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ABSTRACT 
 

The oxidation of low density lipoprotein (LDL) to form cytotoxic oxidised LDL 

(oxLDL) is a central atherogenic process. Exposure to oxLDL triggers an oxidative 

stress response in various immune and vascular cell types and thus may play a critical 

role in cell death within the necrotic core region of atherosclerotic plaque. This study 

confirmed that exposure to oxLDL in U937 monocyte-like cells causes a 

concentration dependent increase in intracellular oxidant production leading to 

necrotic cell death, while native LDL (nLDL) has no significant effect. Pretreatment 

with the macrophage antioxidant 7,8-dihydroneopterin returns oxLDL-induced U937 

intracellular oxidant production to near basal levels over a 12-hour period. 

 

A primary intracellular oxidant source is the NADPH oxidase (NOX) multimeric 

enzyme complex, which generates the superoxide anion radical (O2
�-). 

Phosphorylation of the p47phox subunit by protein kinases is a key event in NOX 

activation and induces assembly of the active complex. In this study, the roles of three 

signal transduction cascades in oxLDL-cytotoxicity were investigated: p38 mitogen 

activated kinase (p38 MAPK), extracellular signal-regulated kinase 1/2 (ERK1/2) and 

protein kinase C (PKC). Inhibition of the p38 MAPK cascade by SB202190 reduced 

oxLDL-induced intracellular oxidant production, glutathione loss and cell death. 

Likewise, ERK1/2 cascade inhibition by PD98059 reduced oxLDL-induced oxidant 

production and cell death. PKC inhibition by Go6983 had no significant effect on 

oxLDL cytotoxicity, however these results were inconclusive. These findings suggest 

that both the p38 MAPK and ERK1/2 cascades act as key mediators of oxLDL-

induced intracellular oxidative stress, possibly via NOX activation. 
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1. INTRODUCTION 

1.1 Overview 
In atherosclerosis, the deposition of immune and smooth muscle cells, cellular debris, 

lipids and fibrous elements within the arterial intima leads to formation of 

atherosclerotic plaque and resultant narrowing of the arterial lumen. The rupture of 

such plaques can cause a blood clot to form, leading to myocardial infarction or stroke 

(Libby, 2002). Atherosclerosis can be described as an imbalance in lipid metabolism 

paired with a maladaptive immune response that causes chronic inflammation of the 

artery wall (Weber, 2011). In the process of atherogenesis, circulating low-density 

lipoprotein (LDL) enters the arterial intima, initiating an inflammatory response 

mediated by various immune cells. Oxidants produced by these cells convert LDL to 

oxidised LDL (oxLDL), which is taken up by macrophages via scavenger receptor-

mediated endocytosis to produce lipid-loaded foam cells (Yu, 2013). Exposure to 

oxLDL promotes intracellular oxidative stress in monocytes and macrophages, which 

depletes cellular antioxidants, disables vital metabolic enzymes and results in necrotic 

cell death, furthering the atherosclerotic plaque (Gieseg, 2010a; Katouah, 2015).  

 

A major contributor to monocyte/macrophage intracellular oxidant production is 

NADPH oxidase (NOX), a membrane-bound enzyme complex responsible for 

generation of the superoxide anion radical (O2
�-) (Goncharov, 2015). Inhibition of 

NOX in U937 monocyte-like cells significantly decreases oxLDL-induced 

intracellular superoxide production, indicating that NOX is activated by oxLDL, but 

the mechanism by which this occurs is undefined (Chen, 2012; Katouah, 2015; Cross; 

2016). A key event in NOX activation is phosphorylation of the p47phox subunit, 

which initiates assembly of the cytosolic and membrane-bound subunits to form the 

active enzyme (Panday, 2015). Various kinases have been shown to phosphorylate 

p47phox in vivo, differing with respect to both the cell type and activating signal (El-

Benna, 2009). This research aims to characterize the cytotoxic response to both 

hypochlorite- and copper-oxidised LDL in U937 cells, followed by an investigation 

into the involvement of three signaling cascades in oxLDL-induced NOX activation: 
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protein kinase C (PKC), the extracellular signal-regulated kinase 1/2 (ERK1/2) and 

p38 mitogen activated kinase (p38 MAPK).  

1.2 Atherosclerosis 

1.2.1 Cardiovascular disease and atherosclerosis 
For the past century, cardiovascular diseases (CVD) have been a leading cause of 

death in the industrialized world, accounting for approximately 30% of all deaths 

globally (Braunwald, 1997; Ross, 1999). These include coronary heart disease, blood 

vessel disease and stroke, all of which involve the underlying process of 

atherosclerosis. Atherosclerosis is a chronic inflammatory condition characterised by 

thickening of the intimal region of large and medium sized arteries. The deposition of 

fibrous elements and lipid-loaded foam cells in the artery wall leads to the formation 

of atherosclerotic plaque, which results in narrowing of the arterial lumen and reduced 

blood flow. Rupture of an advanced plaque produces a thrombus, which can cause an 

acute occlusion leading to myocardial infarction or stroke (Itabe, 2003). 

Epidemiological studies have determined a number of risk factors associated with the 

development of atherosclerosis, showing that there is a complex interplay between 

lifestyle-based factors (such as diet, smoking, inactivity and alcohol consumption) 

and fixed factors (such as age, gender, family history and menopausal status) 

(Frohlich, 2013). 

1.2.2 Disease initiation and progression 
Studies on the pathology of atherosclerosis have determined a set chain of 

morphological changes to the artery that occur during initiation and progression of the 

disease. Infiltration of monocytes and macrophages into the artery wall has been 

shown to play a major role in atherogenesis. Thus, plaque formation occurs 

preferentially in regions of arterial curvature or branching where blood flow is 

disrupted, such as the major carotid bifurcation (Gimbrone, 1999). In normal healthy 

arteries, a single continuous layer of endothelial cells surrounds the luminal surface, 

which comes into direct contact with circulating blood. The endothelium acts as a 

selectively permeable barrier between the blood and tissue, as well as playing a role in 

regulation of thrombosis, inflammation, vascular tone and vascular remodeling via the 

action of effector molecules (Lusis, 2000). A bed of smooth muscle cells (SMCs) 
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termed the media forms the next layer, which is separated from the endothelial layer 

by a mesh-like sheet of elastin (the elastic lamina). The outermost layer of the artery 

is the adventitia, which is a loose matrix of SMCs, elastin, collagen and fibroblasts.  

 

In the early stages of plaque development, collagen fibers, lipids and various immune 

cells accumulate in the subendothelial intima in the process of diffuse intimal 

thickening. Following this, further deposition of lipids and lipid-engorged 

macrophage foam cells generates macroscopic lumps on the vessel wall, producing 

so-called fatty streaks. In humans, fatty streak lesions can be detected in the aorta as 

early as in the first decade of life. While fatty streaks are not clinically significant, 

they are precursors of advanced atherosclerotic lesions, which develop when various 

extracellular matrix proteins and smooth muscle cells form a fibrous cap over the fatty 

deposit. The necrotic core of an advanced plaque contains large accumulations of 

necrotic cellular debris and lipid, which may undergo calcification (Itabe, 2003). 

Mature lesions can grow large enough to significantly block blood flow, but a critical 

clinical complication is blood vessel occlusion due to the formation of a blood clot. 

Thinning of the fibrous cap can render lesions unstable, making them prone to rupture 

(Lusis, 2000). Upon rupture, platelets will adhere and aggregate at the plaque surface, 

leading to thrombus formation. This obstruction of the blood vessel may result in 

myocardial infarction, stroke or sudden cardiac death (Moore, 2011). 

 

Several hypotheses describing the initiating events of atherosclerotic lesion formation 

have been postulated. Ross and Glomset (1973) put forward the response-to-injury 

hypothesis, which suggests that endothelial damage leads to various compensatory 

responses that alter the normal physiology of the artery. Specifically, leukocytes and 

platelets will adhere at sites of injury and release cytokines and growth factors, 

promoting an immune response. The migration of SMCs, monocytes and 

macrophages into the intima, as well as the deposition of lipid-loaded foam cells, 

results in the formation of an intermediate lesion. A second hypothesis, designated the 

response-to-retention hypothesis, proposes that lipoprotein retention and its 

interaction with the subendothelial matrix is the primary initiating event in 

atherogenesis (Williams, 1995). Low density lipoprotein (LDL) from the plasma, 

where it functions as a major cholesterol-carrier, migrates across the endothelium into 
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the subendothelial matrix. Here, LDL will form microaggregates and undergo 

oxidation that transforms it into a high uptake form for macrophages, supporting foam 

cell formation. The most widely accepted theory for the nature of the events initiating 

early lesion formation is the oxidative modification hypothesis, which focuses on the 

observation that oxidized LDL (oxLDL) is readily taken up via macrophage 

scavenger receptors to form foam cells (Stocker, 2004). While each of these 

hypotheses highlights a distinct initiating event, a common focus is the importance of 

LDL and immune cell infiltration into the artery wall in the process of atherogenesis. 

The remainder of this section will focus on the cellular processes involved in LDL 

oxidation and uptake by macrophages leading to foam cell formation, intracellular 

oxidative stress and cell death. 

1.2.3 LDL oxidation and foam cell formation 
Lipoproteins are lipid-protein assemblies responsible for transporting dietary and 

endogenously produced lipids to peripheral tissues via the circulatory system. The 

lipoprotein pool of the body is a heterogeneous collection of lipoproteins that are 

categorized based on size, density and apolipoprotein content (Lusis, 2000; Glass 

2001). Human LDL is defined as the lipoprotein population that can be isolated via 

ultracentrifugation within the density range of 1.019-1.063 g/mL. LDL particles are 

spherical in shape, with molecular weights ranging between 1800 to 2800 kDa. In this 

work, an average molecular weight of 2500 kDa is assumed. Each lipoprotein consists 

of a lipophilic core containing cholesteryl esters and triglycerides, surrounded by a 

lipid monolayer containing phospholipids and free cholesterol molecules. The protein 

constituent of LDL, apolipoprotein B-100 (Apo B-100), makes up approximately one-

fifth of its molecular weight (550 kDa) and is embedded in the outer surface of the 

lipoprotein (Esterbauer, 1992). 

 

LDL from the plasma enters the intimal region of the artery via passive diffusion 

where it is retained, seemingly aided by interactions with matrix proteoglycans 

(Boren, 1998). Here, it is subject to oxidative modification by resident endothelial 

cells and SMCs. This initial oxidation stimulates vascular cells to produce 

proinflammatory cytokines, such as adhesion molecules and chemotactic proteins, 

following which monocytes and T-lymphocytes are recruited to the site. These 

proinflammatory signals stimulate monocyte proliferation and differentiation into 
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macrophages, as well as promoting the expression of macrophage scavenger 

receptors. The primary function of macrophages in immunity is to engulf and digest 

foreign bodies, cellular debris and microbial invaders by means of phagocytosis. They 

also serve an important role as regulators of plasma lipoprotein metabolism and 

content. Upon activation, macrophages produce a range of reactive oxygen species 

(ROS) in an attack on the pathogenic threat. In turn, these ROS further oxidise LDL, 

forming extensively oxidized LDL (oxLDL) (Bobryshev, 2006; Chisholm, 2000; 

Chistiakov, 2016; Steinberg, 2009; Stocker, 2004; Lusis, 2000).  

 

Extensively oxidized LDL is chemically dissimilar from nLDL in that it has 

undergone various oxidative modifications, including lipid oxidation leading to 

modification of Apo B-100 (Steinbrecher et al., 1984; Haberland et al., 1982). The 

mechanism of in vivo LDL oxidation and which cellular oxidants are likely to be 

involved is discussed further in section 1.3. 

 

Ho et al (1976) initially observed that oxLDL is internalized by macrophages much 

more rapidly than unmodified LDL. It is now commonly accepted that oxidative 

modification transforms LDL into a ligand for various macrophage scavenger 

receptors. Scavenger receptors are cell surface receptors that bind non-self and 

altered-self targets, allowing for the removal of degraded or damaging substances via 

endocytosis, phagocytosis adhesion and signaling (PrabhuDas, 2014). This function is 

beneficial in the removal of apoptotic cells, but also enables oxLDL uptake by 

macrophages in an unregulated fashion, which leads to an imbalance between 

cholesterol influx and efflux (Shaw, 2000). In this case lipoprotein cholesterol is 

stored as cholesteryl ester droplets in the cytoplasm (Yu, 2013). Under an electron 

microscope these droplets give the cells a foamy appearance, an observation that lead 

to coining of the term “foam cell” (Brown, 1983). Endothelial cells and SMCs also 

accumulate lipids, but monocyte-derived macrophages are the predominant cell type 

that gives rise to foam cells (Steinberg, 2009). The process of foam cell formation in 

the arterial intima is summarized in Figure 1.1. 
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Figure 1.1: Foam cell formation in the arterial intima. 
Plasma LDL infiltrates the artery and is retained in the intima, initiating an 
inflammatory response. Oxidative modification converts LDL into oxLDL. Scavenger 
receptor-assisted uptake of oxLDL by macrophages leads to foam cell formation 
(adapted from Hansson, 2005). 
 

The deregulation of macrophage cholesterol handling is a key factor in foam cell 

formation, but exactly how this occurs is a topic of debate. A number of scavenger 

receptors with affinity to oxLDL appear to be important in this process, including 

cluster of differentiation 36 (CD36), scavenger receptor A (SR-A) and lectin-like 

oxLDL receptor (LOX-1) (Chistiakov, 2017). Studies in atherosclerosis-prone 

apolipoprotein E deficient (Apo E-/-) mice have shown that deletion of both the CD36- 

and SR-A- encoding genes markedly reduces arterial lipid accumulation and the 

severity of atherosclerosis developed (Babaev, 2000; Febbraio, 2000; Suzuki, 1997). 

More recently, however, it was shown that intimal macrophage lipid uptake still 

occurs in hyperlipidemic CD36 and SR-A knockout mice, suggesting that alternative 

lipid uptake mechanisms are at play (Moore, 2005). LOX-1 is expressed in 

macrophages and vascular endothelial cells and has been shown to bind and 

internalize oxLDL by receptor-mediated endocytosis (Kume, 2000; Lubrano, 2014). 
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1.2.4 Evidence for oxLDL formation and atherogenicity in vivo 
In vitro, oxLDL promotes a number of pro-atherogenic pathways, such as the 

induction of endothelial cell activation and dysfunction, foam cell formation and 

SMC migration and proliferation (Gleissner, 2007). The findings from several studies 

have also provided evidence for the occurrence of LDL oxidation and resulting 

oxLDL atherogenicity in vivo. Firstly, oxLDL has been detected in human 

atherosclerotic lesions using both anti-oxLDL antibodies and immunohistochemical 

staining for modified Apo B-100 (Boyd, 1989; Ylaherttuala, 1989). Furthermore, the 

extent of LDL oxidation, as measured by the amount of autoantibodies for oxLDL 

present in the plasma, correlates with the severity of atherosclerosis in murine models 

(Palinski, 1995). This trend is also observed in humans, where circulating oxLDL and 

oxLDL autoantibody levels are significantly higher in subjects with coronary heart 

disease than in healthy control subjects (Bergmark, 1995; Toshima, 2000). Increased 

plasma oxLDL levels are associated with all stages of atherosclerosis, from early 

atherogenesis and hypertension through to acute coronary syndromes and ischemic 

cerebral infarction, as well as with related conditions such as diabetes mellitus, 

obesity and metabolic syndrome (Trpkovic, 2015).  

1.3 Techniques for in vitro LDL oxidation 
Oxidative modification of LDL forming oxLDL is a key event in the process of 

atherogenesis, as discussed in section 1.2.3. The nature of the interaction between 

oxLDL and cells of the vascular wall has been under investigation for decades, and 

numerous techniques have been developed for generating oxLDL in vitro. This has 

led to a large amount of variability in the chemical and physical properties of 

laboratory-produced oxLDL, necessitating a system for classifying the extent of 

oxidative modification. LDL oxidation products fall into two major categories: 

minimally oxidized oxLDL (mLDL) and extensively or fully oxidized LDL (oxLDL) 

(Gieseg, 2010b). mLDL preparations are chemically distinguishable from nLDL, but 

are still recognized by the LDL receptor and not by scavenger receptors; conversely, 

oxLDL is no longer recognized by the LDL receptor but will interact with various 

scavenger receptors (Levitan, 2010). 
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The characterization of oxLDL present in vivo poses a problem, as artefactual 

oxidation during the isolation process may alter its true state. While some of our 

understanding comes from the study of naturally occurring oxLDL, a substantial 

amount of research has used laboratory-produced oxLDL. For this reason, it is 

important to consider the various potential oxidant sources in the vascular wall that 

may be involved in LDL oxidation in vivo. Two methods that have been used 

extensively for LDL oxidation are copper- and hypochlorite-mediated oxidation. The 

biological relevance of these methods is discussed below, as well as the distinctive 

properties of the oxLDL preparations that they produce. 

1.3.1 Copper-mediated LDL oxidation 
Most cell types present in the arterial intima are capable of promoting LDL oxidation, 

and the presence of transition metals is believed to be a critical component in this 

process. The addition of copper and iron ions to the culture medium has been shown 

to enhance cell-mediated LDL oxidation, while metal chelators have the opposite 

effect (Heinecke, 1984; Steinbrecher, 1984; Lamb, 1992; Kritharides, 1995). Thus 

oxidation of isolated LDL by transition metal ions, such as copper (Cu2+), has been 

adopted for use in vitro and mimics a likely in vivo oxidant source. Almost all copper 

in the plasma is carried on ceruloplasmin, which contains 6 or 7 copper atoms per 

protein molecule. Ceruloplasmin is capable of oxidizing LDL in vitro and is secreted 

by activated U937 monocytes and peripheral blood monocytes (Ehrenwald, 1994; 

Ehrenwald, 1996). 

 

Esterbauer (1989) established that metal ions are able to oxidize human LDL in vitro. 

Catalytically active transition metals have been detected in tissue homogenates of 

advanced lesions, however it is possible that redox metal ion formation occurs during 

the process of homogenization. Circumventing this issue, two minimally invasive 

techniques, electron paramagnetic resonance (EPR) and inductively coupled plasma 

mass spectrometry (ICPMS), also detected a direct correlation between iron 

concentration and cholesterol accumulation in human carotid endaterectomy samples 

(Stadler, 2004). 

 

LDL oxidation by transition metals occurs in three sequential phases. In the initial lag 

phase, antioxidants are consumed and only minimal lipid peroxidation occurs. During 
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the propagation phase, radical species attack the polyunsaturated fatty acids (PUFA), 

forming conjugated dienes and lipid peroxides, which, as free radicals, propagate 

PUFA auto-oxidation. During the final decomposition phase, continued oxidation 

forms a variety of lipid peroxidation products, including 4-hydroxynonenal, hexanal 

and malondialdehyde) (Esterbauer, 1990; Negre-Salvayre, 2008; Salvayre, 2016). In 

general, copper oxidation techniques lead to the formation of extensively oxidized 

LDL, where the lipoprotein has undergone PUFA peroxidation, lipid hydroperoxide 

decomposition, protein hydroperoxide formation and considerable Apo B-100 protein 

fragmentation (Steinbrecher, 1984; Fong, 1987; Esterbauer, 1990; Carpenter, 1994; 

Lougheed, 1996; Gieseg, 2003). The destruction of tryptophan residues on Apo B-100 

is thought to be a key event in copper mediated LDL oxidation, initiating further lipid 

peroxidation (Giessauf, 1995).  

1.3.2 Hypochlorite-oxidized LDL 
Hypochlorite (HOCl) is a non-metal dependent oxidant formed in the reaction 

between H2O2 and chloride ions (reaction 1), catalyzed by the enzyme 

myeloperoxidase (MPO). MPO is a heme protein that is released by activated 

neutrophils and monocytes during the respiratory burst, playing an important role in 

both bacterial killing and inflammatory tissue injury (Zabe, 1999).  

 

Reaction 1: H2O2 + Cl- + H+ → HOCl + H2O 

 

Many lines of evidence implicate HOCl as a key oxidant responsible for generating 

oxLDL in the vascular wall. Firstly, both MPO and HOCl-oxidised Apo B-100 have 

been detected in human atherosclerotic lesions but not normal aorta, providing 

evidence for the occurrence of HOCl-mediated LDL oxidation in vivo (Daugherty, 

1994; Hazell, 1996). This is further supported by the strong correlation between 

leukocyte/blood MPO levels and the prevalence of coronary artery disease (Zhang, 

2001).  

 

HOCl-oxLDL has various pathophysiological effects that mimic fundamental 

atherogenic processes. In neutrophils, HOCl-oxLDL stimulates chemokine synthesis 

and chemotactic migration (Woenckhaus, 1998). In polymorphonuclear leukocytes, 

HOCl-oxLDL induces oxidant production and enzyme secretion, as well as promoting 
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their adhesion to endothelial cells (Kopprasch, 1998). HOCl oxidation converts LDL 

into a high-uptake form for macrophages, which is internalized via phagocytosis 

mediated by CD36 and SR-BI scavenger receptors (Hazell, 1993; Marsche, 2003). 

 

HOCl is a powerful oxidizing agent that can react with various biomolecules, 

including proteins, lipids and DNA. In contrast to copper-mediated oxidation, HOCl 

preferentially modifies the protein component of LDL, Apo B-100, causing very little 

lipid oxidation (Hazell, 1999). However, as it also consumes α-tocopherol the 

resulting LDL is prone to lipid oxidation. 

1.3.3 Distinct cellular responses to Cu-oxLDL and HOCl-oxLDL 
The use of different oxidizing agents (Cu or HOCl) for oxLDL preparation produces 

modified lipoproteins with different chemical properties and pathogenic effects. A 

study by Ermak (2010) demonstrated that U937 cells undergo cell death via two 

distinct mitochondrial apoptotic programs upon exposure to either Cu-oxLDL or 

HOCl-oxLDL. Cu-oxLDL triggered apoptosis via a caspase-independent mechanism, 

with no activation of pro-caspase-3, but with the release of apoptosis inducing factor 

(AIF) from mitochondria, whereas HOCl-oxLDL caused enhanced caspase-9 and -3 

activity. Interestingly, treatment with Cu-oxLDL resulted in the production of ROS 

(mitochondrial superoxide production measured by flow cytometry) at a level two-

fold higher than with HOCl-oxLDL treatment. 

1.4 Cell death 
OxLDL-mediated macrophage death plays an important role in the progression of 

early atherosclerotic lesions into advanced plaques. The cytotoxicity of oxLDL has 

been examined in various cell types including endothelial cells, smooth muscle cells, 

human monocyte-derived macrophages (HMDMs) and monocyte-like U937 cells 

(Hessler, 1979; Marchant, 1995; Vindis, 2005; Gieseg, 2010a). The modified 

lipoprotein mediates cell death via both highly regulated apoptosis and unregulated 

necrosis (Asmis, 2003; Baird, 2004). In early lesions, apoptotic macrophages appear 

to be efficiently cleared by efferocytosis, preventing the build up of necrotic cells. As 

the lesion develops, however, this clearance system becomes overwhelmed due to the 
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increased scale of macrophage death. The apoptotic cells remain in the intima where 

they undergo secondary necrosis (Kavurma, 2017).  

1.4.1 Apoptosis 
Apoptosis, also referred to as programmed cell death, is a critical component of many 

biochemical processes, including cell turnover, proper functioning of the immune 

system, embryonic development and toxin-induced cell death. Hence, the 

dysregulation of apoptosis is implicated in numerous pathological conditions (Elmore, 

2007). Apoptotic cell death follows an ATP-dependent pathway that involves nuclear 

condensation and fragmentation, breakdown of chromosomal DNA and formation of 

apoptotic bodies (blebbing) without degradation of the plasma membrane (Edinger, 

2004). This highly regulated process is generally coordinated by the activation of 

caspase proteases, which mediate a series of signaling pathways to achieve controlled 

cell shutdown. A key feature of apoptosis is the exposure of a phosphatidylserine 

residue on the cell surface, labeling the cell for clearance by phagocytes (Kavurma, 

2017; Gonzalez, 2017).  

