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Abstract 

Atherosclerosis is a disorder that involves the build-up of plaque in medium and large arteries. 

Atherosclerotic plaques are made from a range of cellular and extracellular components 

including lipid-filled immune cells, smooth muscle cells (SMC), T-cells and fibroblasts. The 

collection of these immune cells within the artery wall restricts the blood flow which leads to 

a stroke or heart attack. Macrophages and SMCs have specific receptors for the uptake of 

oxidised low-density lipoproteins (oxLDL) and CD36 is one of the main scavenger receptors 

which leads to foam cell formation of macrophages. The formation of foam cells and 

atherosclerotic plaque growth can be inhibited by the control of CD36. One potential protective 

mechanism against the formation of foam cells via CD36 downregulation is by human 

macrophage-derived 7,8-dihydroneopterin (7,8-NP). This thesis examines the effect and 

mechanism of 7,8-dihydroneopterin in the downregulation of CD36 in U937 monocyte-like 

cells.  

This study characterized the effect of 7,8-dihydroneopterin on CD36 protein levels and 

explored how foam cell formation is inhibited through CD36 downregulation. Western blot 

analysis showed that in U937 cells, 7,8-dihydroneopterin concentrations of up to 150 μm down-

regulated CD36 significantly. The effect observed here was a lot stronger than the previously 

seen in human monocyte-derived macrophages (HMDM). This research also confirmed that 

pterins other than 7,8-dihydroneopterin have no effect on CD36 expression in U937 cells. The 

inhibition of foam cell formation by 7,8-dihydroneopterin was determined by Oil-Red O 

staining and HPLC analysis. In situ results also confirmed that 7,8-dihydroneopterin 

significantly decreased CD36 protein levels in plaque tissue using direct tissue blotting.  

The core of this study was to explore the mechanism of CD36 downregulation by 7,8-

dihydroneopterin. CD36 is mainly regulated by the transcriptional factor Peroxisome 

Proliferator-Activated Receptor (PPAR-γ). Using PPAR-γ agonists including rosiglitazone and 

Azelaoyl-PAF, it was suggested that CD36 downregulation by 7,8-dihydroneopterin is not due 

to the alteration of the PPAR-γ expression, but because of PPAR-γ lipid-binding site not being 

activated.  
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Using a spectrophotometry based lipid oxidation assay, it was shown that 7,8-dihydroneopterin 

inhibited soya bean lipoxygenase. This suggested that 7,8-dihydroneopterin was inhibiting 15-

lipoxygenase, the proposed source of the oxidised fatty acids responsible for the PPAR-γ 

activation.  HPLC-TBARS analysis of 7,8-dihydroneopterin treated U937 cells confirmed that 

7,8-dihydroneopterin was reducing the intracellular lipid oxides levels. Upregulation of CD36 

by oxLDL was found to be reversed by 7,8-dihydroneopterin in U937 cells.  IFN-γ, which is 

an essential factor for 7,8-dihydroneopterin production, was found to decrease the levels of 

CD36 in U937 cells, but the addition of 7,8-dihydroneopterin  had no extra effect on CD36 

downregulation. 

ATP-binding cassette transporter (ABCA1), is preliminary responsible for cholesterol efflux 

from the macrophage cell. Its levels were not altered by 7,8-dihydroneopterin incubation in 

U937 cells.   

This research has showed that 7,8-dihydroneopterin is a potential regulator of cellular CD36 

levels within atherosclerotic plaques through inhibition of cellular lipoxygenase. 7,8-

dihydroneopterin released during inflammation may be able to inhibit or slow plaque progress 

within the artery wall.   
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Chapter 1 Introduction 
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1 Introduction 

1.1 Overview and research question  

Atherosclerosis is a progressive vascular disorder that may starts slowly from childhood (Hong, 

2010). Atherosclerotic plaques, known as “atheromas”, are made up of lipid-filled immune 

cells, smooth muscle cells (SMCs) and fibroblasts. The collection of these cells within the 

artery wall causes the plaque to push into the artery lumen, thus restricting blood flow (Lusis, 

2000). The driving mechanism behind the growth of these plaques is inflammation of the artery 

wall, which appears to become chronic by the excessive uptake of cholesterol-rich lipoproteins 

or low-density lipoprotein (LDL). The cholesterol-laden cells called “foam cells” remain 

within the artery wall as in the form of pus. The death of the “foam cells” causes the unstable 

necrotic core formation in the plaques. The rupture of the necrotic core in plaque causes blood 

flow clotting and potentially stroke or heart attack depending on the arteries affected.  

Macrophages and SMCs have specific receptors for the oxLDL uptake. CD36 scavenger 

receptor is a key receptor in macrophages for oxLDL uptake which leads to the formation of 

foam cell. OxLDL forms within the artery wall as a result of extracellular and potential 

intracellular mechanisms (Satchell & Leake, 2012). Thus, control of CD36 is important to 

decrease foam cell formation and inhibit atherosclerotic plaque progression.  

Previously in this lab, it was shown that the antioxidant 7,8-dihydroneopterin, synthesised in 

macrophages, can down-regulate CD36 in human monocyte-derived macrophages (HMDM) 

(Shchepetkina et al., 2017). 7,8-dihydroneopterin is an antioxidant that can protect 

macrophages from free radicals and oxidants during oxidative stress  (Shchepetkina et al., 

2017). Oxidative stress can leads to endothelial dysfunction, contributing (McGrath et al., 

2015).  

This thesis examines further the effect of 7,8-dihydroneopterin on CD36 downregulation in 

U937 cells and plaque tissue. The mechanism of 7,8-dihydroneopterin to alter CD36 cellular 

expression is the core of this research.  
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The CD36 scavenger receptor is mainly regulated by the transcriptional factor Peroxisome 

Proliferator-Activated Receptor (PPAR-γ) which is a nuclear hormone subfamily protein and 

can form heterodimers and homodimers with the Retinoid X Receptor (RXR) transition factor. 

PPAR-γ is controlled by kinase phosphorylation and ligand binding activators. Inhibition 

studies of the kinases, which are PPAR-γ regulators, showed that 7,8-dihydroneopterin 

mechanism of action does not involve PPAR-γ phosphorylation. (Yeandle, 2017). The present 

study examined the role of 7,8-dihydroneopterin on PPAR-γ protein expression and ligand-

binding activation. 

The initial study of this thesis focused on characterising the strength and timing of the CD36 

downregulation by 7,8-dihydroneopterin and other pterins using Western Blot analysis. The 

upregulation of CD36 expression by oxLDL can be controlled by 78-dihydroneopterin 

(measured by Western Blot analysis in the U937 cells). The effect of CD36 downregulation on 

oxLDL uptake and foam cell formation was measured by high-performance liquid 

chromatography (HPLC) lipid analysis and histology. The role of lipid oxides, specifically the 

lipoxygenase product was examined as a potential mechanism of 7,8-dihydroneopterin which 

controls CD36 through PPAR-γ. The main hypothesis of this study was that 7,8-

dihydroneopterin controls CD36 expression through the inhibition of cellular lipoxygenases 

which generate lipid oxides that activate PPAR-γ.  

1.2 Atherosclerosis and cardiovascular disease  

Atherosclerosis is an important cardiovascular disease (CVD) and leading cause of 17.3 million 

death globally (Wang et al., 2018) and 17.9 million deaths per year (WHO, 2016). CVD is a 

collection of clinical disorders which is primarily caused by atherosclerosis. Atherosclerosis is 

responsible for the majority of the vascular diseases including stroke (cerebral occlusion), heart 

attack (coronary occlusion) and peripheral artery disease that accounts for the majority of the 

cardiovascular morbidity and mortality. The prevalence of atherosclerosis is increasing over 

the time, with the adoption of the western lifestyle often being cited as a critical driver with 

suggestions of the prevalence potential reaching epidemic proportions in the coming decades 

(Taleb, 2016). 

However, age is the most significant risk factor of CVD, and with the growing percentage of 

old population, there is an increase in CVD incidence (Jousilahti et al., 1999; Rapsomaniki et 
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al., 2014). Smoking (Messner & Bernhard, 2014), obesity (Ortega et al., 2016) and type II 

diabetes (Einarson et al., 2018) are also significant risk factors for the development of 

atherosclerosis and CVD. Changes in lifestyle and socioeconomic factors have a significant 

effect on the population profile of the disease (Chiuve et al., 2014). The understanding of 

pathology and causes of the disease are fundamental for treating and preventing CVD.  

1.3 Atherosclerosis and plaque formation 

Atherosclerosis first appears as a thickening of the arterial wall in response to endogenous 

modified structures, such as oxLDL, stimulating not only the innate but also adaptive immune 

responses (Weber et al., 2008). Innate/adaptive immune responses play fundamental roles in 

atherosclerosis initiation and progression. In artery walls, the innate response stimulates 

endothelial cells (ECs) that leads to the activation of monocytes/macrophages. Both innate and 

adaptive immune response causes the potential antigens presented in T type of lymphocytes. 

The inflammatory response generates a range of factors causing the oxidation of LDL to 

oxLDL in the artery wall (Gieseg et al., 2009a).  

Oxidised LDL (ox-LDL) stimulates endothelial cells to synthesis pro-inflammatory molecules  

and growth factors which assist in recruiting monocytes into the intima followed by monocytes 

conversion to macrophages. The oxLDLs are then recognised and taken up by macrophages 

through the CD36 scavenger receptors. The uptake of oxidised lipid results in the cholesterol 

accumulation in the cytoplasm of macrophages and subsequent foam cell formations of lipid-

laden macrophages (Figure 1.1). Foam cell formation is the major cell type in the early stage 

of arterial lesion that is known as a fatty streak (Moore et al., 2013). 
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Figure 1.1 The development of a fatty streak lesion. LDL is oxidized in the sub-endothelial 
space to form oxLDL. The endothelial cells are stimulated in the inflammatory situation to 
express chemotactic molecules which oxidise LDL to oxLDL. Monocytes then adhere to 
endothelial cells, migrate into the intima and differentiate to the macrophage. CD36 scavenger 
on the macrophage surface bind to oxLDL and take them up leading to formation of cell 
formation. 
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1.3.1 The stages of plaque progression  

Atherosclerosis progression occurs due to complex and chronic mechanisms. Its progression 

involves immune cell recruitment, arterial inflammation, thickening of the intima layer in the 

arterial wall through accumulation of cellular debris, cholesterol, lipids, endothelial 

dysfunction and calcium deposition (Bobryshev, 2006). Atherosclerotic plaque formation 

develops over a lifetime. In adolescents age plaques development are in the first and second 

stage (Figure 1.2). Initiation of arterial wall thickening is by infiltration of monocyte into the 

intimal layer with the presence of lipids derived from plasma. Thickening develops by the 

addition of more lipids and cell death, which lead to the Type III plaque development (Figure 

1.2). Formation of necrotic core might then occur, in which a lipid-laden area devoid of cells 

forms deep within the arterial wall. These plaques are categorized as Type IV and can be 

defined by a thin layer of tissue that separates the necrotic core from the lumen. Over time, this 

thin layer of tissue progresses into a thick fibrous cap (Type V plaques). Plaque formation in 

the last stage involves more complex structure that deposition of calcium and ulceration occur 

with arterial and vascular remodelling (Figure 1.2).  

 

Figure 1.2 Plaque development in arterial wall. The development of plaque, the normal 
artery (I), deposition of lipid (II), formation of fatty streak (III), necrotic core with fibrous cap 
(IV) and plaque rupture and thrombus (V).

Normal Artery      Intima Thickening     Fatty Streak      Advanced  lesion     Plaque Rupture 
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1.3.2 Plaque initiation theories  

Response to injury is an early theory proposed that explained the initial process of plaque 

formation (Ross, 1986). The theory proposes that disturbance of vascular homeostasis 

mediated via injury triggers atherosclerosis. Suggested plaque initiation parameters include 

shear stress and laminar flow interruption at bifurcation part of artery, vascular wall infection 

with phagocyte that is associated with myeloperoxidase activity (Malek et al., 1999). 

Endothelial damage leads to the deficiency of arterial tone vaso-regulation. This instability 

makes the damaged area more susceptible to circulate lipoproteins (Malek et al., 1999). The 

endothelial injury leads to the recruitment of immune cells which release pro-inflammatory 

cytokines that leads to the  propagation and progression of inflammatory response (Taleb, 

2016). A part of this response results in leukocyte recruitment to the inflammation site with the 

purpose of resolving stress and healing enhancement leading to the monocytes migration to the 

endothelial site. Damage to the endothelial layer allows LDL penetration in the intima layer 

and oxidised due to inflammation. These factors may result in the formation of foam cells and 

plaque development.  

The second suggested theory is “response-to-retention” theory. The theory explains that the 

plaque formation is initiated by the retention and lipoprotein diffusion within arterial sub-

endothelial layer, where it binds to smooth muscle cells that is associated with proteoglycan 

chains (Williams et al., 1995). Proteoglycans is long carbohydrate chains of 

glycosaminoglycan’s (GAGs) that are attached to a protein via linkages of glycosidic. This 

theory is based on the repeating disaccharide units of the GAGs that contain negatively charged 

carbohydrate or sulphate groups. LDL transportation to the sub-endothelial layer leads to the 

attachment of lysine groups with positive charge (Apolipoprotein B100 ; ApoB100) to the 

sulphate proteoglycans with negative charge resulting in the LDL adherence to the GAG matrix 

(Marx et al., 1998). Aggregation and retention of lipoproteins within the intima allow for its 

oxidative change by oxidants formed through macrophages and vascular cells. Modification 

then boosts its uptake into the macrophages by scavenger receptors that result in formation of 

foam cells. 

Oxidative change is a common hypothesis in all these theories and explains the plaque 

development in the primary stage. Accordingly, LDLs enter to the intima layer of artery then 
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trapped and changed oxidatively by oxidants produced either by SMC or endothelial cells. 

These cells then generate pro-inflammatory cytokines, chemotactic proteins and adhesion 

molecules to enhance monocyte recruitment within the intima that is inflammatory area 

(Hansson & biology, 2001). Once activated, the monocytes roll by cell adhesion proteins over 

the endothelial layer surface. In response to inflammatory cytokines, the monocytes migrate 

through the area and become differentiated to macrophages. Macrophages will produce several 

types of oxidants including hydrogen peroxide, superoxide and hypochlorite by the 

myeloperoxidase complexes and nicotinamide adenine dinucleotide phosphate (NADPH) to 

oxidise the pathogenic threat. This causes further lipid and protein oxidation of LDL, thus 

forming oxLDL (Bobryshev, 2006; Libby et al., 2009). Scavenger receptors in macrophage 

then uptake oxLDL leading to lipid-laden foam cells and plaque growth.  

1.3.3 LDL transportation 

One of the most important source of lipids in body is lipoprotein. Lipoproteins are categorised 

into several sub-fractions based on density, apolipoprotein content and size. Lipoproteins have 

many functional properties and they are involved in various metabolisms. LDL is the dominant 

lipoprotein particle that is associated with atherosclerosis; the major cholesterol ester 

transporter in the body (Moore & Tabas, 2011b). The LDL clearance from circulatory system 

is by the LDL receptor that have endocytosis into macrophage and hepatic cells. LDL 

recognition by its receptor is via specific amino acid residues that are on the early lipid 

recognition protein on LDL (apolipoprotein B100 ;ApoB100) that are including histidine, 

lysine and arginine. ApoB100 oxidative degradation leads to its fragmentation to the smaller  

form peptides, and altering its positive lysine residues. This process causes oxLDL recognition 

failure by the LDL receptor (Levitan et al., 2010; Obama et al., 2007). The recognition of 

oxLDL the switches to scavenger receptors on the macrophage surface. In this situation, 

unregulated and rapid uptake will occur, leading to the accumulation of cholesterol in the cell 

and subsequently foam cell formation (Bobryshev, 2006). OxLDL will further causes cellular 

damage, triggering a cellular necrotic or apoptotic response (Katouah et al., 2015). Cellular 

contents, including oxidants and cytokines and cellular debris can be released into the 

surrounding environment leading to the over-inflammation. This leads to the further 

macrophages recruitment and oxLDL production, promoting in a cyclic process (Libby et al., 

2009; Madamanchi et al., 2005).  
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One of the atheroma formation in early stage is the accumulation of lipids in the intimal 

macrophages. The monocytes then differentiate to macrophages which actively uptake the 

lipids but cannot discharge the excess because of the efflux pumps inhibition in the pro-

inflammatory environment (Chistiakov et al., 2015). Type 1 macrophages (M1) can be 

increased when exposure to the pro-inflammatory cytokines like pathogenic products 

(lipopolysaccharide; LPS) or interferon-gamma (IFN-γ) which would be endotoxin of Gram-

negative bacteria, flagellin or flagellum (Lacavé-Lapalun et al., 2013). During injury or 

infection, macrophages (type M1) are involved in inflammatory responses by T helper cells 

(Th1). M1 release many inflammatory cytokines and chemokines that are necessary for 

inflammation. M1 also generates reactive oxygen species (ROS) and nitric oxide (NO) which 

can destroy the pathogens (Bobryshev, 2006).  

Type 2 macrophages (M2) is induced by several stimuli to process anti-inflammatory 

properties. M2a subtype, for example, is produced when exposure to Th2 cytokines such as 

interleukins (IL-13 and IL-4). M2 macrophages produce anti-inflammatory IL-10 and 

transforming growth factor (TGF)-β that contribute to phagocytosis of apoptotic cells, wound 

healing, tissue remodelling, angiogenesis, and carcinogenesis (Mantovani et al., 2004). M2 

polarization is associated with fatty acid oxidation (Namgaladze et al., 2014) and activation of 

fatty acid synthesis (Ménégaut et al., 2017). In response to signal from M2- polarizing, foam 

cells along with normal macrophages are responded by anti-inflammatory genes upregulation 

with equal magnitude (da Silva et al., 2016). In M1-polarizing environments of atherosclerotic 

lesions, formation of foam cell may locally weaken the macrophage dependent inflammatory 

component of atherogenesis. 

1.4 Foam cell formation  

Formation of foam cell is a critical process of atherosclerotic plaque formation (Nakashima et 

al., 2008). Monocytes play a central role in plaque development by sticking into the sites of 

disturbed flow, characterized by low-grade inflammation (Jongstra-Bilen et al., 2006). The 

atherogenic step begins with the monocytes migration into the intima, where they changed into 

macrophages (Libby et al., 2002) that leads to phagocytic activity, lipid accumulation and foam 

cell formation. These cells express an array of inflammatory factors which may lead to plaque 

instability (Galis et al., 1995). Infiltration of macrophage has been demonstrated to play an 
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important role in all stages of plaque progression, from the initial stage of artery wall thickening 

to the advanced stage of plaque progression. Histological study indicated the considerable 

amount of macrophages within the lipid-rich areas of the plaque core (Potteaux et al., 2011). 

Macrophages are the most important immune cells which are derived from monocytes. The 

macrophage recruitment to the infection site enables the body to generate an appropriate 

response to the host defence (Mosser & Edwards, 2008). 

The role of macrophages in plaque progression is primarily because of  uptake of oxLDL which 

results in lipid-laden foam cell formation, ultimately resulting in the death of macrophage and 

its deposition into the plaque progression (Steinberg, 2009b).  

Foam cells are identified by the cholesterol esters (CE) accumulation with oxidation products 

(Jessup & Kritharides, 2000b). Macrophages can accumulate oxysterols and CE once exposed 

to oxLDL (Boström et al., 2006). OxLDL has been reported to facilitate macrophage death 

within atherosclerotic plaques (Baird et al., 2005b; Katouah et al., 2015). Binding, uptake and 

processing of oxLDL are vital . However, the mechanisms of this process are still unclear 

(Steinberg, 2009b). Macrophage uptake oxLDL and transport it to endosomes and afterward 

lysosomes (Brown et al., 2000). Then, the CE content is hydrolysed into fatty acids and free 

cholesterol (FC) and at pH<7. OxLDL unregulated relatively when up taken by scavenger 

receptors. This leads to the FC accumulation which can be re-esterified, leading to the CE 

accumulation  within the cytosol (Ozcan & Tabas, 2016). The excess of cholesterol can be 

effluxed out of the macrophage through reverse cholesterol transport. This process is identified 

by CE hydrolysis which is mediated by enzymes with carboxyl ester hydrolase/esterase 

activity. Cholesterol and its metabolites, then efflux out of the macrophage to the high-density 

lipoprotein (HDL) particles (Johnson et al., 1991) by ATP-binding cassette transporters 

ABCG1 and ABCA1 (Yvan-Charvet et al., 2010b). LDL modification has been demonstrated 

to inhibit this process leading to the internalisation of macrophages with higher amounts of 

oxLDL with lowering the efflux culminating in the formation of foam cell. 

1.5 Scavenger Receptors 

Scavenger receptors are the main responsible receptors to uptake oxLDL (Crucet et al., 2013). 

Scavenger receptors comprise a structurally diverse group of proteins {Murphy, 2005 #112} 

originally identified by Brown and Goldstein. These receptors have ability to bind modified 
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LDL which are the key regulators in initiation and development of atherosclerosis. Basically, 

scavenger receptors were found in activated macrophages and functions in the metabolism of 

lipoprotein and cholesterol through binding followed by endocytosing oxLDL which is a 

modified lipoprotein. OxLDL binding to the scavenger receptor can activate macrophage to 

metabolised lipids through signalling cascade. (Ashraf & Srivastava, 2012). Unlike the normal 

LDL receptor, scavenger receptors will not be decreased by the level of intracellular cholesterol 

causing the accumulation of cholesteryl ester and foam cell. OxLDL binding was shown to has 

an upregulation effect (D'Archivio et al., 2008). So, scavenger receptors are the important risk 

factors for the progression of atherosclerosis. To date, many classes of scavenger receptor have 

been discovered ranging from A to G. Some have role as the multi-ligand receptors and others 

recognise specific structural motifs (Ashraf & Srivastava, 2012). 

1.5.1 CD36 Scavenger Receptor 

Cluster differentiation 36 (CD36) is a pattern recognition receptor and is present in different 

cell types including macrophages, monocytes, platelets, adipocytes and microvascular 

endothelial cells (Park, 2014). It binds to different mediators and ligands through several 

biological processes. CD36 is involved in atherosclerotic progression (Park, 2014). Genetic 

mutation of CD36 may also decrease in the lesion formation in atherosclerotic plaque (Park, 

2014). Macrophages binding to oxLDL is through CD36 scavenger receptor (Endemann et al., 

1993). The oxLDL is internalized in the macrophage and provides its specific oxidized lipids 

as ligands for the PPAR-γ (nuclear hormone receptor) which leads to upregulation of CD36 

expression. This uptake signal facilitates further uptake of oxLDL (Nagy et al., 1998a; 

Tontonoz et al., 1998a). Activated macrophages by oxLDL produce oxidants like ROS that 

oxidize LDL which enlarges the oxLDL pool (Carr et al., 2000). The interaction of oxLDL 

with CD36 induces the production of cytokines, recruiting immune cells within the arterial 

intima (Jiang et al., 2012). Finally, the inflammation inside the arterial wall that is provoked 

by foam cells promotes the arterial narrowing that results in atherosclerotic vascular disease.  

Febbraio and colleagues showed that macrophages harvested from CD36-null mice were 

defective to uptake oxLDL. Furthermore, CD36-null mice with atherosclerosis prone 

background showed less atherosclerotic lesion formation than other receptor-null mice on a 

high-fat diet (Febbraio et al., 2000). Following this study, another research by Febbraio on the 

bone marrow transplantation showed that the atherogenic mechanism is dependent on CD36 
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receptor in mice macrophages (Febbraio et al., 2004). Treatment with a competitive peptide 

ligand that blocks the oxLDL-binding site of CD36, also decreased 51% of atherosclerotic 

lesions in Apolipoprotein E (Apo-E-null) mice (Marleau et al., 2005). In conclusion, it has 

appeared that the interaction of CD36 with oxLDL promotes atherosclerosis. 

1.5.2 CD36 structure and ligands  

CD36 is a transmembrane glycoprotein receptor that is express in different cells including 

monocytes, macrophages, epithelial cells, platelets, adipocytes, microvascular, myocytes and 

endothelial cells of the kidney (Febbraio et al., 2001). CD36 is type B scavenger receptor and 

has lysosomal integral membrane protein (Calvo et al., 1995). The CD36 gene, which encodes 

CD36 scavenger receptor, is located on chromosome seven (7q11.2) and consists of 15 exons. 

The CD36 protein is a single peptide chain of 472 amino acids and is organized into two 

transmembrane domains including two short cytoplasmic domains and a large glycosylated 

extracellular domain. The extensive glycosylation of CD36 is required for intracellular 

trafficking to the cellular membrane (Hoosdally et al., 2009b). CD36 binds to many different 

ligands including oxLDL, oxidized phospholipids (oxPL), thrombospondin-1, hexarelin, 

amyloid fibrils and long-chain fatty acids. Besides, CD36 scavenger receptor binds to apoptotic 

cells, the bacterial cell wall of Mycobacterium and Staphylococcus, Plasmodium falciparum-

infected erythrocytes and cell-derived microparticles. CD36 has a different binding site for 

each ligand; the binding site for oxLDL is nearby at 155–183 of the sequence, the binding site 

for oxPL is localised at amino acids 157–171 and thrombospondin-1 binds to the domain that 

resides in amino acids 93–155 (Navazo et al., 1996). CD36 binding to thrombospondin1 in 

endothelial cells inhibits angiogenesis by inducing apoptosis (Dawson et al., 1997). CD36 

binds to long-chain free fatty acids and transports them into cells acting as a fatty acid 

translocator. This CD36 function can provide a source of energy for lipid storage to adipocytes  

(Abumrad et al., 1993). OxPL, which is a ligand for CD36, plays an important role in 

atherosclerosis. Phospholipids are the important lipoproteins components in the cell 

membranes. Phospholipids are susceptible to become free-radical by Reactive Oxygen Species 

(ROS) generated by lipoxygenase, myeloperoxidase and other enzymes available in the vessel 

wall (Hansson, 2005). Phospholipid alteration leads to production of formational modifications 

such as oxidized fatty acids protrusion. Thus, modified phospholipids gain access and can be 

bound by CD36 (Greenberg et al., 2008). OxPLs are accumulated in oxidative stress situations 
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such as inflammation and are also increased by apoptotic and necrotic cells (Leitinger, 2003). 

Extensive literature has demonstrated that the structural and chemical identification of 

modified or oxidized lipids are through CD36 scavenger receptors on the cell membrane 

surface. Previous studies showed that the oxidized lipoproteins portions and apoptotic cells are 

significantly associated with CD36-binding activity (Podrez et al., 2000). Besides, oxPL 

interacting with reactive groups covalently form lipid-protein adducts by binding to proteins. 

Both free oxPL and the adducted forms are recognized by CD36  (Podrez et al., 2002). 

1.6 7,8-dihydroneopterin  

1.6.1 IFN-γ and 7,8-dihydydroneopterin production  

IFN-γ is an important dimerized and soluble cytokine in both innate and adaptive immunity. 

(Figure 1.3). IFN-γ is associated with proatherogenic and antiatherogenic properties and has 

role in the regulation of over 500 genes (Leon & Zuckerman, 2005). One of the main role of 

IFN-γ in atherosclerosis is the stimulation of GTP which leads to the production of 7,8-

dihydroneopterin and neopterin (NP) which are associated with cardiovascular deceases 

(Janmale et al., 2015). Neopterin is a viable marker of plaque instability and development of 

atherosclerotic plaque (Liu & Li, 2013), while it has been shown that 7,8-dihydroneopterin 

have a protective role against oxLDL by mediation of cell death (Gieseg et al., 2009b). Both 

7,8-dihydroneopterin and neopterin are in the pteridine class of compounds which has a 

bicyclic nitrogen-containing ring system (pyrazino-2,3-pyrimidine). They can be described as 

non-conjugated or conjugated based on the size of substituent groups (Wachter et al., 1992). 

Subsequent sub-classification of unconjugated pteridine are determined by the corresponding 

oxidation state composing of fully reduced tetra-hydro-pterins, reduced aromatic pterins and 

7,8-dihydroneopterins (Oettl & Reibnegger, 2002).  
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Figure 1.3 Protective mechanisms of 7,8-dihydroneopterin. 7,8-dihydroneopterin is 
produced from guanosine triphosphate (GTP) in the activated macrophages by IFN-γ. The 
mechanism is thought to scavenge radicals and protect against atherosclerosis and foam cell 
formation, along with downregulation of CD36 which is the primary scavenger receptor for the 
uptake of oxLDL.
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Guanosine triphosphate (GTP) precursor is the main generator for pteridin compounds. INF-γ 

is an important stimulator to convert GTP into 7,8-dihydroneopterin triphosphate by GTP 

cyclohydrolase 1 enzyme (Werner et al., 1990). 7,8-dihydroneopterin triphosphate then being 

hydrolysed to 7,8-dihydroneopterin by phosphate enzyme (Wachter et al., 2011). After reaction 

with oxidant species 7,8-dihydroneopterin breaks down to neopterin and 7,8-

dihydroxanthopterin, xanthopterin forms. 7,8-dihydroneopterin generated by GTP can 

scavenge radicals and inhibits atherosclerosis by preventing oxLDL formation and cell death 

(Gieseg et al., 2008).  

1.6.2 7,8-dihydroneopterin as an antioxidant  

Macrophage cells release a many of oxidized agents including superoxide, hydrogen peroxide, 

lipoxygenases and lipid peroxides which are all contribute to the oxLDL generation (Gieseg et 

al., 2009a). Studies about the role of antioxidants on atherosclerosis demonstrated that 

ascorbate and tocopherol considerably controlled the high levels pro-oxidants in vivo (Kontush 

et al., 1996)(Podmore et al., 1998). 7,8-dihydroneopterin has been shown to have a protective 

effect to interfere with LDL oxidation (Gieseg et al., 1995a), ROS mediated reactions (Oettl et 

al., 2004)(Greilberger et al., 2004) and free radical damage including peroxyl and hydroxyl 

radicals (Duggan et al., 2002). 

7,8-dihydroneopterin can scavenge peroxyl radicals and superoxides that are generated by 2,2’-

azobis-2-methyl-propanimidamide dihydrochloride (AAPH) (Oettl et al., 2004), and react with 

chloramine-T and hydrogen peroxide (Weiss et al., 1993). 7,8-dihydroneopterin has been 

demonstrated to inhibit oxidation of the polyunsaturated fatty acid (omega-6) via AAPH and 

the diene formation on LDL particles during both copper-mediated oxidation and AAPH- of 

LDL (Gieseg et al., 1995b). 7,8-dihydroneopterin also protects bovine serum albumin (BSA) 

and apoB100 from AAPH–mediated oxidation (Duggan et al., 2001; Gieseg et al., 2003). 

7,8-dihydroneopterin can reduce erythrocyte haemolysis that is induced by Hypochlorous acid 

(HOCl), hydrogen peroxide (H2O2) and AAPH treatments (Gieseg et al., 2001; Yang et al., 

2012a). Complete protection was seen in the presence of AAPH and partial protection (40%) 

in the presence of H2O2 (Gieseg et al., 2001). 7,8-dihydroneopterin can also protect against 

protein oxidation and formation of lipid hydroperoxide (Gieseg et al., 2001). 
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1.6.3 CD36 down-regulation  

Despite of 7,8-dihydroneopterin antioxidant capability, the second mode of protection is by the 

downregulation of CD36 to prevent uptake of oxLDL (Figure 1.3). 7,8-dihydroneopterin can 

downregulate of CD36 (100-kDa) in HMDM cells (Gieseg et al., 2010a). Prior to 7,8-

dihydroneopterin, α-Tocopherol (Vitamin E) was found as an important lipophilic antioxidant 

to inhibit oxLDL uptake by the downregulation of CD36 expression (Ricciarelli et al., 2000). 

