  

3.9 Determination of a stable reference gene for miRNA expression  

For determination of a stable reference gene for miRNA expression analysis in the current 

study, three endogenous reference genes, miR-191-5p (TaqMan® assay ID: 002299), miR-165p 

(TaqMan® assay ID: 000391), and SNU6 (TaqMan® assay ID: 001973) were selected based 

on the literature and recommendations made by the manufacturer of the TaqMan probes 

(Thermo Fischer Scientific, Waltham, USA), as these have been reported to have stable 

expression across most tissues, serum and plasma (Chamorro-Jorganes et al., 2011; Fortner et 

al., 1994; Nagpal & Kulshreshtha, 2014; Rinnerthaler et al., 2016). These reference genes were 

evaluated using a subset of cDNA samples from all representative groups (n=4 per group, n=24 

total). miR155-5p (TaqMan® assay ID: 002623) was used as the target probe in duplex 
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reactions with each specified reference gene. Each reaction well contained cDNA (1 µl) and 

the miR-155-5p target gene probe (1 µl,) or each of the endogenous reference gene probes (miR-

191-5p, miR16-5p or SNU6) with TaqMan® fast advanced PCR master mix (5 µl) in a final 

reaction volume of 10 µl. Cycling conditions were as follows; 95°C for 20 seconds, followed 

by 40 cycles at 95°C for 1 second and 60°C for 20 seconds.   

  

Table 2.1 miRNA candidate reference genes  

Full Gene Name  Gene Function/Reported Gene function  

microRNA 191-5p  Regulate gene expression and stably and consistently expressed.  It 

can be detected in human serum or saliva (Nagpal & Kulshreshtha,  

2014)  

microRNA 16-5p  Regulate gene expression of some angiogenic mediators in 

endothelial cells (Chamorro-Jorganes et al., 2011; Rinnerthaler et 

al., 2016)  

Small nuclear RNA U6  Enables the U6 small nuclear ribonucleoproteins (snRNP) to bind 

tightly to the U4 small nuclear RNA (snRNA) and loosely to the U5 

snRNA of a triple-snRNP during the initial phase of the splicing 

reaction (Fortner et al., 1994)  

  

To calculate the mean ∆Ct, the Ct value of the reference gene was subtracted from the Ct value 

of the target gene. The ∆∆Ct was then calculated by subtracting the ∆Ct mean for each sample 

from the mean of all control samples within the same experiment. The fold-change in relative 

expression was then calculated as 2-∆∆Ct (Livak & Schmittgen, 2001). In order to select the most 

stable endogenous reference control gene, as determined by the lowest standard deviation 

across groups, the data was entered into RefFinder software (RefFinder;RRID:SCR_000472). 

This software tool uses a single data input to compute multiple algorithms equivalent to the 

most popular stability testing programs available such as BestKeeper, NormFinder, geNorm 

and the comparative ∆Ct method. The software automatically determines the most stable and 

appropriate endogenous control (Panina et al., 2018).  
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3.10 Comparative miRNA expression using RT-PCR  

Comparative miRNA gene expression was performed using real time PCR with a StepOne Plus 

thermocycler (Thermo Fisher Scientific, Waltham, USA) with miRNA cDNA (1 µl) and pre-

designed TaqMan® probe mixes. Reactions were performed in duplicate. Each reaction 

contained cDNA (1 µl, ~1 µg), the miRNA target probe (1 µl, miR-155-5p (TaqMan® assay 

ID: 002623) or miR-let-7g (TaqMan® assay ID: 002282) or the selected reference gene (miR-

16-5p) and TaqMan® fast advanced PCR master mix (5 µl), made up to a final reaction volume 

of 10 µl with nuclease-free water. The following thermal cycling conditions were used; 95oC 

for 20 seconds and 40 cycles at 95oC for 1 second and 60oC for 20 seconds. Cycle threshold 

(Ct) values were obtained from the instrument software. The 2-∆∆Ct method was then used to 

calculate the fold change in miRNA expression (Livak & Schmittgen, 2001). Despite 

optimisation of the method and performing several repeat experiments, results for miR-let-7g 

were undetermined for all samples, and hence was not reported in this dissertation.   

3.11 Comparative mRNA expression using RT-PCR  

Comparative mRNA gene expression RT-PCR was performed in duplex reactions using a 

StepOne Plus thermocycler (Thermo Fisher Scientific, Waltham, USA) with mRNA cDNA 

(1µl), pre-designed TaqMan® probe mixes for the reference gene GAPDH (0.25 µl, TaqMan® 

assay ID: Hs02786624_g1, Thermo Fisher Scientific, Life Technologies, Carlsbad, USA) 

(Keratibumrungpong et al., 2023), the gene of interest (0.5 µl, TaqMan® gene expression 

assay) and TaqMan® Fast Advanced PCR master mix (5 µl) made up to a final volume of 10 

µl with nuclease free water. The following thermal cycling conditions were used: initial hold 

at 50°C for 2 minutes, another hold at an increased temperature of 95°C for 10 minutes, 

followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute using a StepOne Plus 

Real-Time PCR System. Comparative gene expression of eNOS (TaqMan® assay ID: 

Hs00427620_m1), VCAM-1 (TaqMan® assay ID: Hs01003372_m1), SOD-2 (TaqMan® assay 

ID: Hs00167309_m1) and IL-6 (TaqMan® assay ID: Hs00174131_m1) were determined with 

the GAPDH endogenous control probe. The relative expression of each gene of interest was 

calculated using the 2-∆∆Ct method (Livak & Schmittgen, 2001).   

3.12 ELISA detection of NF-κB p65  

EA.hy926 cells were incubated with or without tumour necrosis factor alpha (TNF-α, 10ng/ml; 

Sigma Aldrich, St. Louis, MO) for 24 hours with 6 wells per treatment. For the glucose 
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treatment, EA.hy926 cells were incubated with or without 30mM glucose for 72 hours with 6 

wells per treatment   

 Following incubation as described above, the media was discarded and 1ml/well PBS-EDTA 

was added to the plate to detach the cells. Once cells were detached, each cell suspension was 

transferred to a respective 15ml tube and cells were pelleted by centrifugation (1500rpm for 5 

minutes; Hettich benchtop centrifuge, Universal 320, Berlin, Germany). The supernatant was 

discarded and a cell lysis buffer mix (1X) was added to the cell pellets to lyse the cells. Cell 

lysates were used to assess phosphorylation of NF-κB by using the NF-κB p65 (Total/Phospho) 

Human InstantOne™ ELISA Kit (Catalogue number: 85-86083-11, Thermo Fisher Scientific, 

Waltham, MA, USA), as per the manufacturer’s instructions. Equal volumes of the detection 

antibody reagent and the capture antibody reagent were prepared prior to the experiment. To 

each well of the 96 well ELISA reaction plate, 50 μL of whole cell lysate, a cell lysis mix 

(negative control) made from cell lysis buffer and enhancer solution that were supplied with 

the ELISA kit, and a positive control cell lysate (supplied with the ELISA kit) were added 

individually onto the ELISA plate. The two capture antibody reagents (total-NF-κB p65 

antibody and phospho-NF-κB p65 antibody), were incubated in separate wells of the pre-coated 

plate containing sample lysates for 1 hour at room temperature, while shaking at 300rpm on an 

orbital shaker. Following this incubation, the plate was washed with 200µl of wash buffer three 

times before adding a detection reagent and allowing the plate to stand at room temperature for 

30 minutes. The reaction was terminated by addition of the stop solution (100 μL/well). The 

absorbances were read at 450 nm using a Multiskan Ascent 354 microplate reader (Thermo 

Fisher Scientific, Waltham, USA).   

3.13 Statistical analysis  

Statistical analyses were performed using SAS software, version 9.4 (SAS institute Inc., USA). 

Data are expressed as mean ± standard deviation (SD). Differences in relative miRNA 

expression, and relative mRNA expression of genes involved in inflammation, endothelial 

activation and endothelial function between cells incubated with TNF-α and the untreated 

control cells were assessed by unpaired t-test. Differences in relative miRNA expression and 

relative mRNA expression of markers of inflammation endothelial activation and endothelial 

function between groups in the glucose model were assessed using one-way analysis of 

variance (ANOVA) test followed by Tukey’s post hoc tests. Associations were assessed using 

Pearson’s correlation analyses. Target genes measured for the current study that yielded gene 



24  

  

expression levels outside the detection limits of the gene expression assays were excluded from 

those analyses. Statistical significance was considered if p < 0.05. 



25  

  

CHAPTER 4: RESULTS  
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4.1 Reference gene selection  

Using RefFinder software, as described in the methods – (section 3.9), miR-16-5p was selected 

as the most stable miRNA to be use as a reference gene as it had a lower geometric mean 

ranking value than miR-191-5p. SNU6 was excluded from all comparison as it was undetected 

in our samples despite multiple PCR runs.  

Comprehensive Gene Stability 

 

     

Figure 4.1. Selection of the most stable reference gene for miRNA PCR analysis. This 

figure represents the results generated from ΔCT values (n=12) input into Reffinder software 

that evaluates and screens reference genes from an extensive list of datasets to select the most 

stable gene from the given experimental values. SNU6 was undetected in our samples and 

therefore no comparison could be made. Data are in arbitrary units represented as mean ± SD  

4.2 Treatment with TNF-α and hyperglycaemia predisposes EA.hy926 cells to 

inflammation   

Figure 4.2A shows an increased relative mRNA expression of IL6 in cells exposed to TNF-α 

compared to controls (mean ±SD: 9.46 ± 4.88; p = 0.002). Similarly, in cells exposed to 30mM 

glucose relative mRNA expression of IL-6 was increased compared to controls (30mM glucose  

3.38 ± 091; p = 0.001), and in cells exposed to 5mM glucose (3.23 ± 1.29; p = 0.002; Figure  

4.2B). The increase in IL-6 relative mRNA expression confirmed that we were able to induce 

inflammation via exposure to TNF-α and glucose.   
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Figure 4.2. Relative mRNA expression of IL-6 in EA.hy926 cells. Cells were exposed to plain 

media for 24 hours (control, n=6) and to 10 ug/μl TNFα for 24 hours (TNF-α, n=6) (A) and 

plain media for 72 hours (control, n=5) and to 5mM glucose (n=11) or 30mM glucose (n=12) 
for 72 hours (B) before relative mRNA expression of IL-6 was measured. Data are in arbitrary 

units represented as mean ± SD. **p<0.01 vs control, ****p<0.0001 vs control.   

  

4.3 Exposure to TNF-α and hyperglycaemia increases endothelial activation in EA.hy926 

cells  

Exposure to TNF-α increased the relative mRNA expression of VCAM-1 compared to controls 

(mean ±SD: control 1.09 ± 0.50; TNFα 9.77 ± 2.65; p < 0.0001; Figure 4.3 A). Compared to 

controls (1.01 ± 0.15), exposure to 30mM glucose resulted in an increased VCAM-1 relative 

mRNA expression (7.60 ± 6.68; p = 0.03) but not in cells exposed to 5mM glucose (3.49 ± 

1.11; p = 0.66) (Figure 4.3 B). These results suggest that exposure of EA.hy926 cells to TNFα 

and hyperglycaemia results in endothelial activation.   
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Figure 4.3. Relative mRNA expression of VCAM-1 in EA.hy926 cells. Cells were exposed 

to plain media for 24 hours (control, n=5) and to 10 ug/μl TNF-α for 24 hours (TNF-α n=5) (A) 

and plain media for 72 hours (control, n = 5) and to 5mM glucose (n=6) or 30mM glucose 

(n=7) for 72 hours (B) before relative mRNA expression was measured. Data are arbitrary units 

represented as mean ± SD. **p<0.01 vs control, ****p<0.0001 vs control.  

