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ABSTRACT 

 Reactive oxygen species (ROS) have a role in cardiovascular health and disease. 

This study was undertaken to determine if ROS formation is influenced by either 

common genetic variations in p22
phox

, a subunit of the ROS generating enzyme NOX1, or 

by natural plant compounds with cardiovascular benefits. Hydrogen peroxide production 

was measured using Amplex Red, and superoxide generation was measured using NBT 

and MCLA. Each of seven p22
phox 

variants supported ROS generation by NOX1. No 

differences were found in the rate of ROS production; however, unequal transfer of the 

p22
phox

 gene may be a confounding factor. A variation in the 3‘UTR of the p22
phox

 gene 

led to lower p22
phox

 protein levels, whereas none of the other variations affected mRNA 

or protein expression. The natural compound resveratrol acts as an antioxidant towards 

hydrogen peroxide, but not superoxide. Resveratrol does not inhibit NOX1 activity. 
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CHAPTER 1: INTRODUCTION 

1.1 Reactive Oxygen Species 

 

Reactive oxygen species (ROS) are strong oxidizing agents derived from oxygen, 

and include two major groups: free radicals exhibiting an unpaired electron, such as 

superoxide (
•
O2

-
), nitric oxide (NO), and the hydroxyl radical (

•
OH), and non-radicals, 

such as hydrogen peroxide (H2O2) and peroxynitrite (ONOO
−
), among others (reviewed 

Bedard, 2007; Paravicini & Touyz, 2008). The initial observation of ROS dates back to 

1932, and was first described as a respiratory phenomenon resulting from phagocytic 

leukocytes (Baldridge & Gerard, 1932). Approximately thirty years later this rapid 

increase in ROS concentration became known as a respiratory burst or phagocytic 

oxidative (PHOX) burst, and it soon became apparent that superoxide and hydrogen 

peroxide were involved in these burst events (Iyer et al., 1961; Babior et al., 1973). There 

are now many known sources of ROS in mammalian cells: peroxisomes, NADPH 

oxidase (NOX), mitochondrial respiration, endothelial nitric oxide synthase (eNOS), 

xanthine oxidase (XO), and drug metabolism to name a few (Boveris et al., 1972; 

O'Donnell & Azzi, 1996; Starkov, 2008; Kukreja et al. 1986; McNally et al., 2003; 

Paravicini & Touyz, 2008). While initially thought of as harmful byproducts of cellular 

respiration, it has become apparent that ROS are crucial components of cellular signaling 

and of the immune system (Sundaresan et al., 1995; Quie et al., 1967; Ray et al,. 2012, 

Reuter et al., 2011). 
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 One of the most basic forms of ROS is superoxide, which is a free radical 

that forms when molecular oxygen is reduced through the transfer of an electron from a 

source such as nicotinamide adenine dinucleotide phosphate (NADPH). Reactions 

involving the creation of various ROS are depicted in Figure 1. When superoxide is 

further reduced and interacts with hydrogen ions, it forms H2O2, a more stable and potent 

ROS molecule (Bielski, 1985). Due to the spin behavior of superoxide‘s valence 

electrons it is unable to react with non-radical molecules, resulting in superoxide mainly 

interacting with other superoxide radicals, but it can also interact with other radicals, or 

transition metals, such as those found in the various forms of the superoxide dismutase 

(SOD) enzyme (Cadenas, 1989; Klotz, 2002; Apel & Hirt, 2004). Although superoxide 

can be converted to H2O2 through interaction with SOD, it can also create H2O2 

nonenzymatically through rapid and spontaneous dismutation. Unlike H2O2, superoxide 

does not readily cross cellular membranes, thereby creating distinct concentrations of 

superoxide in vesicles, extracellularly, and even in mitochondria, depending on the 

source (Doonan et al., 2008).  Superoxide can also interact with nitric oxide (NO) to form 

the highly reactive molecule peroxynitrite (ONOO
−
). Another highly reactive molecule, 

the hydroxyl radical, can be created by the reduction of H2O2 by superoxide, and by the 

Fenton reaction, the second step in the Haber−Weiss reaction (Apel & Hirt, 2004; Lloyd 

et al., 1997) (Figure 1). The hydroxyl radical is responsible for much of the oxidative 

damage, with lipids being a prime target (Cabiscolet al., 2010). The main effect of lipid 

oxidative damage is ultimately a reduction in membrane fluidity, which has a negative 

effect on membrane bound proteins. The hydroxyl radical can also damage DNA by 

causing breaks in the phosphate-deoxyribose backbone, which has the negative effect of 
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preventing replication. The hydroxyl radical can also target proteins, causing dysfunction 

through peptide fragmentation, protein cross-linking, and reactions with parts of the 

protein, to name a few (Cabiscolet al., 2010). The superoxide radical is not itself a strong 

reductant or oxidant, unlike the downstream hydroxyl and peroxynitrite molecules 

(Bielski, 1985). In order to prevent harmful buildups of these highly reactive molecules, 

mammalian cells have methods of scavenging them before they cause oxidative damage.  