However, the same effect is not seen with probucol or β-tocopherol thus ruling out a general 

anti-oxidant regulated mechanism of downregulation (Ricciarelli et al., 2000). One proposed 

mechanism to inhibit α-tocopherol is via protein kinase C (PKC) inhibition which controls the 

proteins function by CD36-PPAR-γ phosphorylation and dephosphorylation. PPAR-g is a 

transcription factor leading to the CD36 downregulation. An alternative mechanism for  α-

tocopherol is by modulation of gene expression through inhibition the activation of oxidised 

form of PPAR-γ ligands. Evidence of this pathway for α-tocopherol has come from an 

experiment that demonstrated reduced levels of PPAR-γ activators, 9 and 13-HODE, by 

enzymatic production inhibition (Belkner et al., 1998). 

1.6.4 CD36 downregulation by non-antioxidants 

PPAR-γ contains several binding sites like mitogen-activated protein (MAP) kinase by 

prevention of CD36 transcription. TGF-β1 and TGF-β2 reduce the CD36 expression in THP-1 

cells through phosphorylation of MAP kinase (Han et al., 2000). Tumour necrotic factor-alpha 

(TNF-α) can also downregulate CD36. TNF-α inhibited both mRNA and protein expression  of 

CD36 in a process involving a reduction in PPAR-γ activation in monocytes (Boyer et al., 

2007). PPAR-γ activation by TNF-α was also reported in human hepatocytes and adipocytes 

(Sung et al., 2004). Further evidence for the role that this cytokine plays in CD36 

downregulation came from a study by Zamora et al., 2004 who showed TNF-α triggered CD36 

downregulation in toll-like receptor 2 (TLR2) and TLR4 ligand LPS stimulated human 

peripheral blood mononuclear cells (PMBC) (Zamora et al., 2012). Additional anti-

inflammatory cytokines have also been suggested to play a role in CD36 downregulation. 

Using peripheral monocytes and THP-1 cells, it was shown that anti-inflammatory cytokine 

IL-10 suppressed basal and PPAR-γ stimulated transcription of CD36 because of the 

downregulation of PPAR-γ protein expression (Rubic & Lorenz, 2006).  
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1.7 Peroxisome proliferator-activated receptor-g 

CD36 is mainly controlled by the heterodimer  PPAR-γ-RXR transcription factor (Han & 

Sidell, 2002) through PPAR-γ ligands such as 15-deoxy D12 and 14-prostaglandin J2 (Feng et 

al., 2000). PPAR-γ is a member of the PPAR receptors family that regulate gene expression 

via interaction with specific DNA sequences in the target genes.  

In order to carry out the proper function, PPAR-γ forms an obligate heterodimer with RXR 

(Kliewer et al., 1997). C-terminal region of PPAR-γ is essential for RXR to dimerize to the 

PPAR-g (Tontonoz & Spiegelman, 2008). The 120 amino acids, which make up the N-terminal 

region, exhibit transcriptional activity when interacting with a heterologous DNA-binding 

domain. Evidence utilising deletion studies have demonstrated that when the N-terminal 

domain is removed, PPAR-γ shows increased transcriptional activity suggesting that this 

domain may also contribute to the inhibitory function (Tontonoz et al., 1994).  

1.7.1 Modulation of PPAR-γ activity  

Phosphoprotein PPAR-γ is capable to be modified post-translationally through 

phosphorylation by alteration of transcriptional activity of MAP kinase (Adams et al., 1997; 

Hu et al., 1996). In vitro studies have demonstrated that phosphorylation of PPAR-γ by  

ERK1/2, and JNK which are two type of MAP kinase family, leads to downregulation of CD36 

(Adams et al., 1997; Camp & Tafuri, 1997). Phosphorylation mediated by both ERK1/2 and 

JNK mediate is demonstrated to occur in mouse PPAR-γ1 at the same site of serine 82 (Shao 

et al., 1998). The replacement of serine to  alanine leads to the loss of platelet-derived growth 

factor that mediate PPAR-γ activity repression (Camp & Tafuri, 1997). Phosphorylation of 

S84, which is the corresponding site, was demonstrated to inhibit ligand-dependent and 

independent trans activating function. Another study also illustrated that mutation of MAP 

kinase binding site causes a decrease in affinity of ligand binding (Han et al., 2000) which may 

suggest communication between ligand binding sites and phosphorylation. PPAR-γ 2 showed 

to be phosphorylated at serine 112 leading to decrease in PPAR-γ activity in murine models, 

(Adams et al., 1997; Hu et al., 1996). 
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1.7.2 PPAR-γ ligands 

PPAR-γ ligands are involved in various physiological and pathological functions. Hence, they 

are the most critical endogenous ligands to be identified. PPAR-γ is able to bind to the different 

fatty acids with low affinity. However, the number of fatty acids in the cells' nuclei are too low 

to be bona fide ligands for PPAR-γ. However, other compounds like eicosanoids also can bind 

and activate PPAR-γ with higher affinity (Reginato et al., 1998; Yu et al., 1995). Two 

fundamental eicosanoids including hydroxyeicosatetraenoic acid (15-HETE) and  

Hydroxyoctadecadienoic acid (13-HODE) are PPAR-γ like-ligands (Huang et al., 1999; Nagy 

et al., 1998b). Thiazolidinedione (TZD) class of drugs are utilized as insulin sensitizers in type 

2 diabetes patients (Kletzien et al., 1992). Aryl-tyrosine derivatives is another agents that have 

been developed and show promise in both clinic and laboratory (Brown et al., 1999). 

1.7.3 Role of PPAR-γ in Atherosclerosis 

Monocytes and macrophages express PPAR-γ at high levels and this demonstrate that PPAR-

γ agonists not only increase macrophage differentiation but also induce the level of CD36 

scavenger receptor (Tontonoz et al., 1998b). PPAR-γ identification in foam cell formation 

within atherosclerotic lesions of human artery (Marx et al., 1998; Ricote et al., 1998a) led to 

the expectation that TZDs could increase atherosclerosis in humans that were under drugs 

treatment. Other studies showed PPAR-γ endogenous ligands in serum such as oxLDL particles 

could induce PPAR-γ expression (Huang et al., 1999). These particles are assumed to induce 

their own uptake by PPAR-γ activation and CD36 expression, leading to the formation of foam 

cells (Figure 1.4). 

TZD is a treatment to decrease hypertension in mammalian models. TZDs can decrease the 

migration and proliferation of vascular SMCs and inhibit the pro-inflammatory signals in 

macrophages within the vessel wall such as IL-6, IL-1β, MMP-q, TNF-α, (gelatinase) and SR-

A (Jiang et al., 1998; Ricote et al., 1998b). ABCA1 and ABCG1 reverse cholesterol transport 

can be upregulated by PPAR-γ leading to the inhibition of lipid in atherosclerotic lesions. 

Liver-X-receptors (LXR)-α also induce ABCA1, which is itself a target of PPAR-γ (Chawla et 

al., 2001c; Venkateswaran et al., 2000a). A study in mice male shows that TZDs reduced 

atherosclerotic lesion number and size (Li et al., 2000). Other studies recorded that PPAR-γ is 

not essential for the macrophage differentiation from monocytes, although reduction of PPAR-
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γ leads to a reduction in the basal level of CD36 expression (Chawla et al., 2001c; Moore et 

al., 2001). 

 

Figure 1.4 Activation of PPAR-g in macrophages promote lipid efflux. LDL migrate to the 
macrophages where CD36 bind to and internalise LDL leading to foam cell formation. Ligands 
then activate the nuclear receptor PPAR-g which increases CD36 expression. This mechanism 
results in atherosclerosis. This process leads to an increase in the expression of LXR that 
induces the reverse cassette transporter ABCA1. The net effect of activation of PPAR-g is thus 
anti-atherogenic in foam cells. 

1.8 Lipoxygenase  

Non-heme iron-containing lipoxygenase (LOX) is an enzyme that introduces oxygen into 1,4-

polyunsaturated fatty acids that result in the production of hydroperoxy derivatives. 

(Fürstenberger et al., 2006; Yamamoto & Metabolism, 1992). Arachidonic acid (AA) and 

linoleic acid (LA) are the initial substrate for lipid-derived mediators which are extremely 

unstable and are converted into hydroperoxyeicosatetraenoic acid (HPETE) and 

hydroperoxyoctadecadienoic acid (HPODE), respectively (Fürstenberger et al., 2006). HPODE 
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and HPETE are also unstable compounds and are promptly converted to the relative hydroxyl 

fatty acids which are HETE and HODE. LOX enzymes are found in several species such as 

animals and plants (Kuhn et al., 2002).  

1.8.1 15-LOX as a pro-inflammatory mediator 

The importance of 15-lipoxygenase was found through an experiment on rabbits fed on 

cholesterol which leads to overexpression of 15-LOX in the aorta. In this experiment the rabbits 

were treated by cortisone which leads to 60% reduction of 15-LOX in atherosclerosis and 

reduce the rabbit’s inflammation. This experiment investigated that the expression of 15-LOX 

could contribute to the development of atherosclerotic lesions (Makheja et al., 1989). Later, a 

study on the rabbit suggested that, 15-LOX expression in macrophages play an important role 

in the atherogenesis in early phase and could be a potential target for interventions (Hiltunen 

et al., 1995). Prior to this research, Kühn and colleagues found that specific 15-LOX products 

were present in the atherosclerotic lesions (Kühn et al., 1994). However, conflicting results 

recorded the region-specific expression and temporal patterns of the peroxidising 15-LOX 

enzyme in humans. Other study detected high level of protein and mRNA of 15-LOX in 

macrophage-rich site of human fatty streaks (Ylä-Herttuala et al., 1991). 15-LOX expression 

in early atherosclerotic lesions was confirmed by measuring the specific 15-LOX metabolite 

in arterial sections (Kühn et al., 1997).  

15-LOX play a fundamental role in the initiation of atherosclerotic plaque (Figure 1.5). 

Moreover, 15-LOX expression in early stage of atherosclerotic progression was questioned 

through an investigation which found no co-localization of 15-LOX with macrophages by 

detection of minimal level of 15-LOX in atherosclerotic lesions of human (Spanbroek et al., 

2003). The outcomes were confirmed by lack of 15-LOX expression in human diagnosed with 

atherogenesis or through dilution of 15-LOX which express macrophages subtype (Spanbroek 

et al., 2003). The primary study identified the pro-atherogenic properties of 15-LOX by LDL 

oxidation directly (Cathcart et al., 1991). 15-LOX showed an anti-atherosclerotic role in 

transgenic rabbit models with low atherosclerosis progression (Trebus et al., 2002). It is also 

noticeable that some inhibitors of lipoxygenase have therapeutic effects, positively, on some 

asthmatic and allergic conditions  (Chikere et al., 1998). 
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1.8.2 LOX in mammals 

Mammalian LOXs are categorised to different classes that have platelet-type and AA 

oxygenation phylogenetic relatedness (Kuhn & Thiele, 1999). 15-LOX-1 is known to have a 

range of specifies substrate and it can oxygenate unsaturated fatty acids such as C18, C20 and 

C22 (Yamamoto & Metabolism, 1992). LA is the optimal substrate for 15-LOX-1 (Kühn et al., 

1993). 15(S)- HPETE and 12(S)-HPETE are other product to reaction with AA (Kühn et al., 

1993).  

Literature demonstrated that type 2 of 15-LOX produces only 15(S)-HPETE from AA in much 

higher quantities that from LA (Brash et al., 1997). A study on the cell maturation showed that 

type 1 of 15-LOX is responsible to control the degradation of reticulocyte mitochondria 

(Grüllich et al., 2001). Inhibition of 15-LOX leads to delayed organelle degradation in the 

reticulocyte. 15-LOX also have effect on mitochondrial membranes rather than to cell 

membranes, leading to respiratory inactivation of enzymes (Kroschwald et al., 1989). 15-LOX 

also can change the pH gradient of mitochondria (Vijayvergiya et al., 2004). In rabbit, 15-LOX 

upregulation can collapse the mitochondrial pH gradient in cell culture. LOXs are involved in 

human disease and has been well identified as a target to reduce biosynthesis of eoxines, which 

is one of the important pro-inflammatory mediators (Feltenmark et al., 2008). 15-HETE is also 

a fundamental mediator in the Th1-allergic inflammation development. In order to treatment 

of virus-associated asthma characterized, 15-LOX pathway is a therapeutic target by a Th1 

immune response to inhaled allergens (Jeon et al., 2009). Research on human airway epithelial 

cells (human asthmatic epithelial cells) showed that high levels of 15-LOX-1 interact with 

phosphatidylethanolamine-binding protein-1 to displace Raf-1 and sustain activity of  

MAPK/ERK (Zhao et al., 2011). 

1.8.3 Soybean LOX 

Soybean (sLOX) is a very common enzyme used as a prototype for studying the homologous 

family of LOXs from tissues of various species. Between plant and mammalian the sequence 

identity varieties of LOX is lower approximately 21 – 27%. This percentage is higher between 

pairs of plant sequences (43 – 86%) and even more between pairs of mammalian sequences 

(39 – 93%). According to the 3D-structures of 15- LOX in human and sLOX, both enzymes 

have high levels of catalytic domain which are close to the iron atom. 15-LOX has shown up 
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to 50% similarity with and sLOX compared to the other enzymes. According to the three-

dimensional structure of the enzymes, sLOXs has 839 amino acid with a molecular mass of 

93.84 kDa molecular mass. In contrast, mammalian LOXs have smaller molecular mass (75 – 

80 kDa) compared to (94 – 104 kDa) in plants (www.rcsb.org). 

Soybean lipoxygenase (sLOX) (Ivanov et al., 2010) has high sequence identity with all 

mammalian LOXs, and its X-ray crystal structure reveals similar structural details (Aronoff et 

al., 2003; Brash, 1999). For this reason, sLOX is commonly used as an analogue of the 

mammalian enzymes, due to both the availability of a high-yield bacterial expression system 

(Andreou et al., 2009) and the ease of enzyme isolation (Hada et al., 1997). The X-ray crystal 

structure of sLOX reveals many solvent-filled cavities that have been demonstrated to impact 

fatty acid-binding in mammalian lipoxygenases (Egmond et al., 1972; Mortimer et al., 2006). 

This substrate-binding cavity terminates near the protein surface at Lys260 and extends to the 

vicinity of the Fe3+−OH in the active site. A side-channel intersects cavity IIa between residues 

Ile553 and Trp500, with constrictions due to Val564 and Ile553 and a branch toward the surface 

near residues Pro204 and Arg203 (Aronoff et al., 2003).  
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Figure 1.5 Lipoxygenase pathway in the macrophages. When LDL increases in the blood, 
macrophages uptake the LDL through CD36 scavenger receptors. The CD36 activation 
depends on transcriptional factor PPAR-g stimulation. When cholesterol increases, 
lipoxygenase enzyme is secreted into the blood. This enzyme attaches to the HETE family (as 
a substrate) in the plasma membrane of macrophages. This attachment leads to enzyme 
activation and PPAR-g induction. As a result CD36 receptor is activated to absorb more LDL 
which leads to foam cell formations.  

1.9 Research programme  

The key event in atherosclerotic plaque development is uptake of oxLDL by CD36 in 

macrophage which leads to the foam cell formation. In order to slow the development of 

atherosclerosis, mechanisms that can decrease the CD36 levels are of increasing interest. One 

potential mechanism for CD36 downregulation involves the human macrophage-derived anti-

oxidant 7,8-dihydroneopterin which has been demonstrated to decrease basal CD36 levels in 

HMDM cells. This thesis aims to examine the effect of 7,8-dihydroneopterin on the uptake of 
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oxLDL by CD36 scavenger receptors using U937 cells. It is hypothesised that 7,8-

dihydroneopterin is exerting its effect via interaction with the PPAR-γ transcription factor. 

Specifically, it is thought that 7,8-dihydroneopterin inhibits CD36 through phosphorylation of 

the PPAR-γ transcription factor.  

Chapter 3 will establish the effect of 7,8-dihydroneopterin induced downregulation of CD36 

expression in U937 monocyte cell line. This will include looking at the effects of 7,8-

dihydroneopterin on CD36 levels in a dose and time dependant manner. 7,8-dihydroneopterin 

induced downregulation will be explored mainly using western blotting, with cell lysates after 

experimental treatments being immunoblotted for the CD36 antibody.  

Chapter 4 will focus on the mechanism of 7,8-dihydroneopterin on CD36 expression in U937 

cells through PPAR-g activation and its ligand activators. The effect of 7,8-dihydroneopterin 

on the 15-LOX enzyme activity will be explored. 

Finally, Chapter 5 will investigate the effect and potential mechanisms of 7,8-dihydroneopterin 

on oxLDL uptake in U937 cells. The other possible effects of 7,8-dihydroneopterin on cassette 

transporter ABCA1, which is responsible for lipid efflux also will be evaluated. Finally, the 

effect of 7,8-dihydroneopterin on other CD36 regulators will be discussed.  

Overall, this research will help to determine the mechanism via which 7,8-dihydroneopterin 

induces CD36 down-regulation and help to improve our understanding of the role the 7,8-

dihydroneopterin plays in the progression of atherosclerosis.  
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2 Materials & methods 

2.1  Reagents, media and buffers 

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-

tetrazolium bromide (MTT)  

Sigma-Aldrich Co. LLC, New Zealand 

2–Mercaptoethanol  Sigma Chemical Co., Missouri, USA 

4-Morpholine-propanesulfonic acid (MOPS) Sigma Chemical Co., Missouri, USA  

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

7,8-Dihydroxanthopterin (7,8-DXP) Schircks Laboratory, Switzerland 

Acetic acid (glacial) BDH Lab Supplies, Poole, England  

Acetone  Merck Ltd, Poole, England 

Acetonitrile (ACN) J.T. Baker, NJ, USA 

Ammonium chloride (NH4Cl) May & Baker Ltd, Dagenham, England 

Anchor non-fat milk powder Fonterra Ltd, New Zealand  

Argon gas  BOC Gases, Auckland, NZ 

Azelaoyl-PAF Sigma-Aldrich Co. LLC, New Zealand 

Bicinchoninic acid (BCA) protein determination kit  Pierce Biotechnolgy Inc., Illionois, USA  

Biopterin Schircks Laboratory, Switzerland 

Bovine Serum Albumin (BSA)  Gibco, Invitro Corporation, USA 

Bromophenol blue  Sigma Chemical Co., Missouri, USA 

Butylated hydroxytoluene (BHT) Sigma-Aldrich Co. LLC, New Zealand 

Chelex 100 resin  Bio-Rad Laboratories, California, USA 

Cholesterol reagent  Roche Diagnostics, USA 

Complete™, Mini Protease Inhibitor Cocktail Sigma-Aldrich Co. LLC, New 

Zealand  

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

Coomassie blue  Bio-Rad Laboratories, California, USA 

Dihydrobiopterin Schircks Laboratory, Switzerland 

Dimethyl sulfoxide (DMSO) BDH Lab Supplies Ltd, Poole, England  
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Dulbecco’s Phosphate Buffered Saline (PBS) Sigma Aldrich, UK 

Ethanol  BDH Lab Supplies Ltd, Poole, England  

Ethylene-diamine-tetra-acetic acid (EDTA) Sigma-Aldrich Co. LLC, New Zealand  

Glycerol Sigma-Aldrich Co. LLC, New Zealand  

Hydrochloric acid (HCl) BDH Lab Supplies, Poole, England 

Hydrochloric acid, fuming 37 %  Merck, Darmstadt, Germany 

Isopropanol  BDH Lab Supplies Ltd, Poole, England 

Methanol  Fisher Chemicals 

Molecular Weight Marker  Thermofisher Scientific 

Neopterin Schircks Laboratory, Switzerland 

Neopterin  Schircks Laboratory, Switzerland 

Nitrogen gas  BOC Gases, Auckland, NZ 

Nu-PAGE 4–12 % Bis–Tris Gel, 1.5 mm X 10 

well 

Invitrogen, Oregon, USA 

 

Oil Red-O  Sigma Chemical Co., Missouri, USA 

Paraformaldehyde  Merck Darmstadt, Germany 

Phosphate buffered saline (PBS)  Hyclone, GE Healthcare Life Sciences, 

Utah, USA 

Phosphoric acid  Sigma-Aldrich Co. LLC, New Zealand 

Ponceau S  Sigma Chemical Co., Missouri, USA 

Potassium bromide (KBr) Sigma Chemical Co., Missouri, USA 

Potassium chloride (KCl)  Merck, Darmstadt, Germany 

Potassium dihydrogen phosphate (KH2PO4) Fisher Chemicals 

Potassium hydroxide (KOH) Merck, Darmstadt, Germany 

Propidium Iodide (PI)  Sigma Chemical Co., Missouri, USA 

Rosiglitazone Sigma-Aldrich Co. LLC, New Zealand 

Roswell Park Memorial Institute (RPMI)- 1640 

with phenol red 

Hyclone, GE Healthcare Life Sciences, 

Utah, USA 

Roswell Park Memorial Institute (RPMI)- 1640 

without phenol red 

Gibco, Healthcare Life Sciences, Utah, 

USA 

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

Sodium chloride (NaCl)  VWR, Life technologies Ltd. 
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Sodium dihydrogen orthophosphate Merck, Darmstadt, Germany 

Sodium dihydrogen orthophosphate 

monohydrate (NaH2PO4.H2O) 

Scharlau, Spain 

 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich Co. LLC, New Zealand  

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

Sodium hydroxide (NaOH) BDH Lab Supplies Ltd, Poole, England  

Sodium hypochlorite (NaOCl) Clorogene Supplies, Petone, New Zealand 

Super signal west Dura chemi-luminescence Pierce Biotechnology Inc., Illinois, USA 

Trichloroacetic acid (TCA) Merck, Darmstadt, Germany 

Tris  Sigma Chemical Co, Missouri, USA 

Triton–X 100  Sigma Chemical Co., Missouri, USA 

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

Tween–20  Sigma Chemical Co., Missouri, USA 

Xanthopterin Schircks Laboratory, Switzerland 
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2.2 General solutions and buffers  

Reagents in entire research were provided from analytical grade.  Milli-Q (nanopore or 

deionized) water was used to prepare all solutions by ultrafiltration system (Millipore, 

Massachusetts, USA).  

2.2.1 7,8-Dihydroneopterin (7,8-NP) 

The stock solution of 2 mM 7,8-dihydroneopterin (Schircks Laboratories, Switzerland) was 

prepared in RPMI 1640 media, in a 15 mL centrifuge tube with screw top (Greiner, Greiner 

Bio-one, Neuburg, Germany). Using sonicator, all chemicals were blended well before 

sterilization by a syringe filter (0.22 μm) (Membrane Solution, USA). The solution of 7,8-

dihydroneopterin was kept in ice and utilized quickly  after solution preparation.  

2.2.2 Triton lysis solution  

Lysis solution containing 0.5% Triton-X100 that was diluted from stock solution (1%) in Milli-

Q water. Protease inhibitor (Protease Mini, Roche Diagnostics) prepared by putting 1 tablet in 

1.5 mL nano-pure water mixed well by sonicator and frozen to the manufacturer's 

recommendations (Protease Mini, Roche Diagnostics). On the day of analysis, the protease 

inhibitor prepared stock was thawed and added to the lysis solution on the day of use.  

2.2.3 MOPS buffer for SDS-PAGE  

Morpholine propanesulfonic acid (MOPS) was prepared using MOPS (500 mM), Tris base 

(500 mM), SDS (1% v/w), and EDTA (10mM) in Milli-Q water with and adjusted to 7.7 pH 

using concentrated HCl. The stock solution was diluted with Milli-Q water to the concentration 

of 1x from 10x stock solution.  

2.2.4 Transfer buffer for western blotting  

Transfer buffer, which was able to be reused once, was prepared by Tris (25 mM), methanol 

(20%), glycine (200mM) and in Milli-Q water and was kept at 4oC.  
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2.2.5 Tris-buffered saline (TBS)  

In order to wash nitrocellulose membrane, TBS was prepared from 150mM NaCl, 40mM tris-

HCl, 0.01% thimerosal (w/v) 0.05% and tween 20 (w/v) in Milli-Q water and  HCl was utilized 

to adjust the pH to 7.5. To block the membrane, blocking solution (TBSM was made from 5% 

(w/v) of skim milk (Anchor, New Zealand) and dissolved in TBS (TBSM can be used up to 

one week when stored at 4◦C).  

2.2.6 Cracker buffer for SDS-PAGE  

Cracker buffer was prepared from Tris-HCl (125mM), 20% glycerol (w/v), 0.1% bromophenol 

blue (w/v) and 1% SDS (w/v). This mixture was blended in Milli-Q water and pH (6.8) was 

adjusted with HCl. On the experiment day 2% β–mercaptoethanol was added to the solution. 

2.2.7 Restore stripping buffer  

To re-probe the nitrocellulose membrane, antibodies removed using restore stripping buffer 

solution containing 50mM Tris (pH 6.8), 2 % SDS and 100μm β–mercaptoethanol that made 

up with Milli-Q water.  

2.2.8 Ponceau S stain 

Ponceau S stain was prepared from 0.01% Ponceau S (w/v) that mixed with 5% acetic acid 

diluted in Milli-Q pure water.  

2.2.9 Propidium iodide solution  

1 mg/mL of propidium iodide (PI) dye from the stock solution (Sigma-Aldrich Co. LLC, New 

Zealand) was dissolved in nano-pure water and kept in a sterilized Schott bottle, wrapped in 

tin foil at 4oC.  

2.2.10 HPLC Mobile Phase  

The mobile phase with salt were filtered through a 0.45 μm membrane to remove particles 

dissolved powdered salt. 



Chapter 2 Materials & methods 
 

29 
 

2.3 Cell culture techniques 

2.3.1 Aseptic technique  

All experiments such as cell culture were performed in aseptic conditions of biological safety 

class II (Clyde-Apex BH 200). Cell culture equipment were  sterilized in the stock (Falcon, 

Terumo, Unomedical, Greiner Bio-one) or were sterilized through autoclave (15 minutes, 

121oC, 15 PSI). Solutions that were used in the cell culture experiment were sterilized by 

autoclaving or filtration (Membrane Solutions, USA). Before using any packaged materials, 

theey were sprayed using 70% ethanol that diluted in distilled water. Passaged and 

experimented cells were incubated at 37°C incubator with 5% CO2 and 95% air/w (Sunnyo 

Electric Cp. LTD, Japan).  

2.3.2 Standard media for culturing U937 cell  

Media used in this research were of RPMI-1640 containing 100 μg/mL streptomycin and 5% 

(v/v), penicillin G (100 U/mL). In addition, fetal bovine serum (FBS) was utilized in U937 cell 

maintenance as the standard cell culture media.  

2.3.3 U937 cell line preparation and culture  

Immortal cell line, U937 cell is derived from patient with diffuse histiocytic lymphoma. U937 

cells are originated from malignant cells of pleural effusion. U937 cell line with histiocytic 

origin express monocyte-like characteristics. The U937 cells used in this research were gifted 

from Haematology Research Laboratory, Christchurch School of Medicine of the University 

of Otago. Stock of U937 were kept in liquid nitrogen in storage vials (1 mL) that were contained 

10x106 cells/mL in dimethyl sulfoxide (DMSO) freezing medium. Stored U937 stock in liquid 

nitrogen were defrosted in a water bath until completely thawed at 37o C. In order to separate 

the DMSO from the U937 cells, this suspension was mixed into RPMI-1640 (20 mL) and 

centrifuged for 5 minutes at 500g. Then pellet of cell was re-suspended and mixed in RPMI-

1640 (10 mL) before being passaged in 25 cm2 culture flasks (Flacon, BD, USA) till the cells 

were entirely recovered from storage conditions and transferred to 75 cm2 tissue culture flask 

(Greiner Bio-one, Germany).  
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Once the cells had reached an about ~1x106 cells/mL density and their division rate had 

normalized to a 92-96 hours doubling time, they were suitable to be used in the experiments. 

These cells had shown a spherical shape/morphology with small grain-like protrusions on the 

membrane from cytoplasmic organelles, and with little clustering. By passaging every 2-3 days, 

the subsequent density of the cell was maintained between 0.3-1.5x106 cells/mL.  

2.3.4 Cell culture experimental conditions and procedures  

To perform any experiment with U937 cell line, suspension culture plates were used with 12 

or 24-well (Cellstar, Greiner Bio-one). The total volume of the cells in most experiments was 

1 mL per well for 24 well plates or in few experiments 2 mL for 12 well plates. Using a 

haemocytometer, U937 cells were counted by light microscope after treatment with trypan blue 

(ratio of 1:1). U937 cells (required amount in the experiment) were centrifuged at 500 g in 

room temperature for 5 minutes and then re-suspended in the experimental medium that was 

pre-heated to 37oC. Finally, the cells were aliquoted into the plate wells to a final concentration 

of 0.5x106 cells/mL.  

2.4 Isolation and oxidation of LDL 

2.4.1 Collection and preparation of donor plasma 

Collection of blood from donors and preparation of LDL from plasma were carried out under 

ethics approval CTY/98/07/069 granted by the Upper South (B) Regional Ethics Committee. 

The blood was collected by venupuncture from consenting healthy male and female donors 

after an overnight fast. In total, 200 mL of blood was collected from each donor into 50 mL 

tubes including 0.5 mL of 100 mg/mL ethylene-diamine-tetra-acetic acid (EDTA). The tubes 

were centrifuged in a swing-out rotor at 2350 g at 4°C for 20 minutes. 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 minimise the inter-individual variation (Gieseg 

& Esterbauer (1994). The plasma was stored in 30-32 mL aliquots at -80°C for a maximum of 

6 months. 
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2.4.2 Isolation of lipoprotein by gradient centrifugation 

The method utilised for LDL isolation involved creating a gradient that separated the 

lipoproteins during high-speed centrifugation. A modification of a single vertical spin method 

first suggested by Chung and collegues (Chung et al., 1980) and illustrated in Gieseg lab was 

used in this research (Gieseg & Esterbauer, 1994). EDTA-plasma (30 mL) was defrosted under 

running cold water and then centrifuged 10 minutes at 2000 g and 4oC to discard any 

precipitated fibrinogen. The supernatant was poured out into a beaker, placed on ice and the 

plasma density was adjusted to a density of 1.3 via slow addition of solid KBr 381.6 mg per 

mL of plasma. The solution was covered and stirred gently to dissolve KBr. After that, 8 mL 

of deoxygenated EDTA solution with 1 mg/mL concentration and pH 7.4 was added to each 

ultracentrifugation tubes (OptiSealTM, Beckman Coulter, USA) from the bottom with 4 mL 

of KBr plasma using 5 ml syringe attached to a long Luer needle. The tubes were transferred 

to Beckman Near Vertical Ti-65 rotor and centrifuged at 341,705 g (60,000 rpm) for 2 hours 

at 4°C using slow acceleration and deceleration in Optima TM L90K Preparative 

Ultracentrifuge (Beckman Coulter, Inc., Fullerton, California). Yellow colour LDL bands with 

a density range from 1.019 g/mL to 1.063 g/mL were collected from the middle of the tube 

(Figure 2.1) by 90°C bent needle attached to syringe. 

 

Figure 2.1 Lipoprotein isolation by gradient centrifugation. LDL is located in the second 
top band with a yellow colour. 

LDL 
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2.4.3 LDL concentration 

LDL was washed and concentrated utilising Amicon Ultra-15 membrane filter tubes 

(Millipore, USA). Prior to use, the tubes were rinsed gently with nano-pure water and 

centrifuged with phosphate-buffered saline (PBS) for 2 min at 2500 g to wash. After use, the 

tubes were rinsed with nano-pure water, centrifuged for 2 min with nano-pure water, then for 

1 min with 100% ethanol and stored in the fridge in 50% ethanol. 

LDL was placed into Amicon centrifuge tubes, topped up with PBS and centrifuged at 2500 g, 

fast acceleration/deceleration, at 4o C for 30 min. The procedure was repeated three more times 

in order to eliminate the remaining EDTA from the LDL. The purified LDL was concentrated 

by centrifugation for 10-20 minutes using the same procedure. The centrifugation time varied 

depending on the original concentration of the LDL. It was adjusted to give a final 

concentration of approximately 10 mg of LDL per mL of solution (total mass), which was 

determined as described below. 