  

4.4 Exposure to TNF-α and hyperglycaemia increases relative expression of miR-155-5p in 

EA.hy926 cells  

Exposure to TNF-α resulted in an upregulation in the relative expression of miR-155-5p (mean 

±SD: 2.72 ± 1.15) compared to control cells (1.25 ± 0.77; p = 0.04; figure 4.4A). In Figure 

4.4B, compared to control cells (1.23 ± 0.58), exposure to both 5mM (3.32 ± 0.81; p = 0.007) 

and 30 mM glucose (2.91 ± 0.73; p = 0.02) resulted in increased miR155-5p expression. These 

results suggest that exposure to either inflammation or glucose results in an upregulation of 

miR-155-5p expression in EA.hy926 endothelial cells.  
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Figure 4.4. Relative miR-155-5p expression in EA.hy926 cells. Cells were exposed to plain 

media for 24 hours (Control, n=4 and to 10 ug/μl TNF-α for 24 hours (TNF-α n=6) (A) and 

plain media for 72 hours (n = 4) and to 5mM glucose (n=3) or 30mM glucose (n=3) for 72 

hours (B) before relative miR-155-5p expression was measured. Data are arbitrary units 

represented as mean ± SD. *p<0.05 vs control.  

 

4.5 Exposure to TNF-α and hyperglycaemia on total and phosphorylated p65   

Neither total nor phosphorylated p65 expressions were affected by either TNF-α (Figure 4.5 A 

and B) or glucose exposure (Figure 4.5 C and D) (all p>0.05). There were no differences in the 

ratios of phosphorylated-to-total p65 in either TNF-α (Figure 4.5 C) or glucose exposure 

(Figure 4.5E) compared to controls (both p > 0.05).   
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Figure 4.5. Total NF-κB p65, phosphorylated NF-κB p65 and the ratio of phosphorylated 

NF-κB p65 to total p65 in EA.hy926 cells. The expression of phosphorylated NF-κB p65 and 

total p65 was measured at 24 h in cells exposed to plain media and to 10 ng/µl TNF-α (A, B 

and C) and after 72 h in cells exposed to plain media and 30mM glucose (D, E and F). Data are 

arbitrary units of absorbance (A, B, D and E) at 450nm or a ratio of phosphorylated to total p65 

(C and F) and are presented as mean ± SD. 

 

4.6 TNF-α induced inflammation increases the mRNA expression of SOD2 in EA.hy926 

cells   

Exposure to TNF-α resulted in an increased relative expression of SOD-2 (mean ± SD: 8.41 ± 

4.17) compared to controls (1.02 ± 0.23; p = 0.04; Figure 4.6). Upregulation of SOD-2 

expression suggests that there was a compensatory increase in antioxidant expression, in 

response to inflammation-induced oxidative stress.   
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Figure 4.6. Relative mRNA expression of SOD-2 in EA.hy926 cells. Cells were exposed to 

plain media for 24 hours (control, n=3) and to 10 ug/μl TNFα for 24 hours (TNFα, n=3) before 

relative mRNA expression of SOD-2 was measured. Data are arbitrary units represented as 

mean ± SD.  ***p<0.001 vs control.   

  

4.7 The effect of TNFα and hyperglycaemia exposure on eNOS mRNA expression in 

EA.hy926 cells   

Figure 4.7A shows that the relative mRNA expression of eNOS was increased in cells exposed 

to TNF-α (mean ±SD: 1.89 ± 0.51), compared to the control cells (1.08 ± 0.15, p = 0.04). Cells 

exposed to both 5mM glucose (2.91 ± 0.94; p = 0.002) and 30mM glucose (3.26 ± 0.92; p = 

0.0002) showed an increased relative mRNA expression of eNOS compared to control cells 

(1.06 ± 0.44; Figure 4.7B).   
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Figure 4.7. Relative mRNA expression of eNOS in EA.hy926 cells. Cells were exposed to 

plain media for 24 hours (control, n=9) and to 10 ug/μl TNFα for 24 hours (TNFα, n=8) (A), 

and to plain media for 72 hours (control, n=5) and to 5mM glucose (n=11) or 30mM glucose 

(n=12) for 72 hours (B) before relative mRNA expression of eNOS was measured. Data are 

arbitrary units and represented as mean ± SD. **p<0.01 vs control, ***p<0.001 vs control.  

 

4.8 Associations between markers of inflammation and endothelial function  

Table 4.1 and table 4.2 show the correlation matrices between inflammatory markers and 

endothelial function markers in the cells exposed to TNF-α and glucose, respectively. In the 

model where cells were exposed to TNF-α, IL6 expression was associated with an increased 

expression of SOD2 (r = 0.84, p = 0.03), confirming that cytokine stimulation increased 

antioxidant activity, likely in response to increased reactive oxygen species. The increased 

eNOS expression was associated with increased VCAM-1 expression (r = 0.73, p = 0.02).   

In the glucose exposed cell model, IL-6 expression was associated with increased miRNA-155-

5p expression (r = 0.76, p = 0.006). In the hyperglycemia model, eNOS expression was 

associated with IL-6 (r=0.85, p<0.0001), miR-155-5p (r=0.66, p=0.02) and with VCAM-1 

(r=0.75, p=0.0001) expression. miRNA 155-5p expression was associated with IL6 expression 

(r=0.76, p=0.006), whereas IL6 expression was associated with VCAM-1 (r=0.48, p=0.03) 

expression, suggesting that miR-155-5p may play a role in mediating the association between 

oxidative stress-induced inflammation and endothelial activation.   
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Table 4.1. Pearsons correlation coefficients showing associations between inflammatory 

markers and markers of endothelial function in EA.hy926 cells exposed to plain media or TNFα  

 

    
miR-155-5p  SOD-2  eNOS  VCAM-1  

IL-6  r  0.30  0.84  -0.005  0.66  

  p  0.36  0.03  0.99  0.22  

  
n  11  6  9  5  

miR-155-5p  r    0.16  -0.35  0.29  

  p  
  0.77  0.35  0.64  

  
n  

  
6  9  5  

SOD-2  r      0.19  0.12  

  p  
    0.71  0.92  

  
n  

    
6  3  

eNOS  r        0.73  

  p  
      0.02  

  
n  

      
10  

Statistical significance was considered if p < 0.05. Significant values are shown in bold.  
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Table 4.2. Pearsons correlation coefficients showing associations between inflammatory 

markers and markers of endothelial function in EA.hy926 cells exposed to plain media or 

glucose  

    

  miR-155-5p  eNOS  VCAM-1  

IL-6  

  

r  0.76  0.85  0.48  

  
p  0.006  <.001  0.03  

 n  11  

  

28  20  

miR-155-5p  

  

r  

  

0.66  0.28  

  
p  

  
0.02  0.46  

 n  

  

11  

  

9  

eNOS  

  

r  

    

0.75  

  
p  

    
0.0001  

 n    20  

Statistical significance was considered if p < 0.05. Significant values are shown in bold. 
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CHAPTER 5: DISCUSSION  
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It is widely accepted that DM is associated with an increased risk for CVD, particularly due to 

atherosclerotic coronary artery disease (Aronson & Edelman, 2014). In the present study, we 

investigated whether EA.hy926 cell exposure to hyperglycaemia induced oxidative stress and 

endothelial activation, to a similar extent as in TNF-α-induced inflammation. This study further 

set out to determine whether hyperglycaemia-induced inflammation was associated with 

changes in miRNA-155-5p expression.   

The main findings of this study were that in vitro exposure of endothelial cells to 

hyperglycaemia induced significant oxidative stress, as evidenced by increased relative eNOS 

mRNA expression. The oxidative stress associated with hyperglycaemia further resulted in 

significant inflammation, as shown by an increase in relative IL-6 mRNA expression. At high 

glucose concentrations (30 mM) but not low glucose concentrations (5 mM), inflammation-

induced endothelial activation was present, as indicated by significant increases in VCAM-1 

mRNA expression. Moreover, miR-155-5p was significantly upregulated in cells exposed to 

high glucose concentrations, whereby relative miR-155-5p expression was associated with 

markers of oxidative stress and inflammation. The findings from this study confirm previous 

reports that hyperglycaemia-induced oxidative stress and inflammation result in endothelial 

activation (Meza et al., 2019; Zhang et al., 2021). The present study further implicates miR-

155-5p in the development of oxidative stress and inflammation-induced endothelial activation, 

and sheds light on the potential of miRNA-155-5p for use as a biomarker of oxidative stress 

and early endothelial activation.   

5.1 Reference gene selection   

The selection of an appropriate normalization method is fundamental in the analysis of relative 

miRNA expression RT-PCR data. An effective technique for standardizing samples involves 

concurrently measuring endogenous reference genes. This approach efficiently compensates 

for variations arising from pre-PCR and PCR processing steps (Vandesompele et al., 2002). In 

the past, studies have made use of SNU6 or RNU6 as endogenous controls, particularly for 

miRNA profiles measured in the plasma as potential diagnostic markers for the detection cancer 

(Adam et al., 2013; Chen et al., 2012; Tsujiura et al., 2010). However, in recent years multiple 

studies have shown that these genes are not as stably expressed as initially reported, and may 

therefore, not be suitable for use as reference genes (Lim et al., 2011; Schwarzenbach et al., 

2015; Xiang et al., 2014). SNU6 and RNU6 do not reflect the biological nature of miRNAs in 

terms of their transcription, posttranscriptional processing and expression profiles, therefore, 
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they might respond differently during extraction, reverse transcription PCR and comparative 

PCR amplification steps (Schwarzenbach et al., 2015; Serafin et al., 2014). However, in 

biological systems, no endogenous reference genes are consistently expressed at a steady level 

across different tissues (De Spiegelaere et al., 2015). The stability of a reference gene can also 

fluctuate within a cell type under different conditions (Ceelen et al., 2011). Therefore, the most 

effective strategy for normalizing raw RT-PCR data is to initially evaluate a group of reference 

genes that are independently regulated, to identify the most stable ones in each specific 

experiment or biological context (De Spiegelaere et al., 2015). A normalization factor is 

calculated using the geometric mean of the most stable reference genes from the subset of stably 

expressed genes (Ceelen et al., 2011; De Spiegelaere et al., 2015).  Based on the results from 

the present study, miR-16-5p was selected as the most stable miRNA to be use as a reference 

gene, as it had a lower geometric mean ranking value than miR-191-5p and it showed the 

smallest within sample deviation.   

5.2 Inflammation status in cells exposed to TNF-α and glucose  

In the present study, relative IL-6 mRNA expression was upregulated in response to TNF-α and 

glucose exposure, indicating that both interventions induced an inflammatory response. IL-6 

production at the site of inflammation plays a critical role in the acute phase response and 

mediates the transition from acute to chronic inflammation (Gabay, 2006).  These results are in 

agreement with previous in vitro studies where exposure to TNF-α significantly increased the 

expression of IL-6 in HUVECs (Zhou et al., 2017) and human urothelial cells (Wang & 

Bjorling, 2011). TNF-α induces inflammation through the NF-κB pathway. TNF-α activates 

NF-κB canonical pathway resulting in a proinflammatory state that causes oxidative stress and 

endothelial activation (Liu et al.,2017; Evans et al., 2002; Mussbacher et al., 2019). 

In our model, exposure of EA.hy926 to glucose concentrations of 5mM and 30mM resulted in 

significant increases in relative IL-6 mRNA expression. Our findings are consistent with 

previous studies reporting an association between hyperglycaemia and inflammation both in 

vivo (Ye et al., 2022) and in vitro models (Zhang et al., 2021).   

Interestingly, even moderate glucose levels (5mM) induced a significant increase in IL-6 gene 

expression compared to control cells, suggesting that glucose may be a potent inducer of 

inflammation, even at low to moderate concentrations.  The mechanisms whereby glucose 

drives inflammatory responses are currently under investigation. However, one primary 

mechanism suggested to be involved in hyperglycaemia-induced inflammation, is excessive 
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oxidative stress. Prolonged exposure to high levels of glucose increases the production of ROS 

to a level that surpasses the capacity of cellular antioxidants to neutralize ROS, this causes 

oxidative stress that leads to inflammation (Bae et al., 2011; Ray et al., 2012). These two 

different models of inflammation have different mechanisms of action that the subsequent 

results will address further. 