 

Baird et al, 2004, showed that oxLDL triggers distinct apoptotic pathways in two 

monocytic cell lines. In THP-1 cells, oxLDL exposure causes conventional caspase-

dependent apoptosis, but in U937 cells apoptosis follows a caspase-independent 

pathway. These distinct responses may relate to dissimilarities in oxLDL uptake by 

different cell types, highlighting the complexity of the processes underlying oxLDL-

induced cell death. 

1.4.2 Necrosis 
In contrast to apoptosis, necrosis is an unregulated catastrophic form of cell death in 

which the plasma membrane is broken down, resulting in release of cellular 

components and initiation (or amplification) of an inflammatory response (Edinger, 

2004). The morphological characteristics of necrotic cell death include membrane 

swelling (due to loss of ion homeostasis), nuclear and plasma membrane disruption 

and damage to cellular organelles (Majno, 1995; Golstein, 2007). Loss of membrane 

integrity leads to the release of damage-associated molecular patterns (DAMPs), 

which are recognized by macrophages and promote their inflammatory activity 

(Cochain, 2017).  
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The precise mechanisms by which oxLDL induces cell death, of which there are 

undoubtedly more than one, remain to be fully elucidated. Evidence is emerging for 

the involvement of several other macrophage cell death pathways, including 

necroptosis and NETosis (Lin, 2013; Mozzini, 2017). Various compounds present in 

oxLDL have proven to be cytotoxic, including cholesterol oxidation products 

(oxysterols), reactive aldehydes (e.g. 4-hydroxynonenal) and certain protein 

derivatives (Clare, 1995; Li, 1996). OxLDL has also been shown to generate 

intracellular oxidative stress by increasing production of ROS and downregulating 

antioxidant enzymes, a condition that may cause or contribute to cell death 

(Dimmeler, 1997). As fully oxidised oxLDL is a highly stable compound, it is likely 

that this response is triggered via interaction with cell receptors rather than directly 

(Katouah, 2015).  

1.5 Oxidative stress 

1.5.1 ROS and oxidative stress 
Oxidative stress is described as potentially damaging dysregulation of the cellular 

redox state resulting from an imbalance between oxidants and antioxidants, favoring 

the former (Sies, 1997). Oxidant production arises from normal aerobic metabolism, 

but elevated oxidant generation is observed in various pathophysiological conditions. 

In chronic inflammatory diseases the immune system generates a wide array of 

oxidants at the site of inflammation, causing tissue damage that exacerbates the 

inflammatory response (Libby, 2002). The loss of redox homeostasis is implicated not 

only in atherosclerosis, but in diabetes, chronic inflammation, human 

immunodeficiency virus (HIV) infection, ischemia reperfusion injury and 

neurodegenerative diseases, as well (Droge, 2002).  

 

Oxygen is present in abundance in biological systems and serves a central role in 

many metabolic processes. The consumption of oxygen in biochemical reactions 

gives rise to a range of reactive oxygen species (ROS) (Madamanchi, 2005). ROS are 

highly reactive oxygen metabolites that participate in oxidation-reduction reactions, 

and can be either radicals or non-radicals. Radicals are oxygen species with an 

unpaired electron in their outer orbital, such as superoxide (O2
�-), hydroxyl (O�H), 

alkoxyl (RO�), hydroperoxyl (HO2
�) and nitric oxide radicals (NO�). Non-radical ROS 
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do not have an unpaired electron but will partake in reactions involving electron 

exchange, such as hydrogen peroxide (H2O2), peroxynitrite (ONOO-), singlet oxygen 

(1O2), hypochlorous acid (HOCl) and lipid peroxides (LOOH) (Guzik, 2006).  

 

ROS can be generated in mammalian cells by various enzymatic and non-enzymatic 

processes. Some major sources are the nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase, myeloperoxidase (MPO), xanthine oxidase, the mitochondrial 

respiratory chain, lipoxygenase and uncoupled nitric oxide synthase (NOS) 

(Sugamura, 2011). Among these, NADPH oxidase (NOX) is thought to be the 

principle source of superoxide, overproduction of which plays a major role in 

mediating cellular damage (Lambeth, 2004). 

 

The regulation of a number of important physiological processes relies on ROS, 

including energy production, substrate oxidation, transcriptional activation, cell 

signalling and cellular defences (Forman, 2002; Ray, 2012; Salvayre, 2016). In 

general, low concentrations of ROS will mediate these processes. When ROS 

production exceeds the local antioxidant capacity, an oxidative stress response will 

ensue. ROS react indiscriminately with cellular components such as lipids, proteins, 

membranes and nucleic acids, modifying their structure and potentially altering their 

function. The overproduction or insufficient degradation of ROS can lead to the 

failure of critical metabolic processes, resulting in cell death via apoptosis or necrosis 

(Valko, 2007; Salvayre, 2016). 

1.5.2 Antioxidants 
With the production of ROS occurring during normal eukaryotic metabolism, a 

number of cellular antioxidant systems have evolved as compensatory measures to 

offer protection against oxidative damage. An antioxidant is a substance that is able to 

compete with other oxidisable substrates, at relatively low concentrations, and in 

doing so delay or inhibit the oxidation of these substrates. Under this definition 

antioxidants can be both enzymatic (such as superoxide dismutase, catalase and 

glutathione peroxidase) and non-enzymatic compounds (such as α-tocopherol, β-

carotene, ascorbate, 7,8-dihydroneopterin and glutathione) (Droge, 2002). 
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1.5.2.1 7,8-Dihydroneopterin  
7,8-Dihydroneopterin (7,8-NP) is an antioxidant synthesized by macrophages upon 

stimulation by the cytokine interferon λ (INF- λ). In vitro studies have established that 

7,8-dihydroneopterin is a potent antioxidant that can prevent oxidative damage to 

cellular proteins and membranes (Gieseg, 2001; Baird, 2005; Gieseg, 2010a). 

Katouah et al (2015) showed that 7,8-dihydroneopterin is able to reduce oxLDL-

induced intracellular oxidative stress, glutathione depletion and damage to key 

catabolic enzymes. 7,8-Dihydroneopterin has also been shown to downregulate the 

CD36 scavenger receptor in monocytes and macrophages, and while this effectively 

reduces oxLDL uptake, this downregulation alone does not offer protection from 

oxLDL cytotoxicity (Shchepetkina, 2017). Instead, the protective effects of 7,8-

dihydroneopterin are likely due to its ability to scavenge free radicals. The antioxidant 

has been shown to scavenge superoxide and hydrogen peroxide (Shen, 1994), 

hypochlorite (Yang, 2009), peroxyl radicals (Oettl, 2004) and lipid peroxyl radicals 

(Gieseg, 1995).  

 

The findings from several in vivo studies demonstrate the relevance of 7,8-

dihydroneopterin in atherosclerosis. Firstly, increased levels of plasma neopterin 

(NP), the 7,8-dihydroneopterin oxidation product, correlate with an increase in 

atherosclerotic burden (Adachi, 2007; Ray, 2007). Significant amounts of 7,8-

dihydroneopterin and neopterin have also been detected in excised plaques, 

suggesting that these compounds may play an important role in chronic inflammation 

(Gieseg, 2008). 

1.5.2.2 Glutathione 
The ubiquitously expressed antioxidant glutathione (GSH) is a critical component of 

the cellular antioxidant defence system. GSH is a tripeptide composed of glycine, 

glutamic acid and cysteine, with the cysteine thiol group (-SH) acting as the active 

group. Millimolar concentrations of GSH can be detected in the cellular 

compartments such as the cytoplasm, nuclei and mitochondria, in which it functions 

as the main water-soluble antioxidant (Pastore, 2003; Valko, 2007). In the cell, free 

glutathione is present predominantly in its reduced form (GSH), which can be 

oxidized during oxidative stress. The oxidized form of glutathione, glutathione 

disulfide (GSSG), can be converted back into its reduced form by the enzyme 
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glutathione reductase (Pastore, 2003). The ratio of reduced/oxidized glutathione 

(GSH/GSSG) thus serves as an important indicator of the redox state of the cell. 

 

As an antioxidant, the primary function of GSH is to offer protection against 

oxidative stress, and this is achieved in several ways; firstly, GSH is a cofactor for 

certain detoxifying enzymes such as glutathione peroxidase, which acts to detoxify 

both hydrogen peroxide and lipid peroxides; secondly, GSH is involved in amino acid 

transport into the cell, aiding recovery; thirdly, GSH is able to scavenge hydroxyl 

radicals and superoxide; and lastly, GSH is able to regenerate two essential 

antioxidants, α-tocopherol and ascorbate (Masella, 2005). The depletion of cellular 

GSH due to complete oxidation or inhibition of its regeneration can lead to oxidative 

damage of metabolic enzymes and other cell components, ultimately resulting in cell 

death (Kappler, 2007). Exposure to oxLDL has been shown to deplete cellular 

glutathione and inhibit glutathione reductase, creating an imbalance in redox 

homeostasis (Wang, 2006; Katouah, 2015). 

1.5.3 Oxidative stress in atherosclerosis 
Aberrant ROS production is associated with multiple stages of atherosclerosis, from 

initial fatty streak formation through to rupture of the advanced lesion. ROS have 

been shown to induce endothelial cell activation and expression of adhesion 

molecules, to stimulate SMC migration, proliferation and collagen deposition, and to 

promote the release of matrix metalloproteinases, which destabilize the atheromatous 

plaque by degrading the fibrous plaque wall. Additionally, ROS-induced cell death 

can contribute to the build up of dying cells in the necrotic core of advanced lesions 

(Harrison, 2003; Kattoor, 2017). A critical atherogenic event mediated by ROS is 

oxidation of LDL to form oxLDL (discussed in section 1.2.3). Coming full circle, 

oxLDL itself triggers intracellular oxidative stress in various cells types (Salvayre, 

2002; Baird, 2005; Gieseg, 2010a). Macrophages exposed to oxLDL produce oxidants 

within the cell, as well as into the environment in an attack on the foreign body. 

Intracellular oxidative stress induced by oxLDL depletes cellular glutathione levels 

and inactivates essential glycolytic enzymes (GAPDH and aconitase), inhibiting ATP 

generation and resulting in necrotic cell death (Katouah, 2015). 
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Previous work from this laboratory has used a process of elimination to identify NOX 

as the most probable source of oxLDL-induced oxidative stress. Cross (2016) 

investigated the role of myeloperoxidase (MPO), a HOCl-generating enzyme 

complex. Two MPO inhibitors, ABAH and thiocyanate, were shown to have no effect 

on oxLDL-induced oxidative stress or cell death in U937 cells, indicating that MPO 

does not play a significant part in oxLDL cytotoxicity. Mitochondrial dysfunction has 

also been investigated as a possible oxidant source, as exposure to oxLDL increases 

mitochondrial superoxide levels in HMDMs (Chen, 2012; Othman, 2015). U937 cells 

exposed to oxLDL were shown to lose mitochondrial membrane potential, indicating 

mitochondrial dysfunction (Othman, 2015; Cross, 2016). However, these findings 

were inconclusive due to inconsistencies in the results produced by the assay in use, 

meaning that further investigation into the role of mitochondrial dysfunction is 

required. Chen (2012) investigated the involvement of NOX using two inhibitors, 

apocynin and diphenyleneiodonium (DPI). Both inhibitors were able to significantly 

reduce U937 monocyte cell death, intracellular oxidative stress and glutathione loss 

caused by exposure to oxLDL. NOX p47phox subunit expression was also increased 

upon exposure to oxLDL. These findings implicate NOX as a major oxidant source in 

oxLDL-induced monocyte death and suggest that oxLDL is somehow activating 

NOX.  

1.6 NADPH oxidase 
The NADPH oxidase (NOX) enzymes are a family of related heteroprotein complexes 

responsible for ROS production in various cell types. Cardiovascular NOX generate 

superoxide radicals (O2
�-) via the NADPH-dependent one-electron reduction of 

molecular oxygen (Reaction 2).  

 

Reaction 2: 2 O2 + NADPH → 2 O2
�- + NADP+ + H+ 

 

Initially recognized for their essential role in host-defense against pathogen invasion, 

the involvement of NOX-derived ROS in cellular redox signaling mediating cell 

differentiation, proliferation, apoptosis, senescence and inflammatory responses is 

also becoming increasingly clear. NOX enzymes are tightly regulated, a necessary 

measure to avoid excessive production of deleterious superoxide. The expression of 



Introduction 

 

	 17	

one or more NOX isoforms occurs in virtually all cardiovascular cells, including 

endothelial cells, vascular SMCs, macrophages and monocytes, cardiac myocytes and 

fibroblasts, adventitial fibroblasts, adipocytes and stem cells. Consequently, they 

serve as key regulators in vascular physiology and pathophysiology (Griendling, 

2000; Bedard, 2007; Lassegue, 2012; Schroder, 2017). 

1.6.1 NOX isoforms 
Seven NOX isoforms have been detected in mammalian cells: NOX1-5 and the dual 

oxygenases, DUOX1-2. These proteins differ in terms of their modes of activation, 

tissue and subcellular localization and ROS products. NOX1-3 and NOX5 primarily 

generate superoxide (O2
�-), which may dismutate into H2O2, while NOX4, DUOX1 

and DUOX2 produce H2O2 directly. While all isoforms are encoded by separate genes 

and have considerable variation in their primary amino acid sequences, they are 

assumed to share relatively similar tertiary structures (Rivera, 2010; Lassegue, 2012; 

Schroder, 2017).  

 

Of these seven isoforms, only four (NOX1, NOX2, NOX4 and NOX5) appear to be 

expressed in the vasculature. Several NOX isoforms have been detected in phagocytic 

cells (i.e. neutrophils and monocytes/macrophages) (Rivera, 2010; Panday, 2015). 

Both NOX1 and NOX4 have been implicated in macrophage-mediated LDL 

oxidation and resultant cell death (Park, 2009; Lee, 2010), findings that demand 

further investigation. Whilst not ruling out these isoforms as potential contributors to 

oxLDL-induced intracellular oxidative stress, this course of research focuses on 

NOX2, as this is the most highly expressed isoform in phagocytes and is thus 

particularly relevant. The remainder of this section will focus solely on the structure, 

localization and activation of phagocyte NOX2 (referred to herein as NOX).  

1.6.2 NOX structure and activation 
Phagocytic NOX, also known as the respiratory burst oxidase, comprises six hetero-

subunits that interact in a stimulus-dependent manner to form the active enzyme 

(Figure 1.2). The complex consists of two membrane-bound subunits, gp91phox and 

p22phox (phox for phagocyte oxidase), and four regulatory cytosolic subunits, p67phox, 

p47phox, p40phox and Rac, a small GTPase. The integral membrane components 
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gp91phox and p22phox collectively form the membrane spanning heterodimeric 

flavocytochrome b558 (Nauseef, 2004; Sumimoto, 2008).  

 

In its dormant state, the multidomain regulatory subunits exist in the cytosol as a 

trimer, with p67phox linking p47phox and p40phox (Panday, 2015). Following induction 

by a stimulus, p47phox undergoes extensive phosphorylation and resulting 

conformational changes, exposing two SRC-homology 3 (SH3) regions that interact 

with proline rich regions on p22phox (Leto, 1994). The entire p67phox-p47phox-p40phox 

cytosolic complex translocates to the membrane, associating with cytochrome b558 

and forming the active enzyme (Dusi, 1993; Nakamura, 1998; Lam, 2010). The 

presence of phox homology (PX) domains on p47phox and p40phox enables binding 

with phosphoinositidines, a eukaryotic membrane component, and this interaction 

further stabilizes the active complex (Kanai, 2001).  

 

 
Figure 1.2: Schematic representation of phagocyte NADPH oxidase activation 
NOX activation requires translocation of the cytosolic enzyme subunits (p47phox, 
p40phox, p67phox and Rac) to the membrane, where they interact with the integral 
membrane subunits (gp91phox and p22phox). Extensive phosphorylation of p47phox is a 
critical step leading to assembly of the functional oxidase (adapted from Bokoch, 
2002). 
 

In the resting enzyme the Rac GTPase remains inactive in the cytosol, bound to 

guanosine diphosphate (GDP) via interaction with RhoGDI. Upon induction and in 

unison with p47phox translocation, GDP-Rac is converted to guanosine triphosphate 

(GTP)-Rac by a guanine nucleotide exchange factor (GEF), allowing for its 
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translocation to the plasma or phagosome membrane (Mizuno, 1992; Diebold, 2001). 

The exact role of Rac is yet to be determined, but it is thought to act both as a scaffold 

for the interaction between p67phox gp91phox and to participate directly in electron 

transfer (Bokoch, 2002). 

 

The active complex transfers electrons from the substrate, NADPH, to oxygen via the 

redox cofactor flavin adenine dinucleotide (FAD). Gp91phox serves as the catalytic 

core of the enzyme, containing two heme groups responsible for binding FAD. Two 

electrons are transferred from cytosolic NADPH to FAD and subsequently across the 

membrane, carried by the heme groups (Lassegue, 2012). This results in generation of 

superoxide, the first ROS product in a cascade of metabolites, including H2O2. 

Electron potential across the membrane, an essential feature for sustaining NOX 

activity, is maintained by voltage-gated proton channels (DeCoursey, 2010).Various 

stimuli are used to study NOX activation, including the pharmacological PKC 

activator phorbol 12-myristate 13-acetate (PMA), the bacterial peptide N-

formylmethionine-leucyl-phenylalanine (fMLP) and the fungal cell wall glycan 

zymosan (Makni-Maalej, 2013). 

 

The p47phox subunit is referred to as the phagocyte NOX “organizer” as it is largely 

responsible for arranging the complex into its active state. The 390 amino acid protein 

contains five functional domains (Figure 1.3): one PX domain, two SH3 domains, a 

C-terminal autoinhibitory region (AIR) and a proline rich domain (PRR) (El-Benna, 

2009). When NOX is inactive, the two SH3 domains form intramolecular interactions 

with the C-terminal region of the protein keeping it in an “auto-inhibited” state. A 

shared interface between the SH3 domains forms a shallow groove that functions as 

the peptide binding surface (Groemping, 2005). During stimulation, p47phox becomes 

heavily phosphorylated at several serine residues, following which the AIR is released 

from its auto-inhibitory role. This permits the SH3 domain groove to bind the C-

terminal proline rich sequence of p22phox, facilitating membrane translocation 

(Yuzawa, 2004; Thomas, 2017) . 

 

Multiple phosphorylation sites have been detected (Ser303, Ser304, Ser315, Ser320, 

Ser328, Ser345, Ser348, Ser359, Ser370 and Ser379) and site-directed mutagenesis 
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has shown that extensive phosphorylation is absolutely critical for NOX activation 

(Faust, 1995). Phosphorylation of the Ser379 residue is particularly important as this 

acts as a “molecular switch”, whereby Ser379 phosphorylation disrupts hydrogen 

bonds linking the AIR to its tandem SH3 binding pocket, enabling the AIR to be 

released and p22phox to be bound in its place (Meijles, 2014). 

 

 
 
Figure 1.3: Domain structure of p47phox and conformational changes induced by 
phosphorylation 
P47phox is a 390 amino acid protein composed of one phox homology (PX) domain, 
two SRC homology 3 (SH3) domains, one autoinhibitory region (AIR) and a proline-
rich region (PRR). In the resting state, p47phox is in an auto-inhibited state. Upon 
activation, phosphorylation of multiple serine residues causes conformational changes 
that allow the SH3 domains to bind membrane-bound p22phox (adapted from El-
Benna, 2009). 
 
Several protein kinases have been shown to phosphorylate p47phox both in vitro and in 

vivo, including protein kinase C (PKC), extracellular signal-regulated kinase 1/2 

(ERK1/2), p38 mitogen activated protein kinase (p38 MAPK), AKT/PKB, protein 

casein kinase II (CKII), protein kinase A (PKA), p21-activated kinase (PAK), IRAK-

4 and src kinase (summarized in Figure 1.4). A number of studies have provided 

evidence that multiple signalling pathways converge to regulate NOX and that the 

modulators involved differ depending on both cell type and activating signal (El-

Benna, 1996; Dewas, 2000; Yamamori, 2000; Makni-Maalej, 2013). Such complexity 

reflects the ability of NOX to respond to various stimuli, as well as its requirement for 

tight control in order to avoid damage to cellular constituents. This work focused on 

three-signal transduction cascades (PKC, ERK1/2 and p38 MAPK), whose 
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involvement in phagocytic NOX activation has been well documented (discussed 

further in sections 1.7 and 1.8). 

 

 
 
Figure 1.4: Kinases involved in direct p47phox phosphorylation in vitro and in vivo 
	

1.6.3 NOX localization 
Detecting the exact sites of NOX activation in the cell poses a challenge, as its ROS 

products are highly reactive short-lived species. The use of fluorescent probes, 

immunostaining, electron microscopy and cerium peroxide detection has provided 

some information on the intracellular localization of NOX (Winterbourn, 2016).  

These studies have shown that NOX is expressed mainly upon the plasma membrane, 

such that superoxide is produced extracellularly or intracellularly (usually within 

phagosomes, which are plasma membrane-derived vesicles involved in bactericidal 

activity) (Kobayashi, 1998; Bylund, 2010). Intracellular vesicles can be also be 

exocytosed, releasing oxidants from the cell into the extracellular space (Lassegue, 

2012). 
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1.6.4 Gp91ds-tat 
Gp91ds-tat is a chimeric 18 amino acid peptide that hinders NOX assembly and 

activation (Williams, 2007). The peptide contains a nine amino acid docking sequence 

(ds), which mimics a region of gp91phox involved in interaction with p47phox during 

NOX assembly. The residual amino acids form the trans-activator of transcription 

(tat) sequence, an HIV viral coat protein that allows the inhibitor to be internalized by 

cells. A scrambled inhibitor, which contains a scrambled docking sequence and the tat 

sequence, has been designed for use as a negative control (Cifuentes, 2006; Williams, 

2007). 

 

Gp91ds effectively inhibits NOX isoforms that contain the gp91phox subunit (i.e. 

NOX1 and NOX2), and is unlikely to be effective in isoforms that differ significantly 

(i.e. NOX4 and NOX5) (Williams, 2007). In cell free systems, gp91ds blocks oxidase 

activity by up to 80% (Rey, 2001). Treatment with gp91ds has been shown to 

significantly reduce agonist-induced NOX activation and subsequent superoxide 

generation in human aortic endothelial cells, human neutrophils and monocytic U937 

cells (Rey, 2001; Lopes, 2002; Tarr, 2012; Nazarewicz, 2013). Furthermore, gp91ds 

attenuates angiotensin-II induced aortal macrophage infiltration and vascular 

superoxide production in rats (Liu, 2003; Jacobson, 2003). 

 

Previous work by this laboratory (Cross, 2016) has indicated that gp91ds inhibits 

oxLDL-induced intracellular oxidant production in U937 monocytes in a 

concentration-dependent manner. This implicates gp91phox-containing NOX isoforms 

in the oxLDL-induced intracellular oxidative stress response, a finding that requires 

further exploration (specifically, use of a scrambled inhibitor control). 

 

1.6.5 NOX in atherosclerosis 
Oxidases of the NOX family are a major source of ROS in the vascular wall and 

elevated NOX activity strongly contributes to the pathogenesis of atherosclerosis in 

experimental models. The manner in which NOX-derived ROS affect this process in 

vivo depends on the extent and duration of NOX activity, and questions of its 

involvement can be approached from various standpoints (for example, vascular 

versus phagocytic cells; lesion initiation versus progression) (Fearon, 2009; Dusting, 
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2005, Sirker, 2011). A number of studies have provided evidence linking NOX 

activity to the development of atherosclerosis. Barry-Lane et al (2001) measured 

lesion formation in hyperlipidemic ApoE-/- mice with genetic deletions in NOX 

subunits, observing that p47phox knockout mice had less total lesion area than mice 

with the functional enzyme. Pharmacological inhibition of NOX via GKT137831 also 

reduces lesion formation and associated vascular immune cell infiltration in ApoE-/- 

mice (Di Marco, 2014). The expression of active gp91phox/p22phox has been detected in 

excised human carotid plaque sections, and increased expression is associated with 

the severity of atherosclerosis (Sorescu, 2002). NOX has also been found to respond 

to directional changes in blood flow, suggesting that the enzyme may play a role in 

lesion initiation at major arterial branch points (Godbole, 2009).  