2.4.4 Determination of LDL concentration 

LDL concentration (as a function of total cholesterol level) was measured by an enzymatic 

reaction using a cholesterol kit (Roche Diagnostics, Germany). LDL concentration was 

determined from total cholesterol content by LDL (10 μL) incubation with 1 mL cholesterol 

reagent (CHOL®) for 10 minutes at room temperature. The absorbance was measured by 

spectrophotometry at 500 nm and cholesterol reagent was used as a blank. The concentration 

of LDL was calculated from this absorbance, estimating that cholesterol was accounting for 

31.69% of the LDL particle by LDL molecular weight (MW) (Gieseg & Esterbauer, 1994). 

The value used for LDL concentration in this thesis is in total mass rather than the mass of the 

apolipoprotein B-100 protein moiety as used by some other research teams (Asmis & Begley, 

2003; HARDWICK et al., 1996). The value of total LDL mass relates to the mass 

apolipoprotein B-100 (protein component of the molecule) as 5:1 (Gieseg & Esterbauer, 1994). 

Concentration was calculated as shown below. 

Cholesterol (mM) = Absorbance x 14.9 

Cholesterol (g/L) = Cholesterol (M) x 386.64 g/mol 

LDL (mg/mL) = Cholesterol (g/L) x 100/31.69 
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2.5 Preparation of oxidised LDL 

2.5.1 Dialysis tubing preparation for LDL oxidation 

The dry dialysis membrane tubing (Medical International Ltd, London, England) with 14,000 

D molecular weight and 14.4 mm at width was cut into 25 cm sections and boiled in a glass 

beaker containing NaHCO3 5% (w/v) and EDTA (1 mM) for 20 minutes. The tubes were 

washed with nano-pure water and boiled again in a glass beaker with nano-pure water. After 

20 minutes, the tubes were washed thoroughly with nano-pure water and stored in a solution 

of water: ethanol (50:50 v/v) at 4°C. The tubes were rinsed thoroughly with water and PBS 

prior to being used for LDL oxidation. 

2.5.2 LDL oxidation 

The method for LDL oxidation was adapted from that described by Gerry et al. (2008). 

Concentrated LDL was mixed with 500 μm copper chloride (CuCl2), placed into double knotted 

dialysis tubing and secured with a zip clip and a knot. The dialysis tubing was placed in a bottle 

of 37°C PBS also containing 500 μm CuCl2. The volume of PBS was adjusted according to 

the amount of LDL to constitute 1L of buffer per 10 mg of LDL protein. The loosely capped 

bottle containing the dialysis bag was then placed on an orbital shaker (Bioline, Edwards 

Instrument Company, Australia) at 37°C for 24 hours during which the yellow LDL solution 

turned colourless. The dialysis bag was transferred into 1L of 4°C PBS containing a quarter of 

a teaspoon of washed Chelex-100 resin and a magnetic flea. The solution was left stirring for 

2 hours at 4°C after which the dialysis bag was transferred to a new bottle of Chelex-containing 

PBS and stirred for 2 more hours. It was then transferred to a third bottle, dialysed overnight. 

The dialysed oxLDL was taken out of the dialysis bag, filter-sterilised through a 0.22 μm 

membrane filter and stored at 4°C. The oxLDL solution was used within one month from the 

time of oxidation. 

2.6 Cell viability assays  

2.6.1 Cell viability assay by propidium iodide  

The cell viability of U937 was measured before any experiment using PI staining followed by 

flow cytometry with AccuriTM C6 flow cytometer (BD Biosciences, California, USA). PI dye 
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is able to intercalate between DNA bases once the cell membrane becomes compromised 

during cell death. Intercalation was measured by fluorescence at an 535 wavelength nm and 

617 nm emission wavelength. Using flow cytometer, PI can examine cell viability by 

distinguishing healthy cells from necrotic.  

In the day of analysis, 4 μL of PI (1mg/mL) was added to the cells (250 μL), blended via 

inversion cell suspension and incubated in the dark for 10 minutes. Cell viability was measured 

by a set volume (30 μL) analysed on the flow cytometer utilising fluorescence filter FL-3 (FL-

3) and the forward scatter (FSC). Cellular debris was detected and excluded from analysis. 

Cellular viability ratio (PI-positive: PI-negative) was compared to control samples. The 

AccuriTM C6 flow cytometer has a meter pumping system which allows acceleration of volume 

measurement of cell suspensions. 

2.6.2 MTT reduction viability assay 

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) powder stock (Sigma-

Aldrich Co., St. Louis, USA) was dissolved in RPMI-1640 without phenol red, to give the final 

concentration of 5 mg/mL. The stock solution was filter-sterilised through a 0.22 µm syringe 

filter and stored at 20°C in the dark. For the cell viability assay, the stock solution was further 

diluted in pre-warmed RPMI-1640 without phenol red to give a 0.5 mg/mL final MTT 

concentration. 

For analysis: U937 cells were washed briefly with room temperature PBS and incubated with 

1 mL of the MTT solution at 37°C in the dark for approximately 2 hours to allow sufficient 

formazan development. The formazan crystals were solubilised by the addition of an equal 

volume of 10% (w/v) sodium dodecyl sulphate (SDS) in 0.01 M HCl into each well followed 

by thorough mixing. The absorbance was recorded at 570 nm against a blank containing the 

reagents only. 

2.6.3 Trypan blue viability test  

In order to count the number of cells trypan blue dye exclusion test was added to the cell 

suspension. In this test non-viable cells have compromised cellular membranes that allow the 

dye to enter the cellular cytoplasm staining it blue whereas live cells have intact cell membranes 

that exclude the trypan blue dye.  
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To do the analysis: the suspension of cells was diluted in 0.4% trypan blue solution with 1:1 

ratio and incubated for two minutes. Number of the cells (viable and non-viable) were counted 

by transferring 50 µL of the cell suspension to a haemocytometer. Healthy cells were having a 

white/clear cytoplasm and  cells with blue cytoplasm were identified as non-viable cells. The 

cellular viability was identified and calculated with ratio of viable: non-viable.  

2.7 Oil red-O staining 

The oil red-O standard staining protocol is used to stain the lipid-laden foam cells. This method 

mainly involves fixation with 4% paraformaldehyde for 20 minutes (Ii et al., 2008), followed 

by oil red-O staining for 1 hour (Scholz et al., 2004; Teupser et al., 1996). This method was 

used to confirm 7-Ketocholestrol analysis and outcomes. 

The incubated cells were washed three times with warm PBS and fixed with 4% 

paraformaldehyde at room temperature for 20 minutes. After paraformaldehyde removal, the 

cells were stained for 15 minutes with 0.5 mL of 0.05% oil red-O in isopropanol: water (3:2). 

Cells were washed two to three times in water and viewed in situ using an inverted microscope. 

The images were taken using a Kodak Digital Camera and three fields of view were captured 

for each sample in experiment. This method was adapted from Davies et al. (2005). 

2.8 Protein concentration determination  

In order to measure the protein concentration of the cells, bicinchoninic acid (BCA) protein 

determination kit assay (PierceTM, Rockford, USA) was used. BCA reagent can detect the 

reduction of Cu2+ to Cu+ in an alkaline medium which the reaction product of this assay shows  

strong absorbance at 562 nm with increasing protein concentration between 25μg/mL to 

250μg/mL.  

In each days of analysis, the fresh working reagent was made by mixing reagent A,  which 

contains Na2HCO3, BCA and sodium tartrate in 0.1M sodium hydroxide, and reagent B , which 

consist of 4% CuSO4.5H2O (at a ratio of 50:1 ; 5 mL Reagent A to 100 μL Reagent B). The 

assay was performed by mixing 50 μL of cell lysate (diluted in nano-pure water as required) 

with 1 mL of working reagent prior to a 30-minute incubation at 60oC to start the reaction on 

a shaking heating block. Then, the reaction was stopped by keeping the samples on ice until 
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cool and the absorbance read at 562 nM against a water blank. The concentration of protein 

was determined by measuring the absorbance of BSA concentrations (0-250 μg/mL) under the 

same conditions and using standard curve.  

2.8.1 Western blot analysis 

Western blotting analysis of U937 cells or tissue was used to measure CD36, ABCA1, and 

PPAR-g expression. 

2.8.2 Preparation of cell lysate  

To prepare cell lysis for western blot analysis, U937 cell samples were prepared with the 

following procedure for all experiments. Cells in medium of the wells were transfer into 

centrifuge tubes (1.7 mL) after mixed using pipette to take all the cells to suspension. The cells 

were then centrifuged 5 minutes with 15,000g at 0◦C in order to obtain pellet cells. The cells 

were re-suspended in sterilized ice-cold PBS after supernatant was discarded. In order to wash 

the cells, tubes were centrifuged again for 5 minutes at 15,000 g at 0oC. The supernatant was 

removed and 150 μL  ice-cold lysis buffer consisting of protease inhibitor, triton buffer and 

milli-Q water (with ratio of 1: 3, 2) was added to all centrifuge tube and in order to ensure lysis, 

it was kept on ice for 25 minutes. The tubes containing cell lysate were kept at -80oC until 

analysed.  

2.8.3 Electrophoresis of SDS-polyacrylamide gel  

Based on protein concentration determination, the needed amount of sample (approximately 

50 μg between 30 to 50 μL) was transferred into the Eppendorf centrifuge tubes (1.7 mL). The 

ice-cold acetone (400 μL) was added to all tubes and centrifuged for 10 minutes at 15,000 g 

and 0oC to get the cells pellet. Then supernatant was removed from the tubes were left in a 

fume hood to evaporate any residual acetone. After the tubes were dried completely, the pellet 

was re-suspended and mixed well in fresh cracker buffer consisting of 2% β-mercaptoethanol 

to get 2 μg protein per μL. Finally, the samples were heated at 90o C for 2 minutes in a heating 

block for protein denaturation and then centrifuged for 5 minutes at 20,000g before loading.  5 

μL molecular ladder mix (Fermentas International Inc, Ontario, Canada) in the first lane and 

25 μL of each sample was loaded into the rest of gel wells. The gel (4-12% Bis-Tris Gel, 

Invitrogen, California, USA) was run in 1x MOPS buffer at 100 voltage at 300mA until the 
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dye had run out of the wells (10 minutes), the voltage then doubled to 200 voltage at 300 mA 

until the dye had reached the bottom of the gel.  

2.8.4 Protein transfer  

Proteins that were separated on the SDS-PAGE gel were transferred onto a nitrocellulose 

membrane using either wet transfer protocols. Electrophoresis were performed at 70V over 800 

minutes in a tank (TE22, Hoefer, USA) containing transfer buffer. Once the transfer had 

completed, the nitrocellulose membrane was rinsed with nano-pure water. The membrane then 

incubated with 0.01% ponceau S stain for 1 minute on a rocking platform mixer (Ratex 

Instruments, Australia) to confirm the proper transfer which showed pink columns forming at 

the location of each well. After that, the membrane was blocked by TBSM (5%) for 1.5-2 hours 

and the TBSM being refreshed every 30 minutes. Ponceau S stain completely disappeared 

during this time.  

2.8.5 Immunoblotting  

To detect CD36, the blocked nitrocellulose membrane was incubated with rabbit polyclonal 

affinity-purified antibody raised against human CD36 (NB400-145, Novus Biologicals Inc., 

USA) for 1.5 hours diluted to 1:1,000-2000 in 1% TBSM. The nitrocellulose membrane was 

then washed 5 times for 5 minutes in TBS before undergoing incubation for 1 hour with the 

secondary antibody; goat polyclonal anti-rabbit IgG, conjugated to hydrogen peroxidase (HRP) 

(NB730-H, Novus Biologicals Inc., USA) diluted to 1:2,000. Incubation was followed by 5 

lots of 5-minute washes in TBS before being briefly rinsed with nano-water prior to 

visualization. 

In order to detect PPAR-g, the blocked nitrocellulose membrane was incubated with rabbit 

polyclonal affinity-purified antibody raised against Rabbit PPAR-g (ab209350 Abcam., USA) 

for an overnight diluted to 1:1,000 in 2% TBSM. Next day, the nitrocellulose membrane was 

washed 5 times for 5 minutes in TBS before undergoing incubation for 1 hour with the 

secondary antibody (goat polyclonal anti-rabbit IgG) conjugated to HRP (NB730-H, Novus 

Biologicals Inc., USA) diluted to 1:2,000. Incubation was followed by 5 lots of 5-minute 

washes in TBS before being briefly rinsed with nano-water prior to visualization. 
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Detection of ABCA1 followed the same procedure, using a higher concentration of antibody, 

ABCA1 (Novus Biologicals Inc., USA) for an overnight diluted to 1:500 in 2% TBSM.  

All antibodies were stored at 4°C and -20°. A table of antibodies and concentrations used is 

presented (Table 2.1). TBSM percentage is referred to as the amount of skim milk in the TBSM 

buffer. 

Table 2.1 List of Antibodies used 

Agent Raised in Dilution Medium  

incubation 

Time Supplier Conj. Poly/ 

monoclonal 

CD36 rabbit 1:1,000 1% TBSM 1.5h Novus Biologicals - Poly, aff. 

purified 

anti-rabbit goat 1:2,000 2% TBSM 1h  Novus Biologicals HRP - 

β-actin mouse 1:7,500 1% TBSM 1.5 Santa Cruz - monoclonal 

anti-mouse goat 1:7,500 2% TBSM 1.5 GE Healthcare HRP - 

ABCA1  Rabbit 1:200,  2.5% 

TBSM 

Overnight Novus Biologicals  HRP Polyclonal 

PPAR-γ Rabbit  1:1000 2% TBSM Overnight Thermo-Fisher HRP Polyclonal 

2.8.6 Nitrocellulose membrane stripping  

The re-probing of the membrane with β-actin antibody was conducted after the visualisation of 

the first desired protein. The membranes were kept in TBS at 4°C until re-probing. Usually, 

the membrane had to be stripped of the anti-CD36 antibodies before probing it for β-actin. The 

membrane was incubated with stripping buffer (2% SDS, 50 M Tris, 100 µM β-MEtOH, pH 

6.8, heated to 50°C on a water bath) for 20 min, followed by 5-minute washes in TBS.  

2.8.7 β-actin probing as the control 

The membrane was then incubated with the primary antibody of β-actin. The 

chemiluminescence signal corresponding to the position of the HRP-conjugated secondary 

antibody was detected by incubating the membrane with Super Signal West Dura Chemi-

luminescence (Terumo-Scientific, USA) substrates, which were mixed at a ratio of 1:1 with 

TBSM (2%). According to the manufacturer's instructions, the image data was recorded 2.5 

minutes after the application of the visualisation HRP solution. The images were obtained at 
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high resolution, without filter or light, using time-lapse auto-exposure setting on a Syngene 

Chemigenius-2 bioimaging system (USA). Exposure times varied for different antibodies from 

a few seconds for the detection of β-actin to 3.5 minutes for CD36 detection. The images were 

analysed for band intensity with GeneSnap (Syngene, USA) and ImageJ64 1.42q. 

2.9 HPLC methods 

HPLC is an analytical technique that enables the separation and quantification of specific 

compounds from a complex mixture based on their chemical properties. HPLC is used in the 

studies to measure the uptake of oxLDL using 7-Ketocholestrol as a marker and measure 

intracellular lipid oxides. 

The HPLC system used in this study (Shimadzu Corporation, Japan) consisted of LC20AD 

pump with on-line degasser, SIL-20AC temperature-controlled autosampler, CT0-20 column 

oven, RF10AXL fluorescence detector and SPD-M20A photodiode array (PDA) detector. 

Peaks were integrated and peak areas were determined using LC solution software (Shimadzu 

Corporation, Japan). 

2.9.1 7-Ketocholesterol assay 

Oxysterols are a product of advanced cholesterol oxidation. 7KC is an oxysterol that received 

significant attention in the literature due to its reported cytotoxicity (Jessup et al., 2002; Vejux 

& Lizard, 2009). It is found in copper and AAPH-oxidised LDL and is also abundant in 

atherosclerotic plaques (Brown et al., 1996; Garcia-Cruset et al., 2001). Oxysterols absorbed 

wavelengths used in 7KC study in the range of 234 nm. The method was adopted from 

Kritharides et al. (1993) and Brown et al. (1997).  

Sample preparation: cells were washed twice with cold PBS and incubated with 500 µL of 0.2 

M sodium hydroxide (NaOH), 0.2 mg/mL butylated hydroxytoluene (BHT) and 2 mg/mL 

EDTA for 8 min on ice and harvested by scraping. 

After a two minute sonification, 10 µL of each sample was taken for protein analysis. Three 

hundred µL of a sample were transferred into glass culture tubes with a screw-on cap. Protein 

precipitation was induced by the addition of 0.5 mL ice-cold ethanol followed by a brief vortex. 
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Upon the addition of 5 mL hexane, the samples were vortexed for 60 sec to allow the abortion 

of the lipid into the hexane layer. These samples could be stored at -80°C for 1 month. 

On the day of the analysis, the samples were vortexed and centrifuged at 200 g for 10 minutes 

at 4°C to ensure phase separation. Two millilitres of the top layer was transferred to tapered 

glass evaporation tubes and dried under nitrogen gas. The residue was re-solubilised in ACN: 

isopropyl alcohol (IPA) in the ratio 4:5 and 20 µL was injected into the HPLC.  

Alkaline hydrolysis of CE: Alkaline hydrolysis with potassium hydroxide (KOH) allows the 

conversion of 7KC esters into free 7KC and their detection by the same method. OxLDL and 

cell lysate were prepared as described above, but evaporation tubes were substituted for the 

glass culture tubes with a screw top. After evaporation, saponification was carried out as 

described by (Brown et al., 1997), which is described below: 

Two and a half mL of diethyl ether and 2 mL of 20% (w/v) KOH solution in methanol were 

added to the residue, vortexed to mix, flushed with argon and incubated on ice for 3 hours with 

30-second vortex every 30 minutes. The hydrolysis was stopped by adding 2 mL of 20% (v/v) 

acetic acid followed by a 30-second vortex. 5 mL of hexane was added to the tubes, vortexed 

for 1 minute allowing the transfer of all hydrophobic material into the hexane-ether layer, and 

centrifuged at 200 g for 10 minutes at 4°C. Eighty per cent of the top layer was collected into 

evaporation tubes, dried under nitrogen, re-solubilised in ACN/IPA as described above and 

injected into the HPLC. 

HPLC set-up for 7KC assay consisted of a stationary phase, Phenosphere C18, 250 x 6.60 mm, 

5 µm column (Phenomenex, USA) and mobile phase, comprising of 

acetonitrile:isopropanol:water in the ratio of 44:54:2. The column was maintained at 35°C with 

a low rate of 1 mL/min. The PDA detector was set to 220 nm starting wavelength and 323 nm 

end wavelength was used for analysis. The data was set at 1.5625 Hz and the slit width was 1.2 

nm. 7KC standard (Seraloids Inc, USA) was dissolved in the mobile phase to 100 μm. The 

injection volume for the standard and samples was 20 μL. 

2.9.2 TBARS assay 

The thiobarbituric acid reactive substances (TBARS) assay is a method for monitoring lipid 

peroxidation. This method is a modified version of an old assay (Draper et al., 1993), which 
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relies on the ability of the malondialdehyde (MDA), lipid hydroperoxide, 2-thiobarbituric acid 

(TBA) and break-down product to react. The results are identified as a pink TBA-MDA adduct 

that is fluorometrically detectable via HPLC. 

Using an Eppendorf centrifuge tube, 1 mL of cell suspension were added to 50 µl BHT and 50 

µl of 72% w/v trichloroacetic acid (TCA).  Cell samples (100μl) plus 50 μl phosphoric-acid 

(150mM) was mixed properly. Then 10 μL of 20 mg/mL BHT (in methanol) was added into 

the mixture. The samples were stored at -80°C until required for HPLC analysis. 

Upon dissolving, 50 μl of TBA reagent with 42 mM concentration was added to each tube and 

incubated in a heated shaking block for 30 at 95°C. After that, samples were cooled on ice and 

all debris was pelleted by centrifuging at 4°C for ten minutes at 10,300 g. 

The concentration of TBARS in all samples was then quantified by comparison with the peak 

areas of 0μm and 1μm MDA standards. MDA was prepared fresh for each assay by hydrolysis 

of 1,1,3,3-tetramethoxypropane (TMP) in ethanol: water (2:3). BHT and phosphoric acid were 

then added to each standard sample. 

20 μl of each sample were injected via HPLC with phenosphere reverse-phase by C-18 column 

(4.6 x 150mm, 5μm) (Phenomenex; Auckland, NZ) at 30°C. TBARS were fluorometrically 

detected using excitation and emission wavelengths of 525nm and 550nm, respectively. The 

mobile phase had sodium dihydrogen phosphate buffer (55% 50mM) with pH 6.8 and methanol 

(45%) was pumped through the system at a flow rate of 1mL/minute. 

2.10 Enzyme activity measurement using spectrophotometry 

Soybean lipoxygenase (sLOX) vial containing 0.15 mL of the enzyme with activity of 0.5-1.0 

MU/mg protein concentration 8 mg/mL was provided from Sigma.  According to the 

manufacturer’s protocol, when linoleic acid is the substrate in 3.0 mL volume, 1 unit of the 

enzyme causes an increase in A234 of 0.001 per minute at pH 9.0 at 25°C (1 cm light path). 

The concentration of sLOX stock was between 400,000 and 800,000 U/mL. To achieve 100 

units/mL, 20 μL of the substrate added to the reaction mix to obtain a working stock with a 

concentration of 5000 U/mL. To make PBS, 2 mL of Tween was added to 200 mL of chelexed 
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PBS and stirred to mix. 12.5 µL of the Sigma enzyme was added to the 1 mL of PBS to give 

5000 U/mL. Then 20μL was added to the 1mL reaction mix to give 100 U/mL.  

Linoleic Acid Ethanol Stock (MW = 280.447) was prepared by dissolving 56 mg in 5 mL of 

ethanol to give 40 mM. It was stored in the fridge under argon with aluminium foil over it until 

the day of the experiment (no more than 1 day).  

The reaction mix was prepared by mixing the substrate reaction with 100 μL of linoleic acid in 

ethanol and 20 mL of the Tween PBS. This gave a final concentration of 200 μm linoleic acid, 

stirred rapidly to mix and stored in 4 degrees in the dark. The blank cuvette (control) was 

prepared by adding chelexed PBS, mixing and inverting it. To conduct the sample preparation, 

different concentrations of linoleic acid which were prepared in the reaction mix plus 50 µL of 

working stock of the enzyme were added to the cuvettes. All samples volumes were adjusted 

to 1000 μL with PBS. Absorbance was measured at 234 nm over 1 hour at 37°C. The 

concentration is determined by its absorbance at 234 nm using an extinction coefficient of 

29500 mol-1cm-1. 

2.11 Plaque blotting 

Under sterile conditions, 2mL of RPMI 1640 with phenol red and 10% human serum plus 

penicillin (100units/mL), streptomycin (100mg/mL) was added to each plate. Each dish was 

labelled according to the order in which the plaque sections were cut from the whole plaque 

and incubated for 24 hours at 37ºC. After the 24 hour incubation, each plaque section was 

stamped on a dry nitrocellulose membrane several times using Bio-Rad Trans-Blot 

nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA 94547). The 15 cm2 

membranes were cut to an appropriate size for the number of samples to be blotted. The 

membranes were pre-marked and recorded by labelling on the top of their container lids. After 

the membrane was imprinted with the tissue samples and dried, it was stained with ponceau S 

to detect the amount of protein on the surface of each membrane. Once the transfer had been 

completed the nitrocellulose membrane was rinsed with nano-pure water and incubated with 

0.01% Ponceau S stain for 1 minute to check transfer efficiency which shows all proteins on 

the membrane. Efficient transfer showed a distinct pink trace of proteins forming at the location 

of each stamped plaque. The membrane was then blocked using 5% TBSM for 1.5-2 hours 

with the TBSM being replaced every 30 minutes on a slow-moving benchtop shaker. During 
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this time the ponceau S stain completely disappeared. The antibody assay was applied to the 

membrane using CD36 immunostaining.  

Since repetitive washing with TBS and stripping buffer caused loss of a considerable amount 

of protein on the membrane, β-actin immunostaining could not be used as the control. Hence, 

the CD36 expression was normalized to the total protein by ponceau S staining. The detection 

was captured with a camera and analysed using Image J software.  

2.12 Statistical analysis  

The presented results in this study were all graphed and statistically analysed by Prism for 

Windows (GraphPad Software version 6.0, San Diego, California, USA). Significance was 

identified and confirmed by one-way or two-way ANOVA (analysis of variance). Significance 

levels are shown as: (*) p≤ 0.05, (**) p≤ 0.01, (***) p≤ 0.001 and (****) p≤0.0001. Unless 

stated otherwise results presented in this thesis are demonstrated in triplicate from at least three 

times experiments (n=3). The graphs are presented as the mean and standard error of mean 

(SEM) calculated from triplicate samples in most cases. 
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3 Effect of 7,8-dihydroneopterin on CD36 scavenger 

receptor 

3.1 Introduction  

Foam cell formation within the artery walls is a major contributor to the growth of 

atherosclerotic plaques (Ball et al., 1995; Naito et al., 1997). Oxidation of lipid and protein are 

found in the atherosclerotic plaque and macrophages cells (Jessup & Kritharides, 2000a). The 

foam cells are characterised by the accumulation of cholesterol esters (CE) and oxidation 

products (Ghosh et al., 2010) similar to those found in oxidised lipoproteins (Jessup & 

Kritharides, 2000a). In vitro, macrophages were found to accumulate CE and oxysterols when 

exposed to oxidised and aggregated LDL (Asmis & Jelk, 2000; Bostrom et al., 2006; Brown et 

al., 1996). The exact mechanisms of these biological processes are disputed; however, binding, 

uptake and intracellular processing of oxLDL are important determinants of cell death 

(Steinberg, 2009a). Ultimately, the understanding of these processes will allow researchers to 

target weak links in the cellular design and potentially prevent, delay or alleviate the 

atherosclerotic burden in the patient.  

The initial step that results in the uptake of oxLDL is mediated by a class of cell surface 

receptors termed scavenger receptors. Scavenger receptors are considered to be the primary 

mediators of oxLDL binding and uptake; but, other receptors are also capable of binding to the 

oxLDL (Horiuchi et al., 2003). A cluster of differentiation 36 (CD36) is one of the most critical 

scavenger receptors which is responsible for the uptake of oxLDL using motifs on its 

extracellular portion. This allows the recognition and binding of the oxidised components of 

oxLDL (Silverstein et al., 2010). Mechanisms that can decrease CD36 levels are of increasing 

interest in order to slow the progression of atherosclerosis.  

One potential mechanism for CD36 downregulation relates to the human macrophage-derived 

antioxidant 7,8-dihydroneopterin. The protective role of 7,8-dihydroneopterin against 

macrophage foam cell formation is believed to be two-fold; 1) Its antioxidant activity 

scavenges any ROS that may be generated in response to oxLDL (Gieseg et al., 2008; Gieseg 

et al., 1995a); 2) The downregulation of CD36 leads to a decrease in the amount of oxLDL that 
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is taken up by macrophages in the first place (Gieseg et al., 2010b). The prior research reported 

that in HMDM cells CD36 mRNA level is downregulated by 7,8-dihydroneopterin. This 

research focuses on the second mode of action and explores how 7,8-dihydroneopterin is able 

to down-regulate CD36 expression. This chapter aims to explore the mechanism of CD36 

downregulation by 7,8-dihydroneopterin, with the aim of increasing our understanding about 

its protective effects in atherosclerosis, specifically 7,8-dihydroneopterin ability to down-

regulate the CD36 scavenger receptor and thus prevent foam cell formation. 

A number of studies to date have shown that 7,8-dihydroneopterin protects cells of myelocytic 

origin from the cytotoxic effects of oxLDL. CD36 downregulation has been shown 

experimentally to be protective against cholesterol-induced cell death triggered by endoplasmic 

reticulum (ER-stress) (Seimon et al., 2010b). Previous literature also shows that 7,8-

dihydroneopterin protects U937 and human macrophages from peroxyl radical and HOCl 

induced necrosis by scavenging the oxidants directly (Baird et al., 2005a; Kappler et al., 2007; 

Yang et al., 2012b). While the antioxidant capacity of 7,8-dihydroneopterin is predicted from 

the available literature and the assessment of the 7,8-dihydroneopterin chemical structure, its 

inhibitory effect on the oxLDL uptake is not obvious from examining the biochemical 

properties of 7,8-dihydroneopterin. CD36 scavenger receptor down-regulation was proposed 

to play a role in the process but was not identified with certainty. 

The research in this chapter aims to explore the effects of 7,8-dihydroneopterin on CD36 

receptor and also aims to confirm the role of 7,8-dihydroneopterin mediated regulation of 

oxLDL uptake by the downregulation of CD36 using U937 cells with western blot analysis. 

OxLDL uptake by cells was measured using 7-ketocholesterol (7KC), an inherent component 

of Cu-oxLDL. To confirm the inhibition of oxLDL uptake by 7,8-dihydroneopterin, cells were 

stained using oil-red-O. The ability of 7,8-dihydroneopterin to downregulate CD36 in human 

atherosclerotic plaque was examined using carotid plaques obtained from surgery. 
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3.2 Results 

3.2.1 Effect of 7,8-dihydroneopterin on U937 cell viability 

The cell viability of U937 was examined to ensure that any changes seen with CD36 following 

treatment with 7, 8-dihydroneopterin was not due to cell death or morphological changes. In 

vitro, the effect of 7,8-dihydroneopterin could be measured experimentally by the loss of 

various cell viability markers, including 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) reduction (Gieseg et al., 2009b); trypan blue exclusion (Baird et al., 2005); the 

release of lactate dehydrogenase (Carpenter et al., 2003); radioactive adenine (Wang et al., 

2006); or detection of the classical apoptosis/necrosis features like DNA fragmentation PI 

binding and phosphatidylserine (PS) exposure (Annexin V binding)(Müller et al., 2001). MTT 

and PI have been used to evaluate cell viability in these studies. Hence, the current study 

measured the stability of the U937 cells using both MTT and PI with increasing concentration 

of the antioxidant 7, 8-dihydroneopterin, and the data were expressed as a percentage of the 

respective control (cell only).  

The U937 cells (0.5×106 cell/mL) were treated with concentrations between 0 to 200 μm of 

7,8-dihydroneopterin (the most appropriate concentration to be used in U937 cells) in non-

phenol red RPMI-1640 at 37°C for 24 hours. The results are displayed as the mean ± SEM 

(n=3) experiments. The results show that 7,8-dihydroneopterin had no significant effect on cell 

viability measured either MTT reduction (Figure 3.1) or PI staining (Figure 3.2),  over the 24 

hours of incubation.  