5.3 TNF-α induced inflammation increases the expression of antioxidants  

In the present study, cells exposed to TNF-α demonstrated an increase in the relative mRNA 

expression of SOD-2, a gene that codes for superoxide dismutase 2, an antioxidant enzyme that 

protects cells from the harmful effects of oxidative stress by scavenging ROS. This result 

suggests that there is an increase in intracellular superoxide ions which may be driven by 

NFκB-induced activation of NADPH oxidases (Wu et al., 2021). Our findings confirm that 

exposure to inflammatory cytokines, such as TNF-α, induced oxidative stress, whereby a 

greater requirement for antioxidant measures were necessitated. Indeed, increased SOD-2 

expression has consistently been reported in inflammatory disorders (Li & Zhou, 2011). 

Although in the present study, we did not measure SOD-2 mRNA expression in the glucose 

treated cells, it is well accepted that states of oxidative stress, including diabetes 

(GómezMarcos et al., 2016), coronary artery disease (Peng et al., 2016) and hypertension 

(GómezMarcos et al., 2016) antioxidant gene expression is increased.    

Indeed, inflammation and oxidative stress are interrelated processes that augment each other. 

While oxidative stress can activate immune cells to elicit an inflammatory response, 

inflammatory cytokines also generate ROS, to result in a positive feedback cycle, eventually 

causing endothelial injury (Chanda et al., 2023). Nevertheless, what are the effects of the 

increased oxidative stress in these cells?  In this regard, oxidative stress leads to endothelial 

dysfunction due to decreased NO bioavailability, an increase in inflammation and leukocyte 

adhesion as well as damage to the mitochondria (Scioli et al., 2020), which will be elaborated 

on below. 

5.4 Endothelial function in response to exposure to TNF-α and glucose  

Several studies have reported that in response to increased oxidative stress induced by 

hyperglycaemia, the production of eNOS is reduced, which limits the production and 

bioavailability of NO (An et al., 2023; Meza et al., 2019). In contrast, in the present study, the 

relative eNOS mRNA expression was significantly increased in cells exposed to moderate and 
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high concentrations of glucose compared to the control cells. Similar findings have been 

reported in human glomerular endothelial cells, where eNOS expression increased in parallel 

with increased free radical production (Cosentino et al., 1997) and in human glomerular 

endothelial cells where eNOS expression increased despite reduced NO bioavailability 

(Hoshiyama et al., 2004).  

It is widely accepted that eNOS is the major producer of NO, which is a critical vasoprotective 

molecule in the healthy vasculature (Kemp-Harper et al., 2021). Besides the vasodilatory 

function of NO through NO•-sGC/cGMP signalling, NO also potently inhibits platelet 

aggregation and leukocyte adhesion (Förstermann & Münzel, 2006). However, in states of 

oxidative stress, there is excess production of superoxide, which reacts with NO to form 

peroxynitrite, whereby vascular protection is lost. Over time, the enzymology of eNOS is 

disturbed, whereby eNOS begins to produce superoxide itself, instead of NO (Łuczak et al., 

2020). This process whereby the bioavailability of NO is reduced, despite increased eNOS 

production is referred to as eNOS uncoupling (Łuczak et al., 2020).  

Multiple sources of oxidative stress exist in hyperglycaemia associated with diabetes, including 

enzymatic, non-enzymatic and mitochondrial pathways (Johansen et al., 2005). Nonenzymatic 

sources of oxidative stress in hyperglycaemia include direct production of ROS by autoxidation 

of glucose to produce hydroxyl free radicals (•OH) (Turko et al., 2001). Enzymatic sources of 

augmented generation of reactive species in diabetes include NOS, NAD(P)H oxidase and 

xanthine oxidase (Ceriello et al., 2001; Guzik et al., 2000; Guzik et al., 2002). The 

mitochondrial respiratory chain also produces ROS when electrons are transferred between 

electron carriers during ATP production (Green et al., 2004). Under normal, conditions, O•
2- is 

immediately eliminated by natural antioxidant mechanisms, such as SOD-2.  

When antioxidant mechanisms are diminished, increased hydrogen peroxide (H2O2) 

concentrations upregulate the expression of uncoupled eNOS through transcriptional and 

posttranscriptional mechanisms (Cai, 2005).  Accelerated degradation of the remaining NO 

occurs through a reaction with superoxide to produce peroxynitrite (ONOO), which uncouples 

additional eNOS enzymes in a vicious cycle (Förstermann et al., 2006). Cardiovascular risk 

factors, including inflammation and diabetes, are therefore associated with decreased NO 

bioavailability and a simultaneous increase in uncoupled eNOS expression (Li et al., 2002). 

These reported mechanisms are consistent with our findings where eNOS expression was 

increased in cells exposed to TNF-α and glucose.  
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Interestingly, in the present study, exposure to moderate glucose concentrations resulted in 

similar degrees of eNOS uncoupling and upregulation, compared to high glucose 

concentrations. This indicates that hyperglycaemia exerts potent destabilizing effects on eNOS. 

Hyperglycaemia exerts damaging effects on the endothelium, as glucose exists in equilibrium 

with its enediol, which can spontaneously undergo auto-oxidation to produce superoxide 

radicals (Khan et al., 2012). These radicals need to be rapidly scavenged by endothelial 

antioxidant mechanisms, including NO. However, hyperglycaemia also reduces NO 

availability by inhibiting synthesis of the eNOS cofactor tetrahydrobiopterin (BH4) (Xu et al., 

2007), leading to impaired endothelium-dependent vasodilation (Heitzer et al. 2000; Okon et 

al. 2005). Pronounced eNOS uncoupling, in conjunction with glucose scavenging of NO (Funk 

et al., 2012), results in pronounced endothelial dysfunction in states of hyperglycaemia 

(Brodsky et al., 2001). This endothelial dysfunction indicates a loss in NO responsiveness, 

termed NO resistance, commonly reported in diabetic mellitus (Kemp-Harper et al., 2021). 

These reports are consistent with our findings where eNOS uncoupling occurred to a greater 

extent in cells exposed to hyperglycaemia, compared to cells exposed to inflammation. 

Nevertheless, cells exposed to TNF-α still displayed a degree of oxidative stress and eNOS 

uncoupling. As previously described, proinflammatory cytokines increase oxidative stress, 

eNOS uncoupling and decrease NO bioavailability (Łuczak et al., 2020; Förstermann & Li, 

2011).   

Taken together, the relative mRNA expression of eNOS was significantly increased in cells 

exposed to both the 5mM and the 30mM glucose compared to the control cells. Glucose is an 

essential energy source, but at increased levels exerts deleterious effects on vascular function.  

In the present study, the upregulated eNOS expression that was seen in response to high glucose 

levels suggests that there might be a compensatory mechanism to improve free radical 

scavenging, in response to oxidative stress associated with glucose metabolism.   

5.5 Endothelial activation in cells exposed to TNF-α and glucose    

In the present study, EA.hy926 cells exposed to TNF-α demonstrated an increased mean relative 

mRNA expression of VCAM-1 compared to the control group, indicating endothelial activation. 

This finding is supported by a HUVEC cell culture study where TNF-a induced  

VCAM-1 upregulation was attenuated by TNF-a receptor blockade (Sawa et al., 2007).  

Another study also showed that in human cardiac fibroblasts incubated with different 

concentrations of TNF-α, VCAM-1 expression increased in a dose- and time-dependent manner 



41  

  

(Lin et al., 2015). In this context, VCAM-1 plays a role in immune cell recruitment, adhesion 

and trans-endothelial migration following an inflammatory response (Hannoodee & 

Nasuruddin, 2023). VCAM-1 is consistently upregulated during inflammation (Hannoodee & 

Nasuruddin, 2023). Therefore, it is widely accepted that, TNF-α induced inflammation leads to 

endothelial activation, as evidenced by upregulated VCAM-1 expression.  

In the present study, exposure of EA.hy926 cells to glucose concentrations of 30mM glucose, 

but not 5mM glucose resulted in increased relative mRNA expression of VCAM-1 compared to 

the control group. Similar findings were reported by a study that utilized HUVECs obtained 

from women with gestational diabetes and exposed the cells to hyperglycaemia and found that 

VCAM- 1 expression was upregulated, and this led to an increase in the adhesion of monocytes 

to the endothelium (Zhang et al., 2021). Another study found that human endothelial cells 

exposed to sera from type 1 diabetic patients had a much higher expression of VCAM-1 than 

those expose to sera from non-diabetic patients, as well as an increased cellular response to the 

inflammatory TNF-α (Rasmussen et al., 2002). Another study using human diabetic endothelial 

cells showed that exposure of the cells to hyperglycaemia increased VCAM-1’s expression, 

which was not seen in the non-diabetic endothelial cell controls (Haubner et al., 2007).   

In the present study, the differential response in VCAM-1 expression following exposure to 

moderate versus high glucose concentrations was notable. We speculate that, while acute 

exposure to glucose causes oxidative stress and reductions in NO availability, compensatory 

antioxidant mechanisms are still present to prevent endothelial activation. Only once the 

antioxidant capacity of the endothelial cell is exceeded, will an inflammatory response be 

elicited that will upregulate VCAM-1 expression. Previous studies have also supported the 

notion that the degree of inflammation present determines the pro-adhesive effect of glucose 

on the vasculature (Azcutia et al., 2010). While NO serves a vital anti-adhesive role within the 

vasculature (Li & Förstermann, 2000), upregulation of cellular adhesive molecules remain the 

key determinants of endothelial activation. Alternatively, it may be that the exposure time of 

72h in the low glucose concentrations may have been insufficient to sufficiently activate the 

cascade of events leading to upregulation of adhesion molecules.  

In the present study, we found that VCAM-1 expression was directly related to eNOS and IL-6, 

indicating that the oxidative stress present was likely only sufficiently high to elicit an 

inflammatory response upon exposure to high glucose concentrations. This finding from the 

present study may have some significance for understanding the relationship between 
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hyperglycaemia, as seen in diabetes, and endothelial dysfunction, which is one of the earliest 

predictors of the development of CVD.  

5.6 MiR-155-5p expression after exposure to TNF-α and glucose. A potential biomarker?  

The relative expression of miR-155-5p was significantly upregulated compared to control cells 

after exposure to TNF-α. These results are in line with previous reports that suggested miR155-

5p is involved in endothelial inflammation. In this regard, a previous study in human aortic 

smooth muscle cells exposed to TNF-α reported that miR-155-5p biogenesis was increased 

(Choi et al., 2018). Similarly, a previous study from our laboratory using the collagen induced 

arthritis model in rats, that induces inflammation, found that miR-155-5p was upregulated 

compared to controls (Gunter et al., 2022). Another study that used rheumatoid synoviocytes 

(RASFs) isolated from synovial tissue obtained from RA patients, found that when these 

RASFs were exposed to TNF-α they showed a higher expression of miR-155-5p compared to 

the untreated RASFs (Migita et al., 2017). In the current study, TNF-α’s ability to upregulate 

miR-155-5p expression suggests that miR-155-5p may play a role in the endothelial response 

to inflammation and that its upregulation might affect the expression of other genes involved 

in inflammation and immune function in the endothelium. Nevertheless, we showed no 

significant association between miR-155-5p expression and the expression of endothelial 

function markers. The lack of association may be as a result of a low sample number. 

Alternatively, it may suggest that the upregulation miR-155-5p of in inflammation-induced 

endothelial dysfunction may contribute to endothelial activation via other mechanisms. The 

exact role of miR-155-5p in the development of endothelial activation in inflammatory 

conditions should be investigated further.   