 

Looking more specifically at the role of phagocytic NOX in atherosclerosis, 

functional NOX is required for monocyte and macrophage superoxide production and 

cell-mediated LDL oxidation in vitro (Aviram, 1996; Bey, 2000). In vivo studies 

(Vendrov, 2007) showed that ApoE-/- mice with nonfunctional monocyte/macrophage 

NOX exhibit decreased ROS generation and atherosclerotic burden. A recent study by 

Beloqui et al (2017) also demonstrated a correlation between superoxide production 

in isolated peripheral lymphocytes and monocytes and vascular calcification in 

humans.  

 

The induction of NOX expression and activity by oxLDL has been proposed based on 

the findings from various studies. Nguyen-Khoa et al (1999) observed NOX 

activation measured by chemiluminenscence in THP-1 and U937 derived 

macrophages exposed to oxLDL. Interestingly, HOCl-oxLDL triggered a stronger 

NOX activation than Cu-oxLDL, suggesting that the LDL protein moiety (which is 

highly altered during HOCl-oxidation) plays an important role in NOX activation. 

Similarly, certain lipoprotein oxidation products are capable of activating NOX, 

including 7-ketocholesterol, 13-hydroperoxyoctadecadienoic acid and some reactive 

aldehydes (Li, 2003; Pedruzzi, 2004; Jaimes, 2004; Yun, 2010; Zhang, 2015). 

Findings from this laboratory suggest that exposure to oxLDL promotes NOX 

expression and activity in U937 and THP-1 monocytes, isolated human monocytes 

and human monocyte-derived macrophages (HMDMs) (Gieseg, 2010; Katouah, 2015; 
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Othman, 2015). OxLDL-induced NOX activation has also been observed in blood 

platelets and endothelial cells, providing a useful comparison for the process 

occurring in phagocytes (Heinloth, 2000; Rueckschloss, 2001; Chow, 2007; 

Magwenzi, 2015).  

1.7 Protein kinase C 

1.7.1 PKC overview 
Members of the protein kinase C (PKC) family act as key signal transducers in 

virtually all cell types by phosphorylating substrates at specific serine/threonine 

residues (Lim, 2015). PKCs influence a variety of cellular functions, including 

activation, differentiation, proliferation, death, effector functions and gene expression, 

acting as both cytosolic and nuclear signaling mediators (Altman, 2016).  

 

First discovered almost forty years ago, the PKC family has since then expanded to 

include at least 11 distinct mammalian isozymes (Lee, 2008). These isoforms have 

been categorized into three groups, based on their molecular architecture and 

necessary cofactors: classical/conventional, novel and atypical PKCs. The classical 

PKC isoforms (PKC α, β I & II, and γ) require diacylglycerol (DAG) and calcium-

dependent phospholipid binding for activation to occur. The novel PKC isoforms (δ, 

ε, η, θ and µ) bind DAG but differ from classical PKCs in that they do not coordinate 

calcium ions. The atypical PKCs (ζ and λ/ι) do not bind DAG or calcium, but are 

activated by other lipid-derived second messengers (Churchill, 2008; Lim, 2015). All 

isoforms share a similar structure, where an N-terminal regulatory domain is 

connected through a flexible linker to a conserved C-terminal catalytic domain 

(Steinberg, 2012). 

 

The level and pattern of PKC isoform expression is cell-type specific. Immune cells 

express all isoforms with the exception of PKCγ, which is expressed primarily by 

cells of the central nervous system (Altman, 2014). In innate immunity, PKCs exert 

their effects via a toll-like receptor (TLR) pathway. TLRs are a group of pattern 

recognition receptors expressed in most cell types, and at particularly high levels in 

macrophages, neutrophils and dendritic cells (West, 2006). PKC is activated by 
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phorbol ester compounds such as PMA and is itself regulated by an upstream 

phosphoinositide-dependent kinase, PDK-1 (Newton, 2001). 

 

Three sequential phosphorylation steps are required to render PKC catalytically 

competent. An initial phosphorylation occurs in the activation loop at threonine-500, 

followed by phosphorylation of a turn motif at threonine 641 and a final 

autophosphorylation of the hydrophobic motif at serine-660. PKC contains an 

autoinhibitory pseudosubstrate sequence, which acts to inhibit the enzyme when its 

activity is not required. This autoinhibitory moiety is repositioned upon 

phosphorylation, cofactor binding and association with phospholipids of the cell 

membrane, allowing the enzyme to phosphorylate exogenous substrates (Lee, 2008). 

Protein phosphorylation and translocation to the particulate fraction are routinely 

measured as indicators of PKC activation (Bertram, 2011).  

1.7.2 NOX activation by PKC 
PKC enzymes are key activators of the phagocyte respiratory burst. Monocyte 

activation leads to increased superoxide production and cell-mediated LDL oxidation, 

largely through the activity of NOX (Bey, 2000; Katouah, 2015). PKC inhibition has 

been shown to reduce both of these effects (Verhoeven, 1993; Li, 1994; Li, 1999; 

Yamamori, 2000), a phenomenon that is likely related to its involvement in NOX 

regulation. In vitro, various PKC isoforms participate in p47phox phosphorylation at 

selective sites leading to NOX activation. These include PKC α, β, δ and ζ, all 

isoforms known to be present in phagocytes (Dang, 2001; Fontayne, 2002). In 

response to zymosan, PKC specifically targets Ser328 and Ser315 of p47phox and its 

inhibition partially blocks ROS production (Makni-Maalej, 2013). The PKC isoforms 

responsible for in vivo p47phox phosphorylation differ depending on the cell type and 

activating stimulus. In human neutrophils, the involvement of PKC isoforms β, δ and 

ζ has been detected in PMA- and FMLP-stimulated cells (Dekker, 2000; Dewas, 

2000; Dang, 2001; Brown, 2003; Cheng, 2007). PKC has also been shown to 

phosphorylate the gp91phox subunit during NOX activation, promoting its binding to 

the cytosolic NOX subunits and increasing its catalytic activity (Raad, 2009). 
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1.7.3 PKC inhibition by Go6983 
Go6983 (Figure 1.5) is a potent broad spectrum PKC inhibitor that exhibits fast 

acting inhibition of certain classical (α, β and γ), novel (δ and µ) and atypical (ζ) PKC 

isoforms (Young, 2005). As a bisindolylmaleimide analog, Go6983 is a synthetic 

mimic of the natural fungal metabolite staurosporine. The bisindolylmaleimides form 

a class of PKC inhibitor based on the structure of staurosporine but designed to 

exhibit greater selectivity for PKC (Jirousek, 1996). Similar to other 

bisindolylmaleimides, Go6983 passes into cells by simple diffusion and inhibits PKC 

by binding at the highly conserved ATP binding site (Young, 2005). 

 

 
Figure 1.5: Molecular structure of PKC inhibitor Go6983 

 

 

Go6983 has been shown to effectively inhibit PMA-induced superoxide production in 

rat polymorphonuclear (PMN) leukocytes, resulting in a 60-90% decrease (Peterman, 

2004; Young, 2005). In vivo, Go6983 strongly inhibited superoxide anion release in 

human oesinophils isolated from subjects experiencing allergy-related inflammation 

(Woschnagg, 2001). Furthermore, when epithelial progenitor cells isolated from 

coronary artery disease (CAD) patients were treated with Go6983, both the 

expression and activity of NOX were reduced (Zhang, 2016a). Thus, Go6983 stands 

out as a promising cardioprotective agent and tool for investigating the mechanistic 

functions of PKC. 
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1.8 Mitogen-activated protein kinases 

1.8.1 MAPK overview 
Mitogen-activated protein (MAP) kinases are responsible for regulating a number of 

cellular processes, including gene expression, growth, differentiation, proliferation 

and apoptosis, and have been implicated in many human diseases (Runchel, 2011). 

MAP kinases generally function in a three-tiered phosphorylation pathway (Figure 

1.6), consisting of the following components: a MAP kinase (MAPK), a MAPK 

kinase (MAPKK or MAP2K) and a MAPKK kinase (MAPKKK or MAP3K) 

(Krishna, 2008). To date, 21 MAP3K, 7 MAP2K and 11 MAPK genes have been 

described. 

 
 
Figure 1.6: The mitogen activated protein kinase (MAPK) cascade proceeds via a 
three-tiered phosphorylation pathway 
Upon induction by a stimulus, a MAP3K phosphorylates a MAP2K, which in turn 
phosphorylates a MAPK. The active MAPK can then modulate the activity of various 
cellular proteins (adapted from Runchel et al, 2011). 
 
Various stimuli can initiate the cascade, including hormones, growth factors, 

inflammatory cytokines and environmental stresses. Self-activation or upstream 

signaling leads to activation of MAP3K and induction of the signaling cascade. The 
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MAP3K subsequently phosphorylates and activates the MAP2K, which in turn 

phosphorylates and activates the MAPK. The active MAPK can then modulate the 

activity of various cellular proteins by phosphorylating specific serine and threonine 

residues (Runchel, 2011). In innate immune cells, TLR-dependent MAPK signaling is 

the most widely studied and well-understood pathway (Symons, 2006; Arthur, 2013). 

Two MAPK signaling pathways have been implicated in p47phox phosphorylation 

leading to NOX activation: the extracellular signal-regulated kinase (ERK) cascade 

and the p38 kinase cascade. These are discussed in further detail in the following 

sections. 

1.8.2 ERK1/2 cascade  

1.8.2.1 ERK1/2 overview 
The ERK1/2 signal transduction cascade is the most extensively studied MAPK 

pathway. ERK 1 and ERK 2 are two closely related serine/threonine protein kinases, 

sharing 84% sequence identity and displaying almost identical functions. Hence, they 

are generally considered together as ERK1/2 (Roskoski, 2012). The ERK1/2 cascade 

is initiated by ligand binding at plasma membrane receptors (such as tyrosine kinases 

and G-protein coupled receptors), resulting in activation of the small G protein Ras. 

Ras catalyzes phosphorylation of the MAP3K Raf, which in turn phosphorylates and 

activates the two MAP2Ks MEK1 and MEK2 (MAPK/ERK kinase) (Krishna, 2008). 

Human ERK1/2 is phosphorylated by MEK1/2 at Tyr-204/187 and Thr-202/185, both 

of which are essential for enzyme activation (Roskoski, 2012). Active ERK1/2 may 

then act upon a large number of substrates (of which at least 160 have been 

described), achieving the desired cellular response (Runchel, 2011).  

1.8.2.2 NOX activation by ERK1/2 
The first evidence for the direct involvement of ERK1/2 in NOX activation came 

from a study by El Benna et al, 1996, in which the kinase was shown to 

phosphorylate a p47phox fusion protein in vitro. Since this time, several studies have 

provided evidence for in vivo p47phox phosphorylation by ERK1/2 in human 

neutrophils in response to different activating signals, including FMLP and zymosan 

(Dewas, 2000; Makni-Maalej, 2013). In addition, ERK1/2 inhibition has been shown 

to reduce proinflammatory cytokine-induced ROS production in various cell lines, 
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viz. primary human monocytes, THP-1 monocytes, PMN leukocytes and human 

umbilical vein endothelial cells (HUVECs) (O'Donnell, 2003; Dang, 2006a; Makni-

Maalej, 2013; Singh, 2016). 

 

An observation that has been repeatedly confirmed is that the extent to which ERK1/2 

is responsible for p47phox phosphorylation differs depending on the activating signal. 

For instance, ERK1/2 inhibition strongly suppresses FMLP-induced phosphorylation, 

but only exhibits partial inhibition of PMA-induced phosphorylation (Dewas, 2000; 

Kim, 2001). Furthermore, combined inhibition of ERK1/2 and PKC has an additive 

effect on PMA-induced NOX activation, indicating that multiple signaling cascades 

are at play (Dewas, 2000). 

1.8.2.3 ERK1/2 inhibition by PD98059 
PD98059 (2-[2’amino-3’-methoxyphenyl]-oxanaphthalen-4-one) (Figure 1.7) is a 

specific, cell-permeable antagonistic inhibitor of the ERK1/2 signaling cascade 

(Alessi, 1995). This compound exerts its effect by binding to the inactive form of 

MEK1/2, the upstream activator of ERK1/2, thus preventing MEK1/2 activation by 

Raf and subsequent ERK1/2 activation. PD98059 exhibits a high degree of specificity 

for the ERK1/2 cascade and functions via an allosteric mechanism that does not affect 

ATP binding (Alessi, 1995; Dudley, 1995; Downey, 1998). 

 

 
 

Figure 1.7: Molecular structure of ERK1/2 inhibitor PD98059 
 
As a long-standing and well-characterized inhibitor of the ERK1/2 cascade, many of 

the studies mentioned in section 1.8.2.2 have utilized PD98059 to detect ERK1/2-

mediated NOX activation. The inhibitor has been shown to block ROS production 

and/or p47phox phosphorylation in multiple cell types relevant to this course of study, 

namely human monocytes, U937 cells, THP-1 cells and human peripheral blood 
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neutrophils (Downey, 1998; Dewas, 2000; Olivetta, 2009; Singh, 2016). In relation to 

atherosclerosis, O’Donnell et al (2003) showed that endothelial cells exposed to 

atherogenic levels of LDL display a burst in oxidative metabolism, which is almost 

completely blocked by treatment with PD9859. In another study, acute myocardial 

infarction was shown to induce ERK1/2-mediated NOX activation in mouse PMN 

neutrophils, a response that could be suppressed by PD98059 (Miriyala, 2015). 

1.8.3 P38 MAPK cascade 

1.8.3.1 P38 MAPK overview 

Kinases of the p38 MAPK cascade are classified as stress-responsive kinases as they 

are activated by a number of proinflammatory and stress stimuli (Krishna, 2008). 

Four members of the p38 MAPK family have been described to date: p38α, p38β, 

p38γ and p38δ. P38α is expressed ubiquitously, whereas p38β is expressed at low 

levels and p38γ/δ are present only in specific tissues (Runchel, 2011). Multiple 

membrane receptors have been reported to mediate p38 MAPK activation, viz. G-

protein coupled receptors, cytokine receptors, Toll-like receptors, growth factor 

receptors and receptors for environmental stressors such as heat shock, radiation and 

ultraviolet light (Yong, 2009). The p38 cascade is initiated by phosphorylation of the 

p38 MAP3Ks, of which there are several (ASK1/2, MEKK1, MLK3 and TAK1). This 

leads to phosphorylation of the MAP2Ks MEK3/6 and subsequent p38 MAPK 

activation (Runchel, 2011). 

1.8.3.2 NOX activation by p38 MAPK 
Alongside their discovery of a role for ERK1/2 in NOX activation, El Benna et al 

(1996) revealed for the first time that p38 MAPK is able to directly phosphorylate a 

p47phox fusion protein. Following this observation, multiple studies have provided 

evidence for the in vivo phosphorylation of phagocyte p47phox by p38 MAPK leading 

to oxidase activation, both in neutrophils (Zhao, 2002; Kim, 2011; Makni-Maalej, 

2013) and macrophages (Lemarie, 2008). Inhibition of p38 MAPK has also been 

shown to partially or fully block superoxide production in neutrophils exposed to 

PMA, FMLP and zymosan, showing that the kinase is involved in NOX activation in 

response to various stimuli (Lal, 1999; Yamamori, 2002; Sakamoto, 2006; Makni-

Maalej, 2013). 
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Targeting the link between p38 MAPK and NOX activation may be a valuable 

clinical approach for the design of cardioprotective agents. In a study by Takeshima et 

al (2012) Dahl hypertensive rats were shown to exhibit cardiac inflammation, p38 

MAPK activation and increased NOX subunit expression, all of which were 

significantly suppressed by oral administration of the p38 MAPK inhibitor FR167653. 

P38 MAPK inhibition has also been shown to block superoxide-induced endothelial 

vasomotor dysfunction in rats with chronic heart failure (Widder, 2004). 

1.8.3.3 P38MAPK inhibition by SB202190 
SB202190 (4-[4-[4-fluorophenyl]-5-[4-pyridinyl]-1H-imidazol-2-yl]-phenol) (Figure 

1.8) is a potent, cell permeable p38 MAPK inhibitor. It exhibits selective inhibition of 

the p38 α and β isoforms and is effective at nanomolar concentrations (Davies, 2000; 

Bain, 2007). As a pyridinyl imidazole inhibitor, SB202190 exerts its effect by binding 

directly in the ATP binding pocket of p38 MAPK (Fox, 1998). 

 

 
 

Figure 1.8: Molecular structure of p38 MAPK inhibitor SB202190 
 

 

Several studies have used SB202190 as a tool to study the role of p38 MAPK in NOX 

activation. In human neutrophils, SB202190 completely inhibits angiotensin II-

induced NOX activation and subsequent superoxide production (Hazan-Halevy, 

2005). P38 MAPK inhibition by SB202190 has also been shown to reduce NOX 

subunit expression elevated in response to prenatal inflammation in rat cardiac tissue 

(Zhang, 2016b). 
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1.9 Objectives of research 
Cell death within the arterial intima contributes to development of the necrotic core 

region of advanced atherosclerotic lesions (Cochain, 2017). OxLDL has been 

identified as a major cytotoxic agent within the plaque and has been shown to induce 

intracellular oxidative stress in U937 monocytes resulting in loss of cellular 

antioxidants, loss of function of key metabolic enzymes and cell death (Chisolm, 

2000; Gieseg, 2010; Katouah, 2015). A major intracellular oxidant source is the 

multicomponent enzyme system NADPH-oxidase, which generates the superoxide 

anion radical (O2
�-) upon activation (Groemping, 2005). NOX inhibition significantly 

decreases oxLDL-induced intracellular superoxide production in U937 monocytes, 

indicating that NOX is activated by oxLDL (Chen, 2012; Katouah, 2015; Cross; 

2016), but the mechanism by which this occurs is undefined. 

 

In the first part of this thesis, two physiologically relevant methods will be used to 

produce oxLDL: Cu-mediated and HOCl-mediated LDL oxidation. Cu-mediated 

oxidation targets both the lipids and proteins of native LDL, whereas HOCl-mediated 

oxidation primarily targets the protein constituent. This will seek to determine if the 

U937 cellular responses, in terms of NOX activation measured by intracellular 

superoxide production and cell death, differ upon exposure to Cu-oxLDL and HOCl-

oxLDL. 

 

The second aim of this research will be to characterize the oxidative stress response in 

U937 monocytes exposed to oxLDL. This will involve study of the time- and 

concentration-dependent nature of intracellular oxidant production and cell death, as 

well as the protective effects of the antioxidant 7,8-dihydroneopterin. 

 

Finally, this research will investigate the involvement of several signal transduction 

cascades in NOX activation by oxLDL; namely the PKC, ERK1/2 and p38 MAPK 

cascades. Each of these protein kinases has been shown to activate NOX in vivo via 

p47phox phosphorylation in response to diverse stimuli (El-Benna, 2009). Thus, the 

effect of PKC, ERK1/2 and p38 MAPK inhibition on oxLDL-induced intracellular 

oxidant production, antioxidant loss and cell death will be assessed. 
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2. MATERIALS & METHODS 

2.1 Reagents, media and buffers 

2.1.1 Reagents 
All reagents were of analytical grade. All solutions were prepared with deionized 

water purified using a Milli-Q ultrafiltration system (Millipore, Massachusetts, USA), 

which is referred to as Nano-pure water in this thesis. 

 

7,8-Dihydroneopterin (7,8-NP)    Schircks Laboratory, Switzerland 

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl- Sigma Chemical Co., Missouri, USA  

tetrazolium bromide (MTT) 

Acetic acid (glacial)     Merck Ltd, Poole, England 

Acetonitrile (ACN)     J.T. Baker, USA 
Argon gas      BOC Gases, Auckland, New Zealand 

Bicinchoninic acid (BCA) protein   Pierce, Illinois, USA 

determination kit  

Bovine serum albumin (BSA)    Sigma-Aldrich Co. LLC, New Zealand 

Chelex®100 resin     Bio-Rad Laboratories, California, USA 

Cholesterol reagent    Roche Diagnostics, USA 

Copper chloride (CuCl2)    Sigma Chemical Co., Missouri, USA 

Ethylenediaminetetraacetic acid (EDTA)  Sigma-Aldrich Co. LLC, New Zealand 

Dihydroethidium (DHE)    Invitrogen, Oregon, USA 

Dimethyl sulfoxide (DMSO)    BDH Lab Supplies Ltd, Poole, England 

Ethanol      BDH Lab Supplies Ltd, Poole, England 

Flow Cytometry chemicals BD Accuri Cytometers, Ann Arbor, MI, 

USA 

Glutathione (reduced form)   Sigma Chemical Co., Missouri, USA 

Go6983 (PKC inhibitor)    Abcam, USA 

gp91ds-tat (NOX inhibitor)   Anaspec, Fremont, USA 

Hydrochloric acid (HCl), fuming 37%   BDH Lab Supplies, Poole, England 

Isopropanol     Mallinckrodt Chemicals, New Jersey, USA 

Methanol      Merck, Darmstadt, Germany 

Monobromobimane (MBB)   Fluka Analytical, Switzerland 
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Nitrogen gas     BOC Gases, Auckland, New Zealand 

PD98059 (MEK1/2 inhibitor)   LC Laboratories, Massachusetts, USA 

Phorbol 12-myristate 12-acetate   Sigma Chemical Co., Missouri, USA 

Potassium bromide (KBr)   Merck, Darmstadt, Germany 

Potassium chloride (KCl)    Merck, Darmstadt, Germany 

Propidium iodide (PI)    Invitrogen, Oregon, USA 

SB202190 (p38 MAPK inhibitor)  LC Laboratories, Massachusetts, USA 

Sodium chloride (NaCl)    BDH Lab Supplies Ltd, Poole, England 

Sodium dihydrogen orthophosphate   Merck, Darmstadt, Germany 

(NaH2PO4) 

Sodium dodecyl sulphate (SDS)   Sigma Chemical Co., Missouri, USA 

Sodium hydroxide (NaOH)    Merck, Darmstadt, Germany 

Sodium hypochlorite (NaOCl) Jasol Dynawhite, Christchurch, New 

Zealand 

Trichloroacetic acid (TCA)   Sigma Chemical Co., Missouri, USA 

Trypan blue solution (0.4%)    Sigma-Aldrich Co. LLC, New Zealand 

2.1.2 Media 
Penicillin/Streptomycin solution,   Invitrogen, Life Technologies, New Zealand 

1000 U of Penicillin G & 

1000 µg of Streptomycin/mL 

Roswell Park Memorial Institute 1640: 

- RPMI 1640 media, with phenol red  HycloneTM, GE Healthcare Life Sciences, 

Utah, USA 

- RPMI 1640 media, without phenol red   Sigma-Aldrich Co. LLC, New Zealand 

2.1.3 General solutions and buffers 

A) Phosphate buffered saline (PBS) 
Phosphate buffered saline (PBS) solution contained 150mM sodium chloride (NaCl) 

and 10mM sodium dihydrogen orthophosphate (NaH2PO4) at pH 7.4. The solution 

was prepared by mixing 50 mL of 3M NaCl, 40mL of 250 mM NaH2PO4, pH 7.4 and 

910 mL of Nano-pure water. PBS that is required for sterile cell culture experiments 

was vacuum filtered through a 0.45 µm membrane (Phenomenex). 



Materials and methods 

 

	 35	

B) Propidium Iodide solution 
A 1 mg/mL stock solution of propidium iodide (Sigma-Aldrich Co. LLC, New 

Zealand) dye was prepared in Nano-pure water and was kept at 4°C in a sterilized 

Schott bottle, wrapped in tin foil. 

C)  Phorbol 12-myristate 12-acetate (PMA) 
The PMA stock solution was prepared by dissolving PMA powder in DMSO to 

produce a 5mM solution. 20µL aliquots were pipetted into 1.7mL centrifuge tubes 

and stored at -20°C until required. 