The effects of 7,8-dihydroneopterin on U937 cell morphology was examined under the light 

microscope. Morphology and population of the cells were observed in tissue culture plates 

using inverted microscope with three different magnification and field of view, and the images 

were taken using the microscope mounted camera (Figure 3.3). The cells were counted 3 times 

and the average number was used as the final population density (500,000 cells per mL). No 

change in cell number or morphology was observed due to the 7,8-dihydroneopterin.  
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Figure 3.1 Effect of 7,8-dihydroneopterin on the cell viability of U937 by MTT assay. Cells 
(0.5x106 cells/mL) were incubated in 24 well plates in RPMI 1640 and FBS (5%). Different 
concentrations of 7,8-dihydroneopterin were added to the cells and kept at 37°C for 24 hours. 
MTT reduction assay were used to measure the cell viability of U937 cells. Hence, after 24 
hours incubation, cells were incubated with 100 μL MTT reagent at 37°C for 2 hours. Purple 
crystals were formed and were dissolved in 1 mL 10% SDS. Absorbance was recorded using 
agilent UV–Visible Spectrophotometer at 570 nm wavelength.The data are expressed as a 
percentage of control (cells without 7,8-dihydroneopterin). From experiments data are 
displayed as mean ± SEM. Statistical analysis by one-way ANOVA indicated that 7,8-
dihydroneopterin concentrations had no significant effect on the U937 cell viability (p>0.05). 
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Figure 3.2 Effect of 7,8-dihydroneopterin on U937 cell viability using PI assay. U937 cells 
(0.5x106 cells/mL) were incubated using 24 well plates in RPMI 1640 and FBS (5%). Different 
concentrations of 7,8-dihydroneopterin were added to the cells and kept at 37°C for 24 hours. 
Cell viability was assessed using PI assay by flow cytometry under the FL-3 filter. The data 
are expressed as a percentage of control (cells only). Results are displayed as mean ± SEM of 
triplicate measurements from two experiments. Statistical analysis (two-way ANOVA, Sidak’s 
multiple comparison tests) indicated 7,8-dihydroneopterin had no significant effect on the 
U937 cell viability and indicated, p>0.05 from 0 to 200 µM concentration of 7,8-
dihydroneopterin.  
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Figure 3.3 Effect of 7,8-dihydroneopterin on the morphology of U937 cells after 24 hours.  
Images of U937 cells (0.5x106 cells/mL) after incubation with different concentrations of 7, 8-
dihydroneopterin for 24 hours at 37oC. Cells were observed in tissue culture plates using 
inverted microscope (A: 10x, B: 20x and C: 40x magnifications). The images were taken from 
one experiment with different magnifications using a LEICA DMIL microscope with a LEICA 
DFC290 camera.  
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3.2.2 Characterising the expression of CD36 

3.2.2.1 U937 cell line produces CD36 in the basal level 

Previous research in this lab identified the downregulation of CD36 protein level after up-

regulation (Draude & Lorenz, 2000; Shchepetkina et al., 2017). To avoid any other content 

effect, this research have been concentrated on the CD36 downregulation from the basal levels 

which naturally occurs in the cell. First of all, the basal levels of CD36 had to be determined 

by western blotting assay. U937 cells were incubated for 24 hours in RPMI-1640 with FBS 

(5%) at 37°C temperature. CD36 protein expression were identified after cell lysate and β-actin 

was utilized as a loading control (Figure 3.4). CD36 with a strong band were detected with 

~100 kDa. A weaker band was also appeared at ~88 kDa mark. Represent bands show maturity 

levels of the CD36 protein with different glycosylation isoforms. CD36 with 100 kDa weight 

is fully glycosylated and located on the plasma membrane. Whereas, 88 kDa CD36 band is the 

incompletely glycosylated CD36 that is located in Golgi (Alessio et al., 1996b). The strength 

of the bands (100kDa) was considered for detecting the alteration in basal levels of CD36. The 

research focus is on the 100 kDa isoform because CD36 on the cell surface is responsible for 

oxLDL binding and foam cell formation. 
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A) B) 

 

 

C) D) E) 

   
100 kDa Ladder 47 kDa 

Figure 3.4 U937 cell production of CD36 at the basal level.  U937 cells (0.5x106 cells/mL) 
were incubated in RPMI-1640 containing FBS (5%) for 24 hours at 37oC. The cell lysate was 
assessed from multiple controls of various experiments for CD36 and β-actin protein 
expression via SDS PAGE and western blot analysis. A) SDS PAGE gel from whole protein 
extraction of U937 cells. B) western blots results demonstrates a strong band at 100 kDa that 
comes from the cell surface and a weaker band at ~88 kDa which comes from Golgi. C) All 
protein bands available in western blot membrane after CD36 antibody assay. D) Ladder (240 
kDa). E) Membrane after CD36 removal with stripping buffer and incubation with anti-β-actin 
for loading control. 
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3.2.3 CD36 downregulation by 7,8-dihydroneopterin in the U937 cell Line  

Previous research showed that the macrophage-derived antioxidant 7,8-dihydroneopterin (7,8-

dihydroneopterin) caused a decrease in CD36 expression at concentrations of up to 250 μm in 

HMDM cells (Gieseg et al., 2010b). While the U937 cell line is considered to be a good model 

for research into atherosclerosis, 7,8-dihydroneopterin induced downregulation in U937 

needed to be confirmed for this study. U937 cells were incubated with concentrations of 7,8-

dihydroneopterin, ranging from 0 to 200 μm for 24 hours. The cell lysate was then 

immunoblotted for the CD36 protein with β-actin which was used as a loading control.  

Downregulation was observed beginning at 50 μm of 7,8-dihydroneoptrin with CD36 

expression at  90.95% of control. The expression decreased further at 100 μm, 150 μm and 200 

μm concentrations (70.09%, 19.30% and 16.64% of control respectively) (Figure 3.5). 

Significance was observed at three data points from 100 to 200 μm, with the highest level of 

significance occurred at concentrations of 150 and 200 µM which had almost the same effect 

on CD36 expression with 3% differences. Significant changes were observed between the 

different concentrations (Figure 3.5). The strength of this downregulation showed that the 

effect of 7,8-dihydroneopterin on CD36 in the U937 cell line was more pronounced compared 

to that seen with HMDMs (Shchepetkina et al., 2017). Therefore, 150 μm and 200 μm 7,8-

dihydroneopterin were appropriate concentrations to be used in further experimentation.  
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Figure 3.5 7,8-dihydroneopterin downregulates CD36 expression in U937 cell line.  Cells 
(0.5x106 cells/mL) were incubated with 7,8-dihydroneopterin (0-200 μm) for 24 hours at 37°C 
in RPMI-1640 consisting 5% FBS. The cell lysate was evaluated and analysed for protein 
expression of CD36 by western blot. A) β-actin was used to normalised the results which 
showed as mean ± SEM from n=3 experiments. All data are expressed as a percentage of the 
respective cell only control. The rage of significance are: p ≤ 0.001 (**) and (****) p ≤ 0.0001. 
B) representative gel from western blots indicated that 7,8-dihydroneopterin reduces CD36 
expression between 50-200μm compared to controls.  

 

0 50 100 150 200

0

20

40

60

80

100

120

7,8-NP (µM)

C
D

36
 e

xp
re

ss
io

n
no

rm
al

is
ed

 to
b-

ac
tin

***

**** ****

** **** ****



Chapter 3 Effect of 7,8-dihydroneopterin on CD36 scavenger receptor 
 

54 
 

3.2.3.1 CD36 downregulation by 7,8-dihydroneopterin in the U937 cell line in serum-

free media 

The serum contains a complex mix of chemokines, cytokines, proteins and growth factors 

which could affect the rate and the efficiency of the cells ability to uptake 7,8-dihydroneopterin. 

To ensure if there is not any extra effect of serum on CD36 expression and downregulation, 

the same experiment in 2.3.3 were repeated in absence of FBS serum. 

Hence, the downregulation of CD36 by 7,8-dihydroneopterin was also measured in the absence 

of serum in media. To measure if the presence of FBS serum in U937 cells affect the 7,8-

dihydroneopterin ability to downregulate CD36 expression,  U937 cells were incubated in 

serum-free media with 7,8-dihydroneopterin concentrations ranging from 0-200 μm for 24 

hours at 37°C.  

Downregulation of CD36 expression by 7,8-dihydroneopterin was observed at both 100 μm 

and 200 μm concentrations (69.63% and 33.95% of control respectively) (Figure 3.6). 

Significance was observed at all three data points, with the highest level of significance 

occurring at 200 μm. No significant changes were observed between the different 

concentrations. The cellular morphology after incubation in RPMI without serum is shown in 

Figure 3.7. 

Previous research from this lab showed that the uptake of 7,8-dihydroneopterin was lower in the 

U937 cells that incubated in media without serum compare to serum contained media (Janmale, 

2013). They also found that the lack of serum or nutrients within the plaque environment could 

affect 7,8-dihydroneopterin protection of macrophages from oxidative stress. This increase was 

attributed to the growth-dependent changes and cell cycle in the transportation of nucleosides. 

Despite of all suggested serum impacts on the cells, the present obtained results demonstrated that 

the effect of 7,8-dihydroneopterin on CD36 was not depend on the presence of the FBS serum. 
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Figure 3.6 Effect of 7,8-dihydroneopterin on the CD36 expression in U937 cells incubated 
in serum-free media.  Cells (0.5x106 cells/mL) were incubated concentrations of 0, 100 and 
200 µM 7, 8-dihydroneopterin for 24 hour at 37oC in RPMI-1640. The cell lysate was 
experimented to measure CD36 protein expression by western blot analysis. A) Outcomes were 
normalised to β-actin and showed as mean ± SEM of n=3 experiments. Data are shown as % 
of cell control. Significant downregulations of CD36 by 7,8-dihydroneopterin concentrations 
was observed (**), (p-value ≤ 0.001) and (****), (p-value ≤0.0001). B) Western blot results 
shows that 7,8-dihydroneopterin having a significant effect on CD36 expression compared to 
controls. 
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Figure 3.7 Effect of 7,8-dihydroneopterin on U937 cells morphology in serum-free media. 
Images of U937 cells (0.5x106 cells/mL) in RPMI 1640 with different concentrations of 7, 8-
dihydroneopterin after 24 hours incubation at 37oC. Cells were viewed in cell culture plates by 
inverted microscope mounted by LEICA DMIL LEICA DFC290 camera with 20x 
magnification. 
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3.2.4 Kinetics of the CD36 expression by 7,8-dihydroneopterin 

In order to obtain the kinetics of this downregulation in U937 cells, time-course experiments 

were performed.  

U937 cells were incubated in RPMI-1640 containing FBS (5%) and 7,8-dihydroneopterin (150 

μm) for a short time course of 8 hours (Figure 3.8). During the incubation, cells were extracted 

from the wells at 0, 2, 4, 6, 8 hours and subsequently, the cells were washed two times with 

PBS and lysed by triton buffer in water and protease inhibitor (3:2:1). On the day of analysis, 

cell lysates were immunoblotted for CD36 and β-actin was used as the loading control.  

The downregulation of CD36 expression was observed at the beginning hours (90.22% and 

66.95% of control at 2 and 4 hours, respectively). A significant decrease was observed at time 

points 6 and 8 hours (59.27% and 45.13% of control, respectively) (Figure 3.8). The most 

significant time point was at 8 hours and no significant changes were observed between the 

different individual time points.  

The results suggest that CD36 downregulation occurs rapidly within the first 2 hours of 

incubation with 7,8-dihydroneopterin (Figure 3.8). 
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Figure 3.8 Effect of 7,8-dihydroneopterin on the CD36 expression over 8 hours.  U937 
cells (0.5x106 cell/mL) were treated with 150 µM of 7, 8-NP and incubated at 37oC over an 8-
hour time course in RPMI-1640 plus 5% FBS. The cell lysate was evaluated to detect CD36 
protein expression by western blot analysis. A) Results were normalised to β-actin and 
displayed as mean ± SEM of triplicate experiments. Data from One-way-ANOVA are 
expressed as a % of the respective control (0 hour) and significance is indicated from 0 hour. 
Significant (*) downregulation of CD36 was observed at 6 and 8 hours with p-value ≤ 0.05. B) 
Western blots shows 7,8-dihydroneopterin having a significant effect on CD36 expression 
compared to controls.
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In order to conduct the experiment in the long time course (24 hours), U937 cells were 

incubated in RPMI-1640 with FBS (5%) and 7,8-dihydroneopterin (150 μm) for 24 hours. 

During incubation, the cells were extracted from the wells at 0, 6, 12 and 24 hours. The cells 

were then washed two times with PBS and lysed by Triton buffer in the presence of protease 

inhibitor. On the day of analysis, cell lysates were immunoblotted for CD36 and β-actin was 

used as the loading control.  

In the long-time course, the down-regulation of CD36 (Figure 3.9) was even greater than the 

previous results in 8 hours incubation of 7,8-dihydroneoptrin (Figure 3.8). The graph shows 

the higher rate of CD36 downregulation during 24 hours compared to 8 hours (41.68% and 

34.72% of control at 6 and 12 hours, respectively) (Figure 3.9). The highest percentage of 

CD36 downregulation was observed at 24 hours (21.94% of control) (Figure 3.9). This CD36 

expression reduction was highly significant compared to control by this time. However, no 

significant changes were observed between the different time points. The results showed that 

CD36 downregulation occurs rapidly within the first six hours of incubation with 7,8-

dihydroneopterin but continues to some extent to the 24 hour time point. 

The results suggest that CD36 downregulation occurs rapidly within the first hours of 

incubation with 7,8-dihydroneopterin, but continues to some extent up to the 24 hour time 

point.  
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Figure 3.9 Effect of 7,8-dihydroneopterin on CD36 expression over 24 hours.  U937 cells 
(0.5x106 cells/mL) were treated with 150 µM of 7, 8-dihydroneopterin and incubated at 37°C 
over 24 hours in RPMI-1640 and 5% FBS. The cell lysate was evaluated in order to the 
detection of CD36 expression by western blot analysis. A) β-actin was used to normalise the 
CD36 expression results which displayed as the mean ± SEM of n=3 experiments. Data are 
expressed as a % of the respective control (0 hour), and significance is displayed from 0 hour. 
Significant downregulation of CD36 is observed after 6 hours with the, (****), p-value≤ 
0.0001. B) Western blot gel shows that 7,8-dihydroneopterin has significant effect on CD36 
over the time relative to controls.  
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To confirm that CD36 expression is not downregulated due to time, the experiment was 

repeated without 7,8-dihydroneopterin. Using the same method and conditions as the previous 

experiment, CD36 expression was measured in U937 cells incubated in RPMI 1640 containing 

5% FBS serum for 8 and 24 hour time courses. Cells were washed and the proteins were 

extracted. No significant differences or trends were observed in the analysis (Figure 3.10, 

Figure 3.11). This experiment showed that CD36 expression is stable in U937 cells over a 

period of time and CD36 downregulation is due to the presence of 7,8-dihydroneopterin. 
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Figure 3.10 Stability of CD36 expression in U937 cells over 8 hours.  U937 cells (0.5x106 
cell/mL) were incubated in RPMI-1640 and 5% FBS at 37°C for 8-hour time course. The cell 
lysate was evaluated to identify CD36 protein expression through western blot analysis. A) 
Results were normalised by β-actin and displayed as mean ± SEM of experiments (n=4). Data 
are expressed as a % of the respective control (0 hour). No significant changes were observed 
for in any time point B) Western blot results indicate that CD36 expression is not changed over 
8 hours relative to control (0 hour). 
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Figure 3.11 Effect of 7,8-dihydroneopterin on the CD36 expression over 24 hours.  U937 
cells (0.5x106 cells/mL) were incubated in RPMI-1640 with 5% FBS at 37°C for 24 hours. The 
cell lysate was evaluated to detect the expression of CD36 using western blot method. A) β-
actin was used to normalise the CD36 expression results which displayed as the mean ± SEM 
of n=3 experiments. Data are expressed as a % of the respective control (0 hour) and 
significance is indicated from 0 hour. No significant changes were observed between the time-
points B) Western blots  gel shows that incubation time (24 hours) has no significant effect on 
the stability of CD36 expression compared to controls. 
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3.2.5 Effect of other pterins on the CD36 expression 

7,8-dihydroneopterin can be oxidised to 7,8-dihydroxanthopterin (7,8-DXP) or neopterin 

(Widner et al., 2000). Once the down-regulation effect of 7,8-dihydroneopterin was 

characterised,  it was of interest to measure the effect of these oxidation products on CD36 to 

determine if 7,8-dihydroneopterin itself was responsible for the CD36 down-regulation or its 

oxidation products.  

Biopterin, dihydrobiopterin and xanthopterin are also the pterins generated in vivo (Andert et 

al., 1992; Vásquez-Vivar, 2009; Weiss et al., 1999; Werner-Felmayer et al., 1990). Evaluation 

of pterin’s effect on CD36 expression levels helps to define the mechanism of CD36 

downregulation by 7,8-dihydroneopterin.  

U937 cells were incubated with five candidate pterins for 24 hours. After which, the cells were 

extracted, lysed and then immunoblotted for the CD36 protein (β-actin used as a loading 

control). The results from two different triplicate experiments showed that 7,8-

dihydroneopterin was the only pterin that downregulated CD36 (46.55% of control). 7,8-

dihydroxantheopterin (7,8-DXP) showed a negligible effect on CD36 expression reduction 

(95.79% of control) (Figure 3.12).  

According to this result, none of the associated pterins to the 7,8-dihydroneopterin have any 

significant impact on the CD36 protein expression.  
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Figure 3.12 Effect of different pterins on the CD36 expression over 24 hours.  U937 cells 
(0.5x106 cells/mL) were treated with 150 µM of 6 different pterins and incubated in RPMI-
1640 at 37°C for 24 hours. The cell lysate was evaluated in order to the detection of CD36 
protein expression by western blot analysis. A) β-actin was used to normalise the CD36 
expression results which displayed as the mean ± SEM of n=3 experiments. Data are expressed 
as a % of the respective control (cell only control) and significance is indicated from control. 
Significant (*) downregulation of CD36 is observed only in 7,8-dihydroneopterin with p-value 
≤ 0.05. B) Western blots results show that apart from 7,8-dihydroneopterin none of the other 
pterins has a significant effect on CD36 expression compered to controls.
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3.2.6 Evaluation of foam cell formation in U937 cells 

3.2.6.1  Cell uptake of oxLDL measurement by 7-ketocholesterol  

The data has demonstrated that CD36 is downregulated by 7,8-dihydroneopterin. However, 

these data cannot show how 7,8-dihydroneopterin affect oxLDL uptake to inhibit foam cell 

formation.  

7-Ketocholestrol is a product of cholesterol oxidation in Cu-oxidised LDL (Brown et al., 1996), 

and is taken up by cells with the oxLDL particle (Rutherford & Gieseg, 2012). 7KC is a suitable 

marker of oxLDL uptake because oxLDL treated cells contained significantly higher levels of 

intracellular 7KC than the untreated control (Rutherford & Gieseg, 2012). Assuming that total 

7KC is the reflection of oxLDL internalised by the cell, the reduction of total 7KC in the 

presence of 7,8-dihydroneopterin could be interpreted as down-regulation of oxLDL uptake, 

especially in combination with the down-regulation of CD36 scavenger receptor. Past research 

found that 7,8-dihydroneopterin controls the accumulation of oxLDL in U937 cells using DiI 

labelling assay (Gieseg et al., 2010c). Due to potential interference of oxLDL with cellular 

redox processes, this study aimed to confirm the downregulation of oxLDL uptake by 7,8-

dihydroneopterin with a different intracellular marker of uptake, 7KC. Previous research 

showed 7,8-dihydroneopterin had a significant effect on the levels of total 7KC. This suggested 

that 7,8-dihydroneopterin only affected non-esterified 7KC (Shchepetkina et al., 2017). 

To explore the uptake of oxLDL by U937 cells and the effect of 7,8-dihydroneopterin on the 

uptake, intracellular 7-ketocholesterol (total 7KC) was measured with the following set of 

experiments. The esterified 7KC was hydrolysed to free 7KC by incubation with KOH before 

HPLC analysis. The experiment was carried out by pre-incubating the cells with RPMI and 

FBS (5%) with or without 7,8-dihydroneopterin (150 µM) for 24 hours and then for another 24 

hours incubated with or without 7,8-dihydroneopterin and oxLDL (0.1 mg/mL; non-cytotoxic 

concentration).   

The results from three datasets showed that the percentage of 7KC in U937 cell control and 

cells in presence of 7,8-dihydroneopterin were 15 pmol/mg cell protein. 7KC marker of oxLDL 

then showed 109.94% in the cells with oxLDL (0.1 mg/mL). 7,8-dihydroneopterin reduced the 

oxLDL uptake in the cells, significantly from 109% to 44.84% of control (Figure 3.13.A). The 

reduction of oxLDL uptake by 7,8-dihydroneopterin was greater in the second experiment, 
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which was from 181.33 pmol/mg cell protein to 51.17% compared to the control (Figure 3.13 

B).  

After incubation of the cells and before 7KC analysis, the microscopic images of U937 cells 

were captured and images showed that oxLDL (0.1 mg/mL) and 7,8-dihydroneopterin did not 

change the cellular morphology of U937 cells (Figure 3.14).  

These results interpreted that the downregulation of CD36 by 7,8-dihydroneopterin leads to the 

reduction of foam cell formation. 
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Figure 3.13 Effect of 7,8-dihydroneopterin on cell uptake of oxLDL measurement by 7-
ketocholesterol.  U937 cells (0.5x106 cells/mL) were pre-incubated in RPMI 1640 and FBS 
(5%) with 7,8-dihydroneopterin for 24 hours at 37°C. The cells then were washed and treated 
with 0.1 mg/mL oxLDL with or without 7,8-dihydroneopterin. Cell lysates were collected at 
the end of 24 hours incubation and assessed for intracellular in total 7KC via HPLC. Proteins 
were determined by BCA assay and used as a control for cellular content per well. Results are 
displayed as mean ± SEM (n=3) from A) first experiment and B) second experiment, mean ± 
SEM (n=3). The amount of intracellular oxLDL with each treatment was compared to the 
control (cells without treatments) by one-factor ANOVA (**), p< 0.1, (***), p<0.001 and 
(****), p<0.0001. 
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Figure 3.14 U937 cell morphology in 7KC experiment.  Images of U937 cells (0.5x106 
cells/mL) after incubation with 7, 8-NP (200 µM) and oxLDL (0.1 mg/mL) at 37°C for 24 
hours. Cells were observed in tissue culture plates by inverted microscope (A) 10x and (B) 20x 
magnification. The images were taken 3 times for each sample using a LEICA DMIL 
microscope with a LEICA DFC290 camera. 
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3.2.6.2 Oil red-O staining and oxLDL uptake 

To confirm the 7KC analysis which showed that 7,8-dihydroneopterin decreased oxLDL 

uptake, detection of foam cell formation was measured using the more conventional oil red-O 

staining. Traditional oil red-O histological staining is a common method to show foam cell 

formation (Kobayashi et al., 2004; Teupser et al., 2004).  

The same experiment as 7KC analysis was conducted which involved pre-incubating the cells 

with RPMI 1640 and FBS (5%) with or without 7,8-dihydroneopterin (150 µM) for 24 hours 

(to downregulate CD36) and then for another 24 hours with or without 7,8-dihydroneopterin 

and oxLDL (0.1 mg/mL; non-cytotoxic concentration). After 24 hours incubation and staining 

with oil red-O, positive droplets were clearly detected the oxLDL-treated cells but not the 

control cells and cells treated with 7,8-dihydroneopterin (Figure 3.15).  

The control cells incubated without oxLDL and the cells incubated with just 7,8-

dihydroneopterin showed no significant oil red-O staining which indicated no foam cell 

formation. Cells in RPMI 1640 with the presence of a non-toxic concentration of oxLDL (0.1 

mg/mL) induced lipid accumulation as shown by oil red-O staining. However, lipid loaded 

foam cell population staining with the oil red-O was significantly diminished in the cell 

population in the presence of 7,8-dihydroneopterin (Figure 3.15).  

The images clearly show that 7,8-dihydroneopterin inhibited the foam cell formation measured 

by the staining. The oil red-O staining confirms the 7KC results (Figure 3.13) showing 7,8-

dihydroneopterin reduces the uptake of oxLDL by downregulation of CD36 scavenger 

receptors. Combined with the CD36 western blot, the oil red-O results confirm 7,8-

dihydroneopterin can inhibit foam cell formation by downregulation of CD36 in U937 cells.  
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A) Control Cell B) Cell + 7,8-NP 

  
C) Cell + oxLDL D) Cell + 7,8-NP + oxLDL 

Figure 3.15 Inhibition of foam cell formation by 7,8-NP using Oil-Red-O staining.  U937 
cells (0.5 x 106 cells/mL) were incubated at 37°C in RPMI 1640 for 24 hours with or without 
oxLDL and 7,8-NP. Following incubation, cells were washed with PBS, fixed with 4% 
paraformaldehyde and stained with oil red-O dye. The images demonstrated the stained cells 
randomly from one of experiments (n=4) with A) no treatment, B) 150 µM 7,8-
dihydroneopterin C) 0.1 mg/mL of ox-LDL. D) 7,8-dihydroneopterin (150 µM) plus oxLDL 
(0.1 mg/mL) after 24 hours. Cells were viewed in situ in tissue culture wells using an inverted 
microscope at 20x magnification. Images were taken using a LEICA C-Mount camera and 
processed with LEICA applications suite software.  
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3.2.7 Effect of 7,8-dihydroneopterin on the CD36 expression in excised cultured human 

carotid plaque 

Studies on patients with symptomatic atherosclerotic carotid plaque showed that CD36 

concentration increased with progression and severity of the disease (Handberg et al., 2008). 

Hence, the upregulation of CD36 might be required for atherosclerotic plaque development. 

CD36 is down-regulated by 7,8-dihydroneopterin which has been found in varying plasma 

concentrations in human atherosclerotic plaques (Janmale et al., 2015). This section, therefore, 

investigated whether CD36 levels were down-regulated in human plaque samples by 7,8-

dihydroneopterin. A method was required to measure CD36 in plaque tissue where the levels 

of CD36 could be compared before and after incubation. The main problem to be overcome 

was that the plaque composition changes drastically along the length and different parts of the 

plaques meaning that it was not possible to have a conventional untreated control for 

comparisons.   

Thus, this research focused on developing a direct tissue blot immunoassay (DTBIA) method 

to measure the changes in CD36 levels in each cut section of plaque before and after incubation 

with 7,8-dihydroneopterin. DTBIA is a typical technique in plant and tissue studies (Shang et 

al., 2011).  

In order to detect the CD36 expression in the plaque, the present study used frozen and then 

fresh human carotid plaques obtained from surgery. The blotting involved pressing cut surfaces 

of the plaques on to blotting membranes before probing with CD36 antibody.  

3.2.7.1 Summary of Plaque information 

In this study, four carotid plaques were analysed (plaque collection number: 145, 163, 166 and 

168). Information on the atherosclerotic plaque from the four patients is summarised in Table 

3.1. The information includes the medications, age, gender, blood pressure, stenosis 

percentages, smoking, diabetes status and the range of symptoms. The age range of patients 

was between 65 to 74 years. The plaques to be analysed were selected based on their 

morphology with minimum calcification. 
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Table 3.1 Summary of patient information for plaques  

Plaque 

No. 

Age Weight 

(Kg) 

Gender 

(M/F) 

Stenosis 

(%) 

Hypertension Smoke
r 

(Y/N) 

Diabetic 

(Y/N) 

Diagnosis 

145 71 75 Male 60-70 Yes (on drug) Ex-

smoker 

No Amaurosis 

fugax 

163 73 90 Female 80-99 Yes No No Transient 

Ischemic attack 

166 65 69 Female 80 Yes Yes Yes Amaurosis 

fugax 

168 74 88.8 Male 60-70 Yes No No Stroke 

3.1.1 General method of plaque sectioning and processing  

Initial experiments involved the use of frozen plaques which was then continued with live fresh 

plaque samples. Once the blotting procedure was developed, to find the most lipid-laden 

plaques with the least calcifications, all frozen plaques (stored in the lab) were scanned with a 

CT scanner at the Christchurch hospital.  The experiment was conducted using 2-8 plaque 

sections. A smooth fresh cut was made with a surgical blade and the cut surface was pressed 

gently and evenly to the membrane. Several blots were made sequentially from the same cut 

and both ends of the plaque pieces were frequently blotted to increase test coverage of each 

sample. To compare different antibodies or different treatments, blots were made from the same 

tissue piece on separate membranes. Blotted membranes were allowed to dry for 10 to 20 

minutes. In all cases, immunoblots were processed within a day to reduce any error effects on 

DTBIA. The following sections describe the development and results of this investigation. 

3.2.7.2 CD36 detection on plaque tissue (Laboratory Plaque no. 145) 

The first experiment was set up to measure the expression of CD36 and β-actin in the plaque 

tissue. This preliminary test was essential to evaluate the proportion of CD36 compared to β-

actin and analyse whether β-actin could be counted as a control for CD36 expression. 

Plaque 145 was obtained from the carotid artery of a 75-year-old male patient with 69-70% 

arterial stenosis and high blood pressure (Table 3.1). The plaque was 33 mm in length with a 6 
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mm branch of bifurcation. There was little calcification across the sections, with lipid-like 

material across all sections. The plaque was defrosted and cut into five sections. Section 2, 3 

and 5 were selected for blotting and analysis.  Each end of the plaque section was frequently 

blotted to increase test coverage. The membrane was immunoblotted with CD36, washed with 

stripping buffer and then immunoblotted with β-actin which was used as the control to show 

the amount of protein on the membrane. 

The results showed that the stripping method removes a considerable amount of proteins on 

the membrane (images are not shown). Hence, post-incubation of the membrane with β-actin 

was not an appropriate method for this direct tissue immunoblotting assay. 

3.2.7.3 CD36 downregulation by 7,8-dihydroneopterin in the fresh plaque (Laboratory 

Plaque no. 163) 

The next experiment was conducted with a fresh plaque (no 163) which was obtained from the 

internal carotid artery of a 73-year-old female patient with severe stenosis (80-99%) and 

Transient Ischemic attack. The plaque had a small bifurcation with minimum calcification 

(Figure 3.16).  

The aim of this experiment was to determine the effect of 7,8-NP on the CD36 expression in 

plaque tissue. The plaques were sectioned into 7 parts and all sections were incubated in RPMI 

1640 containing Penicillin/Streptomycin and 10% human serum, for 24 hours at 37°C to give 

a precise comparison. 
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Figure 3.16 Sectioning of Plaque 163.  Plaque 163 that removed from the carotid artery of a 
73-year-old female cut into 7 sections of about 3-5 mm thick. 

Each section was blotted on 3 membranes continuously and the immunoblotting assay was 

carried out. The plaques were then incubated with 7,8-dihydroneopterin in media and incubated 

for 24 hours. The plaque sections were again immunoblotted on 3 new membranes. To avoid 

protein loss of the membrane, ponceau S was used as the loading control for CD36 experiment. 

The membranes were imaged using Image J and then analysed (Figure 3.17).  

The membranes clearly showed that CD36 was downregulated in the plaques when exposed to 

7,8-dihydroneopterin. Section 1, 2 and 4 showed lower protein followed by lower CD36 

expressions (Figure 3.17). In all sections, the percentage of CD36 without 7,8-

dihydroneopterin is higher than their pairs with 7,8-dihydroneopterin.  
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Pre-incubation in RPMI 1640 
                A) Ponceau S stain                                               B) CD36 expression 

 
Post-incubation in RPMI 1640 and 7,8-NP 

                C) Ponceau S stain                                             D) CD36 expression        

 

Figure 3.17 Direct Tissue Blot Immunoassay of carotid plaque circumferentially cut into 
7 sections.  The plaque was cut into 7 sections labelled 1 to 7 and the cut surface was blotted 
onto a nitrocellulose membrane. The membranes were imaged (A) after Ponceau S staining 
and (B) CD36 immunoblotting. The plaque section was then incubated in RPMI 1640 media 
supplemented with 10% human serum and 200 μm 7,8-dihydroneopterin. The section was then 
reblotted onto (C) a new nitrocellulose membrane and stained with ponceau S and (D) probed 
for CD36 levels with anti-CD36. The ponceau S staining provides an internal control to 
measure of the amount of protein transferred in the blotting. The images shows that CD36 level 
is decreased by 7,8-dihydroneopterin in plaque using DTBIA assay. 

 

 

 

     4                  5                   6             7 
     4                     5                         6           

                7 
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The data analysis indicated varying percentages of CD36 downregulations (Section 1: 23%, 

section 2: 31.7%, section 3: 26.9%, section 4: 20.4%, section 5: 14.4%, section 6: 11.6% and 

section 7: 24.2% of the paired controls consequently. The average downregulation from all 

sections was 21.57%. The results demonstrated a trend with the downregulation of CD36 by 

7,8-dihydroneopterin. However, the post-incubation of the plaque for another 24 h in RPMI 

may have resulted in a significant loss in the amount of tissue content that gave us a lower 

signal of protein and CD36 expression. From the first set of results, it was concluded that direct 

tissue blotting should be analysed from the tissues that were incubated at the same time to 

ensure optimum quality of the results (Figure 3.18). 