Exposure of cells to both 5mM and 30mM concentrations of glucose resulted in an upregulation 

of miR-155-5p expression compared to the control group. This finding suggests that miR-1555p 

may play a role in the cellular response to hyperglycaemia. Similar to our finding, it has been 

reported that in cultured podocytes and in the serum and kidney tissue of mice with diabetic 

nephropathy, there was increased expression of miRNA-155 which was accompanied by 

increased levels of inflammatory molecules (Wang et al., 2021). Another study showed that 

miR-155 expression was upregulated in endothelial progenitor cells (EPCs) from patients with 

diabetic foot ulcer compared to normal controls (Gao et al., 2018). In the aforementioned study, 

the authors also showed that miR-155-5p was upregulated in EPCs from healthy people that 

were exposed to high glucose concentrations (Gao et al., 2018). In contrast, a clinical study 



43  

  

found that miR-155-5p expression in patients with DM was lower than in normal control 

patients (Xu et al., 2022). In the context of the current study, elevated glucose levels resulted 

in increased markers of inflammation and endothelial function and integrity. In the glucose 

treated cells, the positive correlations between eNOS and IL-6, miRNA 155-5p, and VCAM-1 

suggest a complex interaction.  In this regard, the positive correlation between IL-6, eNOS and 

miR-155-5p expression suggests that exposure to high glucose levels may lead to ROS-induced 

endothelial dysfunction and ultimately increased inflammatory cytokine production. Elevated 

eNOS expression, usually associated with endothelial function, is linked to higher levels of 

endothelial activation (VCAM-1) and inflammation (IL-6) as well as the higher levels of 

miR155-5p. This suggests that the oxidative stress experienced by the endothelial cells causes 

an inflammatory response, which leads to endothelial activation. In addition, the significant 

associations noted also implicated miR-155-5p in the development of oxidative stress and 

inflammation-induced endothelial activation.  Therefore, this miRNA may be involved in the 

regulation of genes associated with endothelial and vascular function in hyperglycaemia.   

5.7. Potential modulation of NF-κB p65 expression by miR-155-5p in EA.hy9.26 cells 

exposed to TNF-α and glucose  

The expression of both total p65 and phosphorylated p65 were not affected by either TNF-α or 

glucose exposure in the present study. There were also no differences in the ratios of 

phosphorylated-to-total p65 in either TNF-α or glucose models. This indicates that in the 

EA.hy926 cell line TNF-α and glucose exposure did not cause a change in p65 protein 

expression, under these particular experimental conditions. Furthermore, the phosphorylation 

status that indicates activation of the p65 protein remained unchanged after exposure to TNFα 

or glucose. The p65 protein is one of the subunits of the transcription factor NF-κB which is 

known to play a role in the inflammatory responses in cells (Israel, 2010).   

These results are in contrast to previous results. Indeed, it is well documented that 

proinflammatory cytokines such as TNF-α trigger signalling cascades that result in the 

activation of the NF-κB pathway (O’Brien et al., 2018). This usually involves the activation of 

various kinases via phosphorylation as well as the recruitment of various proteins (Karin & 

Delhase, 2000). In contrast to the findings of the present study, several studies have shown that 

NF-κB upregulation is central to the progression of the inflammatory response and that it is 

activated by various ligands that include TNF-α (Acar et al., 2018; Liu et al., 2017; Moe et al., 

2014).   
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Similarly, hyperglycaemia has been implicated in the activation of NF-κB. During prolonged 

periods of hyperglycaemia such as in diabetes, a non-enzymatic process known as glycation 

occurs in which glucose forms covalent links with plasma proteins (Singh et al., 2014). 

Advanced glycation end products (AGE)-modified proteins can affect a variety of cells and 

tissues (Giacco & Brownlee, 2010). It has been found that the AGE receptor (RAGE) mediates 

signal transduction via the production of ROS and NF-κB activation (Giacco & Brownlee, 

2010). A study found that in streptozotocin-induced diabetic RAGE/apoE deficient mice, there 

was a reduction in the atherosclerotic plaque area and this was associated with a decrease in 

the diabetes-associated expression of NF-κB p65 subunit (Soro-Paavonen et al., 2008). This 

suggests that RAGE may trigger the activation and upregulated expression of NF-κB. 

Additionally, under hyperglycaemic conditions there is increased production of ROS that leads 

to oxidative stress and activates the NF-κB signalling pathways (Ighodaro, 2018; Pueyo et al., 

2000). These findings are in contrast to the present studystudy in which there was no change in 

NF-κB p65 expression after exposure to glucose.  

One possible mechanism that may explain the results in our current study suggests that upon 

its upregulation, miR-155-5p may target the proteins of the IκB kinase (IKK) complex, IKKα 

and IKKβ, preventing their phosphorylation and hence the release and translocation of the 

active NF-κB (Costinean et al., 2006; Ma et al., 2011). Alternatively, in the present study, most 

markers were measured by miRNA expression using PCR, while p65 expression was measure 

by ELISA. The ELISA kit used to measure the ratio of total to phosphorylated p65 had a 

detection range of 0.001 to 100ng/ml. In this regard, the low abundance and yield of 

phosphorylated p65 in the cell lysate may likely be below the detection limit of the ELISA kit.  

Therefore, preparing more concentrated cell lysates may address this in future studies.   

Taken together, in the present study the effects of inflammation and hyperglycaemia on the 

activation of the NF-κB pathway are inconclusive. Further investigations are needed to 

determine the exact role of increased expression of miR-155-5p on the regulation of the NF-

κB pathway and its role the development of endothelial function.   

5.8 Limitations  

The use of mRNA expression analysis might not fully represent the levels of the markers 

measured in this study as some markers undergo changes post transcriptionally and post 

translationally. Future studies should include protein expression to improve the interpretability 

of the mRNA expression data.  
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With both the miRNAs and NF-κB it might have been useful to measure protein expressions of 

downstream adaptor proteins and those involved in downstream signalling to strengthen our 

interpretations.  

The EA.hy926 cell line used is an immortalized cell line and may have an altered cellular 

physiology, therefore, this might give a less accurate indication of the endothelial response to 

these stimuli. Use of the immortalized cell line rather than primary HUVECs could potentially 

result in muted expression profiles in response to stimuli within the EA.hy926 cells, compared 

to HUVECs, likely due to varying levels of stress tolerance between the two cell types (Uruski 

et al., 2021). It is also important to note that these findings are based on in vitro experiments 

using EA.hy926 cells and they provide valuable insights into cellular responses. However, two-

dimensional cell culture models are limited, and hence any translation to in vivo human 

physiology is challenging and would require further animal studies and clinical studies.   

5.9 Conclusions  

The findings of this study provide some insights and input into development of a cell model to 

study inflammation and vascular function. We investigated the effects of TNF-α and glucose 

exposure on EA.hy926 cells. We found that miR-155-5p expression was upregulated in 

EA.hy926 cells exposed to TNF-α and glucose. MiR-155-5p was also linked to IL-6 expression 

in the glucose model suggesting a potential role for this miRNA in the inflammatory process 

caused by high glucose. We showed that IL-6, SOD-2, VCAM-1 and eNOS expressions were 

upregulated in EA.hy926 cells exposed to TNF-α. Similarly, we showed IL-6, VCAM-1 and 

eNOS expressions were upregulated in EA.hy926 cells exposed to glucose. The role of the NF-

κB pathway in endothelial dysfunction in hyperglycaemia and inflammation in and the 

regulation of this pathway by miR-155-5p were inconclusive.  

This study confirms previous reports of inflammation and hyperglycaemia induced endothelial 

dysfunction. However, our results suggest that the mechanisms whereby endothelial activation 

develop in these conditions may be different. Moreover, our results suggest that miR-155-5p 

may play a significant role in driving endothelial dysfunction in these conditions, however, the 

exact mechanisms require further investigation.  Future studies should investigate the link 

between miR-155-5p and IL-6 as well as other downstream targets through miR-155-5p 

knockdown or overexpression to further elucidate its role. Additionally, while we did not 

observe significant changes in relative expression of NF-κB p65, it might be important to 
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further investigate the NF-κB pathway's role in inflammation and endothelial dysfunction by 

modifying experimental conditions or exploring crosstalk with other signalling pathways.    



47  

  

 

REFERENCES  

Acar, L., Atalan, N., Karagedik, E.H., & Ergen, A. (2018). Tumour Necrosis Factor-alpha and 

Nuclear Factor-kappa B Gene Variants in Sepsis. Balkan Medical Journal 35, 30–35. 

https://doi.org/10.4274/balkanmedj.2017.0246  

Adam, L., Wszolek, M.F., Liu, C.G., Jing, W., Diao, L., Zien, A. (2013). Plasma microRNA 

profiles for bladder cancer detection. Urol Oncol. 31, 1701-8. doi: 

10.1016/j.urolonc.2012.06.010. 

Ahn, K., Pan, S., Beningo, K., & Hupe, D. (1995). A permanent human cell line (EA.hy926) 

preserves the characteristics of endothelin converting enzyme from primary human 

umbilical vein endothelial cells. Life Sciences 56, 2331–2341. 

https://doi.org/10.1016/0024-3205(95)00227-w  

Aletaha, D., & Smolen, J.S. (2018). Diagnosis and Management of Rheumatoid Arthritis: A 

Review. JAMA 320, 1360–1372. https://doi.org/10.1001/jama.2018.13103  

An, Y., Xu, Bt., Wan, Sr., Ma, Xm., Long, Y., Xu, Y et al. (2023). The role of oxidative stress 

in diabetes mellitus-induced vascular endothelial dysfunction. Cardiovasc Diabetol 22, 

237. https://doi.org/10.1186/s12933-023-01965-7   

Aronson, D., & Edelman E.R. (2014). Coronary artery disease and diabetes mellitus. Cardiol 

Clin. 32, 439-455. https://doi:10.1016/j.ccl.2014.04.001 

Azcutia, V., Abu-Taha, M., Romacho, T., Vázquez-Bella, M., Matesanz, N., Luscinskas, F.W., 

Rodríguez-Mañas, L., Sanz, M.J., Sánchez-Ferrer, C.F, Peiró, C. (2010). Inflammation 

determines the pro-adhesive properties of high extracellular d-glucose in human 

endothelial cells in vitro and rat microvessels in vivo. PLoS One 5, e10091. doi:  

10.1371/journal.pone.0010091  

Bae, Y.S., Oh, H., Rhee, S.G., & Yoo, Y. Do. (2011). Regulation of reactive oxygen species 

generation in cell signaling. Molecules and Cells 32, 491–509. 

https://doi.org/10.1007/s10059-011-0276-3  

Bai, X., Luo, Q., Tan, K., & Guo, L. (2020). Diagnostic value of VDBP and miR-155-5p in 

diabetic nephropathy and the correlation with urinary microalbumin. Experimental and 

Therapeutic Medicine 20, 86. https://doi.org/10.3892/etm.2020.9214  

Bonetti, P.O., Lerman, L.O., & Lerman, A. (2003). Endothelial dysfunction: a marker of 

atherosclerotic risk. Arteriosclerosis, Thrombosis, and Vascular Biology 23, 168–175. 

https://doi.org/10.1161/01.atv.0000051384.43104.fc  

Brodsky, S.V, Morrishow, A.M., Dharia, N., Gross, S.S., & Goligorsky, M.S. (2001). Glucose 

scavenging of nitric oxide. American Journal of Physiology. Renal Physiology, 280(3), 

F480-6. https://doi.org/10.1152/ajprenal.2001.280.3.F480  

https://doi.org/10.4274/balkanmedj.2017.0246
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1161/01.atv.0000051384.43104.fc
https://doi.org/10.1161/01.atv.0000051384.43104.fc


48  

  

Cai, H. (2005). Hydrogen peroxide regulation of endothelial function: origins, mechanisms, 

and  consequences. Cardiovascular  Research  68,  26–36. 

https://doi.org/10.1016/j.cardiores.2005.06.021  

Camici, G.G., Savarese, G., Akhmedov, A., & Lüscher, T.F. (2015). Molecular mechanism of 

endothelial and vascular aging: Implications for cardiovascular disease. In European Heart 

Journal 36, 3392–3403. https://doi.org/10.1093/eurheartj/ehv587  

Carnevale, D., Pallante, F., Fardella, V., Fardella, S., Iacobucci, R., Federici, M., Cifelli, G., De 

Lucia, M., & Lembo, G. (2014). The angiogenic factor PlGF mediates a neuroimmune 

interaction in the spleen to allow the onset of hypertension. Immunity 41, 737–752.  

https://doi.org/10.1016/j.immuni.2014.11.002  

Cau, S., Evora, P. R. B., & Tostes, R. (2018). Vasoconstrictor Substances Produced by the  

Endothelium. In Endothelium and Cardiovascular Diseases: Vascular Biology and Clinical 

Syndromes 9,115–125. https://doi.org/10.1016/B978-0-12-812348-5.00009-X  

Cecelja, M., & Chowienczyk, P. (2012). Role of arterial stiffness in cardiovascular disease. 