D) 7,8-Dihydroneopterin solution 
A 2mM 7,8-dihydroneopterin (7,8-NP) (Schircks Laboratories, Switzerland)  stock 

solution was prepared in RPMI 1640 media, in a 15mL screw top centrifuge tube 

(Greiner, Greiner Bio-one, Neuburg, Germany). The solution was sonicated for 10 

minutes to dissolved before sterilized through a syringe 0.22µm PES syringe filter 

(Membrane Solution, USA) if added to cell culture. The 7,8-NP solution was kept on 

ice at all times and used immediately after preparation. 

D) Bovine serum albumin (BSA) 
BSA for plate coating: 

Bovine serum albumin (BSA) was prepared in filter sterilised Nano-pure water to a 

concentration of 1.25 mg/mL. 1 mL aliquots were stored in 1.7 mL centrifuge tubes at 

-20°C. 

 

BSA for use as solubility aid: 

BSA was used to aid the solubility of two water-insoluble kinase inhibitors: PD98059 

and SB202190. BSA was diluted in RPMI160 without phenol red to a concentration 

of 1 mg/mL. PD98059 and SB202190, which were made up as 10 mM stock solutions 

in DMSO, were diluted to 1 mM with 1 mg/mL BSA. Further dilutions were carried 

out with RPMI only or by addition of known amounts to the culture medium. 

  



Materials and methods 

 

	 36	

2.2 Methods 

2.2.1 Cell culture based research 
All cell experiments were performed under aseptic conditions in a Class II biological 

safety cabinet (Clyde-Apex BH 200). All instruments and plasticware were either 

bought sterilized (Greiner, Greiner Bio-one, Neuburg, Germany) or were sterilized by 

autoclaving (15 min, 121°C, 15 psi). All media and solutions were sterilized by 

autoclaving or by filtration through a 0.22 µm membrane filter (Membrane Solutions, 

USA). All equipment and cell culture items were sprayed thoroughly with 70% (v/v) 

ethanol (diluted in distilled water) before being transferred to the Class II cabinet. The 

cells were kept at 37°C in a humidified incubator, with the atmosphere calibrated to 

5% carbon dioxide: 95% air (Sanyo Electric Co. Ltd, Japan). Viable cells were 

counted using a haemocytometer (Marienfeld, Germany) with a light microscope after 

staining with trypan blue solution at a ratio of 1:1. 

2.2.1.1 Cell culture media 
RPMI-1640 glutamine medium (with phenol red) containing penicillin G (100 

units/mL), streptomycin (100 µg/mL) and 5% (v/v) foetal bovine serum (FBS) was 

used for normal cell culture maintenance. 

2.2.1.2 Preparation of U937 cell line 
The U937 cell line was originally developed from the pleural fluid of a 37-year old 

patient with generalized histiocytic lymphoma (Sundstrom and Nilsson, 1976). The 

morphology and characteristics of U937 cells closely resemble that of monocytes, and 

thus they have been used extensively as an in vitro model for biomedical research. 

The U937 cells used in this work were a gift from the Haematology Research 

Laboratory at the Christchurch School of Medicine, University of Otago. A 1 mL vial 

of cell culture was removed from liquid nitrogen storage and defrosted in a 37ºC 

water-bath until almost thawed. The cell suspension was gently poured into a 50mL 

centrifuge tube containing 20mL RPMI1640 and centrifuged at 1500 rpm for 5 

minutes to separate the cells from the DMSO freezing media. The supernatant was 

discarded and the cell pellet was resuspended in 10 mL of RPMI 1640 media with 

FBS and penicillin/streptomycin and transferred to a 25cm2 tissue culture flask at 

37°C in a 5% CO2 humidified incubator. The cells were monitored daily and the 
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density was counted via a haemocytometer to ensure the population was maintained 

between 0.3 – 1.5 x 106 cells/mL by passaging in Cellstar® 75cm2 tissue culture flasks 

(Greiner Bio-one) every 2-3 days.  

2.2.1.3 Cell experiment procedures 

All cell experiments were performed using Cellstar® 24-well suspension culture 

plates (Greiner Bio-one). Cell culture plates were coated with 1 mg/mL bovine serum 

albumin (BSA), to prevent cells from adhering to the plastic in the absence of FBS. 1 

mg/mL BSA solution was made up in sterile Nano-pure water. The average albumin 

concentration in 24-well plate wells after coating containing 1 mL of cell suspension 

is 50 µg (determined by BCA assay). Before each experiment, viable cells were 

counted using a haemocytometer, a light microscope and the trypan blue exclusion 

assay to predict the cell density in the flask. The required quantity of cells for the 

experiment was pelleted by centrifugation at 500g for 5 minutes at room temperature 

and re-suspended in a calculated amount of RPMI-1640 (with or without phenol red) 

at 37ºC, to achieve a final concentration of 5 x 105 cells/mL. Cells were pipetted into 

wells with any reagent required for the experiment, maintaining the cell concentration 

per mL. Every experiment, unless stated otherwise, was performed in RPMI-1640 

without phenol red and FBS to remove background colour interference with 

fluorescent techniques.  

2.2.2 Blood collection and plasma preparation 
Collection of blood from donors and preparation of LDL from plasma was carried out 

under ethics approval Ethics Committee (CTY/98/07/069). The blood was collected 

by venipuncture from consenting healthy donors after an overnight fast by 

venepuncture using a 21G x ¾ inch or 19 G needle attached to a 30 mL syringe. 200 

mL of blood was collected from each donor into 50 mL tubes containing 0.5 mL of 

100 mg/mL ethylenediaminetetraacetic acid (EDTA). The tubes were centrifuged for 

20 minutes at 4ºC in a swing-out rotor at 4100 g. Plasma was transferred to 50 mL 

round bottomed centrifuge tubes and centrifuged for 30 minutes at 11,000 g with slow 

acceleration/deceleration in a fixed angle rotor to remove any remaining cells. Plasma 

from all donors (5-6 at a time) was pooled to minimize the inter-donor variation 

(Gieseg and Esterbauer, 1994). The plasma was stored in 32 mL aliquots at -80 ºC for 

a maximum of 6 months. 
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2.2.3 Low-density lipoprotein preparation 

2.2.3.1 LDL purification from pooled plasma 
A 32 mL frozen tube of human plasma was left to defrost under running cold water 

and centrifuged at 47,000 rpm for 10 minutes at 4ºC to pellet precipitated fibrinogen. 

The plasma supernatant was emptied into a 50 mL beaker and placed on ice. 11.4 g of 

potassium bromide (KBr) was slowly added to the plasma with gentle stirring using a 

magnetic flea, reaching a final plasma density of 1.24 g/mL. The plasma was kept on 

ice under argon gas until ultracentrifugation. Eight mL of 1 mg/mL EDTA (pH 7.4) 

solution was added to each of 8 x OptiSealTM polyallomer centrifuge tubes (Beckman 

Coulter, USA). Using a long luer-fitting needle attached to a 10 ml syringe, 4 ml of 

KBr-Plasma was placed in the bottom of the centrifuge tubes, underneath the EDTA 

solution. The centrifuge tubes were balanced within 1% (0.01 g) of each other, 

transferred to the NVTi-65, Beckman Near Vertical rotor and centrifuged at 60,000 

rpm for 2 hours at 10ºC with slow acceleration/deceleration in an OptimaTM L-90K 

Preparative Ultracentrifuge (Beckman Coulter Inc., Fullerton, California). After 

centrifugation, a distinct layer of LDL appears in the density range of 1.019 - 1.063 

g/mL. LDL was extracted using a 90º needle attached to a 20 ml syringe. The 

extracted LDL was pooled into a 15 ml screw top centrifuge tube covered with tinfoil, 

flushed with argon gas and kept at 4ºC to prevent oxidation. 

2.2.3.2 LDL concentration determination and washing  
The LDL concentration was determined by measuring the total cholesterol content via 

an enzymatic cholesterol assay. 10 µl of LDL was incubated with 1 mL of cholesterol 

reagent (CHOLTM, Roche Diagnostics, Auckland, New Zealand) at room temperature 

for 10 minutes. The absorbance was read at 500 nm against a cholesterol reagent 

blank. The LDL concentration was calculated from this absorbance value, which is 

based on the estimate that cholesterol accounts for 31.69% of the entire LDL particle, 

by weight, and that LDL has a molecular weight of 2500 kDa (Gieseg and Esterbauer, 

1994).  

Calculating the LDL concentration: 

Absorbance x 14.9 = [cholesterol] (mM) 

[cholesterol] (M) x 386.64 g/mol = [cholesterol] (g/L) 

[cholesterol] (g/L) x 100/31.69 = [LDL] (mg/mL) 
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The LDL underwent buffer exchange and was concentrated using Amicon® Ultra-15 

filter tubes (Millipore, USA). The tubes were prepared by rinsing out with Nano-pure 

water, followed by centrifugation for 2 minutes with PBS to remove excess ethanol 

from the tubes. The LDL was split equally between the two tubes, topped up with 

PBS and centrifuged at 3000 g for 30 minutes at 4ºC. This procedure was repeated 

three times. Further centrifugation or addition of PBS was required to adjust the LDL 

concentration to ~10mg/mL (total mass). 

2.2.3.3 Dialysis tubing preparation 
The dry dialysis tubing (Medical International, UK) with a 14.4 mm width and a 

14,000 Dalton molecular weight cut-off were cut into 25 cm sections. The sections 

were boiled in a beaker with 5% (w/v) NaHCO3 and 1 mM EDTA for 20 minutes. The 

sections were then washed with Nano-pure water and stored in 50% ethanol at 4ºC. 

Before use, dialysis tubing was rinsed thoroughly with distilled water and then PBS. 

2.2.4 Low-density lipoprotein oxidation 
In this thesis, all experiments carried out with oxLDL, aside from those in section 3.3 

(“Comparison of Cu-oxLDL and HOCl-oxLDL”), were carried out using copper-

oxidised LDL. 

2.2.4.1 Copper oxidation of LDL 

Copper-oxidized LDL (herein referred to as oxLDL, or Cu-oxLDL in section 3.3) 

was prepared following the method described by Gerry et al, (2008). Concentrated 

LDL at ~10 mg/mL (total mass) was transferred into a section of washed dialysis 

tubing. LDL was mixed with a calculated volume of 50 mM copper chloride (CuCl2) 

so as to reach a final concentration of 0.5 mM CuCl2. The tubing was knotted on both 

ends and clamped with a 1.7 mL centrifuge tube at one end and a weighted dialysis 

clip at the other. The dialysis tubing was placed in a 2L bottle of PBS at 37ºC that 

contained CuCl2 at a final concentration of 0.5 mM. The final volume of the PBS was 

adjusted according to the amount of LDL in the dialysis tubing, with 1L of PBS per 

10 mg of LDL protein. The bottle was placed into an orbital shaker (Bioline, Edwards 

Instrument Company, Australia) at 37ºC for 24 hours. The yellow-coloured LDL 

solution became colourless after incubation with CuCl2, confirming that oxidation had 

occurred. At the end of the incubation time, the dialysis tubing was transferred into 
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1L of chilled PBS containing a teaspoon of washed Chelex-100 resin and a large 

magnetic flea. The oxLDL was dialysed for 3 hours at 4ºC, constantly stirring to 

remove the free copper ions in solution. The dialysis tubing was then transferred to a 

fresh bottle of PBS with chelex-100 and stirred for a further 3 hours. The tubing was 

then transferred to a third bottle and dialysed overnight. The dialysed oxLDL was 

removed from the dialysis tubing using a mixing cannula and syringe, filter sterilized 

through a 0.22 µm membrane filter in the CII cabinet and stored at 4ºC. 

2.2.4.2 Measurement of HOCl concentration 
The concentration of sodium hypochlorite (NaOCl), stored at 4 °C, was measured 

using the method described by van den Berg and Winterbourn (1994). A pH 12 buffer 

containing 25 mL of KCl and 6 mL of 0.2 M NaOH diluted to 100 mL with Nano-

pure water was prepared. The buffer was then used to dilute the stock NaOCl 500-

fold, and the absorbance measured at 292 nm in quartz cuvettes on a Shimadzu UV-

1601PC UV-visible spectrophotometer. The concentration was determined using the 

extinction coefficient (350 M-1cm-1) of HOCl at pH 12 (Gazda and Margerum, 1994). 

2.2.4.3 HOCl oxidation of LDL 

Oxidation was induced by incubating LDL (2.5 mg/mL) in the presence of 420 mM 

HOCl at the following molar oxidant/protein ratios: 1000/1, 2000/1, 3000/1, 4000/1 

and 5000/1. Solutions were warmed to 37°C before mixing in a 15 mL Falcon tube, 

and then incubated for 30 minutes in the dark in an orbital shaker. The temperature 

was maintained at 37°C and the solutions shaken at a speed of 118 rpm to ensure 

constant oxygenation. After oxidation, the hypochlorite-oxidised LDL (herein 

referred to as HOCl-oxLDL) was dialyzed against three 1 L bottles of PBS (as 

described in section 2.2.4.1 above). The washed HOCl-oxLDL was then filter 

sterilized using a 0.22 µm syringe filter and stored at 4°C in the dark. 

2.2.5 Lipoprotein gel electrophoresis 
A SEBIA HYDRAGEL LIPO K20 kit and apparatus was used according to the 

manufacturer’s instructions to determine the relative electrophoretic mobility of 

nLDL and oxLDL on a native gel. 10 µL samples of nLDL or oxLDL (from a 5 

mg/mL stock solution) were applied in each lane. The gel was electrophoresed for 90 

minutes at 50 volts. The gel was dried at 90 °C for 45 minutes, followed by staining 
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with Sudan black stain for 15 minutes. The gel was then destained, washed with 

distilled water and dried as before. 

2.2.6 Determination of protein concentration 
The total cell lysate protein concentration was determined by using Pierce BCA 

Protein determination kit (Pierce, Illinosis, USA). This method utilizes the reduction 

of Cu2+ to Cu+ by proteins in an alkaline medium. Two molecules of bicinchoninic 

acid (BCA) chelate one Cu1+ ion, to form a purple dye. This chemical complex 

exhibits a strong absorbance at 562 nm on the spectrophotometer and the formation of 

purple dye is proportional to the protein concentration. The working reagent was 

prepared by mixing Reagent A (sodium carbonate, sodium bicarbonate, bicinchoninic 

acid, and sodium tartrate in 0.1 M sodium hydroxide) with Reagent B (4% hydrated 

copper sulphate) at a 50:1 ratio. Cell lysate samples were vortexed and diluted by a 

factor of 2 with Nano-pure water and 50 µL of the sample was added to 1 mL of the 

working reagent. Samples were incubated on a heating block at 60ºC with gentle 

shaking for 30 minutes. The reaction was stopped by immediately transferring the 

samples to cold running water before reading the absorbance at 562 nm against a 

water blank. The protein concentrations were determined from a bovine serum 

albumin (BSA) standard curve with known concentrations between 0 – 250 µg/ml in 

1 ml of the working reagent. The standard curve was analysed by Prism (GraphPad 

Software, version 7.0, USA). 

2.2.7 Cell viability assays 

2.2.7.1 Propidium iodide staining 

Propidium iodide (PI) staining with flow cytometry (BD AccuriTM C6 flow cytometer, 

BD Biosciences, California, USA) was used to evaluate the viability of U937 cells 

after treatment. PI dye, which fluoresces at an excitation wavelength of 535 nm and 

emission wavelength of 617 nm, is taken up by cells with cell membranes that have 

been compromised during the cell death process. Once inside the cell, PI intercalates 

between DNA bases, and flow cytometric analysis then makes it possible to 

distinguish between necrotic and healthy cells. 
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Analysis was performed by incubating 500 µl of cell suspension with 8 µl of 1 mg/mL 

PI. Samples were mixed by gently inverting before incubation at 37° C for 10 minutes 

in the dark. A set volume (30µL) of sample was measured on the flow cytometer 

using forward scatter (FSC) and the FL-3 fluorescence filter (FL-3). Cellular debris 

was excluded from the analysis and the cell viability ratio (PI negative to PI positive 

cells) was compared with control and treated samples. 

2.2.7.2 MTT reduction assay 
A) MTT assay solutions 

5 mg/mL of 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) 

was prepared in RPMI 1640 without phenol red. This solution was filter sterilized 

using a 0.22 µm filter and stored at -20°C in the dark until use. A 0.01 M HCl solution 

was made up from 11.44 M HCl and Nano-pure water. Sodium dodecyl sulphate 

(SDS) powder was added to this solution and stirred slowly to give a final 

concentration of 10% (w/v) SDS. 

 

B) MTT assay procedure 

The MTT reduction assay enables the quantification of metabolically active cells and 

has been used widely as a measure for cell viability. It has been shown previously by 

this laboratory that the results produced by this method agree with those obtained 

using the trypan blue exclusion assay when examining U937 cell viability (Baird et 

al., 2004). Metabolically active cells are able to endocytose and metabolise the yellow 

MTT compound via the action of cellular NADPH dehydrogenases. The product of 

this reduction is an insoluble purple MTT formazan, which can be solubilized and 

quantified spectrophotometrically. The colour intensity provides an indication of both 

the concentration of cells and of their metabolic activity (Mosmann, 1983). Following 

experimental treatment, 10 µL 5.0 mg/mL MTT reagent was added to 500 µL of cell 

suspension in each well, reaching a final concentration of 0.5 mg/mL. Samples were 

then incubated with MTT for 2 hours at 37°C. At the end of the incubation period, the 

insoluble purple crystals were dissolved with 500 µL 10% (w/v) SDS. The absorbance 

was read at 570 nm, against a cell-free blank containing all reagents. 
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2.2.7.3 Trypan blue exclusion assay 
Trypan blue is a dye that selectively colours dead cells a distinctive blue by 

penetrating through the membrane. Viable cells have intact membranes and can 

actively pump out the dye so they are easily distinguishable from dead cells (Avelar-

Freitas et al., 2014).  The assay was used to count viable cells in a 50 mL culture flask 

to assess the cellular density of the suspension. The flask was gently stirred and an 

aliquot of cell suspension was pipetted out of the flask into a 1.5 mL eppendorf tube. 

A 1:1 ratio of cell suspension: 0.4% trypan blue stain was added to the eppendorf and 

gently mixed with a pipette. The tube was left for 2 minutes to allow the dye to 

penetrate the cell membrane of any dead cells. A haemocytometer was used and a 10 

µl aliquot of the cell suspension with trypan blue. The ratio of stained and non-stained 

cells/mL of media was calculated to maintain the required density of cells in the flask, 

otherwise cells were aliquoted from the flask and suspended in fresh media for an 

experiment. 

2.2.8 Dihydroethidium (DHE) by flow cytometry 
Dihydroethidium (DHE) is used to detect intracellular superoxide anions as a measure 

of oxidative stress. This cell-permeable dye reacts with superoxide anions in the 

cytoplasm to form the oxidation product ethidium (E+), a compound with strong red 

fluorescence (excitation 510 nm and emission 605 nm). Ethidium then binds to DNA, 

allowing intracellular superoxide generation to be quantified using flow cytometric 

analysis. 

2.2.8.1 Original DHE method 

A 1 mM stock solution of DHE (315.4 g/mol) was prepared in DMSO and 50 µL 

aliquots were stored in 1.7 mL centrifuge tubes covered in tin foil under argon at -

20°C. After treatment, 1000 µL of cell suspension was centrifuged at 1500 rpm for 5 

minutes. The supernatant was discarded and the cell pellet was resuspended in 500 µL 

of 10 µM DHE in RPMI160 without phenol red. After a 20-minute incubation, mean 

cellular fluorescence was detected by flow cytometry under the FL-2 filter, gated for 

10,000 viable events. 
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2.2.8.2 Revised DHE method 
Following observations made on initial experiments (discussed in Section 3.4), the 

procedure for DHE staining was revised to prevent dye degradation over the course of 

the assay. A 500 µM stock solution of DHE was prepared in DMSO and 1000 µL 

aliquots were stored in 1.7 mL centrifuge tubes covered in tin foil under argon at -

20°C. After treatment, 1000 µL of cell suspension was centrifuged at 1500 rpm for 5 

minutes. The supernatant was discarded and the cell pellet was resuspended in 500 µL 

of RPMI1640 without phenol red. At 1-minute intervals, 10 µL of 500 µM DHE was 

added to each of the resuspended samples and samples were inverted to mix. All 

samples were incubated for exactly 20 minutes, before being analysed at 1-minute 

intervals via flow cytometry as described in the original method. 

2.2.9 Intracellular glutathione (GSH) measurement by high 
performance liquid chromatography (HPLC) 
High performance liquid chromatography (HPLC) is a commonly used system for 

separating, identifying and quantifying compounds. The HPLC system used 

(Shimadzu Corporation, Japan) comprised a CBM-20A central bus module, LC-20AD 

solvent delivery module, SPD-M20A UV-Vis detector (deuterium lamp), RF-10AXL 

fluorescence detector (xenon lamp), SIL-20ACHT autoinjector with CTO-20A 

column oven and DG-20 As degasser. Before use in the HPLC system, all mobile 

phases were sonicated (Alphatech Systems Ltd & Co., Auckland) for 5 minutes. Peak 

height and area were quantified using Shimadzu software Postrun Analysis TM version 

1.22SP1, with only peak area used in analysis. Analytes in samples were standardised 

against the correlating pure standards of known concentrations for their 

quantification. 

2.2.9.1 Solutions for GSH analysis 
A 40 mM stock of monobromobimane (MBB) was prepared by dissolving MBB 

(MW = 271.1 gmol-1) in acetonitrile (ACN), which was stored at 4°C in the dark for 

up to 2 weeks. A 10 mM reduced GSH stock solution was made up in PBS 

immediately prior to use. Standards were prepared by diluting the stock solution to 5 

and 10 µM in PBS. Mobile phase A consisted of 0.25% acetic acid in Nano-pure 

water and mobile phase B was 100% ACN. 
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2.2.9.1 GSH analysis by HPLC 
MBB is a cell-permeable fluorescent dye that binds thiol groups and is thus used for 

the detection of intracellular GSH. MBB alkylates thiol groups to form GSH-MBB 

adducts which, after protein precipitation, can be detected via HPLC analysis 

(Cotgreave and Moldeus, 1986). All procedures involving MBB were performed 

under minimal exposure to light, as the dye is light sensitive. After removal of 

treatment by centrifugation, cells were washed twice in warm sterile PBS and 

resuspended in 400 µL of PBS in 1.7 mL centrifuge tubes. 9 µL of 0.1 M NaOH was 

added to increase the pH to ~8, followed by 10 µL of 40 mM MBB. After a 20-minute 

incubation at room temperature in the dark, 20 µL of 100% (w/v) trichloroacetic acid 

(TCA) was added to lyse the cells and precipitate cellular proteins. The cell lysate was 

centrifugated at 11,000 rpm for 5 minutes at 4°C to pellet cellular proteins. 100 µL of 

the resulting supernatant was transferred to auto-sampling vial inserts and 5 µL 

injected into the Phenosphere reverse phase C-18, 150 x 4.6 mm, 5 µm column 

(Phenomenex, Auckland, NZ), which was heated to 35°C. GSH-MBB adducts were 

detected by the fluorescence detector with excitation and emission wavelengths set at 

394 nm and 480 nm, respectively. Mobile phase A (0.25 % acetic acid) and mobile 

phase B (100% ACN) were pumped through the column at a flow rate of 1.5 

mL/minute with the following gradient program. 

 

Time (minutes) Mobile phase A Mobile phase B 

0 90 10 

10 90 10 

11 5 95 

15 5 95 

16 90 10 

20 90 10 

 

2.2.10 Statistical analysis 
The results presented were graphed and statistically analysed by GraphPad Prism 

version 7.0 for Macintosh (GraphPad Software, San Diego, California, USA). 