 

Figure 3.18 CD36 downregulation by 7,8-dihydroneopterin in plaque tissues.  CD36 levels 
are differentially distributed across the length of the atherosclerotic plaque from seven sections. 
This downregulation shows no significant p-value which was evaluated by two way-ANOVA.
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3.2.7.4 CD36 downregulation by 7,8-NP in plaque (Laboratory Plaque no. 166) 

The experiment quality was enhanced by cutting the fresh plaque into two sections to see clear 

and separate signals.  

This plaque was removed from the carotid artery of a 69-year-old diabetic female who was 

diagnosed with 80% stenosis. This was a calcified plaque, which is consistent with the other 

carotid plaques analysed so far. The plaque had a very crunchy texture which made it difficult 

to section due to its heavy calcification. Sectioning from the centre of the plaque showed a 

considerable amount of fat accumulation on both sides with no signs of thrombosis (Figure 

3.19). 

Half of the plaque was cultured in RPMI with 10% human serum and the other half was in the 

same condition but with 200 µM 7,8-dihydroneopterin. The two ends of plaque pieces were 

then blotted five times to increase efficacy of analysis of each sample (Figure 3.20 A and B). 

The membrane was stained with Ponceau S and immunoblotted with CD36 antibodies. 

 

Figure 3.19 Sectioning of the plaque 166 Plaque 163 was excised from the right carotid artery 
of a 65-year-old female and cut in two sections. 

These results involving two sections were more accurate than the experiments with higher 

sectioning. Both surface of the plaque sections were from the same single cut. Thus, the 

proteins that were stuck onto the membrane were almost equal. In addition, tissue blotting of 
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two parts is easier and can be repeated multiple times. The overall result from this 

immunoblotting experiment clarified that 7,8-dihydroneopterin is able to downregulate CD36 

in the tissue. The paired t-test analysis between section one (without 7,8-dihydroneopterin) and 

section two (with 7,8-NP) demonstrated that the expression of CD36 in section 1 was 70.92% 

which was significantly downregulated to 53.23% after the tissue was exposed to 7,8-

dihydroneopterin for 24 hours (Figure 3.20). 

      A) B)  

  

Section 1  

Section 2 

 

 

Figure 3.20 Downregulation of CD36 by 7,8-dihydroneopterin in plaque 166.  Direct 
Tissue Blot Immunoassay of carotid plaque was circumferentially cut into two sections. A) 
Membrane immunoblotted by CD36 and B) stained by Ponceau S (control). Ends of plaque 
pieces were frequently blotted to increase test coverage of each sample. B) Data analysis 
showed that 7,8-dihydroneopterin downregulates CD36 in the plaque tissue. This 
downregulation shows a significant p-value < 0.05 (*), which was evaluated by t-test.
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3.2.7.5 CD36 downregulation by 7,8-NP in plaque (Laboratory plaque no. 168) 

The aim of direct tissue immunoblotting is to detect the proteins transferred onto the membrane 

with a high signal. In this study, it was observed that the protein signal decreases as plaque 

tissue blotting is repeated which results in reduced antibody signal. Hence, to enhance the 

quality of the method and achieve more stable results, the assay was modified.  

A plaque (with approximately 30 mm length) was excised from the artery of 74-year-old male 

patient with high blood pressure. The plaque showed minimum calcification and low lipid 

accumulation throughout the 8 sections. Sections 2 and 3 showed little signs of thrombus 

formation (Figure 3.21). 8 sections of the plaque were incubated overnight with RPMI 1640 

containing human serum and pen/strep at 37°C. The first half of the sections (1 to 4) were 

incubated with RPMI 1640 which contained 10% human serum and antibiotics whereas the 

second half of plaque sections (5 to 8) were incubated with the same media and serum along 

with 7,8-dihydroneopterin (200µM) for 24 hours (Figure 3.21). 

 
Figure 3.21 Sectioning of plaque 168. A) Atherosclerotic plaque excised from carotid 
endarterectomy. B) Plaque sections during incubation in their corresponding wells using cell 
culture plates. 
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After 24 hours each section was blotted 3 times on 3 different nitrocellulose membranes. 

Immunoblotting was carried out and the CD36 expression was normalized to the Ponceau S 

staining (Figure 3.22).  

 +7,8-NP -7,8-NP 

A) Blotting 

Section (1 to 8) 

  

B) Washing 

  

C) Staining 

(Ponceau S) 

 

  

D) CD36 

immunoblotting 

 

  
Figure 3.22 Application of Direct Tissue Blot Immunoassay. A) The surfaces of plaque 
sections blotted on a nitrocellulose membrane. B) Membrane washed by TBS. C) Ponceau S 
staining of the membrane (shows the total protein). D) CD36 immunoblotting.  
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These data are combinations of the first set of sections (1, 2, 3 and 4) which were compared to 

the second set of the sections (5, 6, 7 and 8). The overall data from CD36 measurement of the 

plaque with and without 7,8-dihydroneopterin showed that CD36 expression was significantly 

downregulated by 7,8-dihydroneopterin in the plaque tissue. Plaque 168 results exhibited that 

7,8-dihydroneopterin could decrease the CD36 signal in the plaque tissue.  

The individual blotting from each section (n=3) showed that the CD36 signal is decreased as 

the experiment is repeated (Figure 3.23 A).  

The combined data of the sections in Figure 3.23 B showed the overall levels of CD36 in the 

plaque as well as the decrease in transfer efficiency from plaque to membrane. In the first 

experiment, the reduction of CD36 by 7,8-dihydroneopterin was from 191% to 78%. The 

second experiment with the lower protein signal showed a decrease from 153% to 73%. The 

third blot which had the lowest protein content showed a reduction 105% to 65% (Figure 3.23 

B). 

Regardless of the variable results from the different blots, CD36 expression was downregulated 

by 7,8-dihydroneopterin (200 µM) in the fresh plaque (Figure 3.23 C).  
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A) 

 

 

B) C) 

Figure 3.23 CD36 expression downregulation in atherosclerotic plaque following 
incubation with 7,8-dihydroneopterin.  The plaque was cut into 8 sections. Four sections 
were incubated for 24 hours in media containing 200 μm 7,8-dihydroneopterin (clear bars) and 
four without (black bars). The cut surface of each plaque section was blotted three times after 
incubation before Ponceau S staining and CD36 immunoblotting (A). The combined data of 
the sections showed the overall levels of CD36 in the plaque and the decrease in transfer 
efficiency from plaque to membrane (B). The data for the first blot was averaged for each of 
the four sections showing the difference in CD36 levels in the presence and absence of 7,8-
dihydroneopterin (C). This downregulation shows significant p-value (****), <0.0001 which 
was evaluated by one way-ANOVA. 
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3.3 Discussion  

The experiments in this chapter set out to confirm the down-regulation of CD36 by 7,8-

dihydroneopterin in U937 cells and the significance of this phenomenon. This chapter 

contributes to the overall aim of the thesis by characterising the effect of 7,8-dihydroneopterin 

on CD36 expression in U937 cells. CD36 receptor down-regulation was examined as a 

potential mechanism of 7,8-dihydroneopterin-mediated reduction in intracellular oxLDL. 

3.3.1 Characterising CD36 downregulation  

There are 10 putative glycosylation sites on CD36. Not all of them are glycosylated to the same 

extent in different cell types. The glycosylated protein weight is 53kDa, while most studies 

report 71, 74, 84, 88, 95 kDa glycosylated CD36 protein. Overall, CD36 glycosylation is 

considered to be important for the protein trafficking to the plasma membrane, rather than 

ligand binding (Hoosdally et al., 2009a). Previous research on CD36 showed that the higher 

molecular weight protein (100kDa) was a mature, plasma-membrane–expressed protein 

species, while the lower molecular weight product (74kDa) was the developing glycosylated 

receptor present in the Golgi (Alessio et al., 1996a). However, Hoosdally et al. (2009) 

demonstrated that some of the non-fully glycosylated (Mr 53000) CD36 protein isoforms were 

successfully expressed on the cellular membrane. The present research focused on the 100 kDa 

CD36 protein available on the cell surface which is responsible for the uptake of oxidised lipids, 

leading to foam cell formation (Hoosdally et al. 2009). Significant downregulation of CD36 

(50-60%) was observed at 150 and 200 μm of 7,8-dihydroneopterin. However, this result varied 

in magnitude since the time-course data for 150 μm 7,8-dihydroneopterin showed a consistent 

70% decrease of the 100 kDa band. The difference in absolute values could be associated with 

the different expression levels of CD36 in macrophage cultures, as Wintergerst et al reported 

between 35 and 75% of CD36–positive cells per well on the 10th day of HMDM cell culture 

(Wintergerst et al., 1998).  

Previous studies in this lab have shown that scavenger receptor type A (SR-A) which is 

involved in the uptake of oxLDL, was not affected by 7,8-dihydroneopterin (Shchepetkina et 

al., 2017). However, the CD36 protein level was down-regulated by 7,8-dihydroneopterin 

(Amit, 2008). This effect on the CD36 protein was confirmed in the HMDM cells 

(Shchepetkina et al., 2017). The current study found that 7,8-dihydroneopterin down-regulated 

CD36 in a concentration-dependent manner, beginning at 50 μm and continuing to 200 μm in 
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U937 cells. Noticeably, the down-regulation observed here was higher in comparison to 

HMDM cells (Gieseg et al., 2010c). In terms of time, CD36 downregulation by 7,8-

dihydroneopterin, started at 2 hours and continued on to 24 hours. This rapid downregulation 

was not seen previously in HMDMs. These results confirmed that 7,8-dihydroneopterin has a 

much stronger effect on U937 cells compared to HMDMs. Some of the discrepancies could 

perhaps be attributed to the heterogeneity of primary HMDM cell preparations both in 

cholesterol processing (Kruth, 2001) and CD36 level expression (Wintergerst et al., 1998).  

These results suggest that 7,8-dihydroneopterin has a much stronger effect on U937 CD36 

expression compared to HMDMs. A possible explanation for these differences may be related 

to the inherent differences between monocytes and differentiated macrophages. Macrophages 

by nature, are a lot bigger in size and the ratio of 7,8-dihydroneopterin to cell size may need to 

be higher in order to get the same result. There could also be differences in the quantity of the 

7,8-dihydroneopterin transporters between the cell types. The differences in a receptor-ligand 

binding may account for the increased effect seen in the U937 cell line. Previous study by 

Janmale showed that in the U937 cell line, 7,8-dihydroneopterin uptake is via the equilibrate 

nucleoside transporter 2 (ENT-2), whereas in HMDMs, both ENTs and concentrative 

nucleoside transporters (CNTs) are involved (Janmale et al., 2015). In U937 monocyte like cell 

systems CD36 transcription might be more sensitive to 7,8-dihydroneopterin.  

3.3.2 CD36 downregulation by 7,8-dihydroneopterin in presence and absence of serum 

Serum consists of cytokines, proteins, chemokines and growth factors which could have an 

effect on the rate and efficiency of 7,8-dihydroneopterin uptake. Janmale (2013) showed that 

U937 uptake of 7,8-dihydroneopterin is higher in the presence of serum in the media.  To check 

if the presence of serum has an effect on the uptake, U937 cells were grown in RPMI 1640 plus 

pen/strep without serum and the uptake of 7,8-dihydroneopterin was measured. The results 

showed that serum has no effect on the CD36 downregulation by 7,8-dihydroneopterin (Figure 

3.6). These results confirmed that the stability of 7,8-dihydroneopterin to downregulate CD36 

expression remains unchanged in media with or without serum.  

3.3.3 Effect of other pteridine on CD36 

In addition to 7,8-dihydroneopterin, the effects of other six pterins the oxidised forms of 7,8-

dihydroneopterin (neopterin and 7,8-dihydroxanthopterin) on CD36 were also examined 
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(Figure 3.12). It was found that in the U937 cell line, none of the other pteridines had a 

significant effect on CD36 expression, except 7,8-dihydroneopterin. This result compared well 

with those of Shchepetkina (2013) who found that neopterin, xanthopterin and biopterin had 

no significant effect on CD36 levels in HMDM cells. This suggests a specific 7,8-

dihydroneopterin property and not a general pteridine effect is likely responsible for CD36 

downregulation.  

3.3.4 Effect of 7,8-dihydroneopterin on lipid uptake and foam cell formation 

7KC is an oxysterol that forms within the oxLDL particle. It is used as an oxLDL marker to 

measure the uptake of lipid oxides by the cells. 7,8-dihydroneopterin (200 μm) reduced the 

levels of intracellular total 7KC and subsequently oxLDL by 70% at the end of a 24-hour 

exposure (Figure 3.13). This agreed with the magnitude of inhibition observed by Gieseg et al. 

(2010a). Using DiI–labelled LDL in HMDM cells, Gieseg et al. (2010a) reported a reduction 

in the DiI–associated oxLDL as early as 3 hours after exposure. The difference in the time-

frame could either signal the 7,8-dihydroneopterin–mediated interference of DiI probe with 

oxidative stress induced by oxLDL, or the processing of DiI–labelled oxLDL in a mode that 

degrades the DiI probe. The latter is possible as some of the data presented here suggests that 

7,8-dihydroneopterin affects oxLDL processing by the cells.  

A simple explanation for this decrease in oxLDL uptake is downregulation of scavenger 

receptors of oxLDL. Previous studies in this lab explored the downregulation in uptake of 

oxLDL into the HMDM cells by 7,8-dihydroneopterin using DiI-labelled oxLDL (Gieseg et 

al., 2010a). To remove the compounding factor of cell death and lysis from the analysis, the 

concentration of oxLDL that they used was below the cytotoxic concentration (similar to the 

current research).  

Unlike the current research, the previous research showed 7,8-dihydroneopterin  had 

no significant effect on SR-A expression in HMDMs. However, the present study is in 

agreement with the significant effect of 7,8-dihydroneopterin on CD36 expression (with both 

the 83-and 100-kDa bands) in terms of concentration (Gieseg et al., 2010a). The written 

research obtained the greatest reduction of CD36 (100-kDa) with 7,8-dihydroneopterin  (200 

µM). 
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A similar magnitude (40%) of oxLDL uptake inhibition was observed by Nozaki et al. (1995) 

in macrophages of CD36 scavenger receptor-deficient patients. In contrast, Wintergerst et al. 

(2000) reported only a small inhibition (20%) of oxLDL uptake in the presence of CD36 

ligands like thrombospondin and antibodies to CD36. CD36 scavenger receptor has been 

associated with decreased uptake of modified lipoproteins (Collot-Teixeira et al., 2007; 

Silverstein et al., 2010) and implicated in oxLDL toxicity (Higashi et al., 2005; Nozaki et al., 

1995; Park et al., 2009b; Wintergerst et al., 2000b). Uptake of oxLDL by cells was upregulated 

in the presence of the nontoxic concentration of oxLDL, which could be downregulated by 7,8-

dihydroneopterin. This result clearly shows that 7,8-dihydroneopterin could inhibit foam cell 

formation through control of oxidised lipid uptake which occurs mainly through the CD36 

receptor. 

To confirm this result, cell staining with oil red-O was performed. This histological staining of 

the cells showed uptake of oxLDL by the cells. The result obviously demonstrated that 7,8NP 

could protect the cells from the uptake of oxLDL and decrease the level of foam cell formation. 

3.3.4.1 CD36 detection in plaque tissue is downregulated by 7,8-dihydroneopterin  

To confirm the cellular examination of CD36 downregulation by 7,8-dihydroneopterin, this 

chapter repeated the same experiments in plaque tissue which confirmed that like U937 cells, 

the CD36 expression is significantly decreased by incubation with 7,8-dihydroneopterin.  

However, there were several problems with the plaque tissue immune assay. The experiment 

with plaque tissue was following previous research by Janmale et al. (2015). They looked at the 

levels of neopterin and total neopterin in the different regions of the plaque. Using the same plaque 

culture method, current research detected the CD36 expression of plaque tissue. The analysis was 

then continued by measuring the effect of 7,8-dihydroneopterin on this scavenger receptor which 

was a novel experiment in this lab. However, obtaining healthy controls for live plaque tissue is 

hardly possible due to the fact that healthy tissue is generally not removed from patients. Thus, 

there was no control tissue to compare with the actual carotid plaque from patients. This study 

compared the CD36 expression in the patient plaque incubated in RPMI with 7,8-dihydroneopterin 

as the case. The plaque incubated in RPMI without 7,8-dihydroneopterin was utilized as the control 

for these experiments. 
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3.3.5 Summary 

Overall, the results here comprehensively show that 7,8-dihydroneopterin will downregulate 

CD36 in the U937 cell line at faster rate compared to HMDMs. This chapter also clarified that 

other petridins associated with 7,8-dihydroneopterin do not have any positive or negative effect 

on the CD36 expression. The 7KC analysis and Oil-Red-O staining of U937 cells illustrated 

that the effect 7,8-dihydroneopterin on CD36 downregulation leads to inhibition of foam cell 

formation. Plaque tissue immunoblotting results showed the same trend of CD36 reduction by 

7,8-dihydroneopterin. This suggests that 7,8-dihydroneopterin may have a significant effect on 

CD36 levels and oxLDL uptake within atherosclerotic plaque. 
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4 Mechanism of CD36 downregulation by 7,8-

Dihydroneopterin  

4.1 Introduction 

The previous chapter clearly illustrated that CD36 is downregulated by 7,8-dihydroneopterin 

in U937 cells. However, the mechanism of this downregulation is not well understood. This 

chapter aims to understand the biological mechanism of 7,8-dihydroneopterin on CD36 

downregulation. This might yield significant benefits for experimental medicine in the future. 

The previous study in current lab found that CD36 protein levels are under the control of PPAR-

γ, and it was suggested that 7,8-dihydroneopterin affects the transcriptional level with a 

regulatory pathway involving PPAR-γ. It was also shown that the mechanism of 7,8-

dihydroneopterin is not through phosphorylation of PPAR-γ by MAP kinase cascade (Yeandle, 

2017). This suggests that mechanism of 7,8-dihydroneopterin my be through PPAR-γ’s lipid 

ligand binding site. Previous research confirmed the downregulation of CD36 (mRNA) by 7,8-

dihydroneopterin in HMDM cells (Shchepetkina, 2013). Probably, the effect of 7,8-

dihydroneopterin on CD36 downregulation underpin the downregulation of transcriptional 

level of PPAR-g. This hypothesis was confirmed by CD36 protein expression using U937 cells 

by their incubation with the specific PPAR-γ inhibitor, GW9662. That result showed that 

inhibition of PPAR-γ leads to CD36 expression reduction in a concentration-dependent 

fashion, and it was similar to what was seen after incubation with 7,8-dihydroneopterin 

(Yeandle, 2017).  

PPAR-g is one of the main transcriptional factors that induces CD36 for multiple functions, 

such as oxLDL uptake (Chawla et al., 2001a; Moore et al., 2001; Nagy et al., 1998b; Tontonoz 

et al., 1998b). The excess of oxidised phospholipids leads to inhibit the oxLDL uptake by 

CD36. It is suggested that one or more factors such as ligands are responsible for the uptake of 

oxLDL by CD36 (Marx et al., 1998).  
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PPAR-γ has a variety of endogenous agonists such as anti-diabetic drugs (TZD family) and 

non-steroidal anti-inflammatory drugs. Once PPAR-γ is activated by the ligand, the receptor 

forms a heterodimer with RXR family members and act as a transcription factor.  

Rosiglitazone (RZG), which is in the TZD drug category, is one of the most specific synthetic 

ligands for PPAR-g. Rosiglitazone is an insulin sensitiser and the FDA approved the drug for 

type II. Rosiglitazone (BRL49653) is able to reduce the glucose levels by improving target cell 

response to insulin, without increasing the stimulation and release of insulin by the pancreatic 

beta cells. The primary role of this intracellular receptor is to regulate adipogenesis and glucose 

metabolism (Della-Morte et al., 2014). In this research, rosiglitazone was used as the PPAR-γ 

agonist or ligand to evaluate the mechanism of 7,8-dihydroneopterin to downregulate CD36 

expression.  

Platelet activating factor or PAF-like phospholipids, which is in oxLDL, is another PPAR-g 

agonist for some cellular models, including SMC proliferation and neutrophil adhesion (Heery 

et al., 1995). One such oxidatively-truncated phospholipid, azelaoyl-platelet-activating factor-

PAF (Az-PAF), derived from the linoleoyl residues oxidation, frequently enters to the 

nucleated cells and then accumulate to mitochondria which leads to the apoptotic cell death 

through mitochondrial-dependent pathway (Chen et al., 2009). The present study utilised Az-

PAF as another PPAR-γ agonist to define the mechanism of CD36 downregulation by 7,8-

dihydroneopterin. 

Lipoxygenases (LOX) or cyclooxygenases (COX) are other types of PPAR ligands that 

comprise the essential fatty acids generation. In human monocytes, 15-LOX, which is a lipid-

peroxidation enzyme that oxygenate phospholipids and free fatty acids in bio-membranes 

(Kühn, 1996; Yamamoto & Metabolism, 1992). Lipoxygenases are non-heme iron 

dioxygenases which induce molecular oxygen into polyunsaturated fatty acids for giving fatty 

acid hydroperoxides. In mammalian cells, arachidonic acid and linoleic acid are the major 

polyunsaturated fatty acid substrates for 12/15-LOX (Kühn, 1996). The oxygenated linoleic 

acid can treated monocytes form 13-HODE (Kühn, 1996); However, when arachidonic acid is 

added as the substrate, 12/15-HETE are the main products of the 12/15-LOX pathway in 

murine macrophages (Heydeck et al., 1998). It was also found that PPAR-g can be activated 

by 13-HODE when added to cells with high volume (Nagy et al., 1998b). The literature 
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suggested that PPAR-g expression in macrophages indicates the generation of PPAR-g ligands 

activation and is associated with the expression of 12/15-LO. It is shown that PPARg was also 

significantly increased by linoleic acid and arachidonic acid in murine fibroblasts that stably 

express human 15-LOX protein and demonstrate high level of enzyme activity (Benz et al., 

1995). The study shows that 15-LOX can effectively catalyse the conversion of linoleic acid 

and arachidonic acid for the PPARg ligands activation.   

LOX is a physiological and pathological enzyme that expressed in plants and animals, bacteria 

and fungus. Epidermal lipoxygenase-3 (eLOX3) in mammalian play an indispensable role in 

formation of skin barrier (Brash et al., 2007), whereas LOX enzymes in plant are involved in 

development of stress responses (Feussner & Wasternack, 2002). A distinctive characteristic 

of LOX enzymes is that the resting enzyme requires activation before catalytic reactions with 

fatty acids and molecular oxygen can begin (Ford-Hutchinson et al., 1994).  

Of all LOX enzymes, Soybean enzyme (sLOX) is mostly studies and generally considered as 

the prototypical LOX enzyme. SLOX is  good model for research on functional an structural 

properties of the homologous family of lipoxygenases (Dainese et al., 2005b). SLOX exists in 

two oxidation states of ferrous and ferric. The ferrous enzyme, which is inactive with fatty 

acids, can react with fatty acid hydroperoxides like 13S-HPODE to become the ferric enzyme 

(Schilstra et al., 1993). The ferric enzyme is involved in the catalytic activity (Schilstra et al., 

1994) and oxygenates polyunsaturated fatty acids e.g. to convert linoleic acid to 13S-

hydroperoxyoctadecadienoic acid (13SHPODE). Because the newly isolated enzyme is usually 

in the ferrous state, such a reaction with fatty acid hydroperoxides is required for the enzyme 

to enter the catalytic cycle, hence being known as the LOX activation step. In this activation 

process, as the ferric enzyme proportion gradually increases, the fatty acid oxygenation rate 

will also increase, manifesting itself in the progress curve of fatty acid oxygenation as a lag 

phase (Qian et al., 2003). Another distinctive characterization of LOX activation is that once 

the enzyme is oxidized to the ferric form, it will no longer react with fatty acid hydroperoxides 

(De Groot et al., 1975).  

This chapter aims to identify the mechanism of 7,8-dihydroneopterin induced downregulation 

of CD36 receptor. This study is focused on the oxidised ligands involvement and redox 

regulation in the activation of PPAR-γ followed by CD36 expression. 
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The first part of this chapter measures the PPAR-g protein expression and identifies if this level 

is downregulated by 7,8-dihydroneopterin. The effect PPAR-γ agonists on CD36 

downregulation by 7,8-dihydroneopterin were measured in U937 cells. This would be achieved 

by co-incubating U937 cells with synthetic PPAR-γ ligands alongside 7,8-dihydroneopterin. If 

7,8-dihydroneopterin was having its effect via preventing the oxidation of fatty acids, the 

addition of further ligands at the right concentrations should be able to overcome this effect. 

The following parts of this chapter look at the effect of 7,8-dihydroneopterin on the 

lipoxygenase enzyme activity. 
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4.2 Results 

4.3 Effect of 7,8-dihydroneopterin on PPAR-γ protein expression  

Literature explained that CD36 is under the control of a heterodimer formed between the 

nuclear receptors PPAR-γ-RXR (Han & Sidell, 2002). A kinase binding site, which is located 

on the PPAR-γ component, makes it a likely target for exploration into the 7,8-

dihydroneopterin-induced downregulation pathway. Previous research in this lab showed that 

inhibition of PPAR-g leads to CD36 downregulation (Yeandle, 2017).  

The first part of this chapter tested the effect of 7,8-dihydroneopterin on PPAR-g expression. 

This would explain that CD36 downregulation by 7,8-dihydroneopterin is through 

downregulation of PPAR-γ expression.  

U937 cells were incubated in RPMI 1640 plus FBS (5%) for 24 hours with different 

concentrations of 7,8-dihydroneopterin ranging from 0 to 250 μm. When incubation time is 

done, the cells were extracted and lysed to collect cellular protein for western blotting. 

The cell lysate was then immunoblotted over night with PPAR-γ antibody at 4oC and HRP 

antibody (secondary antibody) for 1-hour on the shaking incubator at room temperature.  Beta 

actin was used as a loading control for PPAR-γ expression measurement.  

7,8-dihydroneopterin showed no significant effect on the expression of PPAR-g (Figure 4.1). 

Results from the duplicated experiment demonstrated that PPAR-γ expression had a minor 

downregulation trend with no significant p-value. PPAR-γ protein expression was slightly and 

insignificantly reduced by 7,8-dihydroneopterin at a concentration of 200 µM (89.45% of 

control) and 250 µM (81.72% of control) (Figure 4.1). 

These novel results show that downregulation of CD36 by 7,8-dihydroneopterin is not through 

inhibition of PPAR-γ expression.  
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7,8-NP (150 µM)            0                50            100           150         200           250 

Figure 4.1 Effect of 7,8-dihydroneopterin on PPAR-γ protein expression.  U937 cells 
(0.5x106 cells/mL) were placed in suspension wells and incubated in RPMI 1640 containing 
5% FBS with increasing concentrations of 7,8-dihydroneopterin at 37°C for 24 hours. The cells 
lysate was determined by western blot for PPAR-γ protein expression. The figure shows (A) 
the statistical analysis from PPAR-γ expression normalised to β-actin and displayed as mean ± 
SEM of duplicate experiments and (B) the of western blot outcomes. The results indicated that 
7,8-dihydroneopterin had no significant effect on the PPAR-γ expression in different 
concentrations relative to controls.
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4.3.1 Effect of neopterin on PPAR-γ expression 

Neopterin, which is a member of the pteridine family, is the main oxidised product of 7,8-

dihydroneopterin. Neopterin is marker for inflammatory disease to detect the immune 

activation (Murr et al., 2002). Either 7,8-dihydroneopterin or neopterin have no effect on the 

PPAR-γ expression. 

U937 cells were incubated in RPMI 1640 and 5% FBS containing different concentrations of 

neopterin ranging from 0 to 150 μm for 24 hours. After 24 hours, the cells were extracted and 

lysed. U937 cell lysates were immunoblotted with PPAR-g antibody for overnight at 4oC 

followed by one hour incubation with HRP antibody (secondary antibody) at room temperature. 

Afterwards, the cells were extracted from the wells and lysed and immunoblotted for the CD36 

protein with β-actin as a loading control. 

The result shows no significant effect of 7,8-dihydroneopterin on PPAR-γ expression. 

Moreover, the variation of PPAR-γ expression with different concentrations of neopterin were 

less than 87.86% of control (Figure 4.2)  

These results showed that the oxidised version of 7,8-dihydroneopterin (neopterin) had no 

significant effect on the PPAR-γ protein expression. 
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Figure 4.2 Effect of neopterin on PPAR-γ protein expression.  U937 cells (0.5x106 
cells/mL) were treated with different concentrations of neopterin and incubated in RPMI-1640 
with 5% FBS at 37°C for 24 hours. The cell lysate was evaluated in order to the detection of 
CD36 protein expression by western blot analysis. The figure shows (A) the statistical analysis 
from PPAR-γ expression normalised to β-actin and displayed as mean ± SEM of duplicate 
experiments and (B) the western blot result. The results indicated that neopterin had no 
significant effect on the PPAR-γ expression in different concentrations relative to controls.
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4.3.2 Effect of DMSO on cellular viability of U937 cells 

The current research used DMSO as the solvent for PPAR-γ agonists such as rosiglitazone and 

Az-PAF. DMSO is typically used to solubilise poorly soluble drugs in permeation assays for 

cell studies. Drug study indicated that poorly-water soluble compounds are usually encountered 

with high lipophilicity (Sugano et al., 2001). DMSO is a suitable compound to increase the 

solubility but has some irremediable toxic effects (Yamashita et al., 2000). It is partly soluble 

in both aqueous and organic media (Stammati et al., 1997). However, DMSO was shown to 

interact with the metabolism and membrane of cells, leading to severe cell damage (Brayton, 

1986). Different results have shown that the amount of DMSO sufficient to the different cell 

lines is variable. Previous studies have demonstrated that 5% DMSO can be used in cell culture 

experiments and does not affect the membrane integrity of intestinal tissue (Watanabe et al., 

2000). In intestinal permeation assays with the CaCo-2 enterocyte-like cell line, the maximal 

final DMSO concentration is 1% of final concentration (Irvine et al., 1999). Moreover, an older 

investigation showed that DMSO could also affect the apparent permeability of lipophilic 

compounds either under or overestimating their permeability across artificial membranes  

(Sugano et al., 2001). It was attempted to use the lowest concentration of DMSO to avoid any 

cell damage.  

To determinate the maximal concentration usable for the experiments, the toxicity effect of 

DMSO on U937 cells was examined by exposing the cells to different percentages of DMSO 

for 24 hours. U937 cells were cultured in 24 well plates for evaluation of DMSO toxicity. The 

assessment of the cytotoxic effects of DMSO was carried out using the MTT assay. U937 (0.5 

x106 cells/mL) were incubated with RPMI 1640 and different concentrations of DMSO 

solutions (less than 5%) in 24 well plates. DMSO significantly decreased U937 cell viability, 

in terms of concentration-dependent manner with MTT assay and the result showed that 1% 

DMSO does not affect the cellular viability of U937 cells (Figure 4.3). 

The result showed that DMSO at a concentration of more than 1% could damage the cells and 

decrease cellular viability. Viable cells were statistically reduced by 94%, 85.8% and 75% of 

control at up to 5% of DMSO concentration (ANOVA, p<0.001) (Figure 4.3).  
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Figure 4.3 Effect of DMSO toxicity on U937 cell viability by MTT assay.  U937 cells 
(0.5×106 cells/mL) were incubated at 37°C in RPMI and 5% FBS with increasing 
concentrations of DMSO for 24 hours in 24 well suspension culture plates. Cell viability is 
determined using the MTT assay. Cells were incubated with 100 μL MTT reagent at 37°C for 
2 hours. Purple crystals were formed and were dissolved in 1 mL 10% SDS. Absorbance was 
recorded using Agilent UV–Visible Spectrophotometer at 570 nm wavelength. Data are 
expressed as the percentage of living cells in control samples. Results are shown in mean± 
SEM (n=3). Statistical significance (one-way ANOVA, Sidak’s multiple comparison tests) is 
represented by cell only control vs DMSO treatments. Significant levels are indicated as (**), 
p < 0.01 (***) p < 0.001, (****), p <0.0001. 