JRSM Cardiovascular Disease 1, 1–10. https://doi.org/10.1258/cvd.2012.012016  

Ceelen, L., De Spiegelaere, W., David, M., De Craene, J., Vinken, M., Vanhaecke, T., et al.  

(2011). Critical selection of reliable reference genes for gene expression study in the  

HepaRG  cell  line.  Biochemical  Pharmacology  81,  1255–1261. 

https://doi.org/10.1016/j.bcp.2011.03.004  

Ceriello, A., Mercuri, F., Quagliaro, L., Assaloni, R., Motz, E., Tonutti, L., & Taboga, C.  

(2001). Detection of nitrotyrosine in the diabetic plasma: evidence of oxidative stress. 

Diabetologia 44, 834–838. https://doi.org/10.1007/s001250100529  

Chamorro-Jorganes, A., Araldi, E., Penalva, L. O. F., Sandhu, D., Fernández-Hernando, C., & 

Suárez, Y. (2011). MicroRNA-16 and microRNA-424 regulate cell-autonomous 

angiogenic functions in endothelial cells via targeting vascular endothelial growth factor 

receptor-2 and fibroblast growth factor receptor-1. Arteriosclerosis, Thrombosis, and 

Vascular Biology 31, 2595–2606. https://doi.org/10.1161/ATVBAHA.111.236521  

Chanda, D., Ha, H., & Lee, I.K. (2023). Editorial: The role of oxidative stress and systemic 

inflammation in diabetes and chronic kidney disease. In Frontiers in Endocrinology 14. 

https://www.frontiersin.org/articles/10.3389/fendo.2023.1272525  

Chen, W., Druhan, L.J., Chen, C.A., Hemann, C., Chen, Y.R., Berka, V., Tsai, A.L., & Zweier, 

J.L. (2010). Peroxynitrite Induces Destruction of the Tetrahydrobiopterin and Heme in 

Endothelial Nitric Oxide Synthase: Transition from Reversible to Irreversible Enzyme 

Inhibition. Biochemistry 49, 3129–3137. https://doi.org/10.1021/bi9016632  

Chen, Z.H., Zhang, G.L., Li, H.R., Luo, J.D., Li, Z.X., Chen, G.M. et al. (2012), A panel of five 

circulating microRNAs as potential biomarkers for prostate cancer. Prostate, 72, 1443-

1452. https://doi.org/10.1002/pros.22495 

Choi, S., Park, M., Kim, J., Park, W., Kim, S., Lee, D.K., et al. (2018). TNF-α elicits phenotypic 

and functional alterations of vascular smooth muscle cells by miR-155-5p– dependent 



49  

  

down-regulation of cGMP-dependent kinase 1. Journal of Biological Chemistry 293, 

14812–14822. https://doi.org/https://doi.org/10.1074/jbc.RA118.004220  

Choudhury, M., & Devagourou, V. (2017). Biomarkers of Atherosclerosis: Is the Evaluation 

Essential Preoperatively? Clinics in Surgery 2, 1657. http://clinicsinsurgery.com/  

Claesson-Welsh, L., Dejana, E., & McDonald, D.M. (2021). Permeability of the Endothelial  

Barrier: Identifying and Reconciling Controversies. Trends in Molecular Medicine 27, 

314–331. https://doi.org/10.1016/j.molmed.2020.11.006  

Clapp, B. R., Hingorani, A. D., Kharbanda, R. K., Mohamed-Ali, V., Stephens, J. W., Vallance, 

P., & MacAllister, R. J. (2004). Inflammation-induced endothelial dysfunction involves 

reduced nitric oxide bioavailability and increased oxidant stress. Cardiovascular Research 

64, 172–178. https://doi.org/10.1016/j.cardiores.2004.06.020  

Constans, J., & Conri, C. (2006). Circulating markers of endothelial function in cardiovascular 

disease. In Clinica Chimica Acta 368, 33–47. https://doi.org/10.1016/j.cca.2005.12.030 

Cosentino, F., Hishikawa, K., Katusic, Z. S., & Lüscher, T. F. (1997). High Glucose 

Increases Nitric Oxide Synthase Expression and Superoxide Anion Generation in Human 

Aortic Endothelial Cells. Circulation 96, 25–28. https://doi.org/10.1161/01.CIR.96.1.25  

Costinean, S., Zanesi, N., Pekarsky, Y., Tili, E., Volinia, S., Heerema, N., et al. (2006). Pre-B 

cell proliferation and lymphoblastic leukemia/high-grade lymphoma in Eμ-miR155 

transgenic mice. Proceedings of the National Academy of Sciences 103, 7024–7029.  

https://doi.org/10.1073/pnas.0602266103  

Daiber, A., Xia, N., Steven, S., Oelze, M., Hanf, A., Kröller-Schön, S., Münzel, T., & Li, H. 

(2019). New therapeutic implications of endothelial nitric oxide synthase (eNOS) 

function/dysfunction in cardiovascular disease. In International Journal of Molecular 

Sciences 20, 187. https://doi.org/10.3390/ijms20010187  

De Spiegelaere, W., Dern-Wieloch, J., Weigel, R., Schumacher, V., Schorle, H., Nettersheim, 

D., Bergmann, M., Brehm, R., Kliesch, S., Vandekerckhove, L., & Fink, C. (2015).  

Reference gene validation for RT-qPCR, a note on different available software packages. 

PLoS ONE 10, e0122515. https://doi.org/10.1371/journal.pone.0122515  

Deanfield, J.E., Halcox, J.P., & Rabelink, T.J. (2007). Endothelial function and dysfunction:  

 Testing  and  clinical  relevance.  In  Circulation  115,  1285–1295.  

https://doi.org/10.1161/CIRCULATIONAHA.106.652859  

DeGoma, E.M., Knowles, J.W., Angeli, F., Budoff, M.J., & Rader, D.J. (2012). The evolution 

and refinement of traditional risk factors for cardiovascular disease. In Cardiology in 

Review 20, 118–129. https://doi.org/10.1097/CRD.0b013e318239b924  

Denli, A.M., Tops, B.B.J., Plasterk, R.H.A., Ketting, R.F., & Hannon, G.J. (2004). Processing 

of primary microRNAs by the Microprocessor complex. Nature 432, 231–235. 

https://doi.org/10.1038/nature03049  

Dos Santos, V. P., Pozzan, G., Castelli Júnior, V., & Caffaro, R. A. (2021). Arteriosclerosis, 

atherosclerosis, arteriolosclerosis, and monckeberg medial calcific sclerosis: What is the 

https://doi.org/10.1161/01.CIR.96.1.25
https://doi.org/10.1161/01.CIR.96.1.25
https://doi.org/10.1097/CRD.0b013e318239b924
https://doi.org/10.1097/CRD.0b013e318239b924
https://doi.org/10.1038/nature03049
https://doi.org/10.1038/nature03049


50  

  

difference? In Jornal Vascular Brasileiro 20, e20200211. 

https://doi.org/10.1590/16775449.200211  

Duś, D., Paprocka, M., & Kieda, C. (2003). Endothelial adhesion molecules contribution to 

leukocyte recruitment into inflamed tissues. Central-European Journal of Immunology 28, 

23–28.  

Einarson, T.R., Acs, A., Ludwig, C., & Panton, U.H. (2018). Prevalence of cardiovascular 

disease in type 2 diabetes: A systematic literature review of scientific evidence from across 

the world in 2007-2017. In Cardiovascular Diabetology 17, 83. 

https://doi.org/10.1186/s12933-018-0728-6  

El Assar, M., Angulo, J., & Rodríguez-Mañas, L. (2013). Oxidative stress and vascular 

inflammation in aging. Free Radical Biology & Medicine 65, 380–401. 

https://doi.org/10.1016/j.freeradbiomed.2013.07.003  

Evans, J.L., Goldfine, I.D., Maddux, B.A., & Grodsky, G.M. (2002). Oxidative Stress and Stress-

Activated Signaling Pathways: A Unifying Hypothesis of Type 2 Diabetes.  

Endocrine Reviews 23, 599–622. https://doi.org/10.1210/er.2001-0039  

Filková, M., Jüngel, A., Gay, R.E., & Gay, S. (2012). MicroRNAs in Rheumatoid Arthritis. 

BioDrugs 26, 131–141. https://doi.org/10.2165/11631480-000000000-00000  

Förstermann, U., & Li, H. (2011). Therapeutic effect of enhancing endothelial nitric oxide 

synthase (eNOS) expression and preventing eNOS uncoupling. British Journal of  

Pharmacology  164,  213–223. 

 https://doi.org/https://doi.org/10.1111/j.14765381.2010.01196.x  

Förstermann, U., & Münzel, T. (2006). Endothelial nitric oxide synthase in vascular disease: 

from marvel to menace. Circulation 113, 1708–1714.  

https://doi.org/10.1161/CIRCULATIONAHA.105.602532  

Fortner, D. M., Troy, R. G., & Brow, D. A. (1994). A stem/loop in U6 RNA defines a 

conformational switch required for pre-mRNA splicing. Genes & Development 8, 221– 

233. https://doi.org/10.1101/gad.8.2.221  

Funk, S.D., Yurdagul, A.J., & Orr, A.W. (2012). Hyperglycemia and endothelial dysfunction in 

atherosclerosis: lessons from type 1 diabetes. International Journal of Vascular Medicine, 

2012, 569654. https://doi.org/10.1155/2012/569654  

Gabay, C. (2006). Interleukin-6 and chronic inflammation. Arthritis Research & Therapy 8, S3. 

https://doi.org/10.1186/ar1917  

Gao, J., Zhao, G., Li, W., Zhang, J., Che, Y., Song, M., et al. (2018). MiR-155 targets PTCH1 

to mediate endothelial progenitor cell dysfunction caused by high glucose. Experimental 

Cell Research 366, 55–62. https://doi.org/10.1016/j.yexcr.2018.03.012  

Gerhardt, T., & Ley, K. (2015). Monocyte trafficking across the vessel wall. In Cardiovascular 

Research 107, 321–330. https://doi.org/10.1093/cvr/cvv147  

https://doi.org/10.1590/1677-5449.200211
https://doi.org/10.1590/1677-5449.200211
https://doi.org/10.1590/1677-5449.200211
https://doi.org/10.1210/er.2001-0039
https://doi.org/10.1210/er.2001-0039
https://doi.org/10.1210/er.2001-0039
https://doi.org/10.1210/er.2001-0039
https://doi.org/10.1101/gad.8.2.221
https://doi.org/10.1101/gad.8.2.221
https://doi.org/10.1101/gad.8.2.221
https://doi.org/10.1093/cvr/cvv147
https://doi.org/10.1093/cvr/cvv147


51  

  

Giacco, F., & Brownlee, M. (2010). Oxidative stress and diabetic complications. Circulation 

Research 107, 1058–1070. https://doi.org/10.1161/CIRCRESAHA.110.223545  

Gimbrone, M.A., & García-Cardeña, G. (2016). Endothelial Cell Dysfunction and the 

Pathobiology of Atherosclerosis. Circulation Research 118, 620–636. 

https://doi.org/10.1161/CIRCRESAHA.115.306301  

Gómez-Marcos, M. A., Blázquez-Medela, A. M., Gamella-Pozuelo, L., Recio-Rodriguez, J. I., 

García-Ortiz, L., & Martínez-Salgado, C. (2016). Serum Superoxide Dismutase Is  

Associated with Vascular Structure and Function in Hypertensive and Diabetic Patients.  