Significance is confirmed by either one-way or two-way analysis of variance 

(ANOVA). Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) 
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p ≤ 0.001. Most results presented within this thesis are taken from a single 

experiment, which is representative of three separate experiments. The graphs are 

presented as the mean and the standard error of the mean (SEM) from triplicate 

samples in most cases. 
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3. RESULTS 

3.1 Toxicity of oxLDL 

3.1.1. The effect of oxLDL exposure on U937 cell viability 
The initial stages of this research investigated the effect of oxLDL exposure on cell 

viability in monocyte-like U937 cells, to confirm previous findings on the 

cytotoxicity of oxLDL. Cells were treated with oxLDL at concentrations ranging from 

0.1 - 0.5 mg/mL for 24 hours and cell viability was measured using propidium iodide 

(PI) staining with flow cytometry and the MTT reduction assay.  

 

Changes in U937 cell morphology were examined under a light microscope (Figure 

3.1.1 A). In the absence of oxLDL, cells showed the classic spherical U937 

morphology, as did cells treated with nLDL. In the 0.1 – 0.2 mg/mL oxLDL 

treatments, the cells appeared swollen, cellular debris was present and some necrotic 

cell death was apparent. The 0.25 – 0.5 mg/mL oxLDL treatments caused the majority 

of cells to undergo necrosis, whereby the plasma membrane ruptures, leaving behind 

only remnants of cells.  

 

Both PI and MTT analysis showed that oxLDL causes significant cell death in U937 

cells in a concentration-dependent manner. PI staining was used to determine the ratio 

of healthy cells (PI negative) to necrotic cells (PI positive). This data showed that the 

median lethal dose for 50% of the population of cells (LD50) was 0.143 mg/mL 

(Figure 3.1.1 B). Approximately 95% of the control cells were PI negative, but with 

increasing concentrations of oxLDL this value steadily decreased, reaching below 1% 

at the highest oxLDL concentration (0.5 mg/mL). The MTT reduction assay result 

(Figure 3.1.1 C) displayed the same trend of decreasing cell viability with increasing 

concentration of oxLDL. At concentrations of 0.1, 0.15 and 0.2 mg/mL, oxLDL 

reduced cell viability by approximately 30%, 60% and 80% of the cell control, 

respectively. In treatments with oxLDL at 0.25 and 0.3 mg/mL, less than 15% of cells 

were viable after 24 hours, and in treatments with oxLDL at 0.4 and 0.5 mg/mL, less 

than 5% of cells were viable after 24 hours.  
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(Figure 3.1.1 A) 
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A native LDL control at a concentration equivalent to the highest concentration of 

oxLDL was included to examine whether this had any effect on cell viability. Neither 

PI staining nor the MTT reduction assay showed significant change in the number of 

viable cells after exposure to nLDL at 0.5 mg/ml for 24 hours. 

 

It is important to note that there was considerable variation in the LD50 values for 

different batches of oxLDL prepared, with the median lethal dose varying from 0.15 – 

0.5 mg/mL. This variability has been observed previously (Chen, 2012; Cross, 2016), 

but its exact cause is uncertain. 

 

(Figure 3.1.1 B) 
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(Figure 3.1.1 C) 

 

 
 

Figure 3.1.1: The effect of oxLDL exposure on U937 cell viability  
U937 cells (0.5 x 106 cells/mL) were treated with nLDL and increasing concentrations 
of oxLDL and incubated at 37°C in non-phenol red RPMI1640 for 24 hours. A) Cells 
were viewed in tissue culture plates through an inverted microscope (20x 
magnification). Images were captured using a LEICA DMIL microscope with a 
LEICA DFC290 camera. B) Cell viability was measured by PI staining with flow 
cytometry under the FL3 filter. The data are expressed as a percentage of the total cell 
count. Two-way ANOVA significance is indicated from respective cell controls (0 
mg/mL oxLDL treatment). Results are displayed as mean ± SEM of triplicates from a 
single experiment, representative of three separate experiments. Significance levels 
are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. C) Cell viability was 
measured using the MTT reduction assay. The data is expressed as a percentage of the 
cell control (0 mg/mL oxLDL treatment), which had a mean absorbance reading of 
1.183 at 570 nm. One-way ANOVA significance is indicated from the cell control. 
Results are displayed as mean ± SEM of triplicates from a single experiment, 
representative of three separate experiments. Significance levels are indicated as: (*) 
p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001.  
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3.2 Oxidative stress induced by oxLDL 
A large body of evidence supports the concept that oxLDL causes an overproduction 

of cellular oxidants, resulting in oxidative stress and promoting the development and 

progression of atherosclerosis (Harrison, 2003; Madamanchi, 2005). Upon exposure 

to oxLDL, U937 cells generate large amounts of intracellular ROS during a 

respiratory burst, an event that is followed by the depletion of cellular antioxidants 

and loss of function of key metabolic enzymes (Katouah, 2015). In this section, 

oxidative stress induced by oxLDL exposure was investigated using the fluorescent 

probe for intracellular superoxide, dihydroethidium (DHE). This cell permeable dye 

reacts with oxidants in the cytoplasm, resulting in formation of the fluorescent 

product ethidium (E+). The ethidium fluorescence of individual cells can be quantified 

via flow cytometry, allowing for the evaluation of intracellular oxidative stress in 

response to various stimuli. 

3.2.1 The effect of oxLDL exposure on intracellular oxidant 
production in U937 cells 
A concentration course study was performed to examine the effect of oxLDL 

exposure on intracellular oxidant production in U937 cells. Cells were exposed to 

oxLDL at concentrations between 0.1 – 1.0 mg/mL for 6 hours, after which the cells 

were stained with DHE and analysed by flow cytometry.  

 

Exposure to oxLDL caused a concentration-dependent increase in mean cellular 

fluorescence. Figure 3.2.1A shows the flow cytometry histogram plot of ethidium 

fluorescence intensity against cell count. Cells displayed a concentration-dependent 

shift in mean cellular fluorescence, indicating an increase in intracellular superoxide. 

It should be noted that the decreasing peak height is not indicative of a smaller sample 

size, as all samples were gated for 10,000 cells, but instead of a greater spread of 

fluorescence values. Figure 3.2.1B is the quantification of the flow cytometry 

analysis. The lowest concentration of oxLDL (0.1 mg/mL) did not cause a significant 

change in mean cellular fluorescence from the cell control. However, at 0.3 mg/mL 

oxLDL, the mean cellular fluorescence measured 160% of the cell control, and this 

value reached a maximum of 290% in the 1.0 mg/mL treatment. This data confirms 
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that oxLDL causes significant intracellular oxidative stress, which can cause 

irreversible damage to the cell and result in cell death. 

 

(Figure 3.2.1 A)  
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(Figure 3.2.1 B)  
 

 
 
 
Figure 3.2.1 Exposure to oxLDL causes a concentration-dependent increase in 
intracellular oxidant production in U937 cells 
U937 cells (0.5 × 106 cells/mL) were treated with oxLDL at concentrations ranging 
from 0.1 - 1.0 mg/ml and incubated at 37ºC in non-phenol red RPMI-1640 for 6 
hours. At the 6 hour time point, treatments were removed and the cells were incubated 
with 10 µM DHE for 20 minutes in the dark. Intracellular superoxide production was 
measured by flow cytometry under the FL2 filter. A) The representative flow 
cytometry histogram displaying cell count against mean ethidium fluorescence B) The 
data is expressed as a percentage of the cell control (0 mg/mL oxLDL treatment). 
One-way ANOVA significance is indicated from the cell control. Results are 
displayed as mean ± SEM of triplicates from a single experiment, representative of 
three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 
0.01 and (***) p ≤ 0.001.  
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3.2.2 The effect of nLDL exposure on intracellular oxidant 
production in U937 cells 
In order to further examine the intracellular oxidative stress response to oxLDL in 

U937 cells, a comparison between exposure to nLDL and oxLDL was performed. 

Cells were exposed to equivalent concentrations (0.5 mg/mL) of nLDL and oxLDL, 

and intracellular oxidant production was measured by DHE staining. Treatment with 

oxLDL caused a significant increase in mean cellular fluorescence (approximately 

210% of the control value), while nLDL had no significant effect (Figure 3.2.2). This 

result reinforces that oxidative modification of LDL plays a major role in 

transforming the lipoprotein into a cytotoxic agent. 

 

 
 
Figure 3.2.2 Exposure to nLDL has no significant effect on intracellular oxidant 
production in U937 cells 
U937 cells (0.5 × 106 cells/mL) were treated with nLDL and oxLDL at 0.5 mg/mL 
and incubated at 37ºC in non-phenol red RPMI-1640 for 6 hours. At the 6 hour time 
point, treatments were removed and the cells were incubated with 10 µM DHE for 20 
minutes in the dark. Intracellular superoxide production was measured by flow 
cytometry under the FL2 filter. The data is expressed as a percentage of the cell 
control. One-way ANOVA significance is indicated from the cell control. Results are 
displayed as mean ± SEM of triplicates from a single experiment, representative of 
three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 
0.01 and (***) p ≤ 0.001.  
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3.2.3 The effect of 7,8-dihydroneopterin on oxLDL-induced 
intracellular oxidant production in U937 cells 
The antioxidant 7,8-dihydroneopterin (7,8-NP) has been shown previously to reduce 

oxLDL-induced intracellular oxidative stress in U937 cells and to offer protection 

from subsequent cell death (Baird, 2005; Gieseg, 2010). 

 

A time course study was carried out to determine the effect of 7,8-NP on oxLDL-

induced oxidative stress over an extended period. U937 cells were preincubated with 

7,8-NP (200 µM) before treatment with oxLDL (0.2 mg/mL) and intracellular 

superoxide levels were measured at 0, 3, 6, 9 and 12 hours. A significant increase in 

mean cellular fluorescence was observed at all time points in cells exposed to oxLDL 

alone, reaching a maximum of 270% of the zero hour control after 12 hours (Figure 

3.2.3). In contrast, when cells were incubated with 7,8-NP prior to treatment with 

oxLDL, there was no significant change in mean cellular fluorescence. This confirms 

that 7,8-NP is able to act as a radical scavenger for the intracellular oxidants produced 

in response to oxLDL exposure over an extended period of time. 
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Figure 3.2.3: 7,8-dihydroneopterin protects U937 cells from oxLDL-induced 
intracellular oxidative stress over a 12 hour period 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with 200 µM 7,8-NP for 45 
minutes at 37 °C in non-phenol red RPMI1640, followed by treatment with 0.2 
mg/mL oxLDL. At various time points, treatments were removed and the cells were 
incubated with 10 µM DHE for 20 minutes in the dark. Intracellular superoxide 
production was measured by flow cytometry under the FL2 filter. The data is 
expressed as a percentage of the respective zero hour control. One-way ANOVA 
significance is indicated from the respective zero hour control. Results are displayed 
as mean ± SEM of triplicates from a single experiment, representative of three 
separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 
and (***) p ≤ 0.001. B)  
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3.3 Comparison of Cu-oxLDL and HOCl-oxLDL 
In this section, the effect of hyphochlorite-oxidised LDL (HOCl-oxLDL) on U937 

cell viability and intracellular oxidant production was examined in order to compare 

these effects to those observed upon exposure to copper-oxidised LDL (Cu-oxLDL).  

HOCl- and Cu-mediated LDL oxidation are two physiologically relevant techniques 

used to prepare oxLDL in a laboratory setting. A major difference between these 

methods is their distinct oxidation targets: Cu-mediated oxidation targets both lipids 

and proteins, while HOCl-mediated oxidation predominantly targets the protein 

component of LDL, Apo B-100 (Ermak, 2010). 

 

Based on work by Burgess, 2012, HOCl-oxLDL prepared at a 1000/1 oxidant to 

lipoprotein molar ratio was used for the experimental work described in sections 

3.3.1, 3.3.2 and 3.3.3. HOCl-oxLDL produced at this ratio was shown to undergo 

tyrosine oxidation and protein hydroperoxide formation (both indicating significant 

protein oxidation), as well as α-tocopherol and GSH loss. This preparation ratio also 

exhibited the least inter-batch variablity in LD50 out of all ratios tested by Burgess 

(250/1 to 2000/1). 

3.3.1 Relative electrophoretic mobility of nLDL, HOCl-oxLDL and 
Cu-oxLDL 
A comparison of the relative electrophoretic mobility (REM) of nLDL, HOCl-oxLDL 

and Cu-oxLDL was carried out to determine the extent of oxidative modification the 

lipoproteins had undergone (Figure 3.3.1). nLDL (lane 1) appeared as a distinct band, 

while both HOCl-oxLDL (lane 2) and Cu-oxLDL (lane 3) appeared as non-distinct 

fragments. Compared to the REM of nLDL, the mobility of HOCl-oxLDL was 2-fold 

greater and the mobility of Cu-oxLDL was 3-fold greater, indicating an enhanced 

negative charge and showing that significant oxidative modification had occurred in 

both forms of oxLDL.  
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Figure 3.3.1: Lipoprotein gel of nLDL, HOCl-oxLDL and Cu-oxLDL 
10 µL samples of nLDL (5 mg/mL), HOCl-oxLDL (5 mg/mL) (oxidised at an oxidant 
to lipoprotein molar ratio of 1000/1) and Cu-oxLDL (5 mg/mL) were loaded onto a 
lipoprotein gel. Lane 1 represents the REM position of nLDL, lane 2 that of HOCl-
oxLDL and lane 3 that of Cu-oxLDL.  
 

3.3.2 The effect of HOCl-oxLDL exposure on U937 cell viability 
To allow for comparison with Cu-oxLDL, the effect of HOCl-oxLDL exposure on 

U937 cell viability was examined. Cell images (Figure 3.3.2 A) show that the cells 

did not undergo any significant change in morphology upon treatment with HOCl-

oxLDL; some cell blebbing is apparent is all treatments (including the cell only 

control), but there is no evidence of necrotic cell death. Despite the extensive 

oxidative modification evident from analysis via gel electrophoresis (Figure 3.3.2), 

		       1             2             3    
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HOCl-oxLDL had no significant effect on U937 cell viability as measured by PI 

staining at any concentration tested (0.5 – 1.5 mg/mL) (Figure 3.3.2 B). 

 

HOCl-oxLDL prepared at an oxidant to lipoprotein molar ratio of 1000/1 has been 

previously reported to be cytotoxic to U937 cells within this concentration range, with 

the LD50 value generally falling between 0.75 - 1.0 mg/mL (Burgess, 2012). This 

finding was unexpected, as HOCl-oxLDL cytotoxicity has been reported in the 

literature and shown by previous work by this laboratory. 

 

(Figure 3.3.2 A) 
 

    
 

    
 

 
 

  

HOCl-oxLDL 0 mg/mL nLDL 1.0 mg/mL 

HOCl-oxLDL 0.5 mg/mL HOCl-oxLDL 1.0 mg/mL 
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(Figure 3.3.2 B) 
 

 
 
 
Figure 3.3.2: The effect of HOCl-oxLDL exposure on U937 cell viability 
measured by propidium iodide staining 
U937 cells (0.5 x 106 cells/mL) were treated with increasing concentrations of HOCl-
oxLDL (prepared at an oxidant to lipoprotein molar ratio of 1000/1) or nLDL and 
incubated at 37°C in non-phenol red RPMI1640 for 24 hours. A) Cells were viewed 
in tissue culture plates through an inverted microscope (20x magnification). The 
images were taken using a LEICA DMIL microscope with a LEICIA DFC290 
camera. B) Cell viability was measured by PI with flow cytometry under the FL3 
filter. The data are expressed as a percentage of the total cell count. Two-way 
ANOVA significance is indicated from respective cell control values. Results are 
displayed as mean ± SEM of triplicates from a single experiment, representative of 
three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 
0.01 and (***) p ≤ 0.001. 
 

3.3.3 The effect of HOCl-oxLDL exposure on intracellular oxidant 
production in U937 cells 
To further assess the effect of HOCl-oxLDL exposure in U937 cells, intracellular 

oxidant production was measured via DHE staining. Again, cells were exposed to 

increasing concentrations of HOCl-oxLDL (prepared at an oxidant to lipoprotein 

molar ratio of 1000/1) (Figure 3.3.3). Treatment with nLDL and 2 mg/mL HOCl-
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oxLDL had no effect on mean cellular fluorescence, however treatment with 0.5, 1 

and 1.5 mg/mL HOCl-oxLDL caused significant decreases in intracellular oxidant 

production, by 11%, 10% and 13% of the control, respectively. This result is not 

consistent with previous findings from the laboratory, which showed that treatment 

with 1000/1 HOCl-oxLDL in this concentration range both elevated intracellular 

superoxide levels and depleted cellular GSH (Burgess, 2012). 

 
 

 
 
Figure 3.3.3: The effect of HOCl-oxLDL exposure on intracellular oxidative 
stress in U937 cells 
U937 cells (0.5 × 106 cells/mL) were treated with HOCl-oxLDL (oxidised at a 1000/1 
oxidant to lipoprotein molar ratio) at concentrations ranging from 0.5 - 2.0 mg/mL 
and incubated at 37ºC in non-phenol red RPMI-1640 for 6 hours. At the 6 hour time 
point, treatments were removed and the cells were incubated with 10 µM DHE for 20 
minutes in the dark. Intracellular superoxide production was measured by flow 
cytometry under the FL2 filter. The data is expressed as a percentage of the cell 
control (0 mg/mL oxLDL treatment). One-way ANOVA significance is indicated 
from the cell control. Results are displayed as mean ± SEM of triplicates from a 
single experiment, representative of three separate experiments. Significance levels 
are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001.  
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3.3.4 The effect of HOCl-oxLDL, prepared at various oxidant to 
lipoprotein molar ratios, on U937 cell viability measured by 
propidium iodide staining 
In this section, HOCl-oxLDL was prepared at a range of oxidant to lipoprotein molar 

ratios (1000/1, 2000/1, 3000/1, 4000/1 and 5000/1), to determine whether a higher 

oxidant concentration was required to produce cytotoxic HOCl-oxLDL.  

U937 cells were treated with 0.5 mg/ml HOCl-oxLDL for 24 hours, after which cell 

viability was examined via PI staining. A minor increase in cell viability was 

observed in the nLDL treatment, as well as in the 1000/1, 2000/1 and 3000/1 HOCl-

oxLDL treatments, yet none of the HOCl-oxLDL preparations caused a decrease in 

cell viability (Figure 3.3.4).  

 

The work by Burgess (2012) used a range of oxidant to lipoprotein ratios (250/1 to 

2000/1) to carry out HOCl-oxidation and all HOCl-oxLDL preparations in this range 

were cytotoxic to U937 cells (as measured by MTT reduction assay). This method for 

HOCl-oxidation was followed strictly, however certain details were lacking, such as 

the pH at which the oxidation was carried out and whether wash steps were 

performed. Excluding these steps may have affected the properties of the HOCl-

oxLDL produced, which may explain why it has not been possible to successfully 

reproduce these experimental findings. In this work, the LDL oxidation step is carried 

out in PBS, which is at pH 7.4. The pKa of HOCl is 7.5, meaning that at pH 7.4 it is 

present at approximately equimolar concentrations of hypochlorous acid (HOCl) and 

its conjugate base hypochlorite (–OCl). Thus, the pH at which oxidation is carried out 

could effect how much free –OCl is available to react with the LDL. 

 

At this point, work on HOCl-oxLDL was halted. The following sections focus solely 

on the cytotoxic effects of Cu-oxLDL (herein oxLDL). 
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Figure 3.3.4: The effect of HOCl-oxLDL, prepared at various oxidant to 
lipoprotein molar ratios, on U937 cell viability measured by propidium iodide 
staining 
U937 cells (0.5 x 106 cells/mL) were treated with 0.5 mg/mL HOCl-oxLDL (prepared 
at a range of different oxidant to lipoprotein molar ratios) or nLDL and incubated at 
37°C in non-phenol red RPMI1640 for 24 hours. Cell viability was measured by PI 
with flow cytometry under the FL3 filter. The data are expressed as a percentage of 
the total cell count. Two-way ANOVA significance is indicated from respective cell 
control values. Results are displayed as mean ± SEM of triplicates from a single 
experiment, representative of three separate experiments. Significance levels are 
indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. 
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3.4 NOX inhibition by gp91ds and DHE method 
development 
The experimental work in this section is a continuation of work by Cross (2016), 

which focused on the effect of NOX inhibition by gp91ds on oxLDL-induced 

intracellular oxidant production. Gp91ds selectively inhibits the activation of NOX1 

and NOX2 homologues by preventing association between the gp91phox and p47phox 

subunits (Rey, 2001).  

 

The experiments carried out by Cross were performed following the procedure 

described as the ‘original’ DHE method (section 2.2.8.1). Initial observations brought 

into question the accuracy of this method, upon which it was adjusted to produce the 

‘revised’ DHE method (section 2.2.8.2). The ‘revised’ DHE method was used for 

experimental work in all other sections of this thesis.  

3.4.1 The effect of NOX inhibitor gp91ds on oxLDL-induced 
intracellular oxidant production in U937 cells using the ‘original’ 
DHE method 
Cross began by determining the highest non-cytotoxic concentration of gp91ds at 24 

hours, finding that inhibitor concentrations up to 0.5 uM had no significant effect on 

U937 cell viability measured by PI staining (data not shown). Following this, U937 

cells were pre-treated with gp91ds at a range of non-cytotoxic concentrations (0.2 - 

0.5 µM) and oxLDL (0.4 mg/mL) for 6 hours. Using the ‘original’ DHE method, 

Cross observed a concentration-dependant decrease in oxLDL-induced intracellular 

oxidant production in cells treated with gp91ds (data not shown). Exposing cells to 

oxLDL lead to an 80% increase in intracellular superoxide; the highest inhibitor 

concentration (0.5 µM) produced a 55% decrease in this oxLDL-induced oxidant 

production. This would suggest that NOX inhibition by gp91ds is effectively reducing 

oxLDL-induced intracellular oxidant production. 
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3.4.2 The effect of gp91ds and scrambled gp91ds on oxLDL-induced 
intracellular oxidant production in U937 cells using the ‘original’ 
DHE method 
In light of the previous finding, a scrambled gp91ds peptide sequence was included as 

a negative control. This would provide confirmation that the specific sequence and 

resulting functional properties of the inhibitor are the basis of its effect, rather than 

solely its amino acid composition. 

 

U937 cells were pre-treated with gp91ds or scrambled gp91ds at 0.5 µM, followed by 

treatment with 0.3 mg/mL oxLDL (Figure 3.4.2). While this oxLDL concentration is 

lower than that used by Cross in section 3.4.1, the toxicity of oxLDL preparations 

differs between batches (as discussed in section 3.1.1) and the concentration used is 

determined by the LD50 for that particular batch. In cells treated with gp91ds or 

scrambled gp91ds alone, there was no significant change in mean cellular 

fluorescence (Figure 3.4.2). Treatment with oxLDL resulted in a 75% increase in 

intracellular oxidant concentration compared to the cell only control. Pre-treatment 

with 0.5 µM gp91ds reduced the oxLDL-induced intracellular oxidant production by 

14%, but this was not significant. In contrast, pre-treatment with 0.5 µM scrambled 

gp91ds resulted in a significant 30% reduction. 