4.3.3 Effect of DMSO on U937 cells morphology 

The present study also determined the effects of DMSO on the morphology of cells under 

predetermined concentrations (0.1 to 20%). The morphological shape of U937 cells was 

captured after cell treatment with DMSO concentration ranging from 0.1% to 10% with 

multiple experiments.  U937 cells were incubated with RPMI 1640 and increasing 

concentrations of DMSO at 37°C for 24 hours (Figure 4.4).   

The circular shape of the cells shrunk, the cellular membrane looked distorted and cell debris 

was detected. These morphological changes appear to be the characteristics of apoptotic cell 

death. The results demonstrated that U937 cell survival was not altered by 1% DMSO, although 
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this concentration rarely reduced the number of cells. No significant changes in cell 

morphology were noted in the low concentration. Concentrations above 2% DMSO decreases 

the U937 cellular morphology and population (Figure 4.4). In the experiment with PPAR-γ 

agonists, DMSO is widely used to dissolve the agent and the equal amount of DMSO is applied 

to each sample to balance the effects of DMSO as a dissolving agent. Based on these findings, 

it was concluded that DMSO could produce detrimental effects on the cellular morphology and 

cellular viability of U937 cells and needed to be controlled. 
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Figure 4.4 Morphological changes of U937 cells after low concentration treatment of 
DMSO.  U937 cells (0.5×106 cells/mL) were grown in RPMI 1640 and serum on cell 
suspension plate in the presence of different concentrations of DMSO ranging from 0 to 5% 
for 24 hours. Photos were taken using a digital camera. Cells with distorted cellular membranes 
were observed with increasing DMSO concentration over 1%. The images were taken using a 
LEICA DMIL microscope with a LEICA DFC290 camera.
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According to the major effects of DMSO to the cells, it should be emphasized that the culture 

without a dissolving agent was used as a negative control, as the effect of DMSO can be falsely 

attributed to the agents applied (Figure 4.5).  

  
Negative control Positive control 

Figure 4.5 Positive and negative control of DMSO in U937 culture. U937 cells (0.5x106) 
were treated in RPMI-1640 with DMSO concentrations of 0% and 0.1% at 37°C of 24 hours. 
Cellular morphologies were viewed in cell culture plates through an inverted microscope (20x 
magnification). The images were taken using a LEICA DMIL microscope with a LEICA 
DFC290 camera.   

4.3.4 Activation of PPAR-γ by rosiglitazone  

Rosiglitazone is one of the most important ligands for PPAR-γ (Govindarajulu et al., 2018; 

Hsu & Chi, 2014; Lecka-Czernik et al., 2007). The present study also used rosiglitazone agonist 

to measure PPAR-γ activation in the presence of 7,8-dihydroneopterin. 

4.3.4.1 Effect of rosiglitazone on U937 cell viability 

The cytotoxicity of rosiglitazone on U937 cells was examined by exposing the cells to different 

concentrations of rosiglitazone ranging from 0 to 20 μm in non-phenol red RPMI-1640. 

Rosiglitazone was dissolved in DMSO and was added to the cell culture with a final DMSO 

concentration of 0.1%. Using the PI assay, the cell viability was determined after 24 hours of 

incubation at 37°C. The result showed that rosiglitazone concentrations above 15 µM can 

induce significant cell viability loss. 15 and 20 μm of rosiglitazone reduced cell viability of 

U937 cells by approximately 75% and 70% of the control, respectively (Figure 4.6).  
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Morphological changes in U937 cells after rosiglitazone treatment was also examined. 

Microscopic images demonstrated that no significant cell morphological change was observed 

at 5 and 10 μm rosiglitazone. However, cell size was increased noticeably by 15 and 20 µM 

concentration of rosiglitazone (Figure 4.7). This result agreed with the previous research on 

type 2 diabetes mellitus (T2DM) which found that rosiglitazone treatment increases the size 

and reduces the proportion of large adipose cells (Eliasson et al., 2014).  

 

Figure 4.6 U937 cell viability loss occurs with increasing rosiglitazone concentration. 
U937 cells (0.5x106 cells/mL) were incubated in RPMI 1640 with increasing concentrations of 
rosiglitazone (dissolved in 0.1% DMSO) for 24 hours at 37°C in in 24 well suspension culture 
plates. Cell viability was determined using PI–Flow cytometry assay. Data are expressed as a 
percentage of total cell count in cell control only samples. Results are shown in mean ± SEM 
of technical replicates from a representative experiment. Statistical significance (two-way 
ANOVA, Sidak’s multiple comparison tests) is indicated by PI negative cell-only control vs. 
PI-negative rosiglitazone treatments. Significance levels are shown as (****), p < 0.0001. 
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Figure 4.7 Effect of rosiglitazone (µM) on cellular viability using PI. U937 cells (0.5x106) 
were treated with concentrations between 0-10 μm rosiglitazone at 37°C over 24 hours in 
RPMI-1640. Cellular morphologies were viewed in tissue culture plates through an inverted 
microscope (20x magnification). The images were taken using a LEICA DMIL microscope 
with a LEICA DFC290 camera. The red arrow showes the increased size of cells in expose to 
rosiglitazone.  
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The U937 cell viability was then repeated with lower concentrations of rosiglitazone at 2, 4, 6, 

8 and 10 μM. The concentration lower than 10 μM had no significant effect on the U937 cell 

viability (Figure 4.8) and cell morphology (Figure 4.9).  

 

Figure 4.8 U937 cell viability by rosiglitazone lower than 10 µM.  U937 cells (0.5 X 106 
cells/mL) were incubated in RPMI 1640 containing 5% FBS and increasing concentrations of 
rosiglitazone for 24 hours in 24 well suspension culture plate at 37°C. Cell viability was 
determined using the PI–Flow cytometry assay. Data are expressed as a percentage of total cell 
count in cell control only samples. Results are shown as mean ± SEM of technical replicates 
from a representative experiment. Statistical significance (two-way ANOVA, Sidak’s multiple 
comparison tests) is indicated by PI negative vs. PI-positive. 
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Figure 4.9 Effect of rosiglitazone concentration on U937 cells morphology after 24 hours. 
Images of U937 cells (0.5x106 cells/mL) after incubation with different concentrations of 
rosiglitazone (2-10 µM) at 37°C for 24 hours. Cells were observed in tissue culture plates using 
inverted microscope (10x magnification). The images were taken using a LEICA microscope 
with a LEICA DFC290 camera.  
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4.3.4.2 Effect of rosiglitazone concentration on CD36 expression  

The literature reports a large range of rosiglitazone concentrations used in different cell lines. 

In order to obtain the right concentration of rosiglitazone to use with the U937 cell line, the 

cells were incubated with different concentrations of rosiglitazone ranging from 0 to 8 μm at 

37oC for 24 hours. Rosiglitazone was added to cell culture (dissolved in DMSO) and the final 

DMSO concentration was 0.1%. At the 24-hour time point, the cells were extracted and lysed. 

The cell lysate was then immunoblotted with the CD36 antibody and β-actin was used as a 

loading control (Figure 4.10).  

The result shows that rosiglitazone significantly upregulates CD36 protein level. Upregulation 

of CD36 was observed at 4 μm rosiglitazone with CD36 expression found to be at 118% of 

control. However, 2 µM of rosiglitazone did not induce CD36 protein expression significantly. 

CD36 expression was increased further at 8 μm to 170% of control. Significant increase (52%) 

were also observed between 4 µM and 8 µM concentrations (Figure 4.10). Due to the 

morphological effect of 10 µM rosiglitazone on U937 cellular viability, the experiment was 

not continued with doses of rosiglitazone higher than 8 µM. The strength of this 

downregulation showed that rosiglitazone significantly increases CD36 protein expression. 

The result showed that 8 µM was the most appropriate concentration to be used for further 

experimentation due to its significant effect. 
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Figure 4.10 CD36 upregulation by rosiglitazone concentration.  U937 cells (0.5x106 
cells/mL) were treated with different concentrations of rosiglitazone and incubated at 37°C for 
8 hours in RPMI-1640 using suspension well plates. The cell lysate was evaluated in order to 
detect the expression of CD36 protein using western blot analysis. The figure shows A) the 
statistical analysis from CD36 expression normalised to β-actin and displayed as mean ± SEM 
of duplicate experiments and B) Western blot gel shows that rosiglitazone increase CD36 
expression.
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4.3.4.3 Effect of rosiglitazone on CD36 expression in relation to time 

Once the right concentration of rosiglitazone for CD36 upregulation was confirmed, different 

time courses were performed to investigate the most effective incubation time for U937 cells 

with rosiglitazone. For this purpose, U937 cells were incubated in RPMI 1640 with 5% FBS 

over an 8-hour time course. Rosiglitazone was dissolved in DMSO, and the final DMSO 

concentration was 0.1%. After incubation, cell lysate was immunoblotted with CD36. β-actin 

was used as a loading control. 

During incubation, the cells were extracted from the wells at 0, 2, 4, 6 and 8 hours and lysed in 

the presence of protease inhibitor. The cell lysate was kept at -80oC until analysis. When the 

time course was done the cell lysate was immunoblotted for the CD36 protein using β-actin 

(loading control). 

Upregulation was observed beginning at 2 hours with CD36 expression found to be at 119.47% 

of control. CD36 expression then continued to increase over time, with respect to the control, 

with 132.61% at 4 hours, 142.32% at 6 hours and 152.78% at 8 hours. Change compared to 

control was significant at all time points and 24 hours being the most significant time point 

(Figure 4.11). Significant changes were also seen between 2 and 8 hour. The results suggest 

that CD36 is upregulated within the first 2 hours of incubation with rosiglitazone but continues 

on to some extent to the 8 hour time point. The result demonstrated that in the U937 cell line, 

the most appropriate incubation time for rosiglitazone to increase CD36 expression is 8 hours. 
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Figure 4.11 CD36 upregulation by rosiglitazone concentration.  U937 cells (0.5x106 
cells/mL) were treated with 8 µM rosiglitazone and incubated at 37°C for over hours in RPMI-
1640 using suspension well plates. The cell lysate was evaluated in order to detect the 
expression of CD36 protein using western blot analysis. The figure shows A) the statistical 
analysis from CD36 expression normalised to β-actin and displayed as mean ± SEM of 
duplicate experiments and B) western blots result shows that rosiglitazone increases the CD36 
expression by the time (from 0 to 8 hours) relative to controls. 
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4.3.4.4 Effect of rosiglitazone on CD36 downregulation by 7,8-dihydroneopterin 

Previously we found that 7,8-dihydroneopterin decreases CD36 expression with respect to time 

and concentration. One obvious system to investigate would be the involvement of oxidised 

ligands and redox regulation in PPAR-γ activation and CD36 transcription. This section aimed 

to evaluate the functional effect of PPAR-γ ligand on CD36 downregulation by 7,8-

dihydroneopterin. The appropriate dose and incubation time of rosiglitazone agonist were used 

to measure the functional effect of PPAR-γ ligand on 7,8-dihydroneopterin-induced 

downregulation of CD36. 

To achieve this, U937 cells were pre-incubated with 7,8-dihydroneopterin (150µM) for 8 hours 

and post-incubated with 8μm rosiglitazone for another 16 hours. The cells were incubated in 

24 well cell suspension well plates in RPMI 1640 with phenol red and 5% of FBS at 37°C. The 

control consisted of cell-only and vehicle control consisted of the cell with 0.1% DMSO (0.1% 

DMSO was used in all other treatments). After the 24 hours incubation, the cells were extracted 

from the wells at 0, 6, 12 and 24 hours and lysed in the presence of protease inhibitor. The cell 

lysate was kept at -80oC until analysis. The frozen cell lysate was immunoblotted for the CD36 

protein using β-actin as a loading control. 

Figure 4.12 clearly shows that CD36 expression is decreased by 150 µM of 7,8-

dihydroneopterin (64% of control) and increased by 8µM of rosiglitazone (123% of control) 

after 24 hours incubation. The downregulation of CD36 by 7,8-dihydroneopterin was reversed 

to 116% of control by the addition of rosiglitazone (8µM). Upregulation of CD36 expression 

in the presence of both 7,8-dihydroneopterin and rosiglitazone proved the hypothesis. PI 

analysis also evaluated and showed no significant change in the U937 cell viability during the 

experiment (Figure 4.13). 

The results suggest 7,8-dihydroneopterin is decreasing the intracellular concentration of 

PPAR-g ligands by rosiglitazone binding to PPAR-γ. 
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Figure 4.12 Upregulation of CD36 expression by rosiglitazone in terms of time  U937 cells 
(0.5x106) were treated with 8uM of rosiglitazone between 0-8 hours at 37°C in RPMI-1640. 
A) Results are displayed as mean ± SEM (n=3) , representative of three separate experiments. 
B) the western blot gel from CD36 expression with tratements relative to controls. 
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Figure 4.13 Cellular viability of U937 exposed to rosiglitazone and 7,8-dihydroneopterin. 
U937 cells (0.5x106) were treated with different treatments at 37°C for 24 hours in RPMI-1640. 
Cell viability was measured by PI and the data were expressed as a percentage of the respective 
cell only (control). 
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4.3.5 Activation of PPAR-γ by Az-PAF 

To confirm the previous findings with rosiglitazone, the study was performed using another 

PPAR-γ agonist, Az-PAF. 

4.3.5.1 Effect of Az-PAF on U937 cell viability 

First, cell toxicity of Az-PAF was measured by PI assay. Cell viability in response to different 

doses of Az-PAF was examined using PI assay. The U937 cells were treated with up to 2.5 μm 

of Az-PAF at 37°C over 24 hours in non-phenol red RPMI-1640. Az-PAF was dissolved in 

DMSO (final DMSO concentration was 0.04%).  

Az-PAF treatment with concentrations of 1 to 2.5 µM significantly reduced the cell viability 

of U937 cells at 24 hours producing the optimal effect (P<0.01). The PI results show that Az-

PAF decreases the cell viability of U937. Concentrations higher than 1µM are toxic to the U937 

cells (Figure 4.14 A). 

Morphology and population of the cells were observed in tissue culture plates using an inverted 

microscope (20x magnifications), and images taken using a microscope with a camera. 

Morphological changes in U937 cells after Az-PAF treatment were also examined (Figure 4.14 

A). According to the control cells, U937 cells should have round and spherical ball shape, 

which is the classic morphology of U937 cells. However, U937 cells treated with Az-PAF (1-

2.5 µM) showed significant morphological changes. U937 cells treated with Az-PAF appeared 

egg-shaped and marginally enlarged compared to control cells. Az-PAF at concentrations of 1 

to 2.5 μm caused the cells to enlarge with bleb formation, which was detectable after 24 hours 

of treatment. The cellular membranes looked distorted and disrupted, and cell debris and 

apoptotic cells were detected. A number of cells were also found detached and floating in the 

medium. These morphological changes appeared to be characteristics of necrotic cell death. 

The concentration of less than 1 µM Az-PAF was not toxic so was suitable for the experiment 

on U937 cells.  



Chapter 4 Mechanism of CD36 downregulation by 7,8-Dihydroneopterin 
 

113 
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1 µM 2 µM 2.5 µM 

 
Figure 4.14 Toxicity of Az-PAF to U937 cells.  U937 cells (0.5x106) were treated with 
increasing concentrations of Az-PAF at 37°C over 24 hours in RPMI-1640. A) Cells were 
observed in tissue culture plates by inverted microscope (20x magnification) after 24hours. 
Images were taken using a LEICA DMIL microscope with a LEICA DFC290 camera. U937 
morphological changes were observed by Az-PAF over 2 µM. B) Cell viability was measured 
by PI assay and the data was expressed as a percentage of the cell only (no treatment). Results 
are displayed as mean ± SEM (n=3). Significance levels are indicated as: (**) p < 0.01 (****) 
p < 0.0001.
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4.3.5.2 7,8-dihydroneopterin inhibit the necrotic cell death caused by Az-PAF 

The previous result showed that Az-PAF caused a concentration-dependent cell viability loss 

of the U937 cells. The effect of 7,8-dihydroneopterin on the overall cell viability loss induced 

by Az-PAF in U937 cells was determined in order to investigate the protective role of 7,8-

dihydroneopterin on U937 cells against Az-PAF. The U937 cells were incubated with different 

concentrations of Az-PAF (0-2.5 µM) along with 7,8-dihydroneopterin (150 µM) for 24 hours. 

Using the PI assay, it was found that 7,8-dihydroneopterin displayed a small effect in protecting 

the cells against Az-PAF toxicity at high concentrations (2 to 2.5 µM) (Figure 4.15 A) 

compared to the cells without 7,8-dihydroneopterin (Figure 4.14). U937 cells with Az-PAF (0-

2.5 µM) in the presence of 7,8-dihydroneopterin (150 µM) also showed a lower cellular damage 

(Figure 4.15 B). This result indicated that 7,8-dihydroneopterin (150µM) can inhibit necrotic 

changes that corresponded to Az-PAF concentrations (above 1 µM) in the U937 cells (Figure 

4.15 B). 
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Figure 4.15 Toxicity of Az-PAF to U937 cells in presence of 7,8-dihydroneopterin (150 
µM) U937 cells (0.5x106) were treated with increasing concentrations of Az-PAF at 37°C over 
24 hours in RPMI-1640 with 150 µM 7,8-dihydroneopterin. A) Cell viability was measured by 
PI assay and the data was expressed as a percentage of the cell only. Results are displayed as 
mean ± SEM (n=3). Significance levels are indicated as: (***) p < 0.001, (****) p < 0.0001. 
B) U937 cells were observed in tissue culture plates by inverted microscope (20x 
magnification) after 24hours. Images were taken using a LEICA DMIL microscope with a 
LEICA DFC290 camera. U937 morphological changes were observed by Az-PAF over 2.5 
µM. 
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Figure 4.16 shows the comparison between U937 cell viability after incubation with az-PAF 
concentrations in the presence and absence of 7,8-dihydroneopterin after 24 hours. PI-positive 
cell viability with Az-PAF (2.5 µM) was 49% in the presence and 61% in the absence of 7,8-
dihydroneopterin. No significant level was obtained between the PI-positive of cells in the 
presence and absence of 7,8-dihydroneopterin. This observation suggested that 7,8-
dihydroneopterin may have a protective effect on the U937 cells against toxicity of Az-PAF 
(Figure 4.16).  

 

Figure 4.16 The effect of 7,8-dihydroneopterin (150 µM) on the cell viability loss by 
concentrations of Az-PAF to U937 cells. U937 cells (0.5x106) were treated with increasing 
concentrations of Az-PAF at 37°C over 24 hours in RPMI-1640 with or without 150 µM 7,8-
dihydroneopterin. Cell viability was measured by PI assay and the data was expressed as a 
percentage of the PI-positive from cellular viability of U937 cells incubated with Az-PAF in 
presence and absence of 7,8-dihydroneopterin. 
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4.3.5.3 Effect of Az-PAF concentrations on CD36 expression with time 

In order to obtain the most suitable concentration of Az-PAF to enhance CD36 expression, 

U937 cells were incubated with different concentrations of Az-PAF ranging from 0 to 1000 

nM at 37°C for 24 hours. Az-PAF was added to the cell culture, dissolved in DMSO, and the 

final DMSO concentration was 0.04%. Cell viability was determined by PI assay. At the 24-

hour time point, the cells were extracted and lysed. The cell lysate was then immunoblotted 

with CD36 antibody and β-actin was used as a loading control.  

The results show that Az-PAF significantly upregulates CD36 protein expression (Figure 4.17). 

Upregulation of CD36 was observed beginning at 0.1 μm Az-PAF with CD36 expression found 

to be 114.80% of control. The expression then increased further at concentrations of 0.3, 0.5 

and 1 µM (118.76%, 134.46% and 230.61% of control respectively). Significance was 

observed at all four data points, with the highest level of significance occurring at 1 μm. 

Significant changes were observed between 0.3 to 1 µM and 0.5 to 1 µM concentrations. The 

strength of this upregulation showed that Az-PAF significantly increases the CD36 protein 

expression (Figure 4.17). 

The result showed that the concentration of 1 µM Az-PAF was the most appropriate 

concentration to use in further experimentation due to its significant effect. 
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Figure 4.17 Upregulation of CD36 expression by Az-PAF in terms of concentration.  U937 
cells (0.5x106 cells/mL) were incubated with Az-PAF concentrations from 0.1 to 1 µM and 
incubated at 37°C for 24 hours in RPMI-1640 using suspension well plates. The cell lysate was 
evaluated in order to detect the expression of CD36 protein using western blot analysis. The 
figure shows A) results displayeed as mean ± SEM of triplicated experiments. B) the western 
blot from CD36 expression with concentrations of Az-PAF relative to control (0 µM Az-PAF).
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4.3.5.4 Effect of Az-PAF on CD36 expression in terms of time 

Once the right concentration of Az-PAF for CD36 upregulation was confirmed, different time 

courses were performed to investigate the most effective incubation time for U937 cells with 

Az-PAF. For this purpose, U937 cells were incubated in RPMI 1640 with 5% FBS serum over 

8-hour time course. Az-PAF was dissolved in DMSO, and the final DMSO concentration was 

0.04%. After incubation, the cell lysate was immunoblotted with CD36. β-actin was used as a 

loading control. 

During incubation, the cells were extracted from the wells at 0, 2, 4, 6 and 8 hours and lysed in 

the presence of protease inhibitor. The cell lysate was kept at -80oC until analysis. The cells 

then were lysate and immunoblotted for the CD36 protein with β-actin (loading control). 

At the beginning of the incubation (2 hours), a slight downregulation of CD36 expression was 

observed with 88.96% of control. CD36 expression then continued to decrease over the 4 hour 

time point (83.19% of control respectively). However, upregulation of CD36 started after 6 

hours incubation (104.42% of control). This upregulation continued and was significant at 8 

hours (188.35% of control) (Figure 4.18). 

Change compared to the control was significant at all time points. The most significant 

incubation time for CD36 to be upregulated by Az-PAF was 8 hours in U937 cells. Significant 

changes were also seen between 8 hours compared to the other time points (Figure 4.18). The 

results suggest that Az-PAF can almost double the upregulation of CD36 expression at 8 hours 

in comparison to the control. 

The result demonstrated that for the U937 cell line, the most appropriate incubation time tested 

for Az-PAF to increase CD36 expression is 8 hours. 
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Figure 4.18 Upregulation of CD36 expression by Az-PAF by time.  U937 cells (0.5x106 
cells/mL) were treated with 1 µM concentrations between (1-8 hours) and incubated at 37°C 
for 24 hours in RPMI-1640 using suspension well plates. The cell lysate was evaluated to detect 
the expression of CD36 protein using western blot analysis. The figure shows A) results 
displayeed as mean ± SEM of triplicated experiments. B) the western blot gel from CD36 
expression with Az-PAF in 8 hours relative to control (0 hour).
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4.3.5.5 Effect of Az-PAF on CD36 downregulation by 7,8-dihydroneopterin 

To confirm the mechanism of CD36 downregulation by 7,8-dihydroneopterin, the same 

experiment with rosiglitazone was repeated with another PPAR-γ agonist Az-PAF. 

To achieve this, U937 cells were pre-incubated with 7,8-dihydroneopterin (150uM) in RPMI 

1640 with 5% FBS for 16 hours and post-incubated with 1 μM Az-PAF for another 8 hours at 

37°C. Cell with 0.04% DMSO was used as the control. The cells were extracted from the wells 

at 24 hours and lysed in the presence of protease inhibitor. The cell lysate was kept at -80oC 

until analysis. The frozen cell lysate was immunoblotted for the CD36 protein with β-actin 

used as a loading control. 

The experiment clearly shows that CD36 expression is decreased by 150 µM of 7,8-

dihydroneopterin (54% of control) after 24 hours and increased by 1µM of Az-PAF (143% of 

control) in 8 hours incubation. The downregulation of CD36 by 7,8-dihydroneopterin was 

reversed to 172% of control by the addition of 1µM of Az-PAF (Figure 4.19). The strength of 

the upregulation was higher than the rosiglitazone result at 8µM and proved the hypothesis. 

There was no change in cellular viability during the experiment for any of the treatments 

(Figure 4.20). 

7, 8-dihydroneopterin has its downregulates effect on CD36 by preventing the oxidation of 

fatty acids because the addition of further ligands at the right concentrations overcome this 

effect. The PPAR-γ inhibitor or knockout experiments already proved our hypothesis (Yandel 

2016). The experimental results suggest that 7,8-dihydroneopterin is preventing the formation 

of a ligand which binds to PPAR-γ. The addition of Az-PAF or rosiglitazone upregulate the 

PPAR-γ leading to CD36 expression. 
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Figure 4.19 Effect of 7,8-dihydroneopterin on the CD36 upregulation by Az-PAF.  U937 
cells (0.5x106 cells/mL) were pre-incubated with 7,8-dihydroneopterin (150 µM ) for 16 hours 
and another 8 hours with 1 μm of Az-PAF and incubated at 37°C in RPMI-1640 using 
suspension well plates. The cell lysate was evaluated to detect the expression of CD36 protein 
using western blot analysis.  The figure shows A) results displays as mean ± SEM of triplicated 
experiments B) western blot of CD36 expression with Az-PAF and 7,8-dihydroneopterin 
relative to control (cell only). 
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Figure 4.20 Cellular viability of U937 exposed to Az-PAF (1µM) and 7,8-
dihydroneopterin (150µM).  U937 cells (0.5x106 cells/mL) were pre-incubated with 7,8-
dihydroneopterin (150 uM ) for 16 hours and another 8 hours with 1 μm of Az-PAF and 
incubated at 37°C in RPMI-1640 using suspension well plates. Cell viability was measured by 
PI and the data were expressed as a percentage of the cell only.
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4.3.6 Mechanism of 7,8-dihydroneopterin downregulation of CD36 by inhibition of 

Lipoxygenase enzyme activity 

The first stage of this section is to measure the activity of a soybean lipoxygenase (sLOX) and 

to optimise the enzymatic activity and the speed of LOX with the linoleic substrate with respect 

to kinetic parameters. The main aim of this section was to measure the effect of 7,8-

dihydroneopterin on LOX activity.  

4.3.6.1 Lipoxygenase enzyme activity  

Lipoxygenases (LOXs) are enzymes in the arachidonic acid pathway, which catalyse 

peroxidation of polyunsaturated fatty acids. Several lipoxygenases (Sadeghian & Jabbari, 

2016) were found in mammals mainly in humans, and their metabolites include many 

substances with high biological activity. Lipoxygenases are potential targets for therapies 

against atherosclerosis and have become of interest due to their role in the development of 

atherosclerosis (Mogul & Holman, 2001). LOXs are present in a wide range of biological 

organs and tissues, especially in grain legume seeds and potato tubers (Casey, 1998). Soybean 

is among the most characterized plant LOX from which commercial soybean LOX (sLOX) is 

produced.  

4.3.6.2 Linoleic acid, a sufficient substrate to activate the LOX enzyme  

Using sLOX the main aim of this section was to measure the effect of 7,8-dihydroneopterin on 

the LOX enzyme activity which is one of the main inducers for PPAR-γ activation. This section 

also measured sLOX activity in presence of oxidized products of 7,8-dihydroneopterin.  

Using the spectrophotometric assay of the enzyme, the LOX activity was measured at 234 nm 

wavelength in the presence and absence of 7,8-dihydroneopterin. The assay, used in the study, 

was based on the 15-Lipoxygenase (15-LOX) catalysed reaction between oxygen and a 

polyunsaturated fatty acid with a 1,4-diene-type structure. The formation of a conjugated 

double bond system leads to an increase in absorbance at 234 nm, and this increase is used for 

quantification of the reaction product and subsequently for following the peroxidation reaction. 

15-lipoxygenase from soybeans («Lipoxidase»; Sigma, St.Louis, MO, USA; No. L-7395) is 

not identical to the mammalian one, but there is sufficient correlation between values for 
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enzyme inhibition with the two enzymes (Nuhn et al. 1991; Gleason et al. 1995; Lapenna et al. 

2003). 

First, to find the most appropriate concentration of enzyme-substrate, different concentrations 

of the substrate were used with 50 U/mL of the enzyme (recommended concentration in the 

manufacturer protocol) for a 5-minute time course over an hour. The results show the 

concentration of substrate above 250 µM significantly activates the enzyme (Figure 4.21). For 

the highest amount of substrate (1000 µM), LOX enzyme activity (50 U/mL) increased rapidly 

within 20 minutes and plateaus after 25 minutes. The result showed the concentrations of 25, 

50 and 100 µM of the substrate were not enough to activate the LOX enzyme. The rate of LOX 

enzyme activity with the substrate in terms of different concentration suggested that an 

incubation time that is lower than 20 minutes provides enough kinetic activity to measure 

changes in enzyme activity (Figure 4.21). 

 

 

Figure 4.21 Lipoxygenase enzyme activity with different concentrations of LA substrate. 
Relationship between the initial rate of the lipoxygenase reaction with 50 U/mL concentration 
and different linoleate concentrations ranging from 25 µM to 1000 µM were used in each assay. 
The change in sLOX enzyme activity was measured by absorbance at 234 nm using the 
spectrophotometer. Data is mean ± SEM (n=3).
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4.3.6.3 Lipoxygenase activity in different concentrations 

In order to clarify the final concentration of substrate enzyme, the experiment was repeated 

with 500 µM LA and two different candidate concentrations of sLOX enzyme (20 and 50 

U/mL). The blank cuvette (control) was prepared by adding 900 µL of reaction mix plus 100 

µL of chelexed PBS, mixed and inverted. To conduct the sample preparation, 900 µL of 

reaction mix plus 20 and 50 μL working stock of the enzyme plus other modifiers were added 

to the cuvettes. All samples volume was adjusted to 1000 μL with chelexed PBS. Absorbance 

was measured at 234 nm over 10 minutes at 37°C. The concentration is determined by its 

absorbance at 234 nm. 

The results showed that the mean of enzyme activity (20 U/mL) steadily increased (1% for 

every minute).  The linear analysis showed that the sLOX activity is upregulated rapidly in 10 

minutes incubation. However, the sLOX enzyme with 50 U/mL demonstrated 4.8 times higher 

activities than 20 U/mL at a 10-minute time point (57.9%). The enzyme activity were increased 

dramaticaly at each time poits (Figure 4.22). 

The results suggest that both 50 and 20 U/mL concentrations of sLOX activates with 500 µM 

of LA substrate. However, the rate of LOX activity with 50 U/mL was almost 5 times higher 

than 20 U/mL of the enzyme. 

 
Figure 4.22 The calibration curve of LOX enzyme activity with LA (500µM) and as the 
substrate.  The rate of the LOX activity was measured with 20 U/mL and 50 U/mL 
concentration and LA (500 µM). The data shows the linear regression analysis. Data is mean 
± SEM (n=3). 
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4.3.6.4 Inhibition of LOX activity by 7,8-dihydroneopterin  

Different concentrations of 7,8-dihydroneopterin were added to the LOX. The blank cuvette 

(control) was prepared by adding chelexed PBS, mixing and inverting it. To conduct the sample 

preparation of LA which was prepared in the reaction mix plus 50 µL of working stock of the 

enzyme was added to the cuvettes. All samples volumes were adjusted to 1000 μL with PBS. 

Absorbance was measured at 234 nm over 1 hour at 37°C.  

The results from 10 and 30 minutes incubation indicated the significant effect of 7,8-

dihydroneopterin on the sLOX activity. The enzyme activity started at the first minute 

(mean=6.1) and this activity continuously increased between 8-9 times higher per minute. This 

noticeable activity of sLOX was inohibited by different concentrations of 7,8-dihydroneopterin 

(Figure 4.23 A and B). 7,8-dihydroneopterin at 25 µM concentration could decreased sLOX 

activity from 76.7 to 37.1 at 10 minutes. sLOX activity rapidly decreased with increasing 

concentrations of 7,8-dihydroneopterin where 100 µM almost stopped the enzyme activity 

(mean=1.28) (Figure 4.23 A). 