Oxidative  Medicine  and  Cellular  Longevity  2016,  9124676. 

https://doi.org/10.1155/2016/9124676  

Gonzalez, M.A., & Selwyn, A.P. (2003). Endothelial function, inflammation, and prognosis in 

cardiovascular disease. The American Journal of Medicine 115, 99–106.  

https://doi.org/10.1016/j.amjmed.2003.09.016  

Green, K., Brand, M. D., & Murphy, M. P. (2004). Prevention of mitochondrial oxidative 

damage as a therapeutic strategy in diabetes. Diabetes 53, S110-118. 

https://doi.org/10.2337/diabetes.53.2007.s110  

Grundy, S. M., Howard, B., Smith, S. J., Eckel, R., Redberg, R., & Bonow, R.O. (2002). 

Prevention Conference VI: Diabetes and Cardiovascular Disease: executive summary:  

conference proceeding for healthcare professionals from a special writing group of the  

American  Heart  Association.  In  Circulation  105,  2231–2239. 

https://doi.org/10.1161/01.cir.0000013952.86046.dd  

Guzik, T.J., West, N.E., Black, E., McDonald, D., Ratnatunga, C., Pillai, R., & Channon, K. M. 

(2000). Vascular superoxide production by NAD(P)H oxidase: association with endothelial 

dysfunction and clinical risk factors. Circulation Research 86, E85-90.  

https://doi.org/10.1161/01.res.86.9.e85  

Guzik, T.J., Mussa, S., Gastaldi, D., Sadowski, J., Ratnatunga, C., Pillai, R., & Channon, K. M. 

(2002). Mechanisms of increased vascular superoxide production in human diabetes 

mellitus: role of NAD(P)H oxidase and endothelial nitric oxide synthase. Circulation 105, 

1656–1662. https://doi.org/10.1161/01.cir.0000012748.58444.08  

Hadi, H.A.R., Carr, C. S., & Al Suwaidi, J. (2005). Endothelial dysfunction: cardiovascular risk 

factors, therapy, and outcome. Vascular Health and Risk Management 1, 183–198.  

Han, J., Lee, Y., Yeom, K.H., Kim, Y.K., Jin, H., & Kim, V.N. (2004). The Drosha-DGCR8 

complex in primary microRNA processing. Genes & Development 18, 3016–3027.  

https://doi.org/10.1101/gad.1262504  

Hannoodee, S., & Nasuruddin, D.N. (2023). Acute Inflammatory Response. In: StatPearls 

[Internet]. Treasure Island (FL): StatPearls Publishing. Available from 

https://www.ncbi.nlm.nih.gov/books/NBK556083/ 



52  

  

Haubner, F., Lehle, K., Münzel, D., Schmid, C., Birnbaum, D.E., & Preuner, J.G. (2007). 

Hyperglycemia increases the levels of vascular cellular adhesion molecule-1 and 

monocyte-chemoattractant-protein-1 in the diabetic endothelial cell. Biochemical and  

Biophysical  Research  Communications  360,  560–565. 

https://doi.org/10.1016/j.bbrc.2007.06.044  

Heiss, C., Rodriguez-Mateos, A., & Kelm, M. (2015). Central role of eNOS in the maintenance 

of endothelial homeostasis. Antioxidants & Redox Signaling 22, 1230–1242. 

https://doi.org/10.1089/ars.2014.6158  

Hosen, M.R., Goody, P.R., Zietzer, A., Nickenig, G., & Jansen, F. (2020). MicroRNAs As 

Master Regulators of Atherosclerosis: From Pathogenesis to Novel Therapeutic Options. 

In Antioxidants and Redox Signaling 33, 621–644. Mary Ann Liebert Inc.  

https://doi.org/10.1089/ars.2020.8107  

Hoshiyama, M., Li, B., Yao, J., Harada, T., Morioka, T., & Oite, T. (2004). Effect of High 

Glucose on Nitric Oxide Production and Endothelial Nitric Oxide Synthase Protein  

Expression in Human Glomerular Endothelial Cells. Nephron Experimental Nephrology 

95, e62–e68. https://doi.org/10.1159/000073673  

Ighodaro, O.M. (2018). Molecular pathways associated with oxidative stress in diabetes 

mellitus. Biomedicine & Pharmacotherapy 108, 656–662. 

https://doi.org/https://doi.org/10.1016/j.biopha.2018.09.058  

Ipsaro, J.J., & Joshua-Tor, L. (2015). From guide to target: molecular insights into eukaryotic 

RNA-interference machinery. Nature Structural & Molecular Biology 22, 20–28.  

https://doi.org/10.1038/nsmb.2931  

Israël, A. (2010). The IKK complex, a central regulator of NF-kappaB activation. Cold Spring  

Harbor Perspectives in Biology 2, a000158. https://doi.org/10.1101/cshperspect.a000158  

Johansen, J.S., Harris, A.K., Rychly, D.J., & Ergul, A. (2005). Oxidative stress and the use of 

antioxidants in diabetes: linking basic science to clinical practice. Cardiovascular 

Diabetology 4, 5. https://doi.org/10.1186/1475-2840-4-5  

Khan, M.W.A., Banga, K., & Khan, W.A. (2012). Gluco-Oxidation of Proteins in the Etiology 

of Diabetic Retinopathy. Diabetic Retinopathy, InTech, 31-52.  

Kalinowski, L., Janaszak-Jasiecka, A., Siekierzycka, A., Bartoszewska, S., Woźniak, M., 

Lejnowski, D., et al. (2016). Posttranscriptional and transcriptional regulation of 

endothelial nitric-oxide synthase during hypoxia: the role of microRNAs. Cellular & 

Molecular Biology Letters 21, 16. https://doi.org/10.1186/s11658-016-0017-x  

Karin, M., & Delhase, M. (2000). The I kappa B kinase (IKK) and NF-kappa B: key elements 

of proinflammatory signalling. Seminars in Immunology 12, 85–98. 

https://doi.org/10.1006/smim.2000.0210  

Katsiari, C.G., Bogdanos, D.P., & Sakkas, L.I. (2019). Inflammation and cardiovascular 

disease. World Journal of Translational Medicine 8, 1–8. 

https://doi.org/10.5528/wjtm.v8.i1.1  

https://doi.org/10.1159/000073673
https://doi.org/10.1159/000073673
https://doi.org/10.1186/1475-2840-4-5
https://doi.org/10.1186/1475-2840-4-5
https://doi.org/10.1186/1475-2840-4-5
https://doi.org/10.1186/1475-2840-4-5
https://doi.org/10.1186/1475-2840-4-5
https://doi.org/10.1186/1475-2840-4-5
https://doi.org/10.1186/1475-2840-4-5
https://doi.org/10.1186/1475-2840-4-5


53  

  

Kattoor, A.J., Pothineni, N.V.K., Palagiri, D., & Mehta, J.L. (2017). Oxidative Stress in  

Atherosclerosis. Current Atherosclerosis Reports 19, 42. 

https://doi.org/10.1007/s11883017-0678-6  

Kemp-Harper, B.K., Velagic, A., Paolocci, N., Horowitz, J.D., & Ritchie, R.H. (2021). 

Cardiovascular Therapeutic Potential of the Redox Siblings, Nitric Oxide (NO•) and  

Nitroxyl (HNO), in the Setting of Reactive Oxygen Species Dysregulation. Handbook of 

Experimental Pharmacology 264, 311–337. https://doi.org/10.1007/164_2020_389  

Keratibumrungpong, T., Srisuthtayanont, W., Wanachewin, O., Klangjorhor, J., Phitak, T.,  

Pothacharoen, P., Shwe, T. H., & Kongtawelert, P. (2023). Sesamin Attenuates 

VEGFAInduced Angiogenesis via Inhibition of Src and FAK Signaling in Chick 

Chorioallantoic Membrane Model and Human Endothelial EA.hy926 Cells. In 

Biomedicines 11, 188. https://doi.org/10.3390/biomedicines11010188  

Kim, J.J., Lee, S.B., Park, J.K., & Yoo, Y.D. (2010). TNF-α-induced ROS production triggering 

apoptosis is directly linked to Romo1 and Bcl-XL. Cell Death & Differentiation 17, 1420–

1434. https://doi.org/10.1038/cdd.2010.19  

Kim, M., & Zhang, X. (2019). The Profiling and Role of miRNAs in Diabetes Mellitus. Journal 

of Diabetes and Clinical Research 1, 5–23. https://doi.org/10.33696/diabetes.1.003  

Krüger-Genge, A., Blocki, A., Franke, R. P., & Jung, F. (2019). Vascular endothelial cell 

biology: An update. In International Journal of Molecular Sciences 20, 4411. 

https://doi.org/10.3390/ijms20184411  

Lerman, A., & Zeiher, A.M. (2005). Endothelial function: cardiac events. Circulation 111, 363–

368. https://doi.org/10.1161/01.   

Li, C., & Zhou, H.-M. (2011). The Role of Manganese Superoxide Dismutase in Inflammation 

Defense. Enzyme Research 2011, 387176. https://doi.org/10.4061/2011/387176  

Li, H, & Förstermann, U. (2000). Nitric oxide in the pathogenesis of vascular disease. The  

 Journal  of  Pathology  190,  244–254.  https://doi.org/10.1002/(SICI)1096- 

9896(200002)190:3<244::AID-PATH575>3.0.CO;2-8  

Li, H, Wallerath, T., Münzel, T., & Förstermann, U. (2002). Regulation of endothelial-type  

NO synthase expression in pathophysiology and in response to drugs. Nitric Oxide: 

Biology and Chemistry 7, 149–164. https://doi.org/10.1016/s1089-8603(02)00111-8  

Li, X., Kong, D., Chen, H., Liu, S., Hu, H., Wu, T., et al. (2016). MiR-155 acts as an 

antiinflammatory factor in atherosclerosis-Associated foam cell formation by repressing 

calcium-regulated heat stable protein 1. Scientific Reports 6, 21789. 

https://doi.org/10.1038/srep21789  

Li, Z., Wang, S., Zhao, W., Sun, Z., Yan, H., & Zhu, J. (2016). Oxidized low-density lipoprotein 

upregulates microRNA-146a via JNK and NF-κB signaling. Molecular Medicine Reports 

13, 1709–1716. https://doi.org/10.3892/mmr.2015.4729  

Liao, J.K. (2013). Linking endothelial dysfunction with endothelial cell activation. Journal of 

Clinical Investigation 123, 540–541. https://doi.org/10.1172/JCI66843  



54  

  

Lim, Q.E., Zhou, L., Ho, Y.K., Wan, G., & Too, H.P. (2011). snoU6 and 5S RNAs are not 

reliable miRNA reference genes in neuronal differentiation. Neuroscience 199, 32–43. 

https://doi.org/https://doi.org/10.1016/j.neuroscience.2011.10.024  

Liu, T., Zhang, L., Joo, D., & Sun, S.C. (2017). NF-κB signaling in inflammation. Signal 

Transduction and Targeted Therapy 2, 17023. https://doi.org/10.1038/sigtrans.2017.23  

Livak, K.J., & Schmittgen, T.D. (2001). Analysis of relative gene expression data using real- 

time  quantitative  PCR  and  the  2-ΔΔCT  method.  Methods 

 25,  402–408. https://doi.org/10.1006/meth.2001.1262  

Low Wang, C. C., Hess, C. N., Hiatt, W. R., & Goldfine, A. B. (2016). Clinical Update: 

Cardiovascular Disease in Diabetes Mellitus. Circulation 133, 2459–2502. 

https://doi.org/10.1161/CIRCULATIONAHA.116.022194  

Lu, Z.J., Ren, Y. Q., Wang, G. P., Song, Q., Li, M., Jiang, S. S., et al. (2009). Biological 

behaviors and proteomics analysis of hybrid cell line EAhy926 and its parent cell line 

A549. Journal of Experimental & Clinical Cancer Research (Lerman & Zeiher, 2005), 16. 

https://doi.org/10.1186/1756-9966-28-16  

Łuczak, A., Madej, M., Kasprzyk, A., & Doroszko, A. (2020). Role of the eNOS Uncoupling 

and the Nitric Oxide Metabolic Pathway in the Pathogenesis of Autoimmune Rheumatic 

Diseases. Oxidative Medicine and Cellular Longevity 2020, 1417981. 

https://doi.org/10.1155/2020/1417981  

Lumeng, C.N., & Saltiel, A.R. (2011). Inflammatory links between obesity and metabolic 

disease. In Journal of Clinical Investigation 121, 2111–2117. 

https://doi.org/10.1172/JCI57132  

Ma, X., Becker Buscaglia, L.E., Barker, J.R., & Li, Y. (2011). MicroRNAs in NF-κB signaling. 