 

This result was unexpected, firstly because the significant NOX inhibition observed 

by Cross had not occurred, and secondly because use of the scrambled peptide as a 

successful negative control (i.e. having no effect on intracellular superoxide 

production) has been reported previously (Rey, 2001; Tarr, 2012; Walch, 2006). Also 

of note is the apparent sequential decrease in mean cellular fluorescence over the 

course of the assay. These findings brought into question the accuracy of the 

‘original’ DHE assay and prompted further investigation. 
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Figure 3.4.1: The effect of gp91ds and scrambled gp91ds on oxLDL-induced 
intracellular oxidant production in U937 cells using the “original” DHE method 
U937 cells (0.5 × 106 cells/mL) were preincubated with 0.5 µM gp91ds or scrambled 
gp91ds (gp91ds-scram) 1 hour before treatment with 0.3 mg/mL oxLDL and 
incubated at 37ºC in non-phenol red RPMI-1640 for 6 hours. At the 6 hour time point, 
treatments were removed and the cells were incubated with 10 µM DHE for 20 
minutes in the dark, following the “original” DHE method protocol. Intracellular 
superoxide production was measured by flow cytometry under the FL2 filter. The data 
is expressed as a percentage of the cell control. One-way ANOVA significance is 
indicated from the cell control or oxLDL-only treatment. Results are displayed as 
mean ± SEM of triplicates from a single experiment, representative of three separate 
experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) 
p ≤ 0.001 
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3.4.3 A comparison of the ‘original’ and ‘revised’ DHE methods 
In an attempt to improve the accuracy of the DHE assay protocol, certain 

modifications were made to the ‘original’ protocol to produce a ‘revised’ DHE 

method. The sequential decrease in mean cellular fluorescence observed in Figure 

3.4.2 suggests that the DHE dye may be falling out of solution over the course of the 

assay. In the ‘original’ DHE method, the dye is made up in RMPI-1640 without 

phenol red at the beginning of the assay and this solution is left standing while 

samples are treated in 1-minute intervals. Depending on the number of samples being 

analysed, this can mean that the dye is in aqueous solution for up to 20 minutes. DHE 

is only sparingly soluble in aqueous buffers, so use of organic solvents (such as 

ethanol or DMSO) is generally recommended. In the ‘revised’ DHE method, the dye 

is dissolved in DMSO, which is then added directly into sample tubes at 1-minute 

intervals in order to avoid any time-dependent fall-out and subsequent discrepancies 

in effective DHE concentration. 

 

In order to test this hypothesis and to determine whether the ‘revised’ method had 

reduced the shift in fluorescence readings, cell-only samples were analysed 

simultaneously using either the ‘original’ or ‘revised’ DHE method (Table 1). Cell-

only samples were analysed at two time points: at 0 minutes after DHE was dissolved 

in solution (in non-phenol red RMPI-1640 for the ‘original’ method and in DMSO for 

the ‘revised’ method) and at 20 minutes after DHE was dissolved. A period of 20 

minutes was chosen because this imitates the amount of time that lies between 

analysis of the first and last samples during the assay. Following the ‘original’ 

method, a significant shift in fluorescence readings was observed over the course of 

20 minutes, with the average cellular fluorescence reading decreasing by 25%. 

Following the ‘revised’ method, there was no significant difference between samples 

taken at the two time points. Based on this data, the ‘revised’ DHE method reduces 

the time-dependent shift in fluorescence readings that occurs when the ‘original’ 

method is followed, offering greater accuracy. 
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 Mean cellular fluorescence 
(range and mean from triplicate readings) 

 ‘Original’ DHE method ‘Revised’ DHE method 

0 minutes 61,600 – 64,600 
(63,100) 

66,500 – 70,900 
(68,500) 

20 minutes 42,700 – 50,100** 

(46,900)** 
69,700 – 76,900 

(73,900) 
 

Table 1: Comparison of the mean cellular ethidium fluorescence of cell-only 
treatments at two time points using the ‘original’ and ‘revised’ DHE methods 
U937 cells (0.5 × 106 cells/mL) were incubated at 37ºC in non-phenol red RPMI-1640 
for 6 hours. At the 6 hour time point, the cells were incubated with 10 µM DHE for 
20 minutes in the dark, following the either the ‘original’ or ‘revised’ DHE method 
protocol. The parameters ‘0 minutes’ and ‘20 minutes’ refer to the amount of time 
between when DHE was dissolved into solution and when sample analysis took place. 
Intracellular superoxide production was measured by flow cytometry under the FL2 
filter. The data is displayed as the range and mean (in brackets) of mean intracellular 
ethidium fluorescence readings acquired from triplicate samples (rounded to 3 
significant figures). Significance levels are indicated from the respective 0 minute 
reading as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001 
 

3.4.4 The effect of gp91ds and scrambled gp91ds on oxLDL-induced 
intracellular oxidant production in U937 cells using the ‘revised’ 
DHE method 
Using the ‘revised’ DHE method, the experiment described in section 3.4.2 was 

replicated. U937 cells were pre-treated with gp91ds or scrambled gp91ds at 0.5 µM, 

followed by treatment with 0.25 mg/mL oxLDL (Figure 3.4.2). Gp91ds and 

scrambled gp91ds did not have a significant effect on basal oxidant production. 

OxLDL triggered a 120% increase in mean cellular fluorescence, and neither form of 

the inhibitor provided a significant reduction in intracellular oxidative stress. This 

indicates that 5 µM gp91ds, within the 6-hour time frame in which this experiment 

was carried out, does not inhibit oxLDL-induced NOX activation. 
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Figure 3.4.2: The effect of gp91ds and scrambled gp91ds on oxLDL-induced 
intracellular oxidant production in U937 cells using the ‘revised’ DHE method 
U937 cells (0.5 × 106 cells/mL) were preincubated with 0.5 µM gp91ds or scrambled 
gp91ds (gp91ds-scram) 1 hour before treatment with 0.25 mg/mL oxLDL and 
incubated at 37ºC in non-phenol red RPMI-1640 for 6 hours. At the 6 hour time point, 
treatments were removed and the cells were incubated with 10 µM DHE for 20 
minutes in the dark, following the ‘revised’ DHE method protocol. Intracellular 
superoxide production was measured by flow cytometry under the FL2 filter. The data 
is expressed as a percentage of the cell control. One-way ANOVA significance is 
indicated from the cell control or oxLDL-only treatment. Results are displayed as 
mean ± SEM of triplicates from a single experiment, representative of three separate 
experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) 
p ≤ 0.001  
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3.4.5 The effect of high-dose short-term exposure to gp91ds on U937 
cell viability 
In the cell viability studies described in section 3.4.1, Cross (2016) determined that 

after 24 hours, gp91ds at a concentration of 1 µM or above is cytotoxic to U937 cells. 

However, gp91ds within this concentration range does not prevent NOX activation by 

oxLDL (section 3.4.4). To determine whether a higher inhibitor concentration could 

be used, the effect of high-dose short-term exposure to gp91ds on U937 cell viability 

was examined. 

 

 
 

Figure 3.4.3: High-dose short-term exposure to gp91ds causes cell death in U937 
cells 
U937 cells (0.5 x 106 cells/mL) were treated with increasing concentrations of gp91ds 
and incubated at 37°C in non-phenol red RPMI-1640 for 4 hours A vehicle control 
containing 5.3% DMSO was included to match the DMSO concentration of the 
highest inhibitor treatment (20 µM). Cell viability was measured by PI staining with 
flow cytometry under the FL3 filter. The data are expressed as a percentage of the 
control cell count. Two-way ANOVA significance is indicated from respective cell 
controls. Results are displayed as mean ± SEM of triplicates from a single 
experiment, representative of three separate experiments. Significance levels are 
indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. 
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U937 cells were incubated with increasing concentrations of gp91ds for 4 hours, and 

cell viability was measured via PI staining (Figure 3.4.3). All inhibitor concentrations 

tested (5 – 20 µM) significantly reduced cell viability, while the vehicle control for 

the highest inhibitor concentration had no effect. This indicates that gp91ds at 

concentrations of 5 µM and above is cytotoxic to U937 cells, even after only short-

term exposure.  

 

The NOX complex produces ROS that are involved in redox signaling and 

transcriptional activation, critical physiological responses that if interfered with may 

cause harm to the cell (Forman, 2002). It is likely that high inhibitor concentrations 

are disturbing proper cell function, leading to cell death. 

3.4.6 The effect of experimentally relevant DMSO concentrations on 
intracellular oxidant production in U937 cells 
Dimethyl sulfoxide (DMSO) is an organic solvent commonly used in biomedical 

research. It is able to dissolve a range of lipophilic compounds and is miscible in 

water, two properties that account for its wide usage. While moderate concentrations 

of DMSO have been shown to have no significant effect on cell viability (Figure 

3.4.3 vehicle control), DMSO has been reported to act as an effective free radical 

scavenger, giving it antioxidant properties (Sanmartin-Suarez, 2011). This section set 

out to investigate the effect of experimentally-relevant concentrations of DMSO on 

both basal and oxLDL-induced intracellular oxidant production in U937 cells. 

 

U937 cells were incubated with 1% DMSO, a concentration that represents the 

maximum amount of DMSO that would be present in any experimental treatment in 

which it is used as a solvent. 1% DMSO had no significant effect on basal mean 

intracellular ethidium fluorescence or that of oxLDL-treated cells (Figure 3.4.4). This 

provides assurance that the use of DMSO as a solvent will not interfere with DHE 

analysis. 
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Figure 3.4.4: Experimentally relevant DMSO concentrations have no significant 
effect on basal or oxLDL-induced intracellular oxidant production in U937 cells 
U937 cells (0.5 × 106 cells/mL) were treated with DMSO (1%), oxLDL (0.25 mg/mL) 
or both in combination and incubated at 37ºC in non-phenol red RPMI-1640 for 6 
hours. At the 6 hour time point, treatments were removed and the cells were incubated 
with 10 µM DHE for 20 minutes in the dark, following the “revised” DHE method 
protocol. Intracellular superoxide production was measured by flow cytometry under 
the FL2 filter. The data is expressed as a percentage of the cell control. One-way 
ANOVA significance is indicated from the cell control or oxLDL-only treatment. 
Results are displayed as mean ± SEM of triplicates from a single experiment, 
representative of three separate experiments. Significance levels are indicated as: (*) 
p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001 
  

Cell
 co

ntr
ol

1%
 D

MSO
ox

LD
L

ox
LD

L +
 1%

 D
MSO

40

60

80

100

120

M
ea

n 
ce

llu
la

r f
lu

or
es

ce
nc

e
(a

s 
pe

rc
en

ta
ge

 o
f c

el
l c

on
tro

l)

NS

NS



Results 

 

	 73	

3.4.7 The effect of PMA on oxLDL-induced intracellular oxidant 
production in U937 cells 
Phorbol 12-myristate 13-acetate (PMA) is known to activate NOX via the activity of 

PKC (Cox, 1985), thus serving as a useful positive control when measuring NOX 

activation. In this section U937 cells were incubated with oxLDL and PMA separately 

or with the two in combination and subsequent NOX activation was measured via 

DHE staining with flow cytometry. PMA caused a concentration-dependent increase 

in intracellular oxidant production, reaching a maximal 170% of the cell only control 

in the 10 μM PMA treatment (Figure 3.4.5). Addition of oxLDL at 0.25 mg/mL 

caused mean cellular fluorescence to reach 215% of the cell control, while the two in 

combination reached 350% of the cell control, exerting an additive effect. 

 

This result raises two possibilities: firstly, it may be that PMA and oxLDL were not 

fully saturating the NOX induction pathway at the concentrations tested (i.e. if higher 

concentrations were used, the intracellular oxidant generation would be greater for 

either one or both treatments). The second possibility is that unlike PMA, which is 

known to active NOX via PKC, oxLDL may be acting through a distinct kinase 

cascade, thus allowing the two activators to have additive effects. The latter option is 

further explored in sections 3.5, 3.6 and 3.7. 
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Figure 3.4.5 PMA and oxLDL have an additive effect on intracellular oxidant 
production in U937 cells 
U937 cells (0.5 × 106 cells/mL) were treated with 0.25 mg/mL oxLDL and PMA at 
various concentrations and incubated at 37ºC in non-phenol red RPMI-1640 for 6 
hours. At the 6 hour time point, treatments were removed and the cells were incubated 
with 10 µM DHE for 20 minutes in the dark. Intracellular superoxide production was 
measured by flow cytometry under the FL2 filter. The data is expressed as a 
percentage of the cell control. One-way ANOVA significance is indicated from the 
cell control. Results are displayed as mean ± SEM of triplicates from a single 
experiment, representative of three separate experiments. Significance levels are 
indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001 
	
	 	

Cell
 co

ntr
ol

PMA (1
 µM

)

PMA (5
 µM

)

PMA (1
0 µ

M) 0 10

50

100

150

200

250

300

350

400
M

ea
n 

ce
llu

la
r f

lu
or

es
ce

nc
e

(a
s 

pe
rc

en
ta

ge
 o

f c
el

l c
on

tro
l)

[PMA] (µM) +
oxLDL (0.25 mg/mL)

NS
**

***

***

***



Results 

 

	 75	

3.5 The effect of PKC inhibition by Go6983 on oxLDL-
induced intracellular oxidative stress 
Multiple in vitro and in vivo studies have demonstrated the involvement of protein 

kinase C (PKC) in p47phox phosphorylation leading to NOX activation (Fontayne, 

2002; Bey, 2004; Cheng, 2007; Makni-Maalej, 2013). In this section, the potent PKC 

inhibitor Go6983 was used to investigate the effect of PKC inhibition on the oxLDL-

induced activation of NOX and resultant oxidative stress in U937 cells.  

3.5.1 The effect of PKC inhibition by Go6983 on U937 cell viability 
The PKC enzymes are responsible for modulating various metabolic processes in 

immune cells, disruption of which may result in lethality. In order to determine a non-

cytotoxic dose of Go6983 that could be used to assess PKC mechanistic function in 

response to oxLDL, U937 cells were incubated with increasing concentration of the 

inhibitor for 24 hours and cell viability was measured using PI staining and MTT 

assay. The representative PI flow cytometry scatter plots are displayed in Figure 3.5.1 

A and show the entire ungated sample populations (healthy, dying and dead cells, as 

well as cellular debris). The PI fluorescence (FL3) is displayed on the X-axis against 

the forward scatter (FSC) on the Y-axis. The FSC readings relate to cell size (i.e. a 

higher reading indicates greater cell size). In the cell control a healthy (PI negative) 

population of cells is clearly discernable in the center of the plot, with a small amount 

of cellular debris also present (data points with low FSC readings appearing below the 

healthy population). The PI positive population comprised of dead and dying cells is 

marked by a square. The vehicle control population resembles the cell control 

population, but treatment with Go6983 causes a concentration-dependent increase in 

PI fluorescence. This drift indicates that with high Go6983 concentrations, the cells 

no longer exclude the PI dye and have thus lost membrane integrity.  

 

Microscope images of cells (Figure 3.5.1 B) show that treatment with 5 – 15 μM 

Go6983 causes loss of spherical morphology typical of healthy cells and build up of 

cellular debris. Statistical analysis of the PI result (Figure 3.5.1 C) showed that 

treatment with Go6983 at concentrations of 5 μM and above caused significant cell 

death, while the MTT result (Figure 3.5.1 D) indicated that only the highest inhibitor 

concentration (15 µM) was cytotoxic at 24 hours. Erring on the side of caution, 1 µM 
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Go6983 was chosen as the highest non-cytotoxic concentration for use in this 

experimental work. 

 

(Figure 3.5.1 A) 
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(Figure 3.5.1 B) 
 

    
 

    
 

    
 

 
  

Cell control Vehicle control 

Go6983 0.5 µM Go6983 1 µM 

Go6983 5 µM Go6983 10 µM 

Go6983 15 µM 



Results 

 

	 78	

(Figure 3.5.1 C) 
 

 
 
  

Cell
 co

ntr
ol

Veh
icl

e c
on

tro
l

0.5 1 5 10 15

0

20

40

60

80

100
P

er
ce

nt
ag

e 
of

 to
ta

l  
ce

ll 
co

un
t

PI negative PI positive

[Go6983] (µM)

*
*** NS

***

***

***
^

^^^
NS

^^^

^^^

^^^



Results 

 

	 79	

(Figure 3.5.1 D) 
 

 
 
Figure 3.5.1: The effect of PKC inhibition via Go6983 on U937 cell viability  
(0.5 x 106 cells/mL) were treated with increasing concentrations of Go6983 and 
incubated at 37 °C for 24 hours in non-phenol red RPMI1640. A vehicle control for 
the highest inhibitor concentration (15 µM Go6983) containing 0.75% DMSO was 
included. A) The representative flow cytometry scatter plots displaying forward 
scatter readings (FSC) against propidium iodide fluorescence (FL3-A). The PI 
positive population is marked by a square. B) Cells were viewed in tissue culture 
plates through an inverted microscope (20x magnification). Images were captured 
using a LEICA DMIL microscope with a LEICA DFC290 camera. C) Cell viability 
was measured by PI with flow cytometry under the FL3 filter. The data are expressed 
as a percentage of the total cell count. Two-way ANOVA significance is indicated 
from the respective cell control. Results are displayed as mean ± SEM of triplicates 
from a single experiment, representative of three separate experiments. Significance 
levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. D) Cell 
viability was measured using the MTT reduction assay. The data is expressed as a 
percentage of the cell control, which had a mean absorbance reading of 0.987 at 570 
nm. One-way ANOVA significance is indicated from the cell control. Results are 
displayed as mean ± SEM of triplicates from a single experiment, representative of 
three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 
0.01 and (***) p ≤ 0.001. 
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3.5.2 The effect of PKC inhibition by Go6983 on oxLDL-induced 
intracellular oxidant production in U937 cells 
The effect of PKC inhibition by Go6983 on oxLDL-induced oxidant production was 

investigated using DHE staining with flow cytometry. U937 cells were treated with 

increasing non-cytotoxic concentrations of Go6983 followed by treatment with 

oxLDL at 0.2 mg/mL for 6 hours. OxLDL alone caused a 35% increase in mean 

cellular fluorescence compared to the cell control. Go6983 (0.1 -1 µM) had no 

significant effect on this oxLDL-induced oxidative stress. 

 

 
 
 

Figure 3.5.2: The effect of PKC inhibition via Go6983 on oxLDL-induced 
intracellular oxidant production in U937 cells 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
Go6983 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment with 
0.2 mg/mL oxLDL for 6 hours. At the 6 hour time point, treatments were removed 
and the cells were incubated with 10 µM DHE for 20 minutes in the dark. Intracellular 
superoxide production was measured by flow cytometry under the FL2 filter. The data 
is expressed as a percentage of the cell control. One-way ANOVA significance is 
indicated from the cell control and oxLDL only (0 µM Go6983) treatment. Results are 
displayed as mean ± SEM of triplicates from a single experiment, representative of 
three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 
0.01 and (***) p ≤ 0.001.  
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3.5.3 The effect of PKC inhibition by Go6983 on PMA-induced 
intracellular oxidant production in U937 cells 
To test the efficacy of the inhibitor, the effect of Go6983 on oxidant production in 

PMA-activated U937 cells was examined. PMA is known to activate NOX by 

inducing p47phox phosphorylation by PKC (El-Benna, 2009), thus providing a useful 

positive control. 

 

U937 cells were pre-incubated with increasing concentrations of Go6983 (1-10 µM), 

followed by treatment with PMA (10 µM) for 6 hours. While Go6983 at 5 µM and 

above was shown to be cytotoxic after 24 hours (Figure 3.5.3), higher concentrations 

were included to determine whether a higher dose was required for effective 

inhibition. Treatment with PMA caused a 43% increase in intracellular oxidant 

production compared to the cell control, which was not blocked by treatment with 

Go6983 at 1 µM. Higher Go6983 concentrations (5 and 10 µM) had an additive effect 

on PMA-induced oxidative stress, causing 80% and 110% increases compared to the 

cell control, respectively. This suggests that, at the 6 hour time point, 1 µM Go6983 is 

not providing sufficient PKC inhibition and that higher PKC concentrations are 

having detrimental effects, such that cellular oxidant production is elevated. 
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Figure 3.5.3: The effect of PKC inhibition via Go6983 on PMA-induced 
intracellular oxidant production in U937 cells 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
Go6983 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment with 
10 µM PMA for 6 hours. At the 6 hour time point, treatments were removed and the 
cells were incubated with 10 µM DHE for 20 minutes in the dark. Intracellular 
superoxide production was measured by flow cytometry under the FL2 filter. The data 
is expressed as a percentage of the cell control. One-way ANOVA significance is 
indicated from the cell control and PMA only (0 µM Go6983) treatment. Results are 
displayed as mean ± SEM of triplicates from a single experiment, representative of 
three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 
0.01 and (***) p ≤ 0.001. 
 

3.5.4 The effect of PKC inhibition by Go6983 on oxLDL-induced 
intracellular GSH loss in U937 cells 
OxLDL has been shown to trigger excessive oxidant production in monocytes, 

resulting in depletion of cellular antioxidants (Katouah, 2015). Here, the effect of 

PKC inhibition on intracellular glutathione (GSH) loss in response to oxLDL was 

assessed. After pretreatment with increasing concentrations of Go6983 (0.1 -1 µM), 

U937 cells were incubated with oxLDL (0.4 mg/mL) for 3 hours, following which 

intracellular GSH content was measured by HPLC analysis. A significant 55% 

decrease compared to the cell control was observed in the oxLDL treatment (Figure 

3.5.4). Go6983 at all concentrations did not significantly block this antioxidant loss, 
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however at the highest inhibitor concentration (1 µM) a 13% (non-significant) 

increase with respect to the oxLDL-only treatment was observed.  

 
 

Figure 3.5.4: The effect of PKC inhibition by Go6983 on oxLDL-induced 
intracellular GSH loss in U937 cells 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
Go6983 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment with 
0.4 mg/mL oxLDL for 3 hours. Intracellular GSH was measured by HPLC analysis. 
The data is expressed as a percentage of the cell control. One-way ANOVA 
significance is indicated from the cell control and oxLDL only (0 µM PD98059) 
treatment. Results are displayed as mean ± SEM of triplicates from a single 
experiment, representative of three separate experiments. Significance levels are 
indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. 
 

3.5.5 The effect of PKC inhibition by Go6983 on oxLDL-induced 
U937 cell death 
In an investigation into the effects of PKC inhibition on oxLDL cytotoxicity, U937 

monocytes were incubated with Go6983 and oxLDL for 24 hours and cell viability 

was assessed via PI staining and MTT assay. Microscope images appear to show no 

protective effect of Go6983 (Figure 3.5.5 A). Both PI and MTT analysis (Figure 

3.5.5 B and C) showed that Go6983 (1 µM) does not have a significant effect on 

oxLDL-induced cell death. 
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(Figure 3.5.5 A) 
 

    
 

    
 

(Figure 3.5.5 B)  
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(Figure 3.5.5 C) 

 
 

Figure 3.5.5: The effect of PKC inhibition via Go6983 on oxLDL-induced U937 
cell death 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with Go6983 (1 µM) for 1 hour at 
37 °C in non-phenol red RPMI1640, followed by treatment with 0.3 mg/mL oxLDL 
for 24 hours. A) Cell viability was measured by PI with flow cytometry under the FL3 
filter. The data are expressed as a percentage of the total cell count. One-way 
ANOVA significance is indicated from the respective oxLDL only treatment. Results 
are displayed as mean ± SEM of triplicates from a single experiment, representative 
of three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p 
≤ 0.01 and (***) p ≤ 0.001. B) Cell viability was measured using the MTT reduction 
assay. The data is expressed as a percentage of the cell control, which had a mean 
absorbance reading of 0.803 at 570 nm. One-way ANOVA significance is indicated 
from the cell control and oxLDL only treatment. Results are displayed as mean ± 
SEM of triplicates from a single experiment, representative of three separate 
experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) 
p ≤ 0.001. C) Cells were viewed in tissue culture plates through an inverted 
microscope (20x magnification). Images were captured using a LEICA DMIL 
microscope with a LEICA DFC290 camera. 
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3.6 The effect of ERK1/2 inhibition by PD98059 on 
oxLDL-induced intracellular oxidative stress 
The direct involvement of ERK1/2 in NOX activation by p47phox phosphorylation has 

been demonstrated by several studies, both in vitro and in vivo (Dewas, 2000; Dang, 

2006a; Makni-Maalej, 2013; Singh, 2016). In this section, PD98059 (a specific 

inhibitor of the upstream activator of ERK1/2, MEK1/2) was used to investigate the 

role of the ERK1/2 cascade in NOX activation by oxLDL. 

3.6.1 The effect of ERK1/2 inhibition by PD98059 on U937 cell 
viability 
The ERK1/2 cascade mediates many essential cellular processes, including cell 

survival, metabolism, differentiation and proliferation (Roskoski, 2012). Thus, it is 

necessary to determine a non-cytotoxic dose of PD98059 for use in experimental 

work. U937 cells were incubated with increasing concentrations of PD98059 for 24 

hours, after which cell viability was assessed by PI staining and MTT assay. 