The experiment then repeated in longer time point with higher concentrations of 7,8-

dihydroneopterin (50 to 250 µM). The data showed 7,8-dihydroneopterin at 100 µM 

significantly inhibits sLOX activity (100-250 µM) has the same effect as 100 µM (Figure 4.23 

B). 

Other experiments were performed to measure the effect of 7,8-dihydroneopterin (100 µM) on 

the activity of sLOX with different concentrations (20 U/mL and 50U/mL). The result 

demonstrated that 100 µM of 7,8-dihydroneopterin significantly inhibited the sLOX activity 

from the first minute. This analysis was conducted in short and long time (Figure 4.23 C and 

D). The concentration of dienes formed was calculated by absorbance at 234 nm with different 

concentrations of 7,8-dihydroneopterin (Figure 4.23 E). 

These data are from several experiments in various time courses by freshly prepared enzyme-

substrate mixture in the same condition. 
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A)                                                                             B) 

 
C)                                                                       D) 

 
                                    E 

 

Figure 4.23 Inhibitory effect of 7,8-dihydroneopterin on LOX enzyme activities. sLOX 
(20 U/mL) was incubated with substrate and various concentrations of 7,8-dihydroneopterin at 
room temperature for A) 10 minutes B) 30 minutes. Enzyme activity of sLOX in presence of 
7,8-dihydroneopterin (100 µM) was measured by absorbance at 234 nm using the 
spectrophotometer of room temperature for C) 10 minutes and D) 60 minutes. E) The bar chart 
shows the dienes formation decrease per minute by concentrations of 7,8-dihydroneopterin. 
Data are presented as the mean (n=3). 
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4.3.6.5 Effect of dihydroxanthopterin and neopterin on LOX activity 

As described previously (chapter 1), 7,8-dihydroneopterin could be oxidised to 7,8-

dihydroxanthopterin (7,8-DXP) or neopterin. The effect of these oxidation products on CD36 

was established to determine if 7,8-dihydroneopterin alone was responsible for sLOX activity 

inhibition. Neopterin slightly decreased LOX activity, whereas 7,8-DXP had no effect on 

sLOX activity. Overall, neither 7,8-DXP nor neopterin oxidation products appear to be 

responsible for the 7,8-dihydroneopterin-mediated reduction in LOX activity (Figure 4.24). 

  
A) B) 

  
C) D) 

Figure 4.24 Effect of neopterin and dihydroxanthopterin on LOX activity.  Enzyme 
activity of sLOX was measured in presence of oxidised versions of 7,8-dihydroneopterin. Data 
are recorded by absorbance at 234 nm using the spectrophotometer from enzyme activity with 
100 µM dihydroxanthopterin from A) single experiment and B) triplicated experiments. Data 
are also recorded from the enzyme activity with neopterin C) (100 µM) single experiment and 
D) triplicated experiments. Data is mean ± SEM (n=3).
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4.4 Discussion 

4.4.1 Mechanism of CD36 downregulation by 7,8-dihydroneopterin through  PPAR-γ 

ligand activation.  

This chapter has been designed to explore the mechanistic pathways of CD36 downregulation 

by 7,8-dihydroneopterin. One distinct system to investigate was the involvement of oxidised 

ligands and redox regulation in PPAR-γ activation and CD36 transcription. This investigation 

was achieved by the co-incubation of U937 cells with synthetic PPAR-γ ligands alongside 7,8-

dihydroneopterin. If 7,8-dihydroneopterin was exerting its effect via preventing the oxidation 

of fatty acids, the addition of ligands of PPAR-g should be able to overcome this effect.  

Shchepetkina (2013) reported that CD36 is under the control of the transcriptional system. 

While CD36 mRNA levels were not explored in this current research an impact on CD36 

protein expression was thought likely to be the result of the 7,8-dihydroneopterin effect. This 

is due to research previously undertaken in the Free Radical Laboratory which showed that 

incubation with 7,8-dihydroneopterin significantly reduced the expression of CD36 mRNA in 

HMDM cells, pointing to an effect on CD36 transcriptional control (Shchepetkina, 2013).  

Studies have shown that CD36 transcription is under the control of PPAR-γ (Han & Sidell, 

2002; Tontonoz et al., 1998). This was confirmed in U937 cells via their incubation with the 

specific PPAR-γ inhibitor GW9662 (Yandel 2017). This research found that inhibition of 

PPAR-γ decreased CD36 expression levels in a concentration-dependent manner which agrees 

with previous literature (Chen, Li, Wang, Wen, and Sun, 2009). Lee et al. (2009) also reported 

that resisting up-regulation of CD36 mediated by PPAR-γ was rescued by incubation with 

GW9662, and Flores et al. (2016) demonstrated that CD36 and PPAR-γ stimulated with the 

ligand 15d-PGJ2 could be inhibited by GW9662. 

To determine if the CD36 downregulation is due to the inhibition of PPAR-γ expression, the 

effect of 7,8-dihydroneopterin concentrations on PPAR-γ protein expression was measured. 

These novel outcomes showed no significant value of the PPAR-γ protein expression by the 

antioxidant 7,8-dihydroneopterin. The unchanged levels of PPAR-γ in U937 cells after 

treatment confirmed that CD36 downregulation by 7,8-dihydroneopterin is not through PPAR-

γ expression inhibition. The experiment was also conducted with an oxidised product of 7,8-
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dihydroneopterin, neopterin, to assess the effect on PPAR-γ expression. The result showed no 

positive impact of neopterin on PPAR-γ expression. 

Using different PPAR-γ agonists, this research aimed to explore one of the possible 

mechanisms of 7,8-dihydroneopterin to downregulate CD36 expression through the PPAR-γ 

transcription factor.  

DMSO was used as the solubilising agent for rosiglitazone and Az-PAF. This compound is one 

of the most appropriate solvents to dissolve polar and nonpolar substances and transpose 

hydrophobic barriers. However, some DMSO concentrations could influence lymphocyte 

activation and present anti-inflammatory effects (de Abreu Costa et al., 2017). Therefore, this 

study also evaluated the effect of DMSO on the U937 cells viability, and morphological 

modifications. Results demonstrate that not only the cell number (Figure 4.3), but also the 

cellular shape of U937 cells are susceptible to damage (Figure 4.5 Figure 4.4) by the high 

concentrations of DMSO (> 1%). However, the hemolytic concentration of DMSO is 

controversial, varying mainly according to the experimental conditions adopted. 

Rosiglitazone is a treatment for insulin insensitivity and anti-inflammatory effects (Miller et 

al., 2011). Rosiglitazone was used to determine the mechanism of 7,8-dihydroneopterin 

downregulation of CD36  through synthetic PPAR-γ ligands. The addition of rosiglitazone 

reversed the downregulation of CD36 by 7,8-dihydroneopterin. The appropriate concentration 

of rosiglitazone for U937 cells was defined 8-10µM. The higher concentrations were extremely 

toxic to the cells and changed cellular morphology.  

It was then evaluated whether rosiglitazone, known to promote CD36 expression via activation 

of the nuclear receptor PPAR-γ (Olagnier et al., 2011), could reverse the downregulation of 

CD36 receptor induced by 7,8-dihydroneopterin. The novel outcome illustrated that the 

potential mechanism of 7,8-dihydroneopterin to downregulate CD36 is via PPAR-γ ligand 

generation. 

This finding was confirmed using another PPAR-γ agonist, Az-PAF. PAF-like phospholipids 

are high-affinity ligands and agonists for PPAR-γ, inducing expression of CD36 in primary 

human monocytes (de Assis et al., 2003). The current study showed that CD36 expression is 

increased by Az-PAF in a time and concentration-dependent manner. Tontonoz et al. (1998a) 
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have demonstrated that PPAR-γ ligands induce morphological changes and have a tendency to 

adhere to the culture dish and lipid droplet accumulation in the cytoplasm of a monocyte cell 

line. In this context, we considered that PAF-like phospholipids and PPAR-γ agonists present 

in the phospholipid fractions of oxLDL might induce U937 cellular morphology and viability 

with consequences to arachidonate metabolism. This research found that Az-PAF damaged 

cellular viability and morphology. The results with Az-PAF agreed with previous outcomes 

with rosiglitazone and 7,8-dihydroneopterin with more significant outcomes. 

Interestingly, during the cellular viability analysis, the toxicity effects of Az-PAF on U937 

cells was inhibited by 7,8-dihydroneopterin. This novel result showed another antioxidative 

effect of 7,8-dihydroneopterin on U937 cells against toxicity effect of Az-PAF (Figure 4.15). 

This study demonstrated that 7,8-dihydroneopterin inhibited the necrotic cell death caused by 

Az-PAF.  

Az-PAF could also overcome the downregulation of CD36 receptor which was induced by 7,8-

dihydroneopterin. These novel outcomes clarify that the potential mechanism of 7,8-

dihydroneopterin to downregulate CD36 is via PPAR-γ ligand activation. 

4.4.2 7,8-dihydroneopterin downregulation of CD36 through inhibition of the LOX 

enzyme activity  

Lipoxygenases (LOXs) are common enzymes that catalyse aerobic stereospecific oxidation of 

PUFAs with Z,Z-pentadienyl fragment (Peters-Golden & Brock, 2003). As key players in the 

formation of various physiologically active compounds, LOXs are in the centre of lipid 

signalling pathways that regulate cell metabolism and apoptosis (Phillis et al., 2006). 

Overproduction of certain LOX metabolites has shown to be associated with stroke (Jatana et 

al., 2006), myocardial infarction (Rossoni et al., 1996), ischemia and/or post-ischemic 

inflammatory response (CHU et al., 2007; van Leyen et al., 2006) arthritis (Araico et al., 2007; 

Klickstein et al., 1980), inflammation (Federico et al., 2007; Steinhilber, 1999), and many other 

diseases and pathological states. Therefore, LOXs are justifiably among the most important 

targets for designing selective and safe inhibitors suitable for clinical use. A large number of 

LOX inhibitors had been reported in literature (Sadeghian & Jabbari, 2016). The inhibitory 

effect of 7,8-dihydroneopterin on LOX enzyme activities is novel in this present research.  
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One of the remarkable parts of this chapter was to explore if 7,8-dihydroneopterin can inhibit 

LOX enzyme activity. The kinetic measurement was conducted using sLOX as the enzyme and 

linoleic acid (LA) as the typical natural substrate of LOX. sLOX is used widely used as a model 

for studying the structural and functional properties of the homologous family of lipoxygenases 

(Dainese et al., 2005a). The LA substrate is also the specific natural substrate of sLOX. 

7,8-dihydroneopterin could be oxidised to 7,8-dihydroxanthopterin (7,8-DXP) or neopterin. 

The effect of these oxidation products on CD36 was established to determine if 7,8-

dihydroneopterin alone was responsible for the LOX activity inhibition. Neopterin slightly 

decreased the LOX activity, whereas 7,8-DXP had no effect on it. Overall, neither 7,8-DXP 

nor neopterin oxidation products could be responsible for the 7,8-dihydroneopterin mediated 

reduction in the CD36 levels. 

4.5 Summary  

This chapter explored the mechanistic pathways of CD36 downregulation by 7,8-

dihydroneopterin. One distinct system to investigate this was the involvement of oxidised 

ligands and redox regulation in PPAR-γ activation and CD36 transcription. The unchanged 

levels of PPAR-γ in U937 cells after treatment confirmed that CD36 downregulation by 7,8-

dihydroneopterin is not through PPAR-γ expression inhibition. Using different PPAR-γ 

agonists (rosiglitazone and Az-PAF), this research found that the mechanism of 7,8-

dihydroneopterin to downregulate CD36 expression is through reducing PPAR-γ ligand 

generation.  

The last remarkable finding of this chapter was that 7,8-dihydroneopterin can inhibit LOX 

enzyme activity which is one of the main stimulators for PPAR-γ. Data also showed that 

oxidation products of 7,8-dihydroneopterin were not involved in this reduction. 
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5 Effect of 7,8-dihydroneopterin on the CD36 modulators  

5.1 Introduction 

One of the critical processes that occur during atherosclerosis is the death of macrophage cells 

in response to oxidation of LDL, the leading cholesterol carrier in the circulation (Moore & 

Tabas, 2011a). Macrophages participate in the clearance of damaged host molecules, which 

include oxLDL. OxLDL is toxic to cells, possesses pro-inflammatory properties and is 

abundant inside developing atherosclerotic lesions (Berliner & Heinecke, 1996; Steinberg & 

Witztum, 2010; Ylä-Herttuala et al., 1989). Many studies have investigated oxLDL-induced 

toxicity to macrophage cells, yet certain aspects of the process are not entirely understood 

(Hessler et al., 1983; Hodis et al., 1994; Wintergerst et al., 2000a). Macrophages uptake the 

oxLDL by cell surface receptors called scavenger receptors. CD36 is the scavenger receptor 

that is commonly associated with oxLDL-induced cytotoxicity and cell death (Collot-Teixeira 

et al., 2007). OxLDL binding to CD36 has been described as a trigger for cascade signalling 

that results in the production of ROS and oxidative stress (Park et al., 2009a). This also affects 

the intracellular redox balance, which leads to the oxidative modification of key cellular 

enzymes, followed by changes in cell metabolism and ultimately cell death (Katouah, 2012; 

Sukhanov et al., 2006). In U937 and HMDM cells, oxLDL triggers NADPH oxidise activation 

with glutathione (GSH) oxidation (Shchepetkina et al., 2017). Previous studies have shown 

that 7,8-dihydroneopterin protects macrophage cells from oxLDL-induced cell death by 

scavenging the intracellular oxidants (Baird et al., 2005a; Gieseg et al., 2010a).  

IFN-γ also reduces the uptake of LDL and the accumulation of cholesteryl ester in human 

macrophages via scavenger receptors, although the mechanisms are not well clarified (Geng & 

Hansson, 1992). Human studies showed that IFN-γ and oxLDL are both present in 

atherosclerotic lesions (Itabe et al., 1994), and these factors may have interactions with 

macrophages in order to regulate the formation of foam cells. IFN-γ has complex effects on the 

proliferation of vascular SMC in vitro. IFN-γ has various effects on cells that are involved in 

atherogenesis (Yokota et al., 1992).  
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One possible effect of IFN-γ might be through the CD36 scavenger receptor. Earlier studies 

demonstrated the structure of the human CD36 promoter contains two known consensus 

sequences encoding regions that are thought to be affected by IFN-γ regulatory elements and 

suppressing CD36 expression in HMDM cells (Armesilla & Vega, 1994). The other study also 

showed that CD36 is downregulated by IFN-γ in HMDM cells (Nakagawa et al., 1998).  

The downregulation of cholesterol 27-hydroxylase by IFN-γ in macrophages usually decreases 

cholesterol efflux through ABCA1 (Reiss et al., 2001).  ABCA1, which is a membrane 

transporter protein from the ABC family, widely supports the prevention of atherosclerosis. 

Regulation of CD36 and ABCA1 plays a critical role to balance lipid intake and efflux in 

macrophages (Adorni et al., 2007; Isoviita et al., 2010; Yvan-Charvet et al., 2007). OxLDL 

uptake by CD36 that leads to toxic cholesterol overload is prevented by ABCA1 (Rahaman et 

al., 2006). Cholesterol efflux is critical for maintaining homeostasis since most cells in the 

periphery of the body do not express pathways for cholesterol catabolism. The efflux process 

is necessary because the cholesterol overloading by macrophages and foam cell formations in 

the arterial wall leads to the development of atherosclerotic plaques (Moore et al., 2013). 

Appropriate cholesterol acceptors are required for efflux to proceed in the extracellular 

medium. This role is fulfilled by HDL, which are particles in plasma and lymph. High levels 

of HDL cholesterol in plasma can decrease the risk of CVD (Miller, 1987). 

HDL anti-inflammatory functions modulate the cellular cholesterol efflux (Yvan-Charvet et 

al., 2010a) and regulate hematopoiesis (Westerterp et al., 2014). The initial step to reverse 

cholesterol transport is free-cholesterol efflux from plasma cell to HDL, and four efflux 

pathways have been identified (Adorni et al., 2007). HDL contains molecular layers of 

phospholipids, cholesterol esters, triglycerides and apolipoproteins (Phillips, 2013). 

Phospholipids enable HDL to dissolve and transfer the free-cholesterol in the cells. HDL anti-

atherogenic properties can reverse cholesterol transport of the lipoprotein and mediate 

cholesterol removal from lipid-loaded macrophages. Finally, HDL transports cholesterol from 

the artery wall to the liver for catabolism and elimination from the body (Rosenson et al., 2012; 

Rothblat & Phillips, 2010). 

This chapter aims to discuss the effect of 7,8-dihydroneopterin on the critical CD36 regulatory 

modulators such as oxLDL, IFN-γ and ABCA1 transporter cassette. The preliminary part of 
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this chapter evaluates the effect of 7,8-dihydroneopterin on CD36 expression by oxLDL. The 

research then continues to illustrate the effect of 7,8-dihydroneopterin on the intracellular 

oxLDL toxicity by TBARS assay. This study aims to evaluate whether IFN-γ suppresses CD36 

protein expression in human U937 cells and if the addition of 7,8-dihydroneopterin could have 

any significant effect on the process. Finally, this chapter measures if 7,8-dihydroneopterin can 

have any effect on ABCA1 protein expression for lipid efflux. 

5.2 Results 

5.2.1 Toxicity effects of oxLDL on the U937 cells 

In this section, the loss in cell viability induced by oxLDL in U937 cells was measured using 

the PI assay. U937 cells were incubated in serum-free media (RPMI 1640 without phenol red) 

with increasing concentrations of oxLDL (0.05 to 1.0 mg/mL) at 37°C under standard 

incubation time of 24 hours. Cell viability was measured using PI-flow cytometry assay. Cell 

morphology was assessed using an inverted light microscope. Control cells appeared round and 

circular in shape, which is a standard feature of U937 cells (Figure 5.1). Cells were treated and 

incubated with increasing concentrations of oxLDL up to 1 mg/mL oxLDL. 

Cellular morphology was significantly changed by the increasing concentration of oxLDL. The 

cell shape was modified to a foamy appearance along with disruption of internal organelles. 

However, cells treated with oxLDL (0.5 mg/mL or above) indicated cell debris and distorted 

cell membranes, causing significant damage to their cell membranes and loss of cellular 

contents which are some common characteristics of necrotic cell death (Figure 5.1). OxLDL 

concentrations from 0.2 to 1.0 mg/mL reduced U937 cell viability significantly and with 0.2 

mg/mL oxLDL, the number of negatively stained cells reduced by 40.37% compared to the 

control. The LC50 concentration obtained was 0.2 mg/mL, and the cell death percentage also 

elevated with increasing oxLDL concentrations (PI-positive cells).  

PI-negative plus PI-positive cells always added up to a value lower than 100% due to the 

significant number of cells that had completely lysed to become cellular debris, which appear 

as neither the PI negative nor the PI-positive population.  
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The AccuriTM C6 flow cytometer has a built-in volume meter system allowing reasonable and 

accurate cell counts. There is large variability in the level of toxicity to U937 cells between 

different batches prepared. The toxicity of each batch prepared was tested to determine the 

median lethal dose (LD50), and this concentration was used in subsequent experiments. In 

some rare situations, the oxLDL toxicity was above 0.5 mg/mL. Later, it was also confirmed 

that the oxLDL toxicity varied within few weeks to few months which was shown by previous 

work (Cross, 2016). The exact reason for this variability in toxicity is currently unknown but 

it is not due to varying levels of 7-ketocholesterol (Rutherford & Gieseg, 2012).  
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0 mg/mL 0.05 mg/mL 

  
0.1 mg/mL 0.2 mg/mL 

  
0.5 mg/mL 1 mg/mL 

Figure 5.1 Effect of oxLDL toxicity on U937 cell morphology.  U937 cells (0.5 X 106 
cells/mL) were incubated in RPMI 1640 and 5% FBS with increasing concentrations of Cu-
oxLDL for 24 hours in 24 well suspension culture plates at 37°C. Cells were examined in situ 
using an inverted microscope (20x magnification) after 24 hours of incubation with increasing 
oxLDL range. Images were captured using a Leica C-Mount camera and processed using Leica 
Application suit software.  
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A) 

 

 
B) 

 

 

Figure 5.2 Effect of oxLDL toxicity on U937 cell viability by PI Flow cytometry.  U937 
cells (0.5 x 106 cells/mL) were incubated at 37°C in RPMI 1640 and increasing concentrations 
of Cu-oxLDL for 24 hours in 24 well suspension culture plates. Cell viability was determined 
using the PI–Flow cytometry assay. Data are expressed as a percentage of total cell count in 
cell control only samples. Results are shown in mean ± SEM of mean values from (A) a single 
batch of oxLDL and (B) combined mean values from three different experiments with different 
batches of oxLDL. Statistical significance (two-way ANOVA, Sidak’s multiple comparison 
tests) is indicated by PI negative cell-only control vs. PI-negative oxLDL treatments. 
Significance levels are shown as (***), p < 0.001 (****), p < 0.0001.

0.0 0.1 0.1 0.2 0.3 0.4 0.5 1.0

0

50

100

150

oxLDL (mg/ml)

Ce
ll 

vi
ab

ili
ty

 %
 o

f c
on

tro
l

PI Negative PI Positive

****
****

****
************

****
****

Ce
ll 

vi
ab

ili
ty

 %
 o

f c
on

tro
l

0.0 0.0
5 0.1 0.2 0.5 1.0

0

50

100

150
PI Negative PI Positive

oxLDL (mg/mL)

***

***
***



Chapter 5 Effect of 7,8-dihydroneopterin on the CD36 modulators 
 

140 
 

5.2.2 CD36 upregulation by oxLDL 

CD36 is upregulated by oxLDL in some cell types. To test whether oxLDL (non-toxic 

concentration; 0.1 mg/mL) increases CD36 in the U937 cell line, cells were incubated in RPMI 

1640 and 5% FBS and 0.1 mg/mL of oxLDL over a 24-hour time course. During incubation, 

the cells were extracted from the wells at 0, 6, 12 and 24 hours and lysed in the presence of 

protease inhibitor. The cell lysate was kept at -80oC until the day of analysis. Once the time 

course was completed, the cell lysate was then immunoblotted for the CD36 protein with β-

actin used as a loading control.   

Up-regulation was observed beginning at 6 hours with CD36 expression (126.56% of control). 

CD36 expression then continued to increase at both 12 and 24 hour time points (180.39 and 

199.86% of control, respectively) (Figure 5.3). Change compared to control was significant at 

12 and 24 hours, almost double the volume amount of control at 24 hours. The results suggest 

that CD36 upregulation occurs rapidly within the first six hours of incubation with oxLDL, but 

continues to some extent to the 24 hour time point. The result confirmed that CD36 expression 

is upregulated by oxLDL. This result agreed with the research that investigated the induction 

of oxLDL on CD36 protein/mRNA expression (Han et al., 1997). 
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Figure 5.3 Effect of nontoxic concentration of ox-LDL on the CD36 expression.  The U937 
cells were incubated in RPMI 1640 plus FBS (5%) and ox-LDL (0.1 mg/mL) at 37°C for 24 
hours. The cells were extracted from the wells at 0, 6, 12 and 24 hour time points and lysed in 
the presence of a protease inhibitor. The cell lysate was kept at -80oC until analysis. Once the 
time course was complete, the cell lysate was immunoblotted for the CD36 protein with β-actin 
used as a loading control. Results are displayed as A) mean ± SEM (n=4). Data are expressed 
as a % of the respective control (0 hours) and significance is indicated from this control. 
Significance levels are: (**) p ≤ 0.01 and (***) p ≤ 0.001. B) Results from western blot shows 
CD36 expression increased by oxLDL (0.1 mg/mL) over time compared to the control (0 
hours).
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5.2.3 Effect of 7,8-dihydroneopterin on CD36 upregulation by oxLDL 

In order to measure the effect of 7,8-dihydroneopterin on the CD36 upregulation by oxLDL, 

U937 cells were pre-incubated in RPMI 1640 plus FBS (5%) and 7,8-dihydroneopterin for 24 

hours. The cells were then washed and post incubated for another 24 hours in the same 

conditions with or without oxLDL. The cells then were washed two times with PBS and lysed 

by Triton buffer in the presence of protease inhibitor. These cell were lysed and immunoblotted 

for CD36 and β-actin was used as a loading control.  

The addition of a non-toxic amount of oxLDL (0.1 mg/mL) caused a 60% increase in CD36 

levels compared to control as previously seen in Figure 5.4 The addition of 200µM 7,8- 

dihydroneopterin inhibited this oxLDL-induced increase, returning the CD36 levels to near 

control values (105% of control). Apart from downregulating basal levels of CD36, 7,8-

dihydroneopterin also inhibits oxLDL-induced increase in CD36. 

Microscopic images after cell incubation with 7,8-dihydroneopterin and oxLDL showed no 

morphological changes in U937 cells (Figure 5.5). 
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Treatments Control          oxLDL       7,8-NP         oxLDL+7,8-NP       

Figure 5.4 Effect of 7,8-dihydroneopterin on CD36 upregulation by oxLDL.  U937 cell 
(0.5x106 cells/mL) were pre-incubated with or without 7,8-dihydroneopterin (200μm) for 24 
hours in RPMI and 5% FBS, washed and post-incubated in the same conditions with or without 
0.1 mg/mL of oxLDL for another 24 hours. The cells were extracted and lysed in the presence 
of protease inhibitor from the wells at 24 hours. CD36 protein expression was assessed by 
western blot. A) Results were normalised to β-actin and displayed as mean ± SEM of triplicate 
experiments. Data are expressed as a % of the respective control (cell only control), and 
significance is indicated from this control. Significance levels are: (**) p ≤ 0.01, and (****) p 
≤ 0.0001. Upregulation of CD36 by oxLDL was downregulated by 7,8-dihydroneopterin with 
significance value (***) p ≤ 0.001 B) Western blots shows that CD36 expression is upregulated 
by oxLDL and this upregulation is downregulated by 7,8-dihydroneopterin (200 µM). 
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Control Cell+7,8-NP 

  
Cell+ oxLDL Cell+ oxLDL+7,8-NP 

Figure 5.5  U937 cell morphology when exposed to oxLDL and 7,8-dihydroneopterin.  
U937 cell (0.5x106 cells/mL) were pre-incubated for 24 hours in RPMI 1640 plus 5% FBS with 
or without 7,8-dihydroneopterin (200μm), washed and post incubated with the same conditions 
with or without 0.1 mg/mL of oxLDL for another 24 hours. The cells were viewed in situ using 
an inverted microscope (20x magnification) after 24 hours incubation with or without oxLDL 
(0.1 mg/mL). Images were captured and processed using a LEICA camera and software.
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5.2.4 Effect of 7,8-dihydroneopterin mediated-down-regulation of CD36 on oxLDL 

toxicity 

The CD36 downregulation resulted in a decrease in oxLDL uptake measured as 7-

ketocholesterol accumulation (chapter 3).  

In order to check if the CD36 downregulation can protect the U937 cells from death by oxLDL, 

the cells were incubated with or without 7,8-dihydroneopterin (200µM)  in RPMI 1640 and 

FBS (5%) for 24 hours at 37°C.  A set of the cells were washed, lysed and western blotted 

(Lane 1&3: Figure 5.7). Cells were incubated again with or without oxLDL (0.1 mg/mL) in 

RPMI 1640 for 6 hours as being sufficient exposure time for ox-LDL to induce cellular death 

(Shchepetkina et al., 2017). At 6 hours, another set of the cells were washed, lysed and western 

blotted with CD36 and b-actin (Lane 2&4: Figure 5.7). The oxLDL was then removed and the 

cells were incubated for other 18 hours and the cell viability was measured by MTT assay 

(Figure 5.6). 

7,8-NP                                                           oxLDL            Fresh medium   

     
                                                                             Wash            Wash                              MTT 

Figure 5.6 Experiment diagram.  The experiment had been designed to test the significance 
of 7,8-dihydroneopterin mediated CD36 down-regulation in the context of oxLDL toxicity to 
U937 cells.  

 

-24h                                                                 0h                  6h                                  24h 
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CD36 was downregulated (27% of control) by 7,8-dihydroneopterin after 24 hours of 

incubation (lane 3). The down-regulated CD36 was recovered (55% of control) after 7,8-

dihydroneopterin removal and  6 hours of oxLDL incubation (lane 4) (Figure 5.7). 

Less oxLDL was taken up by the U937 cells in presence of 7,8-dihydroneopterin, which 

reduced the  CD36 levels, but it could not inhibit the cytotoxic effect of oxLDL. The results 

from MTT assay showed no significant effect of 7,8-dihydroneopterin on the U937 cell 

viability loss by oxLDL concentrations (Figure 5.9).  

Overall, these results showed the CD36 downregulation cannot protect the cells from oxLDL 

toxicity. 

Microscopic images were taken before cell lysis for western blot analysis. The images showed 

that the cellular morphology remained unchanged with any experiments with 

7,8dihydroneopterin and oxLDL (Figure 5.8).  
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B) 
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β-actin 

 
 Lanes             1                    2                      3                      4 

Figure 5.7 CD36 recovery after 7,8-dihydroneopterin pre-treatment occurs at 6 hours.  
U937 cells (5x106 cells/mL) were treated without (Lanes 1 and 2) or with (lanes 3 and 4) 7,8- 
dihydroneopterin for 24 hours and the CD36 levels were measured (lanes 1 and 3). The cells 
then were washed and incubated for further 6 hours with varying concentrations of oxLDL. 
The levels of CD36 in the cells with 0.1 mg/mL treatment were measured (lanes 2 and 4) with 
lane 4 being the cells pre-treated with 7,8-dihydroneopterin. A) Results were normalised to β-
actin and displayed as mean ± SEM (n = 3). Data are expressed as a % of the respective control 
(cell only control), and significance is indicated from this control. Significance levels are: (*) 
p ≤ 0.05, and (**) p ≤ 0.01. B) Western blots shows CD36 expression upregulation by oxLDL 
and downregulated by 7,8-dihydroneopterin (200 µM). 
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Lane 1 Lane 2 

  
Lane 3 Lane 4 

Figure 5.8 U937 cellular morphology from experiment 5.2.4 at 0 hours. Using an inverted 
microscope (20x magnification) after 24 hours incubation with various oxLDL concentrations. 
Images were captured by a LEICA camera and processed by Leica Application suit software. 
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Figure 5.9 Down-regulation of CD36 by 7,8-dihydroneopterin does not protect U937 cells 
from oxLDL toxicity.  U937 cells (0.5x106 cells/mL) in the whole medium were pre-treated 
with or without 7,8-dihydroneopterin (200 μm) for 24 hours at 37°C. The cells were then 
exposed to concentrations of oxLDL for 6 hours, washed and incubated in the fresh medium 
for another 18 hours. Cellular viability was assessed via MTT reduction at the end of the 24 
hour period post-oxLDL addition and expressed as a percentage of the untreated control. 
Results are showed as mean ± SEM of the experiment (two-factor ANOVA). 
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5.2.5 Effect of 7,8-dihydroneopterin on the lipid peroxidation  

Using the TBARS assay, we measured the potential effect of 7,8-dihydroneopterin on 

intracellular lipid oxides in U937 cells. This experiment can confirm the effect of 7,8-

dihydroneoptrin on LOX activity enzyme activity. Using the TBARS assay, lipid peroxidation 

can be monitored. TBARS is a modified version of the method that is described previously 

(Draper et al., 1993). The method relies on the ability of TBA and the MDA lipid 

hydroperoxide break-down product to readily react, with pink TBA-MDA adduct that is 

fluorometrically detectable by HPLC.  