Journal of Molecular Cell Biology 3, 159–166. https://doi.org/10.1093/jmcb/mjr007  

Mann, M., Mehta, A., Zhao, J.L., Lee, K., Marinov, G.K., Garcia-Flores, Y., & Baltimore, D. 

(2017). An NF-κB-microRNA regulatory network tunes macrophage inflammatory 

responses. Nature Communications, 8(1). https://doi.org/10.1038/s41467-017-00972-z  

Marks, J.B., & Raskin, P. (2000). Cardiovascular risk in diabetes: A brief review. Journal of  

 Diabetes  and  Its  Complications  14,  108–115.  

https://doi.org/https://doi.org/10.1016/S1056-8727(00)00065-9  

Martinez-Lemus, L.A. (2012). The dynamic structure of arterioles. Basic & Clinical  

Pharmacology  &  Toxicology  110,  5–11. 

 https://doi.org/10.1111/j.17427843.2011.00813.x  

Mason, J.C., & Libby, P. (2015). Cardiovascular disease in patients with chronic inflammation:  

mechanisms underlying premature cardiovascular events in rheumatologic conditions. 

European Heart Journal 36, 482–489. https://doi.org/10.1093/eurheartj/ehu403  

Medina-Leyte, D.J., Domínguez-Pérez, M., Mercado, I., Villarreal-Molina, M. T., & 

JacoboAlbavera, L. (2020). Use of human umbilical vein endothelial cells (HUVEC) as a 

model to study cardiovascular disease: A review. Applied Sciences 10, 938.  

https://doi.org/10.1172/JCI57132
https://doi.org/10.1172/JCI57132
https://doi.org/10.1093/jmcb/mjr007
https://doi.org/10.1093/jmcb/mjr007


55  

  

https://doi.org/10.3390/app10030938  

Meza, C.A, La Favor, J.D., Kim, D.H., Hickner, R.C. (2019). Endothelial Dysfunction: Is There 

a Hyperglycemia-Induced Imbalance of NOX and NOS?. Int J Mol Sci. 20, 3775.  

https://doi:10.3390/ijms20153775  

Migita, K., Iwanaga, N., Izumi, Y., Kawahara, C., Kumagai, K., Nakamura, T., et al. (2017).  

TNF-α-induced miR-155 regulates IL-6 signaling in rheumatoid synovial fibroblasts. 

BMC Research Notes 10, 403. https://doi.org/10.1186/s13104-017-2715-5  

Mittal, M., Siddiqui, M.R., Tran, K., Reddy, S.P., & Malik, A.B. (2014). Reactive oxygen 

species in inflammation and tissue injury. In Antioxidants and Redox Signaling 20, 1126– 

1167. https://doi.org/10.1089/ars.2012.5149  

Moe, K. T., Khairunnisa, K., Yin, N. O., Chin-Dusting, J., Wong, P., & Wong, M. C. (2014). 

Tumor necrosis factor-α-induced nuclear factor-kappaB activation in human 

cardiomyocytes is mediated by NADPH oxidase. Journal of Physiology and Biochemistry 

70, 769–779. https://doi.org/10.1007/s13105-014-0345-0  

Moore, K. J., Sheedy, F. J., & Fisher, E. A. (2013). Macrophages in atherosclerosis: A dynamic 

balance. In Nature Reviews Immunology 13, 709–721. https://doi.org/10.1038/nri3520  

Mudau, M., Genis, A., Lochner, A., & Strijdom, H. (2012). Endothelial dysfunction: The early 

predictor of atherosclerosis. In Cardiovascular Journal of Africa 23, 222–231.  

https://doi.org/10.5830/CVJA-2011-068  

Mussbacher, M., Salzmann, M., Brostjan, C., Hoesel, B., Schoergenhofer, C., Datler, H., et al.  

(2019). Cell Type-Specific Roles of NF-κB Linking Inflammation and Thrombosis. 

Frontiers in Immunology 10, 85. https://doi.org/10.3389/fimmu.2019.00085  

Nagpal, N., & Kulshreshtha, R. (2014). miR-191: An emerging player in disease biology. 

Frontiers in Genetics 5, 99. https://doi.org/10.3389/fgene.2014.00099  

Naudi, A., Jove, M., Ayala, V., Cassanye, A., Serrano, J., Gonzalo, H., et al. (2012). Cellular 

dysfunction in diabetes as maladaptive response to mitochondrial oxidative stress. In 

Experimental Diabetes Research 2012, 696215. https://doi.org/10.1155/2012/696215  

Page, A.V, & Liles, W.C. (2013). Biomarkers of endothelial activation/dysfunction in infectious 

diseases. Virulence 4, 507–516. https://doi.org/10.4161/viru.24530  

Panina, Y., Germond, A., Masui, S., & Watanabe, T.M. (2018). Validation of Common 

Housekeeping Genes as Reference for qPCR Gene Expression Analysis During iPS  

Reprogramming Process. Scientific Reports 8, 8716. https://doi.org/10.1038/s41598-

01826707-8  

Papadopoulos, K. I., Papadopoulou, A., & Aw, T. C. (2023). Beauty and the beast: host 

microRNA-155 versus SARS-CoV-2. Human Cell 36, 908–922. 

https://doi.org/10.1007/s13577-023-00867-w  

Park, S., & Lakatta, E.G. (2012). Role of inflammation in the pathogenesis of arterial stiffness. 

Yonsei Medical Journal 53, 258–261. https://doi.org/10.3349/ymj.2012.53.2.258  

https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1089/ars.2012.5149


56  

  

Pashangzadeh, S., Motallebnezhad, M., Vafashoar, F., Khalvandi, A., & Mojtabavi, N. (2021). 

Implications the Role of miR-155 in the Pathogenesis of Autoimmune Diseases. Frontiers 

in Immunology 12, 669382. https://doi.org/10.3389/fimmu.2021.669382  

Peng, J.R., Lu, T.T., Chang, H.T., Ge, X., Huang, B., & Li, W.M. (2016). Elevated Levels of  

Plasma Superoxide Dismutases 1 and 2 in Patients with Coronary Artery Disease. BioMed 

Research International 2016, 3708905. https://doi.org/10.1155/2016/3708905  

Pueyo, M. E., Gonzalez, W., Nicoletti, A., Savoie, F., Arnal, J. F., & Michel, J. B. (2000). 

Angiotensin II stimulates endothelial vascular cell adhesion molecule-1 via nuclear 

factorkappaB activation induced by intracellular oxidative stress. Arteriosclerosis, 

Thrombosis, and Vascular Biology 20, 645–651. https://doi.org/10.1161/01.atv.20.3.645  

Rasmussen, L.M., Schmitz, O., & Ledet, T. (2002). Increased expression of vascular cell 

adhesion molecule-1 (VCAM-1) in cultured endothelial cells exposed to serum from type  

1 diabetic patients: no effects of high glucose concentrations. Scandinavian Journal of  

Clinical  and  Laboratory  Investigation  62,  485–493. 

https://doi.org/10.1080/003655102321004495  

Ray, P.D., Huang, B.W., Tsuji, Y.  (2012). Reactive oxygen species (ROS) homeostasis and 

redox regulation in cellular signaling. Cell Signal. 24, 981-90. doi:  

10.1016/j.cellsig.2012.01.008.  

Rinnerthaler, G., Hackl, H., Gampenrieder, S.P., Hamacher, F., Hufnagl, C., HauserKronberger, 

C., Zehentmayr, F., Fastner, G., Sedlmayer, F., Mlineritsch, B., & Greil, R. (2016). MiR-

16-5p is a stably-expressed housekeeping microRNA in breast cancer tissues from primary 

tumors and from metastatic sites. International Journal of Molecular Sciences, 17, 156. 

https://doi.org/10.3390/ijms17020156  

Roth, G.A., Mensah, G.A., Johnson, C.O., Addolorato, G., Ammirati, E., Baddour, L.M., et al. 

(2020). Global Burden of Cardiovascular Diseases and Risk Factors, 1990-2019: Update 

from the GBD 2019 Study. In Journal of the American College of Cardiology 76, 2982– 

3021. https://doi.org/10.1016/j.jacc.2020.11.010  

Sawa, Y., Sugimoto, Y., Ueki, T., Ishikawa, H., Sato, A., Nagato, T., & Yoshida, S. (2007). 

Effects of TNF-alpha on leukocyte adhesion molecule expressions in cultured human 

lymphatic endothelium. The Journal of Histochemistry and Cytochemistry: Official  

Journal  of  the  Histochemistry  Society  55,  721–733. 

https://doi.org/10.1369/jhc.6A7171.2007  

Schumski, A., Winter, C., Döring, Y., & Soehnlein, O. (2018). The Ins and Outs of Myeloid 

Cells in Atherosclerosis. In Journal of Innate Immunity 10, 479–486.  

https://doi.org/10.1159/000488091  

Schwarzenbach, H., da Silva, A. M., Calin, G., & Pantel, K. (2015). Data Normalization 

Strategies for MicroRNA Quantification. Clinical Chemistry 61, 1333–1342. 

https://doi.org/10.1373/clinchem.2015.239459  

Scioli, M.G., Storti, G., D’Amico, F., Guzman, R.R., Centofanti, F., Doldo, E., et al. (2020). 

Oxidative Stress and New Pathogenetic Mechanisms in Endothelial Dysfunction: Potential 

https://doi.org/10.1155/2016/3708905
https://doi.org/10.1155/2016/3708905
https://doi.org/10.1080/003655102321004495
https://doi.org/10.1080/003655102321004495
https://doi.org/10.1373/clinchem.2015.239459


57  

  

Diagnostic Biomarkers and Therapeutic Targets. J Clin Med. 9,1995. 

doi:10.3390/jcm9061995 

Serafin, A., Foco, L., Blankenburg, H., Picard, A., Zanigni, S., Zanon, A., Pramstaller, P., Hicks, 

A., & Schwienbacher, C. (2014). Identification of a set of endogenous reference genes for 

miRNA expression studies in Parkinson’s disease blood samples. BMC Research Notes 7, 

715. https://doi.org/10.1186/1756-0500-7-715  

Shirwany, N.A., & Zou, M.H. (2010). Arterial stiffness: A brief review. In Acta Pharmacologica 

Sinica 31, 1267–1276. https://doi.org/10.1038/aps.2010.123  

Shoelson, S.E., Lee, J., & Goldfine, A.B. (2006). Inflammation and insulin resistance. In 

Journal of Clinical Investigation 116, 1793–1801. https://doi.org/10.1172/JCI29069  

Sibal, L., Agarwal, S.C., Home, P.D., & Boger, R.H. (2010). The Role of Asymmetric 

Dimethylarginine (ADMA) in Endothelial Dysfunction and Cardiovascular Disease. In 

Current Cardiology Reviews 6, 82-90.  