 
(Figure 3.6.1 A) 
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Both analyses showed that PD98059 at a concentration of up to 50 µM had no 

significant effect on U937 cell viability (Figures 3.6.1 A and B), providing a wide 

non-cytotoxic concentration range. 

 
(Figure 3.6.1 B) 
 

 
	
Figure 3.6.1: The effect of ERK inhibition via PD98059 on U937 cell viability  
U937 cells (0.5 x 106 cells/mL) were treated with increasing concentrations of 
PD98059 and incubated at 37 °C for 24 hours in non-phenol red RPMI1640. 
PD98059 was made up in DMSO and albumin to aid solubility, and all treatments 
have a final concentration of 1% DMSO and 90 µM albumin. A vehicle control at the 
same DMSO/albumin concentration was also included. A) Cell viability was 
measured by PI with flow cytometry under the FL3 filter. The data are expressed as a 
percentage of the total cell count. Two-way ANOVA significance is indicated from 
the respective cell control. B) Cell viability was measured using the MTT reduction 
assay. The data is expressed as a percentage of the cell control, which had a mean 
absorbance reading of 1.263 at 570 nm. One-way ANOVA significance is indicated 
from the cell control. Results are displayed as mean ± SEM of triplicates from a 
single experiment, representative of three separate experiments. Significance levels 
are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. 
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3.6.2 The effect of ERK1/2 inhibition by PD98059 on oxLDL-induced 
intracellular oxidant production in U937 cells 
Next, the effect of ERK1/2 inhibition by PD98059 on oxLDL-induced intracellular 

oxidant production was investigated using DHE staining with flow cytometry. U937 

cells were pretreated with PD98059 at increasing concentrations for 1 hour, followed 

by incubation with oxLDL for 6 hours. ERK1/2 inhibition reduced oxLDL-induced 

intracellular oxidant production in a concentration-dependent manner and exhibited 

significant inhibition at all concentrations tested (5 – 50 µM) (Figure 3.6.2). In the 

oxLDL only treatment, the average intracellular ethidium fluorescence was equivalent 

to 196% of the control value, whereas in cells treated with 50 µM PD98059 and 

oxLDL this fluorescence value was reduced to 125% of the control value. This 

finding suggests that inhibition of the ERK1/2 cascade effectively attenuates 

intracellular oxidative stress in U937 cells exposed to oxLDL. 
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(Figure 3.6.2 A) 

	
 
 
Figure 3.6.2: The effect of ERK inhibition via PD98059 on oxLDL-induced 
intracellular oxidative stress in U937 cells 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
PD98059 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment 
with 0.5 mg/mL oxLDL for 6 hours. PD98059 was made up in DMSO and albumin to 
aid solubility, and all treatments have a final concentration of 1% DMSO and 90 µM 
albumin. A) At the 6 hour time point, treatments were removed and the cells were 
incubated with 10 µM DHE for 20 minutes in the dark. Intracellular superoxide 
production was measured by flow cytometry under the FL2 filter. The data is 
expressed as a percentage of the cell control. One-way ANOVA significance is 
indicated from the cell control and oxLDL only (0 µM PD98059) treatment. Results 
are displayed as mean ± SEM of triplicates from a single experiment, representative 
of three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p 
≤ 0.01 and (***) p ≤ 0.001. 
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3.6.3 The effect of ERK1/2 inhibition by PD98059 on oxLDL-induced 
intracellular GSH loss in U937 cells 
To further investigate the involvement of ERK1/2 in oxLDL-induced oxidative stress, 

the effect of ERK1/2 inhibition on cellular GSH loss was measured via HPLC. After 3 

hours, a significant 65% decrease in cellular GSH was observed upon treatment with 

oxLDL alone (Figure 3.6.3). Pretreatment with PD98059 had no significant effect on 

GSH loss at any of the concentrations tested. The highest inhibitor concentration (50 

µM) reduced GSH loss to 55%, however this was not significant.  

 

	
	
Figure 3.6.3: The effect of ERK inhibition by PD98059 on oxLDL-induced 
intracellular GSH loss in U937 cells 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
PD98059 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment 
with 0.4 mg/mL oxLDL for 3 hours. PD98059 was made up in DMSO and albumin to 
aid solubility, and all treatments have a final concentration of 1% DMSO and 90 µM 
albumin. Intracellular GSH was measured by HPLC analysis. The data is expressed as 
a percentage of the cell control. One-way ANOVA significance is indicated from the 
cell control and oxLDL only (0 µM PD98059) treatment. Results are displayed as 
mean ± SEM of triplicates from a single experiment, representative of three separate 
experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) 
p ≤ 0.001	
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3.6.4 The effect of ERK1/2 inhibition by PD98059 on oxLDL-induced 
U937 cell death 
To assess the effect of ERK1/2 inhibition on oxLDL-induced cell death, U937 cells 

were pretreated with increasing concentrations of PD98059 for one hour, followed by 

incubation with oxLDL for 24 hours. Cell viability analysis by PI staining and MTT 

assay showed that ERK1/2 inhibition significantly protects cells from oxLDL-induced 

cell death in a concentration-dependent manner (Figure 3.6.4 B and C). The PI 

analysis indicated that after treatment with oxLDL, only 50% of cells were PI 

negative. Pretreatment with PD98059 at 5, 10 and 50 μM increased the proportion of 

PI negative cells to 76%, 78% and 85%, respectively (Figure 2.6.4 B). The MTT 

result displays the same trend, where oxLDL reduced the percentage of metabolically 

active cells to 28% of the control and pretreatment with PD98059 at 5, 10 and 50 μM 

increased this to 53%, 56% and 59%, respectively (Figure 2.6.4 C). This trend is 

clearly depicted in the microscope images, which showed a greater extent of cell 

death in the oxLDL only treatment than in those that underwent pretreatment with 

PD98059 (Figure 3.6.4 A). 
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(Figure 3.6.4 A) 
 

    
 

    
 

     

oxLDL 0.5 mg/mL oxLDL + PD98059 5 µM 

oxLDL + PD98059 10 µM oxLDL + PD98059 50 µM 

Cell control PD98059 50 µM 
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(Figure 3.6.4 B) 
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(Figure 3.6.4 C) 
 

 
 

 
Figure 3.6.4: The effect of ERK inhibition via PD98059 on oxLDL-induced U937 
cell death 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
PD98059 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment 
with 0.5 mg/mL oxLDL for 24 hours. PD98059 was made up in DMSO and albumin 
to aid solubility, and all treatments have a final concentration of 1% DMSO and 90 
µM albumin. A) Cells were viewed in tissue culture plates through an inverted 
microscope (20x magnification). Images were captured using a LEICA DMIL 
microscope with a LEICA DFC290 camera. B) Cell viability was measured by PI 
with flow cytometry under the FL3 filter. The data are expressed as a percentage of 
the total cell count. One-way ANOVA significance is indicated from the respective 
oxLDL only treatment. Results are displayed as mean ± SEM of triplicates from a 
single experiment, representative of three separate experiments. Significance levels 
are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. C) Cell viability was 
measured using the MTT reduction assay. The data is expressed as a percentage of the 
cell control, which had a mean absorbance reading of 1.360 at 570 nm. One-way 
ANOVA significance is indicated from the cell control and oxLDL only (0 µM 
PD98059) treatment. Results are displayed as mean ± SEM of triplicates from a single 
experiment, representative of three separate experiments. Significance levels are 
indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. 
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3.7 The effect of p38 MAPK inhibition by SB202190 on 
oxLDL-induced intracellular oxidative stress 
The p38 MAPK cascade, classified as a stress-response cascade, has been 

demonstrated to play a role in phagocytic NOX activation (El-Benna, 1996; Zhao, 

2002; Sakamoto, 2006; Lemarie, 2008; Kim, 2011; Makni-Maalej, 2013). The final 

part of this thesis examined the involvement of p38 MAPK in NOX activation by 

oxLDL using the specific p38 MAPK inhibitor SB202190. 

3.7.1 The effect of p38 MAPK inhibition by SB202190 on U937 cell 
viability 
To begin, a concentration course experiment was carried out to determine the highest 

non-cytotoxic SB202190 concentration after 24 hours. PI and MTT analysis (Figure 

3.7.1 A and B) showed that SB202190 at concentrations of up to 10 µM had no 

significant effect on cell viability, while higher inhibitor concentrations (20 µM and 

above) caused a slight decrease in the number of healthy cells. Based on these results, 

further experimental work used a maximum SB202190 concentration of 10 µM. 

 

(Figure 3.7.1 A) 
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(Figure 3.7.1 B) 

 
Figure 3.7.1: The effect of p38 MAPK inhibition via SB202190 on U937 cell 
viability 
U937 cells (0.5 x 106 cells/mL) were treated with increasing concentrations of 
SB202190 and incubated at 37 °C for 24 hours in non-phenol red RPMI1640. 
SB202190 was made up in DMSO and albumin to aid solubility, the highest 
concentration treatment has a final concentration of 5% DMSO and 45 µM albumin. 
A vehicle control at the same DMSO/albumin concentration as was also included. A) 
Cell viability was measured by PI with flow cytometry under the FL3 filter. The data 
are expressed as a percentage of the total cell count. Two-way ANOVA significance 
is indicated from the respective cell control. B) Cell viability was measured using the 
MTT reduction assay. The data is expressed as a percentage of the cell control, which 
had a mean absorbance reading of 1.543 at 570 nm. One-way ANOVA significance is 
indicated from the cell control. Results are displayed as mean ± SEM of triplicates 
from a single experiment, representative of three separate experiments. Significance 
levels are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001 
 

3.7.2 The effect of p38 MAPK inhibition by SB202190 on oxLDL-
induced intracellular oxidant production in U937 cells 
To investigate the effect of p38 MAPK inhibition on oxLDL-induced intracellular 

oxidative stress, U937 cells were preincubated with increasing concentrations of 

SB202190 for 1 hour, followed by treatment with oxLDL for 6 hours. DHE analysis 

showed that treatment with oxLDL caused a 93% increase in mean cellular ethidium 

fluorescence compared to the cell control (Figure 3.7.2). Pretreatment with 

Cell
 co

ntr
ol

Veh
icl

e c
on

tro
l

0.5 1 5 10 20 50

0

20

40

60

80

100

120

C
el

l v
ia

bi
lit

y
(a

s 
pe

rc
en

ta
ge

 o
f c

el
l c

on
tro

l)
** ***

[SB202190] (µM)



Results 

 

	 97	

SB202190 decreased this oxLDL-induced oxidant production at all concentrations 

tested, but the decrease was only significant at the highest inhibitor concentration (5 

µM); pretreatment with 5 µM SB202190 reduced the oxLDL-induced fluorescence 

increase to only 51% compared to the cell control. SB202190 (5 µM) did not have a 

significant effect on basal intracellular oxidant production. This result indicates that 

p38 MAPK inhibition is able to significantly reduce intracellular oxidant production 

in U937 monocytes exposed to oxLDL. 

 
 

Figure 3.7.2: The effect of p38 MAPK inhibition via SB202190 on oxLDL-
induced intracellular oxidative stress in U937 cells 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
SB202190 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment 
with 0.3 mg/mL oxLDL for 6 hours. SB202190 was made up in DMSO and albumin 
to aid solubility, and all treatments have a final concentration of 1% DMSO and 90 
µM albumin. At the 6 hour time point, treatments were removed and the cells were 
incubated with 10 µM DHE for 20 minutes in the dark. Intracellular superoxide 
production was measured by flow cytometry under the FL2 filter. The data is 
expressed as a percentage of the cell control. One-way ANOVA significance is 
indicated from the cell control and oxLDL only (0 µM SB202190) treatment. Results 
are displayed as mean ± SEM of triplicates from a single experiment, representative 
of three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p 
≤ 0.01 and (***) p ≤ 0.001   
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3.7.3 The effect of p38 MAPK inhibition by SB202190 on oxLDL-
induced intracellular GSH loss in U937 cells 
To probe further into the involvement of p38 MAPK in oxLDL-induced oxidative 

stress, an analysis of U937 intracellular GSH loss after 3 hours of exposure to oxLDL 

and/or SB202190 was performed. Exposure to oxLDL caused a 61% decrease in 

cellular GSH, a loss that was significantly reduced by pretreatment with SB202190 at 

5 and 10 µM to 51% and 40%, respectively (Figure 3.7.3). SB202190 (10 µM) itself 

had no significant effect on cellular GSH levels. This finding provides further 

evidence that inhibition of the p38 MAPK cascade reduces oxLDL-induced 

intracellular oxidative stress, possibly through inhibition of NOX activation. 
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Figure 3.7.3: The effect of p38 MAPK inhibition by SB202190 on oxLDL-
induced intracellular GSH loss in U937 cells 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
SB202190 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment 
with 0.4 mg/mL oxLDL for 3 hours. SB202190 was made up in DMSO and albumin 
to aid solubility, and all treatments have a final concentration of 1% DMSO and 90 
µM albumin. Intracellular GSH was measured by HPLC analysis. The data is 
expressed as a percentage of the cell control. One-way ANOVA significance is 
indicated from the cell control and oxLDL only (0 µM SB202190) treatment. Results 
are displayed as mean ± SEM of triplicates from a single experiment, representative 
of three separate experiments. Significance levels are indicated as: (*) p ≤ 0.05, (**) p 
≤ 0.01 and (***) p ≤ 0.001. 
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3.7.4 The effect of p38 MAPK inhibition by SB202190 on oxLDL-
induced U937 cell death 
The final part of this work was an enquiry into the effect of p38 MAPK inhibition on 

oxLDL-induced cell death after 24 hours. PI analysis (Figure 3.7.4 B) showed that 

SB202190 at all concentrations tested (0.5, 1 and 5 µM) significantly reduced cell 

death caused by oxLDL, reducing the proportion of PI positive cells from 60% (in the 

oxLDL only treatment) to 52%, 50% and 42%, respectively. The MTT result (Figure 

3.7.4 C) displays this same trend, however only the highest inhibitor concentration (5 

µM) was shown to significantly hinder loss in cell viability. The accompanying 

microscope images (Figure 3.7.4 A) also indicate that p38 MAPK inhibition reduces 

the extent of cell death that occurs after exposure to oxLDL. This result, along with 

the findings in sections 3.7.2 and 3.7.3, suggest that p38 MAPK plays a major role in 

mediating the oxLDL-induced oxidative stress response and concomitant cell death in 

U937 cells.  
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(Figure 3.7.4 A) 
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(Figure 3.7.4 B) 
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(Figure 3.7.4 C) 

 
 

 
Figure 3.7.4: The effect of p38 MAPK inhibition via SB202190 on oxLDL-
induced U937 cell death 
U937 cells (0.5 x 106 cells/mL) were pre-incubated with increasing concentrations of 
SB202190 for 1 hour at 37 °C in non-phenol red RPMI1640, followed by treatment 
with 0.3 mg/mL oxLDL for 24 hours. SB202190 was made up in DMSO and albumin 
to aid solubility, and all treatments had a final concentration of 1% DMSO and 90 µM 
albumin. A) Cells were viewed in tissue culture plates through an inverted microscope 
(20x magnification). Images were captured using a LEICA DMIL microscope with a 
LEICA DFC290 camera. B) Cell viability was measured by PI with flow cytometry 
under the FL3 filter. The data are expressed as a percentage of the total cell count. 
One-way ANOVA significance is indicated from the respective oxLDL only 
treatment. Results are displayed as mean ± SEM of triplicates from a single 
experiment, representative of three separate experiments. Significance levels are 
indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001. C) Cell viability was 
measured using the MTT reduction assay. The data is expressed as a percentage of the 
cell control, which had a mean absorbance reading of 1.478 at 570 nm. One-way 
ANOVA significance is indicated from the cell control and oxLDL only (0 µM 
SB202190) treatment. Results are displayed as mean ± SEM of triplicates from a 
single experiment, representative of three separate experiments. Significance levels 
are indicated as: (*) p ≤ 0.05, (**) p ≤ 0.01 and (***) p ≤ 0.001.  

Cell
 co

ntr
ol

SB20
21

90
 (5

 µM
) 0 0.5 1 5

0

20

40

60

80

100

120

C
el

l v
ia

bi
lit

y 
(a

s 
pe

rc
en

ta
ge

 o
f c

el
l c

on
tro

l) ***

NS NS ***

[SB202190] (µM) + 
oxLDL (0.3 mg/mL)



Discussion 

 

	 104	

4. DISCUSSION 

4.1 Cytotoxicity of oxLDL 
A primary objective in this work was to examine the mechanism of oxLDL 

cytotoxicity in U937 monocyte-like cells. The U937 cell line was chosen for this 

study as it is a well-characterized model system that is widely used in research related 

to cardiovascular disease. The monocyte-like cells display many similarities to both 

isolated human monocytes and HMDMs. A particularly important similarity is their 

shared response to oxLDL exposure, whereby they undergo a rapid oxidative burst 

succeeded by necrotic cell death without caspase activation (Baird, 2004). For this 

reason they are a valuable tool for understanding the interaction between 

monocytes/macrophages and oxLDL in the artery wall, a critical feature of 

atherosclerotic lesion progression (Andres, 2012).  

 

The combination of two analytical techniques for measuring cell viability, PI and 

MTT analysis, provided a detailed picture of the cell death processes occurring. PI 

staining with flow cytometry offers information about the membrane integrity of 

individual cells, while the MTT assay indicates changes in the collective metabolic 

activity of the total population of cells within a sample. Copper-oxidized LDL was 

shown to disturb both of these parameters and cause necrotic cell death in a 

concentration-dependent manner (section 3.1), a result that is in agreement with 

previous findings from the laboratory (Baird, 2004; Gieseg, 2010a). The 

concentrations of oxLDL used in this experimental work (0.15 – 0.5 mg/mL total 

mass) fall within the range that is relevant in vivo, as serum LDL concentrations reach 

approximately 3.0 mg/mL total mass in normolipidemic individuals (Esterbauer, 

1992). HOCl-oxidised LDL produced in this course of research had no significant 

effect on cell viability (section 3.3). This was an unanticipated result as HOCl-oxLDL 

toxicity has been reported in the literature and observed previously by this laboratory 

(Vicca, 2003; Ermak, 2010; Burgess, 2012). Certain information was omitted from 

the oxidation procedure followed, such as the buffer pH and whether or not wash 



Discussion 

 

	 105	

steps were performed, factors that may be essential for producing cytotoxic HOCl-

oxLDL. 

 

The exact mechanism of oxLDL cytotoxicity is particularly difficult to ascertain due 

to the heterogeneous nature of LDL particles and their resulting oxidation products 

(Levitan, 2010). Published research has thoroughly described the oxLDL components 

that may cause this cytotoxicity, identifying several lipid and protein oxidation 

products that may act as cytotoxic agents in vivo (Gieseg, 2010b). The current study 

focused on elucidating the mechanism by which oxLDL exerts its cytotoxic effect, 

leading to an increased production of intracellular oxidants that overwhelms the 

antioxidant capacity of the cell (Gieseg, 2010a; Katouah, 2015). 

4.2. Oxidative stress induced by oxLDL 
Prior studies have noted that exposure to oxLDL triggers an overproduction of 

intracellular ROS in different cell types, viz. U937s, THP-1s, human monocytes, 

HMDMs, VSMCs and endothelial cells (Gieseg, 2001; Zmijewski, 2005; Gieseg, 

2010; Jimenez-Corona, 2012; Katouah, 2015). In the current study oxLDL was shown 

to induce intracellular oxidant production in U937 cells in a concentration-dependent 

manner (section 3.2.1). It has been postulated that this response is a major factor in 

the cytotoxicity of oxLDL as it causes cellular glutathione depletion and disables key 

catabolic enzymes, resulting in necrotic cell death (Seimon, 2009; Gieseg, 2010; 

Katouah, 2015). Underlining this proposal is the observation that macrophage-

synthesized antioxidant 7,8-NP offers protection from oxLDL toxicity. In the current 

study pretreatment with 7,8-NP returned intracellular oxidant concentrations to near 

baseline levels in U937 cells exposed to oxLDL and this was maintained over an 

extended period of 12 hours (section 3.2.3). Additionally, research from this 

laboratory has revealed that 7,8-NP protects U937 cells and human macrophages from 

oxLDL-induced cell death, an ability that is attributed to its oxidant-scavenging 

activity (Baird, 2005; Gieseg, 2010; Shchepetkina, 2017). 



Discussion 

 

	 106	

4.2.1 NOX as the primary source of oxLDL-induced intracellular 
oxidative stress 
NOX-generated superoxide has been identified as a major ROS product in many cell 

types and is itself a precursor to other oxidants such as H2O2 and HOCl (Stocker, 

2004). Determining the exact oxidant source(s) poses a considerable challenge due to 

the lack of ROS-specificity in current molecular probes (Winterbourn, 2016). The 

current study employed the redox-sensitive probe dihydroethidium (DHE), which has 

been used extensively for detection of the intracellular superoxide ion. The 

fluorescent DHE oxidation product ethidium (E+) binds to DNA, making it possible to 

measure the fluorescence intensity of individual cells via flow cytometry and from 

this to determine the relative intracellular oxidant concentrations. The main limitation 

of this method is that it fails to distinguish between the superoxide-specific DHE 

oxidation product 2-hydroxyethidium (2-OH-E+) and the nonspecific DHE oxidation 

product ethidium (Zhao, 2003; Peshavariya, 2007; Zielonka, 2010). In spite of this, 

DHE staining provides detailed quantitative information on the oxidative environment 

of the cell and is thus a valuable tool. 

 

The use of chemical NOX inhibitors had provided evidence implicating NOX as a 

primary source of oxLDL-induced intracellular oxidants. Apocynin and DPI 

prevented oxLDL-mediated oxidant production, GSH loss and cell death in U937 

cells, as well as significantly reducing p47phox subunit expression (Chen, 2012; 

Othman, 2015). A point of weakness with inhibition studies is that many NOX 

inhibitors have limited specificity, stability and bioavailability (Stielow, 2006). For 

example, DPI inhibits NOX2 by binding to the FAD binding sequence but will also 

target these sequences in other flavoproteins (El-Benna, 2012). An increasing 

understanding of the structural and functional properties of the NOX enzymes has 

allowed for the design of small peptide inhibitors such as GP91ds, which may prove 

to be more effective as they are derived from specific protein sequences (El-Benna, 

2012).  

4.2.2 NOX inhibition by gp91ds-tat 
Gp91ds is regarded as one of the most specific and effective NOX inhibitors currently 

available and functions by obstructing assembly of the cytosolic and membrane-

bound NOX subunits. Employing the ‘revised’ DHE method, gp91ds (1 µM) had no 
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effect on oxLDL-induced intracellular oxidative stress in U937 cells (section 3.4.4). 

Cross (2016) previously observed significant gp91ds inhibition of oxLDL-induced 

intracellular ROS production (described in section 3.4.1), however the ‘original’ DHE 

method in use was shown in the current study to be prone to a time-dependent shift in 

fluorescence readings (section 3.4.3), invalidating these results. Further substantiating 

the notion that the inhibitor was ineffective, concentrations of gp91ds that appeared to 

block intracellular oxidant production in Cross’s studies had no effect on oxLDL-

induced cell death; effective NOX inhibition would be likely to afford at least partial 

protection from cell death, as has been observed in other inhibition studies (Chen, 

2012). 

 

Gp91ds effectively inhibits NOX isoforms that contain the gp91phox subunit (i.e. 

NOX1 and NOX2) and is unlikely to be effective in isoforms that are significantly 

different (i.e. NOX4 and NOX5) (Williams, 2007). It is possible that oxLDL is 

inducing U937 intracellular oxidative stress via a NOX isoform that is not subject to 

inhibition by gp91ds. Previous work by this laboratory investigated the role of NOX4 

in this process; NOX4 expression and activation in response to oxLDL has been 

observed in human monocytes and mature macrophages, making it a possible source 

of intracellular ROS contributing to oxLDL cytotoxicity (Lee, 2010). Othman (2015) 

demonstrated that the NOX inhibitor VAS2870, which has been shown to exert its 

effect preferentially on the NOX4 isozyme, has no effect on oxLDL-induced U937 

intracellular oxidative stress or cell death, suggesting that this particular isoform is not 

induced in the U937 cell line. 