The cells were incubated in RPMI 1640 including FBS (5%) with or without oxLDL (0.1 

mg/mL) in the presence or absence of 7,8-dihydroneopterin (150µM) at 37°C for 24 hours. The 

cells then were washed two times with PBS and analysed with the TBARS assay by HPLC 

lipid analysis. 

The cellular protein was measured using BSA assay and the data was analysed by the total 

amount of intracellular TBARS per mg cells. The results from multiple experiments (n=4) 

showed 17% of intracellular lipid oxides in control cells was doubled (34%) in the cells 

incubated with oxLDL (Figure 5.10). The addition of 7,8-dihydroneopterin to the cell with 

oxLDL reduced the amount of oxidised lipid inside U937 cells.   

The mechanism by which 7,8-dihydroneopterin decreased the intracellular lipid oxides is not 

clear. It is likely that simply the reduction in CD36 levels reduced the oxLDL uptake though 

the decrease seems greater than expected, when compared to the effect on 7KC uptake showing 

the CD36 downregulation. 

Microscopic images showed unchanged U937 cell morphology before TBAR assay Figure 

5.11).  



Chapter 5 Effect of 7,8-dihydroneopterin on the CD36 modulators 
 

151 
 

A) 

 

 

B) 

 

 

Figure 5.10 Effect of 7,8-dihydroneopterin on the lipid peroxidation using TBARS assay.   
U937 cells (0.5x106 cells/mL) were incubated for 24 hours in RPMI plus 5% FBS with or 
without 7,8-dihydroneopterin (200 µM) and oxLDL (0.1 mg/mL) at 37°C. Samples were 
removed and analysed for the TBARS levels related to U937 cells. The micro-molar value 
refers to the original cell concentration. Significance is indicated as mean ± SEM (n=3) (A) a 
single experiment, and (B) data analysed of four separate experiments.
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Control Cell+7,8-NP 

  
Cell+ oxLDL Cell+ oxLDL+7,8-NP 

Figure 5.11 U937 cell morphology on exposure to oxLDL and 7,8-dihydroneopterin from 
TBARS assay.  U937 cell (0.5x106 cells/mL) was pre-incubated for 18 hours in RPMI plus 
5% FBS serum and 7,8-dihydroneopterin (200μm), washed and post incubated with the same 
condition plus 0.1 mg/mL of oxLDL for over 6 hours. The cells were viewed in situ using an 
inverted microscope (20x magnification) after 24 hours incubation with various oxLDL 
concentrations. Images were captured using a LEICA camera and processed by LEICA 
application.
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5.2.6 Effect of 7,8-dihydroneopterin on the formation of protein hydroperoxide in U937 

cells 

To check whether 7,8- dihydroneopterin would reduce the basal levels of lipid oxidation in the 

cells perhaps by inhibiting lipoxygenase, U937 cells were incubated with concentrations of 

7,8-dihydroneopterin (up to 250 µM) in RPMI 1640 including 5% FBS for 24 hours at 37°C. 

The level of oxidation observed by TBARS assay was not significantly different from 50 to 

200 µM of 7,8-dihydroneopterin. Lipid oxide levels dropped significantly with a 7,8-

dihydroneopterin concentration of 250 µM in basal cellular epoxides (Figure 5.12). This 

reduction might be due to the inhibitory effect 7,8-dihydroneopterin on lipoxygenase. 

 

Figure 5.12 Effect of 7,8-dihydroneopterin on the formation of protein hydro-peroxide in 
U937 cells U937 cells (0.5x106 cells/mL) were incubated at 37°C for 24 hours in RPMI plus 
5% FBS with increasing concentrations of 7,8-dihydroneopterin (0 to 250 µM). Samples were 
removed and analysed for the level of TBARS associated with U937 cells. After 24 hours, 
samples were analysed for TBARS. Significance is indicated by 250μm 7,8-dihydroneopterin 
treatment with p value (****). Results are indicated as mean ± SEM of triplicates from a single 
experiment.
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5.2.7 Effect of 7,8-dihydroneopterin on ABCA1 transporter cassette 

As described in chapter 4, CD36 expression via PPAR-γ ligands increase the uptake of oxLDL. 

In fact, these lipid loaded macrophages are then transported by transporter cassette which are 

available on the surface of macrophages. It has been indicated that ABCA1 transporter cassette 

is highly expressed in lipid-loaded macrophages (Klucken et al., 2000; Moore & Tabas, 2011a; 

Venkateswaran et al., 2000b) and plays a pivotal role in cellular cholesterol efflux (Chawla et 

al., 2001b; Klucken et al., 2000; Moore & Tabas, 2011a; Venkateswaran et al., 2000b). Loss-

of-function mutations in the ABCA1 gene result in cholesterol accumulation in macrophages 

(Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Rust et al., 1999). ABCA1 gene mutations 

can cause the Tangier disease that is determined by tagging the cholesterol accumulation in 

macrophages and other reticuloendothelial cells (Bodzioch et al., 1999; Brooks-Wilson et al., 

1999; Rust et al., 1999).  

Hence, ABCA1 is a promising therapeutic target for the prevention of atherosclerosis. The 

current research hypothesized that 7,8-dihydroneopterin may induce ABCA1 expression. 

To measure the potential effect of 7,8-dihydroneopterin on the expression of ABCA1, U937 

cells were incubated in RPMI-1640 with 5% FBS and different concentrations of 7,8-

dihydroneopterin for 24 hours. The cells were then washed two times with PBS and lysed by 

triton buffer in the presence of protease inhibitor. These cell lysates were kept at -80oC until 

analysis. On the day of analysis, cell lysates were immunoblotted for ABCA1 and β-actin was 

utilised as a loading control. Both visual and numerical data are presented in (Figure 5.13).  

The results showed a trend of increasing ABCA1 expression by 7,8-dihydroneopterin 

concentration from 0 to 250 µM. However, variations of the results from 2 different 

experiments were considerably high. The mean percentage of the ABCA1 showed no 

significant value (Figure 5.13). The overall increase was seen at the highest concentration of 

7,8-dihydroneopterin (250 µM) and was only 13% above control which is extremely small 

compared to the effect on CD36.
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B) 
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β-actin 
 

7,8-NP (µM) 0                 50             100             150           200           250 

Figure 5.13 Effect of 7,8-dihydroneopterin on ABCA1 expression.  U937 cells (0.5x106 
cells/mL) were incubated with 7, 8-NP concentrations (up to 250 µM) and incubated at 37oC 
over a 24-hour time course in RPMI-1640 with FBS (5%). The cell lysate was evaluated to 
detect the expression of CD36 protein using western blot analysis. A) β-actin was used to 
normalise the CD36 expression results which displayed as the mean ± SEM of n=3 
experiments. Data are displayed as a % of the respective control (U937 cell only). B) Western 
blots shows 7,8-dihydroneopterin has no significant effect on ABCA1 expression compared to 
controls.
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5.2.8 Effect of IFN-γ on CD36 expression  

One of the inflammatory factors to regulate CD36 expression is IFN-γ. Strong evidence showed 

the significant role of IFN-γ in the induction and development of atherosclerosis (Owens et al., 

2004; Rong et al., 2003). IFN-γ alters the accumulation of cholesterol in macrophages and 

induces the formation of foam cells which leads to atherosclerotic plaque formation, and finally 

rupture. IFN-γ signalling regulates the metabolism of lipids in macrophages that results in the 

upregulation of scavenger receptor expression impeding reverse cholesterol transport, thus 

increasing lipid overload and foam cell formation (Kzhyshkowska et al., 2012). The expression 

of CD36 on endothelial cells increases in a time and dose-dependent manner by IFN-γ (Scheers 

et al., 2018; Swerlick et al., 1992). Previous literature illustrated that IFN-γ decreased the LDL 

uptake and accumulation of cholesterol ester in human macrophages by scavenger receptors, 

though the mechanisms were not clearly described. They also demonstrated that IFN-γ prevents 

cholesteryl ester accumulation in macrophages and inhibit foam cell formation in an intimal 

thickening (Moore & Tabas, 2011a). Regarding the importance of IFN-γ that may inhibit the 

expression of CD36 in macrophages leading atherosclerotic lesions, this part of the study aimed 

to measure this effect of IFN-γ on the CD36 expression in U937 cells.  

U937 cells were incubated in RPMI 1640 plus FBS serum and increasing concentrations of 

IFN-γ ranging from 0 to 500 U/mL. The cells were then washed two times with PBS and lysed 

by triton buffer in the presence of protease inhibitor. These cell lysates were kept at -80oC until 

analysis. On the day of analysis, cell lysates were immunoblotted for CD36. β-actin was used 

as a loading control. Both visual and numerical data are presented in Figure 5.14. Densitometry 

analysis was done with Gene Tool (Syn-Gene) and Image J processing software and the CD36 

intensity data were normalised by the respective Beta-actin band intensity. 

The results show that CD36 expression is decreasing with increasing concentrations of IFN-γ. 

Our findings show that IFN-γ inhibits CD36 protein expression levels in U937 cells.  
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Figure 5.14 Effect of IFN-γ on CD36 expression.  U937 cells (0.5x106 cell/mL) were treated 
with 150 µM of 7, 8-dihydroneopterin and incubated in RPMI-1640 with 5% at 37oC for 24 
hours. CD36 protein expression were assessed by western blot. A) β-actin was used as a loading 
control and results displayed as mean ± SEM of n=3. Data is expressed as a % of the respective 
control (cell only control) and significance is indicated from this control. Significant 
downregulation of CD36 is observed from the first concentration of 200 U/mL and continues 
to 500 U/mL with p values (*) ≤ 0.05, (**) ≤0.01, (****) ≤ 0.0001. B) Western blots shows 
IFN-γ having a significant effect on CD36 relative to controls.

0 200 300 500

0

50

100

150

IFN-g (U/mL)

C
D

36
 e

xp
re

ss
io

n
no

rm
al

is
ed

 to
b-

ac
tin

**
****

****

**** *



Chapter 5 Effect of 7,8-dihydroneopterin on the CD36 modulators 
 

158 
 

5.2.9 Effect of 7,8-dihydroneopterin on CD36 downregulation by IFN-γ 

The major stimulant for 7,8-dihydroneopterin production is inflammatory cytokine IFN-γ. 

(Huber et al., 1984). To date, only IFN-γ has been shown to significantly induce the production 

of 7,8-dihydroneopterin (Huber et al., 1984). Due to the relationship between IFN-γ, 7,8-

dihydroneopterin and CD36, the current research measured the possible additional effect of 

7,8-dihydroneopterin on CD36 downregulation by IFN-γ.  

U937 cells were incubated in RPMI-1640 with 5% FBS including 7,8-dihydroneopterin (150 

µM)  and IFN-γ (500 U/mL). The cells were then washed two times with PBS and lysed using 

triton buffer consisting protease inhibitor. The cell lysates were immunoblotted by CD36 and 

β-actin (control). The downregulation of CD36 by 7,8-dihydroneopterin was 62.2% and with 

IFN-γ, 69.5% of the control. The expression of CD36 in the presence of both IFN-g and 7,8-

dihydroneopterin (69% of control) suggests there was no additional effect (Figure 5.15). 
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Figure 5.15 Effect of IFN-γ on CD36 downregulation by 7,8-dihydroneopterin.  U937 cells 
(0.5x106 cell/mL) were treated with 7,8-dihydroneopterin  (150 µM) and IFN-γ (500 U/mL) in 
RPMI-1640 plus FBS (5%) at 37°C for 24 hours. CD36 expression were assessed by western 
blot. A) β-actin was used as a loading control and results displayed as mean ± SEM of n=3 
experiment. Data are displayed as % of control. Significant downregulation of CD36 is 
observed with 7,8-dihydroneopterin and IFN-γ. The mixture of both chemicals showed no extra 
downregulation of CD36 with p values (*) ≤ 0.05. B) Western blot gel shows that addition of 
IFN-γ has no significant effect on CD36 downregulation compared to controls. 
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5.3 Discussion 

5.3.1 CD36 upregulation by oxLDL is inhibited by 7,8-dihydroneopterin 

As mentioned in the introduction chapter, CD36 plays a vital role in the clearance of oxLDL 

by its uptake (Nagy et al., 1998a; Tontonoz et al., 1998a). This section aimed to assess the 

possible effect of 7,8-dihydroneopterin on upregulated CD36 by oxLDL. We observed that the 

non-toxic concentration of oxLDL can increase CD36 in U937 cell. This finding is in 

agreement with other research in different cell lines such as J774A.1 and murine macrophage 

cells (Han et al., 1997; Picard et al., 2010). 7,8-dihydroneopterin significantly decreased this 

upregulation so was similar to the alpha-tocopherol role of CD36 downregulation (Ricciarelli 

et al., 2000). 

The research studies carried out by this laboratory over the years targeted at determining 

whether the antioxidant potential of 7, 8-NP is sufficient for cell survival and viability. A 

biologically relevant study has demonstrated the protective role of 7, 8-dihydroneopterin on 

oxLDL-induced cytotoxicity on the cells. It has also been reported that 7, 8-dihydroneopterin 

inhibits the toxic effects of oxLDL on the cells (Baird et al., 2005a; Gieseg & Cato, 2003). The 

study designed an experiment to measure the antioxidant capacity of 7,8-dihydroneopterin to 

inhibit oxLDL toxicity and mediated CD36 downregulation in U937 cells. It was reported that 

a 6-hour cell exposure to oxLDL was sufficient to induce cellular death (Shchepetkina et al., 

2017). We found that in U937 cells, the down-regulated CD36 recovered after 6 hours post-

incubation with oxLDL (0.1 mg/mL).  This result is contradictory to the previous finding in 

HMDM cells (Shchepetkina et al., 2017) in which 7,8-dihydroneopterin had no significant 

protective effect on cellular viability. It suggests that the down-regulation of CD36 did not play 

a significant role on the protection of U937 cells by 7,8-dihydroneopterin against oxLDL 

toxicity. 

5.3.2 Effect of 7,8-dihydroneopterin on the lipid peroxidation 

The lipoxygenase enzyme uses arachidonic and linoleic acid as substrates and converts them 

into the biologically active metabolites (eg.15-S-HETE) via oxidative metabolism (Deguchi et 

al., 2005). To prove the activity of lipoxygenase enzyme in U937 cells in the presence and 

absence of oxLDL and if 7,8-dihydroneopterin affect this enzyme, the intracellular oxidation 
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formation of the cell membrane was measured using TBARS. A slight decrease was observed 

in the level of intracellular lipid oxidation by 7,8-dihydroneopterin compared to the control. 

Repeating the experiment, the basal level of intracellular lipid peroxidation showed a 

significant decrease with 7,8-dihydroneopterin (250µM). This result suggests that high 

concentration of 7,8-dihydroneopterin can inhibit lipid oxidation which is consistent with the 

lipoxygenase inhibition. 

5.3.3 Effect of IFN-γ on CD36 expression  

This section also examined the effect of IFN-γ on CD36 with or without the presence of 7,8-

dihydroneopterin. The result demonstrated that IFN-γ reduces the CD36 expression in U937 

cells which is in agreement with the previous research in HMDM cells (Nakagawa et al., 1998). 

Other research also illustrated that IFN-γ can decrease gene expression of SR-A and inhibits 

the formation of foam cells in macrophages (Geng & Hansson, 1992). However, our result is  

contradictory to other studies illustrating that IFN-γ increases scavenger receptors involved in 

the uptake of oxidized LDL (Wuttge et al., 2004). The murine model study also showed that 

IFN-γ can decrease cholesterol efflux in lipid loaded macrophages (Wang et al., 2002).  

Considering that IFN-γ is the GTP inducer which results in 7,8-dihydroneopterin production, 

we measured the effect of IFN-γ on the expression of CD36 in the presence and absence of 7,8-

dihydroneopterin. The addition of 7,8-dihydroneopterin could not strengthen this 

downregulation suggesting that a separate mechanism is involved. 

5.3.4 Effect of 7,8-dihydroneopterin on ABCA1 transporter cassette 

Due to the importance of ABCA1 for cholesterol efflux in macrophages which inhibits the 

formation of foam cells and the progression of atherosclerotic plaques, this study hypothesized 

that 7,8-dihydroneopterin might upregulate this transporter cassette. However, the result 

demonstrated that ABCA1 expression is not increased by 7,8-dihydroneopterin suggesting that 

foam cell formation reduction by 7,8-dihydroneopterin is through CD36 downregulation. 

The ABCA1 gene expression in macrophages is transcriptionally mediated by ligand-

dependent nuclear receptors (Huang & Zhang, 2013). PPAR-γ enhances cholesterol efflux by 

inducing the ABCA1 transporter cassette (Chinetti et al., 2001) and this stimulation increases 

the cholesterol efflux to apoA-I (Schmitz & Langmann, 2005). Thus, PPAR-γ and ABCA1 
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signalling represent a powerful means of stimulating cholesterol efflux in macrophages and 

strongly affects the development of atherosclerotic plaques. Upregulation of ABCA1 is 

necessary for the inhibition of foam cell formation and this study hypothesized that 7,8-

dihydroneopterin might upregulate the ABCA1 transporter cassette. The result demonstrated 

ABCA1 expression is not increased by increasing the 7,8-dihydroneopterin concentration. 

5.4 Summary 

This section found that the non-toxic concentration of oxLDL can increase CD36 and 7,8-

dihydroneopterin significantly decreases this upregulation in U937 cells. The research studies 

carried out by this laboratory over the years targeted at determining whether the antioxidant 

potential of 7, 8-NP is sufficient for cell survival and viability. Hence, an experiment was 

designed to assess the inhibitory effect of 7,8-dihydroneopterin on the oxLDL toxicity and no 

significant protection on cellular viability was found. It suggests that the down-regulation of 

CD36 did not play a significant role in 7,8-dihydroneopterin protection of U937 cells against 

oxLDL toxicity. Using TBARS, the intracellular lipid oxidation was shown to be inhibited by 

the high concentration of 7,8-dihydroneopterin and this result is consistent with lipoxygenase 

inhibition. This chapter also investigated the reduction of CD36 expression by IFN-γ and the 

addition of 7,8-dihydroneopterin could not strengthen this downregulation suggesting that a 

separate  mechanism is involved. The result also demonstrated that ABCA1 expression is not 

increased by 7,8-dihydroneopterin concentration suggesting that the foam cell formation 

reduction by 7,8-dihydroneopterin is through the CD36 downregulation. 
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6 Conclusions and future research 

This thesis characterized the mechanism of CD36 downregulation by 7,8-dihydroneopterin. 

We explored how foam cell formation is prevented by 7,8-dihydroneopterin through 

downregulation of CD36 expression. Evaluating several possible hypotheses, we found that 

CD36 downregulation by 7,8-dihydroneopterin is correlated with PPAR-γ binding site 

inactivation by fatty acids. 7,8-dihydroneopterin was shown to inhibit lipoxygenase which is 

the main source of the oxidised fatty acids and PPAR-γ activator. The summary of findings 

from this thesis is provided in Figure 6.1. 
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Figure 6.1 Proposed timeline of 7,8-dihydroneopterin induced events leading to 
downregulation of CD36 scavenger receptor in U937 monocyte like cell line.  The black 
arrows represent the findings in this research, and the dotted arrows represent the previous 
research findings from the literature. A) CD36 receptor is downregulated by 7,8-
dihydroneopterin. B) CD36 is upregulated by oxLDL and 7,8-dihydroneopterin can decrease 
this upregulation. C) Lysosomal acid lipase in lysosome degrades cholesteryl esters of LDL 
particles to free cholesterol (Chistiakov et al., 2017). D) Free cholesterol can be reversely 
transported outside of macrophages by cholesterol efflux transporters ABCA1(Wang et al., 
2019). E) 7,8-dihydroneopterin has no effect on ABCA1 transporter cassette. F) macrophage 
cell death involves the combination of endoplasmic reticulum (ER) stress along with the other 
apoptotic stimuli and oxLDL trigger apoptosis in ER-stressed macrophages through a 
mechanism requiring both CD36 and TLR2 (Seimon et al., 2010a). G) Oxidized fatty acids 
including oxidized eicosanoids are ligand activators for PPAR-RXR (Sikalidis, 2019). H) 7,8-
dihydroneopterin decreases levels of PPAR binding site ligands. I) 7,8-dihydroneopterin 
suppress the activity of lipoxygenase enzyme and has no effect on LA substrate. J) 7,8-
dihydroneopterin decrease the level of lipid peroxides in U937 cells. K) IFN-γ is the critical 
stimulator to metabolises GTP into 7,8-dihydroneopterin triphosphate via the enzyme GTP 
(Werner et al., 1990). L) IFN-γ decreases the CD36 protein expression in U937 cells, and M) 
7,8-dihydroneopterin does not have any additional effect on this reduction. 
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6.1 Characterization of CD36 downregulation by 7,8-dihydroneopterin  

Extensive evidence has confirmed the significant role of CD36 in atherosclerotic lesions and 

proposed that CD36 could be a key target for therapeutic treatment with disorders in fatty-acid 

metabolism (Collot-Teixeira et al., 2007). CD36 is a good marker for metabolic disorders like 

atherosclerosis (Park, 2014). There are number of drugs that either reduce or increase CD36 

expression and atherosclerosis (Collot-Teixeira et al., 2007). For example, pitavastatin 

treatment was found to reduce CD36 mRNA and surface protein expression in murine J774 

macrophages and peritoneal macrophages as well as in THP-1 cells (Han et al., 2004). In 

contrast, aspirin that commonly used as a platelet inhibitor drug and anti-inflammatory, 

increased CD36 expression in HMDMs (Viñals et al., 2005) and therefore CD36 is a sufficient 

target to be considered for research on atherosclerosis. Our research confirmed that 7,8-

dihydroneopterin is an effective compound to downregulate CD36 expression in vitro (U937 

cell line) and in situ (plaque tissue) which is in agreement with the previous research in HMDM 

cells (Shchepetkina et al., 2017). The previous literature showed that CD36 has been detected 

in atherosclerotic plaques (Collot-Teixeira et al., 2007; Nakata et al., 1999), but not in relation 

to 7,8-dihydroneopterin. The current research also confirmed that pterins other than 7,8-

dihydroneopterin have no effect on CD36 expression in U937 cells. This means that the 

oxidation product of 7,8-dihydroneopterin is not responsible for mediating the reduction in 

CD36 levels. These observations agree with previous research carried out in the HMDM cells 

(Shchepetkina et al., 2017). 

Foam cell formation is a hallmark of atherosclerotic lesions (Tsai et al., 2010). Targeting foam 

cell formation in the atherosclerotic lesions can be a promising approach to treat and prevent 

atherosclerosis. The formation of foam cells is determined by the balanced effects of three 

major interrelated biologic processes, including lipid uptake and cholesterol efflux which is 

mainly by CD36 and ABCA1, respectively. The balance between ABCA1 and CD36 is 

important to either mediate reverse cholesterol transport process or the intracellular cholesterol 

stability and thus protect against the development of atherosclerosis. This balance may be 

maintained upon low-to-moderate oxLDL stimulation, while it no longer exists upon high 

oxLDL stimulation (Wang et al., 2019). However, the precise mechanism responsible for 

ABCA1 and CD36 molecules being functionally integrated with the response to oxLDL 

loading warrants further investigation. Macrophage expression of CD36 may be perpetuated 
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by a self-regulatory manner (Han et al., 1999). Cellular cholesterol loading via CD36 

presumably leads to the production of endogenous oxysterol ligand(s) for LXR, which then 

activates ABCA1 expression (Costet et al., 2000; Langmann et al., 1999). Pharmaceutical 

agents can inhibit foam cell formation and thus exhibit anti-atherosclerotic capacity by 

suppressing lipid uptake, cholesterol esterification, and promoting cholesterol ester hydrolysis 

and cholesterol efflux. Current research found that CD36 downregulation by 7,8-

dihydroneopterin is via PPAR-γ binding site inactivation. Since ABCA1 is also regulated by 

PPAR-γ ligand-dependent nuclear receptors (Chinetti et al., 2001; Huang & Zhang, 2013), the 

current research found no significant effect of 7,8-dihydroneopterin on cholesterol efflux 

through ABCA1 protein expression. In conclusion, the reduction of CD36 by 7,8-

dihydroneopterin with no effect on ABCA1 suggest that 7,8-dihydroneopterin can be a 

potential drug to prevent foam cell formation within the plaque.  

6.2 Mechanism of 7,8-dihydroneopterin to downregulate CD36 

Understanding the molecular mechanisms of the drugs is crucial for developing effective 

treatment strategies ('In This Issue,' 2005) and 7,8-dihydroneopterin is no exception. Previous 

research showed that CD36 protein levels were under control of PPAR-γ and 7,8-dihydroneopterin 

likely only has its effect at the transcriptional level, and did not enhance the proteolytic removal of 

CD36 (Yeandle, 2017). Hence, current research introduced another mechanism of action, 

possibly involving PPAR-γ lipid ligand-binding site. Using two different PPAR-γ agonists 

(rosiglitazone and Azelaoyl PAF), and found that the inhibition of CD36 expression by 7,8-

dihydroneopterin is through the inhibition of PPAR-γ ligands. This means that 7,8-

dihydroneopterin can be a target to downregulate CD36 is PPAR-γ binding site. 

Rosiglitazone, which is a diabetic medication (Nolan et al., 2000), is associated with a 

significant increase in the risk of myocardial infarction and with an increase in the risk of death 

from cardiovascular causes that had borderline significance (Nissen & Wolski, 2010).  Based 

on our findings, upregulation CD36 by rosiglitazone might be one reason for increasing the 

risk of CVD.  

Oxidation of polyunsaturated fatty acids by lipoxygenases leads to a variety of fatty acid 

metabolites which play important roles in physiology but also in pathophysiology. Over the 

last decade's studies have reported lipoxygenase metabolites are involved in the development 
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of the inflammatory and CVD. Lipoxygenase contributes to a number of the process including 

generation of various inflammatory lipids and enzymatic oxidation of lipids (Laguna-

Fernández et al., 2016).  

 Lipoxygenase inhibition can decrease inflammatory reactions and prevent CVD. Our research 

investigated whether the lipoxygenase enzyme activity can be inhibited by 7,8-

dihydroneopterin. Earlier studies investigated a wide range of antioxidant inhibitory activities 

of lipoxygenase (Khasawneh et al., 2011; Wei & Shibamoto, 2010). Lipoxygenases are 

physiological sources of ROS which damages the cells when overexpressed.  The imbalance 

between oxidants and antioxidants in favour of the oxidants potentially leading to oxidative 

stress and damage (Sies, 1997). The inhibitory effect of 7,8-dihydroneopterin on lipoxygenase 

might be due to antioxidant scavenging activity which eliminates the harmful ROS to prevent 

cellular damage. Measure of 7,8-dihydroneopterin in presence of lipoxygenase in the cells is 

also a good indicator of the cells redox status, which would be a fruitful future research 

direction.  

Our research also confirmed the intracellular oxidation formation of lipids using TBARS. The 

basal level of intracellular lipid peroxidation showed a significant decrease with 7,8-

dihydroneopterin which suggests that the intracellular lipid oxidation could be inhibited by a 

high concentration of 7,8-dihydroneopterin which is consistent with lipoxygenase inhibition. 

Since there is a significant effect of 7,8-dihydroneopterin on sLOX activity, future research 

will need to be conducted using spectroscopic based isoprostane kit from Cayman Chemicals 

company to measure the potential isoprostane depression by 7,8-dihydroneopterin.  

6.3 Effect of 7,8-dihydroneopterin on the CD36 modulators  

The CD36 uptake of oxLDL by binding it has been suggested to mediate the uptake of oxLDL 

and activate the production leading to release the pro-inflammatory cytokines and ROS (Park 

et al., 2009; Silverstein et al., 2010). The possible effects of CD36 signalling include cellular 

death, inflammatory, gene expression, adhesion and migration (Park et al., 2009). The 

reduction of CD36 upregulation by oxLDL in U937 cells that were found in the current research 

which is in agreement with the previous literature in macrophages (Han et al., 1997; Yoshida 

et al., 1998) is reduced by 7,8-dihydroneopterin. This result proves that 7,8-dihydroneopterin 
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is a molecule regulator to decrease the CD36 signal which leads to reduce oxLDL uptake and 

foam cell formation.  

The present research also confirmed that 7,8-dihydroneopterin induce changes in CD36 had no 

effect on oxLDL toxicity which is in agreement with the previous research on HMDM cells 

(Shchepetkina et al., 2017). U937 and the HMDM data show CD36 downregulation by 7,8-

dihydroneopterin had no effect on the oxLDL toxicity so this mechanism is unlikely in U937 

or human macrophages. Consequently, another possible receptor may be involved in the 

mechanism. Previous research suggested a role of CD36 and Toll-like receptor (TLRs) in foam 

cell formation (Park et al., 2009b). Another study also illustrated that macrophage cell death 

involves the combination of ER stress along with the other apoptotic stimuli and oxLDL trigger 

apoptosis in ER-stressed macrophages through a mechanism requiring both CD36 and TLR2 

(Seimon et al., 2010a). Thus, we proposed the other mechanism involved for 7,8-

dihydroneopterin to inhibit oxLDL binding to CD36 in combination with TLR4 leads to NOX 

activation, ER stress and cell death. 

IFN-γ is a well-documented cytokine for promoting atherosclerosis. IFN-γ has multiple effects 

on all stages of atherogenesis, and there has been progress in understanding the impact of this 

cytokine on signalling pathways that ultimately lead to plaque development and maturation 

(Voloshyna et al., 2014). Our findings show that IFN-γ suppressed CD36 expression in U937 

cells which agrees with previous research in HMDM (Nakagawa et al., 1998), and means that 

IFN-γ is important to be considered for future research on CD36 expression. No significant 

effect of 7,8-dihydroneopterin on CD36 downregulation by IFN-γ suggests that the additional 

amount of IFN-γ will not be essential for 7,8-dihydroneopterin activity. 

Overall, 7,8-dihydroneopterin is an important antioxidant gene regulator which may prevent 

plaque development and cardiovascular disorders. Prior research on the collected plaques from 

patients was recorded with low levels of 7,8-dihydroneopterin (Janmale, 2013) and low levels 

of neopterin (Prebble et al., 2018). These findings suggest that the suppression of 7,8-

dihydroneopterin production is a contributing mechanism of plaque development. From 

previous research by Janmale and Prebble (Janmale, 2013; Prebble et al., 2018), we assume 

that 7,8-dihydroneopterin may not reduce foam cell formation through stimulating the IFN-γ. 
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Patients with CVD found to have increased levels of IL-1β which is directly proportional to 

the severity of the disease. It is believed to be a feedback mechanism as previous research 

(Burrowes, 2012) in our lab observed that 7,8-dihydroneopterin decreases IL-1β release in 

cholesterol crystal stimulated macrophages. It is also important to measure the effect of 7,8NP 

on IL-1β release in oxLDL, LPS and PHA stimulated blood monocytes, peripheral blood 

mononuclear (PBMC) mixture of T cell/monocyte mixed cultures and plaque tissues. CD36 is 

implicated in IL-1β activation so would you expect 7,8-dihydroneopterin to have an effect here.  

Previous research in our lab showed that HMDM cells produce neopterin and 7,8-

dihydroneopterin in response to cholesterol crystals. We suggest that 7,8-dihydroneopterin may 

have an anti-inflammatory effect on plaque environment by altering the balance of the various 

cytokines. We also propose that is some situation there is feedback which ends up inhibiting 

this response. Future research will need to look at the inflammation in the progression of 

atherosclerotic plaques and the effect of 7,8-dihydroneopterin on inflammation.  

Overall, the present study has significantly shown that 7,8-dihydroneopterin is a functional 

antioxidant and could be considered for future research on atherosclerosis treatment. 

6.4 Study limitations 

Like any other studies, this written research had some limitations. This in vitro study used 7,8-

dihydronepterin (150 m µM and 200 µM) were much higher than physiological standard 

amount produced in human cells. Other major limitation of the study was the lack of cerotic 

specimen from healthy human donor is impossible. Hence, plaque blotting analysis in study 

had no control to be compared to the plaque tissues which were from patients. This research 

propose the next study to use murine models for such blotting experiments. 
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