Singh, V. P., Bali, A., Singh, N., & Jaggi, A. S. (2014). Advanced glycation end products and 

diabetic complications. The Korean Journal of Physiology & Pharmacology: Official 

Journal of the Korean Physiological Society and the Korean Society of Pharmacology 18, 

1–14. https://doi.org/10.4196/kjpp.2014.18.1.1  

Soro-Paavonen, A., Watson, A.M.D., Li, J., Paavonen, K., Koitka, A., Calkin, A.C et al. (2008). 

Receptor for advanced glycation end products (RAGE) deficiency attenuates the 

development of atherosclerosis in diabetes. Diabetes, 57(9), 2461–2469. 

https://doi.org/10.2337/db07-1808  

Strain, W. D., & Paldánius, P. M. (2018). Diabetes, cardiovascular disease and the 

microcirculation. In Cardiovascular Diabetology 17, 57. 

https://doi.org/10.1186/s12933018-0703-2  

Sun, H.X., Zeng, D.Y., Li, R.T., Pang, R.P., Yang, H., Hu, Y.L., et al. (2012). Essential Role of 

MicroRNA-155 in Regulating Endothelium-Dependent Vasorelaxation by Targeting 

Endothelial Nitric Oxide Synthase. Hypertension 60, 1407–1414.  

https://doi.org/10.1161/HYPERTENSIONAHA.112.197301  

Sun, S.C. (2012). The noncanonical NF-κB pathway. In Immunological Reviews 246, 125– 

140. https://doi.org/10.1111/j.1600-065X.2011.01088.x  

Szekanecz, Z., & Koch, A.E. (2000). Cell-cell interactions in synovitis. Endothelial cells and 

immune cell migration. Arthritis Research 2, 368–373. https://doi.org/10.1186/ar114  

Theofilis, P., Sagris, M., Oikonomou, E., Antonopoulos, A.S., Siasos, G., Tsioufis, C., & 

Tousoulis, D. (2021). Inflammatory Mechanisms Contributing to Endothelial Dysfunction. 

Biomedicines 9, 781. https://doi.org/10.3390/biomedicines9070781  

Tsalamandris, S., Antonopoulos, A. S., Oikonomou, E., Papamikroulis, G.A., Vogiatzi, G., 

Papaioannou, S., et al. (2019). The role of inflammation in diabetes: Current concepts and 

future perspectives. In European Cardiology Review 14, 50–59. 

https://doi.org/10.15420/ecr.2018.33.1  

https://doi.org/10.1038/aps.2010.123
https://doi.org/10.1038/aps.2010.123
https://doi.org/10.1172/JCI29069
https://doi.org/10.1172/JCI29069


58  

  

Tse, D., & Stan, R.V. (2010). Morphological heterogeneity of endothelium. Seminars in 

Thrombosis and Hemostasis 36, 236–245. https://doi.org/10.1055/s-0030-1253447  

Tsujiura, M., Ichikawa, D., Komatsu, S., Shiozaki, A., Takeshita, H., Kosuga, T. et al. (2010). 

Circulating microRNAs in plasma of patients with gastric cancers. Br J Cancer 102, 1174–

1179. https://doi.org/10.1038/sj.bjc.6605608 

Turko, I.V, Marcondes, S., & Murad, F. (2001). Diabetes-associated nitration of tyrosine and 

inactivation of succinyl-CoA:3-oxoacid CoA-transferase. American Journal of Physiology. 

Heart and Circulatory Physiology 281, H2289-94. 

https://doi.org/10.1152/ajpheart.2001.281.6.H2289  

Urbich, C., Kuehbacher, A., & Dimmeler, S. (2008). Role of microRNAs in vascular diseases, 

inflammation, and angiogenesis. In Cardiovascular Research 79, 581–588.  

https://doi.org/10.1093/cvr/cvn156  

Wang, G., Wu, B., Zhang, B., Wang, K., & Wang, H. (2020). LncRNA CTBP1-AS2 alleviates 

high glucose-induced oxidative stress, ECM accumulation, and inflammation in diabetic 

nephropathy via miR-155-5p/FOXO1 axis. Biochemical and Biophysical Research 

Communications 532, 308–314. https://doi.org/10.1016/j.bbrc.2020.08.073  

Wang, X., Gao, Y., Yi, W., Qiao, Y., Hu, H., Wang, Y., et al. (2021). Inhibition of miRNA155 

Alleviates High Glucose-Induced Podocyte Inflammation by Targeting SIRT1 in  

Diabetic  Mice.  Journal  of  Diabetes  Research  2021,  5597394. 

https://doi.org/10.1155/2021/5597394  

Wang, Z.Y., & Bjorling, D.E. (2011). Tumor necrosis factor-α induces expression and release 

of interleukin-6 by human urothelial cells. Inflammation Research: Official Journal of the  

European Histamine Research Society 60, 525–532. https://doi.org/10.1007/s00011-

0100298-x  

Weber, C., & Noels, H. (2011). Atherosclerosis: current pathogenesis and therapeutic options. 

Nature Medicine 17, 1410–1422. https://doi.org/10.1038/nm.2538  

Williams, M. R., Azcutia, V., Newton, G., Alcaide, P., & Luscinskas, F. W. (2011). Emerging 

mechanisms of neutrophil recruitment across endothelium. Trends in Immunology 32, 

461–469. https://doi.org/10.1016/j.it.2011.06.009  

Wu, X.Y., Fan, W.D., Fang, R., & Wu, G.F. (2014). Regulation of microRNA-155 in Endothelial 

Inflammation by Targeting Nuclear Factor (NF)-κB P65. Journal of Cellular Biochemistry 

115, 1928–1936. https://doi.org/10.1002/jcb.24864  

Wu, W., Li, L., Su, X., Zhu, Z., Lin, X., Zhang, J., et al. (2021). Nuclear factor-kappaB regulates 

the transcription of NADPH oxidase 1 in human alveolar epithelial cells. BMC Pulm Med. 

21, 98.  

Xiang, M., Zeng, Y., Yang, R., Xu, H., Chen, Z., Zhong, J., et al. (2014). U6 is not a suitable 

endogenous control for the quantification of circulating microRNAs. Biochemical and  

Biophysical  Research  Communications  454,  210–214. 

https://doi.org/10.1016/j.bbrc.2014.10.064  

https://doi.org/10.1055/s-0030-1253447
https://doi.org/10.1002/jcb.24864
https://doi.org/10.1002/jcb.24864


59  

  

Xiao, G., Harhaj, E.W., & Sun, S.C. (2001). NF-kappaB-inducing kinase regulates the 

processing of NF-kappaB2 p100. Molecular Cell 7, 401–409. 

https://doi.org/10.1016/s1097-2765(01)00187-3  

Xu, J., Wu, Y., Song, P., Zhang, M., Wang, S., & Zou, M.-H. (2007). Proteasome-Dependent  

Degradation of Guanosine 5′-Triphosphate Cyclohydrolase I Causes Tetrahydrobiopterin  

Deficiency  in  Diabetes  Mellitus.  Circulation  116,  944–953. 

https://doi.org/10.1161/CIRCULATIONAHA.106.684795  

Xu, M., Li, Y., Tang, Y., Zhao, X., Xie, D., & Chen, M. (2022). Increased Expression of miR155 

in Peripheral Blood and Wound Margin Tissue of Type 2 Diabetes Mellitus Patients 

Associated with Diabetic Foot Ulcer. Diabetes, Metabolic Syndrome and Obesity 15, 

3415–3428. https://doi.org/10.2147/DMSO.S376292  

Xu, Y., Arora, R.C., Hiebert, B.M., Lerner, B., Szwajcer, A., McDonald, K., et al. (2014). Non-

invasive endothelial function testing and the risk of adverse outcomes: A systematic review 

andmeta-analysis. In European Heart Journal Cardiovascular Imaging 15, 736–746. 

Oxford University Press. https://doi.org/10.1093/ehjci/jet256  

Yang, T.T., Song, S.J., Xue, H.B., Shi, D.F., Liu, C.M., & Liu, H. (2015). Regulatory T cells in 

the pathogenesis of type 2 diabetes mellitus retinopathy by miR-155. European Review for 

Medical and Pharmacological Sciences 19, 2010–2015.  

Ye, J., Li, L., Wang, M., Ma, Q., Tian, Y., Zhang, Q., et al. (2022). Diabetes Mellitus Promotes 

the Development of Atherosclerosis: The Role of NLRP3. Frontiers in Immunology 13, 

900254. https://www.frontiersin.org/articles/10.3389/fimmu.2022.900254  

Yoda, M., Kawamata, T., Paroo, Z., Ye, X., Iwasaki, S., Liu, Q., et al. (2010). ATP-dependent 

human RISC assembly pathways. Nature Structural & Molecular Biology 17, 17–23. 

https://doi.org/10.1038/nsmb.1733  

Zárate-Neira, L.Á., Sánchez-Barbosa, S., Pedroza-Torres, A., Reséndiz-Mora, A., Wong, C.,  

Baeza, I., Pérez-Plasencia, C., et al. (2017). Dysregulation of miR-155-5p and miR-2003p 

and the Anti-Non-Bilayer Phospholipid Arrangement Antibodies Favor the Development 

of Lupus in Three Novel Murine Lupus Models. Journal of Immunology Research 2017, 

8751642. https://doi.org/10.1155/2017/8751642  

Zegkos, T., Kitas, G., & Dimitroulas, T. (2016). Cardiovascular risk in rheumatoid arthritis:  

Assessment, management and next steps. Therapeutic Advances in Musculoskeletal 

Disease 8, 86–101. https://doi.org/10.1177/1759720X16643340  

Zhang, H., & Sun, S.C. (2015). NF-κB in inflammation and renal diseases. Cell & Bioscience  

5, 63. https://doi.org/10.1186/s13578-015-0056-4  

Zhang, J., Zhao, F., Yu, X., Lu, X., & Zheng, G. (2015). MicroRNA-155 modulates the 

proliferation of vascular smooth muscle cells by targeting endothelial nitric oxide synthase. 

International Journal of Molecular Medicine 35, 1708–1714.  

https://doi.org/10.3892/ijmm.2015.2181  

https://www.frontiersin.org/articles/10.3389/fimmu.2022.900254
https://www.frontiersin.org/articles/10.3389/fimmu.2022.900254
https://www.frontiersin.org/articles/10.3389/fimmu.2022.900254


60  

  

Zhang, Q., Wu, S., Sun, G., Zhang, R., Li, X., Zhang, Y., Huang, F., & Yuan, D. (2021). 

Hyperglycemia aggravates monocyte-endothelial adhesion in human umbilical vein 

endothelial cells from women with gestational diabetes mellitus by inducing Cx43 

overexpression. Annals of Translational Medicine 9, 234. 

https://atm.amegroups.org/article/view/61731  

Zhang, X., Liu, X., Li, Y., Lai, J., Zhang, N., Ming, J., et al. (2017). Downregulation of 

microRNA-155 ameliorates high glucose-induced endothelial injury by inhibiting NF-κB 

activation and promoting HO-1 and NO production. Biomedicine & Pharmacotherapy 88, 

1227–1234. https://doi.org/https://doi.org/10.1016/j.biopha.2017.01.122  

Zhong, L., Simard, M.J., & Huot, J. (2018). Endothelial microRNAs regulating the NF-κB 

pathway and cell adhesion molecules during inflammation. The FASEB Journal 32, 4070– 

4084. https://doi.org/https://doi.org/10.1096/fj.201701536R  

Zhou, P., Lu, S., Luo, Y., Wang, S., Yang, K., Zhai, Y., Sun, G., & Sun, X. (2017). Attenuation 

of TNF-α-Induced Inflammatory Injury in Endothelial Cells by Ginsenoside Rb1 via 

Inhibiting NF-κB, JNK and p38 Signaling Pathways. In Frontiers in Pharmacology 8, 464. 

https://www.frontiersin.org/articles/10.3389/fphar.2017.00464  

  

  

  

https://www.frontiersin.org/articles/10.3389/fphar.2017.00464
https://www.frontiersin.org/articles/10.3389/fphar.2017.00464


61  

  

APPENDIX  

  

  



62  

  

  