 

Successful gp91ds inhibition of NOX (activated by stimuli other than oxLDL) has 

been reported in several studies. Tarr et al (2012) showed that TNF-α treated U937 

cells exhibit increased superoxide production, which can be effectively reduced by 

treatment with 1 µM gp91ds over 24 hours, while the same concentration of 

scrambled inhibitor does not have a significant effect. Rey et al (2001) reported 

significant, concentration-dependent inhibition of PMA-induced superoxide 

production in isolated human neutrophils at gp91ds concentrations ranging from 1 - 

100 µM, although the time frame for these experiments is not stated. With regard to 

these studies, future work should examine the effect of gp91ds on oxLDL-induced 
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NOX activity over longer incubation periods with lower inhibitor concentrations, or at 

shorter (< 4 hours) incubation periods with higher inhibitor concentrations. It will be 

necessary to determine the ‘balance-point’ concentration and exposure time at which 

gp91ds exerts effective NOX inhibition but does not harm the cells.  

4.3 NOX activation by oxLDL 
Based on the work described in section 4.2, the next section of this research set out to 

investigate the signaling pathways governing NOX activation by oxLDL in U937 

cells. Three signal transduction cascades were selected for study in this work: PKC, 

ERK1/2 and p38 MAPK. These particular kinase cascades were chosen for the 

following reasons; firstly, because their involvement in phagocytic NOX activation 

has been well documented in several cell types; secondly, the mechanics of each of 

these cascades has been studied in depth so they are extremely well-characterized; 

and thirdly, due to this comprehensive grasp of their functional properties, there are 

several potent and specific inhibitors available for these cascades. 

 

It is important to note that most of our knowledge on the signaling pathways involved 

in phagocytic NOX activation has been derived from studies in neutrophils, as these 

are the most abundant white blood cells and act as first-responders at sites of 

inflammation (Dale, 2008). While neutrophils and monocytes/macrophages share 

some similar characteristics, there are differences in the nature of their respective 

metabolic bursts, such as the length and intensity (Dale, 2008). The neutrophil 

respiratory burst is a rapid response, peaking at 2-10 minutes after stimulation, 

whereas monocytes display a more gradual increase in superoxide production, 

peaking after 1 hour or more. Furthermore, a stimulus that activates NOX in 

neutrophils may not necessarily activate NOX in monocytes, and vice versa 

(Pongnimitprasert, 2009). A recent study has also shown that an endogenous immune-

modulatory peptide, the vasoactive intestinal peptide (VIP), inhibited FMLP-

stimulated NOX oxidant production in monocytes but not in neutrophils (Chedid, 

2017). It is essential to consider how these dissimilarities may be reflected in the roles 

of regulatory enzymes. 
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Another important aspect of the work in this field is the method by which NOX 

activation is measured. This laboratory has previously measured p47phox protein 

expression in response to oxLDL, showing that this increases in a time-dependent 

manner in U937 cells, isolated human monocytes and HMDMs (Chen, 2012; Othman, 

2015). This method measures the relative amounts of p47phox protein in cell samples 

exposed to selective treatments via Western Blotting using an antibody specific for 

p47phox. However, this method is inadequate for measuring NOX activation as it only 

evaluates p47phox protein expression and does not distinguish between active and 

inactive NOX. The vast majority of studies on NOX activation cited in this work use 

a technique that measures p47phox membrane translocation, whereby p47phox protein 

expression in the membrane fraction of cell sample homogenates is compared to that 

in the cytosolic fraction (Dewas, 2000; Dang, 2001; Park, 2001; Fontayne, 2002; 

Rosenblat, 2002; Olivetta, 2009). The rationale behind this analysis is that upon NOX 

activation, p47phox translocates from the cell cytosol to the membrane; a higher 

proportion of p47phox in the membrane fraction of a cell sample denotes increased 

NOX activity. The laboratory in which this research was carried out was not equipped 

for this type of analysis, but this would be an extremely valuable experimental 

technique to use in future work on this topic. An alternative method used in some 

studies employs antibodies that recognize the phosphorylated state of certain p47phox 

serine residues that are targeted during NOX activation (Makni-Maalej, 2013). By 

analyzing the extent of phosphorylation of several of these residues it is possible to 

make inferences about NOX activity. 

4.3.1 Involvement of PKC in oxLDL-induced NOX activation 
In reviewing the literature, a large volume of published studies have identified PKC 

as a direct activator of NOX both in vitro and in vivo (Dang, 2001; Fontayne, 2002; 

El-Benna, 2009). Furthermore, PKC inhibition has been shown to attenuate monocyte 

superoxide production and cell-mediated LDL oxidation, implicating the kinase in a 

central atherogenic process (Li, 1994; Li, 1999). This work set out to determine 

whether PKC is involved in oxLDL-induced NOX activation through the use of the 

broad-spectrum PKC inhibitor Go6983. DHE analysis (section 3.5.2) and GSH 

measurement (section 3.5.4) both showed that Go6983 at a concentration of 1 µM did 

not effectively inhibit oxLDL-induced NOX activation at the 3- or 6- hour time 

points. Additionally, in an assessment of cell viability (section 3.5.5) Go6983 (1 µM) 
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did not prevent oxLDL-induced cell death at 24 hours. While these findings suggest 

that PKC inhibition has no effect on the oxLDL-induced oxidative stress response, 

Go6983 (1 µM) was also shown to have no effect on intracellular oxidant production 

induced by PMA (a known PKC activator) after 6 hours (section 3.5.3). Thus, the 

effectiveness of Go6983 at this concentration and within this timeframe cannot be 

certain. Before conclusions are drawn from the results presented on the involvement 

of PKC in oxLDL toxicity, it would first be necessary to confirm that the inhibitor is 

functional at the concentration tested via the use of a positive control. 

 

Nanomolar concentrations (50-100 nM) of Go6983 have been reported to block PKC 

activity in rat PMN leukocytes (Peterman, 2004), however the effective inhibitory 

concentration is likely to vary between species. While there is no information 

available on respiratory burst inhibition by Go6983 in U937 monocytes, Woschnagg 

et al (2001) observed a significant reduction in oxidative metabolism in PMA-

stimulated human eosinophils treated with 10 µM Go6983. This work focused on the 

short-term (< 1 hour) effect of PKC inhibition. Cell viability experiments carried out 

as part of the current study showed that after 24 hours, Go6983 at concentrations of 5 

µM and above was cytotoxic to U937 cells (section 3.5.1). Over extended periods, the 

inhibitor is likely to disrupt cellular processes mediated by PKC and cause damage to 

the cell, meaning that it may be necessary to study the short-term effect of PKC 

inhibition. Further research into the involvement of PKC in oxLDL-induced NOX 

activation should first seek to determine a non-cytotoxic concentration of Go6983 

(within a set timeframe) that effectively inhibits PMA-induced intracellular oxidant 

production. Specifically, this requires an investigation into the short-term/high-dose 

(< 3 hours at > 1 µM) effects of Go6983. Once an effective concentration has been 

determined, this can be used to examine the effect of PKC inhibition by Go6983 on 

oxLDL-induced oxidant production, antioxidant loss and cell death. 

 

Another point to consider is the involvement of specific PKC isoforms in oxLDL 

induction of NOX. To date, several isozymes present in phagocytes (namely PKC α, 

β, δ and ζ) have been demonstrated to directly phosphorylate p47phox (Dang, 2001; 

Fontayne, 2002; Bey, 2004; Cheng, 2007; Korchak, 2007). These fall into each of the 

three distinct PKC classes (classical, novel and atypical), which differ somewhat in 
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terms of their structure and regulation. It is highly possible that different PKC 

isoforms exert distinct effects on NOX regulation and thus should not be treated as a 

single entity. For instance, specific inhibition of the atypical PKC ζ in PMN 

leukocytes blocks FMLP-induced oxidant production and p47phox translocation but 

has no effect on PMA-induced oxidant production, showing that the isozymes 

respond differently to distinctive stimuli (Dang, 2001). Dang (2001) also showed that 

PKC ζ participates in the phosphorylation of fewer selective sites on p47phox than 

classical PKCs. Moreover, the classical PKC βII isozyme, which is calcium- and 

DAG-sensitive, is responsible for NOX activation in PMA-stimulated PMN 

leukocytes but accounts for only 50% of superoxide release (Dekker, 2000; Omiyi, 

2005). PKC isozymes from other classes (novel or atypical) that are subject to distinct 

regulatory control may make up the balance (Dang, 2001; Bey, 2004). Go6983 is a 

broad-spectrum inhibitor that acts on at least one isozyme from each class of PKC: 

classical (α, β and γ), novel (δ and µ) and atypical (ζ) (Young, 2005). While providing 

potent inhibition, its use does not offer any information on the roles of individual 

PKC isoforms. Hence, it may be worthwhile to study the effects of isozyme-specific 

inhibitors on oxLDL-induced NOX activation to attain a more detailed picture of the 

complex regulatory mechanisms at play. 

4.3.2 Involvement of ERK1/2 in oxLDL-induced NOX activation 
As discussed in section 1.8.2, NOX activation by ERK1/2 has been demonstrated in 

several cell types with relevance to cardiovascular disease, including primary human 

monocytes, THP-1 cells, PMN leukocytes and HUVECs (O’Donnell, 2003; Dang, 

2006a; Makni-Maalej, 2013; Singh, 2016). All ERK1/2 substrates, including NOX, 

share a proline-(serine/threonine)-proline consensus sequence that is targeted by the 

kinase during activation (Downey, 1998; Runchel, 2011). The ERK1/2 cascade has 

also been shown to induce NOX gene expression in human aortic SMCs via the 

activator protein-1 transcription factor (Manea, 2008). 

 

The role of ERK1/2 in oxLDL-induced NOX activation was investigated using a 

potent inhibitor of the ERK1/2 cascade, PD98059. These findings are presented in 

section 3.6 and show a concentration-dependent inhibition of oxLDL-induced 

intracellular oxidant production and cell death. GSH analysis appeared to show a 

similar trend, whereby intracellular GSH levels increased with increasing 
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concentrations of PD98059, however this result was not significant. Collectively, 

these results suggest that ERK1/2 inhibition offers U937 monocytes considerable 

protection from oxLDL cytotoxicity, possibly by preventing NOX activation. 

 

The ERK1/2 proteins facilitate a myriad of cell functions, including cell survival, 

proliferation, metabolism, differentiation and cell death (Cagnol, 2010; Roskoski, 

2012). Accordingly, PD98059 has anti-proliferative and cytotoxic effects on U937 

cells after extended exposure (Moon, 2007). Increased activation of ERK1/2 during 

cell death has been demonstrated in response to many different factors, including 

elevated intracellular ROS production (Forman, 2002; Krishna, 2008). ERK1/2-

specific phosphatases are sensitive to ROS, so reduced dephosphorylation may be a 

leading cause of sustained ERK1/2 activation (Cagnol, 2010). One particularly 

relevant example is activation of the ERK1/2 cascade in response to H2O2 in an 

oligodendrocyte cell line, in which treatment with PD98059 significantly reduced 

H2O2-induced cell death (Bhat, 1999). Furthermore, many stimuli that initiate the 

respiratory burst in phagocytes also trigger ERK1/2 activation (Forman, 2002). In this 

way, ERK activation may occur directly in response to oxLDL, or it may be a 

consequence of the oxLDL-induced respiratory burst; its inhibition may be blocking 

NOX activity, or it may simply be inhibiting the cell death processes occurring in 

response to the NOX respiratory burst. While the results presented here are promising 

and encourage further investigation, it is first necessary to distinguish between cause 

and effect in this situation (i.e. ERK1/2 may be acting upstream or downstream of 

active NOX, or both). To shed light on the order of these events, the effect of ERK1/2 

inhibition on NOX activation would need to be measured directly by p47phox 

membrane translocation. If p47phox translocation is reduced by treatment with 

PD98059, this would indicate that ERK1/2 is directly or indirectly activating NOX, 

rather than (or as well as) ERK1/2 activation occurring as a result of the respiratory 

burst. 

 

Another way to explore the link between oxLDL exposure and ERK1/2 activation 

would be to measure oxLDL-induced ERK1/2 phosphorylation in U937 cells directly. 

Shao et al (2010) measured phosphorylated-ERK1/2 (p-ERK1/2) levels in RAW 264.7 

murine macrophages via Western Blotting, showing that treatment with oxLDL led to 
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a large increase in p-ERK1/2 protein compared to basal levels after one hour. A 

significant increase in p-ERK1/2 was also observed in oxLDL-treated vascular SMCs 

(Zhang, 2017). If ERK1/2 participates in oxLDL-induced NOX activation in vivo, this 

would likely be reflected by increased p-ERK1/2 levels. 

 

The ERK1/2 inhibitor used in this study, PD98059, functions by inactivating the 

upstream activator of ERK1/2, MEK1/2 (the MAP2K of the ERK1/2 cascade) 

(Dudley, 1995). Several other ERK1/2 inhibitors function in this fashion, such as 

U0126, which has also been shown to block NOX activity (Lee, 2010; Singh, 2016). A 

drawback of these agents is that they act not only on MEK1/2 but also on MEK5 of 

the ERK5 pathway, a more recently discovered MAPK cascade with many similar 

functions to the ERK1/2 cascade (Kamakura, 1999; Runchel, 2011). As a result, the 

effect of these inhibitors may be partially attributed to ERK5 inhibition. Further 

research could explore the effects of an ERK1/2 inhibitor with a different mode of 

action, such as FR180204, which inhibits ERK1/2 directly in an ATP-competitive 

manner (Ohori, 2005; Ohori, 2007). 

4.3.3 Involvement of P38 MAPK in oxLDL-induced NOX activation 
The final signal transduction pathway investigated in this work was the p38 MAPK 

cascade. Phosphorylation of p47phox by p38 MAPK has been observed in both 

macrophages and neutrophils (Zhao, 2002; Lemarie, 2008; Kim, 2011; Makni-Maalej, 

2013), findings that support a role for the kinase in monocyte NOX activation. The 

results from this course of research show that p38 MAPK inhibition by SB202190 in 

U937 monocytes significantly blocks oxLDL-induced intracellular oxidant 

production, GSH loss and cell death (section 3.7). This observation suggests that p38 

MAPK plays a key role in the oxidative stress response to oxLDL, possibly through 

activation of NOX. 

 

The p38 MAPK cascade plays a critical role in both inflammation and stress-induced 

apoptosis in response to several toxins, stress signals and inflammatory cytokines 

(Tibbles, 1999; Runchel, 2011). Increased p38 MAPK phosphorylation and activation 

is associated with oxLDL cytotoxicity in HUVECs and vascular SMCs, findings with 

particular relevance to the current study (Jing, 1999; Yin, 2013). In many cases, p38 

MAPK activation is essential for the cell death process, possibly due to its ability to 
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induce changes in gene transcription required for the stress response, such as TNF-α 

and interleukin 1β (Manthey, 1998). In this way, treatment with p38 MAPK inhibitors 

or expression of p38 MAPK negative mutants suppresses apoptosis in response to 

various stimuli (Tibbles, 1999). As for ERK1/2, it is important to distinguish between 

cause and effect given the central role of p38 MAPK in the oxidative stress response; 

it is necessary to determine whether p38 MAPK inhibition is preventing NOX 

activation directly, rather than having an after-the-fact inhibitory effect on the stress-

induced cell death program. This would require study into the effect of p38 MAPK 

inhibition by SB202190 on oxLDL-induced p47phox translocation. 

 

Future study might also focus on the effect of oxLDL exposure on p38 MAPK 

phosphorylation in U937 cells and whether this is reverted by SB202190. Several 

studies have addressed this question in related cells lines, showing that oxLDL 

induces p38 MAPK activation in THP-1 monocytes and RAW264.7 macrophages 

(Wang, 2010; Min, 2013). In THP-1 monocytes, a large 2.4-fold increase in 

phosphorylated p38 MAPK is discernable after 6 hours of oxLDL exposure (Wang, 

2010). 

 

The p38 MAPK cascade is generally classified together with another stress-

responsive cascade, the c-Jun N-terminal kinase (JNK) cascade (Runchel, 2011). 

These two pathways have similar physiological roles and are often activated by the 

same stimuli, yet very little evidence exists for the involvement of JNK in phagocytic 

NOX activation. Additionally, Chambers et al (2011) showed that JNK signaling is 

involved in intracellular ROS production in anisomycin-induced HeLa cells, but that 

NOX inhibition does not have a quenching effect on the oxidant generation. 

4.3.4 Multiple signaling cascades may act in conjunction to activate 
NOX in response to oxLDL 
At least nine distinct kinases have been shown to phosphorylate p47phox in vitro (as 

discussed in section 1.6.2) and the findings from several studies indicate that multiple 

proteins act in conjunction to mediate NOX activity in vivo. For example, Makni-

Maalej et al (2013) examined p47phox phosphorylation in zymosan-activated 

neutrophils, revealing that several kinases interact with NOX at distinct sites; PKC 

inhibition blocked phosphorylation of Ser315 and Ser328, while P38 MAPK and 
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ERK1/2 inhibition blocked phosphorylation of Ser345. In another study, inhibition of 

ERK1/2 and PKC partially blocked p47phox phosphorylation in FMLP-stimulated 

neutrophils, and exerted additive effects when tested together	(Dewas, 2000). Further 

complicating matters, there is known to be crosstalk between these pathways, such as 

ERK1/2 activation by PKC (Burgering, 1993). As well as direct phosphorylation by 

protein kinases, NOX is subject to regulatory ‘priming’ by certain proinflammatory 

cytokines, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), 

bacterial lipopolysaccharide (LPS) and TNFα. Exposure to ‘priming’ agents incites a 

weak oxidative response, which is then greatly enhanced upon exposure to a 

secondary stimulus (Dang, 2006b). These cytokines have been shown to induce 

p47phox phosphorylation at Ser345 by ERK1/2 and p38 MAPK in human neutrophils 

(Dewas, 2003; Dang, 2006b). Taking all of this into consideration, studying these 

signaling cascades in isolation may not be an accurate portrayal of NOX regulation in 

vivo. Future work could investigate the role of other protein kinases implicated in 

NOX activation (Figure 1.4), such as CKII, AKT and PKA. In addition, exploring the 

effect of multiple kinase inhibitors in combination may provide valuable insight into 

the intricate nature of NOX regulation in response to oxLDL. 

4.4 Cell surface receptors potentially mediating oxLDL-
induced oxidative stress 
Several cell membrane receptors have been proposed to act as mediators of oxLDL 

toxicity, many of which activate signaling cascades that may influence NOX activity. 

The following discussion considers three of these potential receptors: CD36, LOX-1 

and the TLRs. 

4.4.1 CD36 
CD36 is a class B scavenger receptor expressed in cell types such as monocytes, 

macrophages and endothelial cells. Macrophage CD36 is a key receptor mediating 

oxLDL uptake and foam cell formation and interacts directly with several lipid and 

protein components of the modified lipoprotein (Nguyen-Khoa, 1999; Kar, 2008). 

Nguyen-Khoa et al (1999) showed that oxLDL-induced oxidant production is 

significantly higher in U937 cells than in THP-1 cells, an observation that may relate 

to the higher level of CD36 expression in U937 cells. Furthermore, CD36 has been 
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shown to mediate induction of proinflammatory Src kinase and MAPK signaling 

pathways in macrophages (Moore, 2002). Recently, however, Shchepetkina (2017) 

observed that CD36 downregulation by 7,8-NP does not reduce oxLDL cytotoxicity 

in HMDMs, suggesting that CD36 is not the key mediator of oxLDL-induced NOX 

activation. 

4.4.2 LOX-1 
The class E scavenger receptor LOX-1 facilitates oxLDL uptake in vascular cells and 

is upregulated in certain pathological conditions including atherosclerosis (Xu, 2013; 

Lubrano, 2014). LOX-1 is not detected in isolated monocytes or THP-1 cells but is 

present in HMDMs and differentiated THP-1 cells, suggesting that differentiation 

induces its expression (Yoshida, 1998; Kume, 2000). Previous work from this 

laboratory has also shown that treatment with a LOX-1 antibody has no effect ox 

oxLDL-induced cell death in U937 cells (Unpublished results). While these findings 

rule out the involvement of LOX-1 in oxLDL-induced oxidative stress in monocytes, 

it may play a role in the macrophage stress response. In oxLDL-treated RAW264.7 

macrophages, small interfering RNA silencing of LOX-1 decreased expression of 

Rac1, p47phox and p22phox and reduced the activation of several MAPK cascades, 

including p38 MAPK and ERK1/2 (Yang, 2015a). Furthermore, oxLDL activates 

ERK1/2 via LOX-1 in vascular SMCs, a pathway that may be conserved in 

macrophages (Zhang, 2013; Zhang, 2017). 

4.4.3 Toll-like receptors 
The toll-like receptors (TLRs) are a group of pattern recognition receptors (PRRs) 

that bind various pathogen-associated and danger-associated molecular patterns 

(PAMPs and DAMPs, respectively) (Gao, 2017). Ten human TLRs have been 

described to date, four of which are expressed predominantly on the cell surface 

(TLRs 1, 2, 4 and 6)	(Gay, 2014). Cell surface TLRs exist as monomers but assemble 

to form active homo- or heterodimers when induced by PAMPs/DAMPs (Gay, 2014). 

TLR activation acts as a primary response in innate immunity, enabling not only 

pathogen defense but also repair to damaged tissue via recognition of host-derived 

DAMPs (Gao, 2017). This response may also contribute to the pathogenesis of 

atherosclerosis, as macrophage and monocyte TLRs recognize components of oxLDL 

in this way (Miller, 2005; Keogh, 2011). OxLDL binding has been proposed to occur 
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through interaction with a heterotrimer of CD36, TLR4 and TLR6 or a heterodimer of 

CD36 and TLR2 (Bjorkbacka, 2006; Stewart, 2010). Upon receptor ligation, all TLRs 

activate a common signaling pathway that induces both ERK1/2 and p38MAPK and 

thus may act as upstream regulators of NOX activity (Barton, 2003). TLR4 has been 

implicated in macrophage activation and lipid uptake leading to foam cell formation 

in several recent studies (Howell, 2011; Chavez-Sanchez, 2014; Zhang, 2014; Yang, 

2015b).	Furthermore, TLR2- and TLR4-deficiency in ApoE-/- mice abrogates chronic 

inflammation in atherosclerosis (Michelsen, 2004;	Mullick, 2005).  

4.5 Future research 
Future work on NOX activation by oxLDL will first need to establish whether or not 

p47phox translocation occurs in response to oxLDL. This would provide assurance that 

oxLDL is modulating NOX activity as well as its expression. The inhibition of NOX 

by GP91ds may also be explored further with the goal of finding an effective, non-

cytotoxic concentration. Alternatively, several other isozyme-specific small peptide 

NOX inhibitors have been developed in recent years (reviewed in Altenhofer, 2015), 

which may be worth pursuing.  

 

To further investigate the signal transduction cascades involved in NOX activation by 

oxLDL, the effect of PKC, ERK1/2 and p38 MAPK inhibition p47phox translocation 

will need to be studied. It may be beneficial to test the effects of alternative inhibitors 

for these kinases with distinct modes of action, as well as examining the combined 

effect of several different kinase inhibitors (i.e. combined ERK1/2 and p38 MAPK 

inhibition). It would also be of interest to evaluate the signal transduction cascades 

involved in NOX activation by oxLDL in related cell types, such as isolated 

monocytes and HMDMs, to determine whether these pathways are conserved. Finally, 

it will be necessary to investigate the upstream control of NOX by oxLDL to 

determine which cell surface receptors are mediating the oxidative stress response. 
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4.6 Summary 
This work has characterized the oxidative stress response in U937 cells exposed to 

oxLDL and has investigated the involvement of three signal transduction cascades in 

this process. Both ERK1/2 and p38 MAPK were identified as possible key modulators 

in NOX activation by oxLDL, while the findings on involvement of PKC were 

inconclusive. Further research is required to confirm whether these signalling 

pathways act upstream of NOX in U937 cells to facilitate oxLDL cytotoxicity. 
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