The importance of the balance between ROS production and ROS removal with 

regards to proper cell function has become more apparent. The regulatory process that 

keeps the concentrations of ROS and reactive nitrogen species (RNS) in check is known 

as redox homeostasis (reviewed in Dröge, 2002). At concentrations that are typically 

considered low, ROS can facilitate cell signalling, but consistently high concentrations 

can trigger signalling cascades that ultimately cause an increase in the production of 

antioxidant enzymes (Trachootham et al., 2008). As such, the proportion of oxidants to 

antioxidants is crucial to stable cell function. Superoxide is able to bind with the 

vasodialator nitric oxide, and a lack of appropriate superoxide scavenging can 

dramatically decrease levels of nitric oxide, thereby causing a hypertensive situation in 

the vasculature (Morrell, 2008). There are enzymatic antioxidants: SOD, glutathione 

peroxidase, catalase, and nonenzymatic antioxidants: glutathione, α-tocopherol (vitamin 

E), and ascorbate (vitamin C), to name a few (reviewed in Dröge, 2002). 

SOD, catalase, thioredoxin reductase (TrxR), peroxiredoxin (Prxd), and 

glutathione peroxidase (GPx) are some of the many forms of ROS scavengers present in 

mammalian cells (Nordberg & Arnér, 2001; Sies, 1993). A ROS scavenger is also 

referred to as an antioxidant, with the term applying to compounds and enzymes alike.  
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Since ROS are capable of activating signaling pathways, the enzymes listed above are 

important in homeostasis, as they influence cellular signal transduction by altering the 

concentration of ROS within the cell (Nathan, 2003). 

First discovered by McCord and Fridovich in 1969, SOD are metal-containing 

enzymes that catalyze the conversion of superoxide to oxygen and H2O2 (Reviewed in 

Abreu & Cabelli, 2010). The two main types of SOD in humans are manganese SOD 

(MnSOD), and copper-zinc SOD (CuZnSOD), of which there are two forms: SOD1, a 

homodimer mainly found in the cytosol, and SOD3, a homotetramer mainly found 

extracellularly. SOD2 is a manganese-based homotetramer, and is mainly found in 

mitochondria.  

 Glutathione peroxidase has many isoforms found throughout the human body: 

GPx-1 is found in the cytosol, GPx-2 is found in the colon, GPx-3 is found 

extracellularly, and GPx-4 is found in mitochondria, the cytosol, and in the nucleus 

(Buettner & Wagner, 2011). Glutathione peroxidase catalyzes the reaction of H2O2 with 

glutathione (GSH) to produce water and also glutathione disulfide (GSSG), which is then 

reduced through the actions of glutathione reductase (GR) and nicotinamide adenine 

dinucleotide phosphate (NADPH) to produce NADP
+
 and glutathione (Makino et al., 

2004; Antunes & Cadena, 2000). A basic representation of the breakdown of H2O2 by 

catalase and glutathione is shown in Figure 1C and 1E. 

 Catalase, also known as hydroperoxidase, is a robust enzyme that catalyzes the 

breakdown of two H2O2 molecules to water and oxygen at a remarkably high rate, and for 

extended periods of time (Chelikani et al., 2003). In humans, catalase has been identified 

as the dominant mechanism of H2O2 removal, as it is approximately 12 times more 
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effective than GPx for the same concentration of H2O2 (Mueller et al., 1997). The steady-

state levels of H2O2 in human tissues are considered to be between 1 x 10
-9

 and 1 x 10
-6

 

M, a range at which neither catalase nor GPx are saturated (Mueller et al., 1997). It has 

been recently suggested that catalase is capable of producing the hydroxyl radical, but 

further testing is required (Goyal & Basak, 2012).  

1.2 Molecular Targets of Reactive Oxygen Species 

 

The acid constant, which indicates the extent to which an acid will dissociate in 

solution, is represented by the abbreviation Ka, with the negative base-10 logarithm being 

pKa. Typically cysteine, one of the least abundant amino acids within proteins, has a pKa 

of approximately 8.5 and is less readily oxidized; however, low pKa (4.5 – 5.5) regions 

within a protein, such as those found within certain cysteine residues, are highly 

susceptible to oxidation by ROS (Meng et al., 2006; Denuet al., 1998). This is an 

important factor within the cell, as many proteins involved in cell signaling and various 

other processes have cysteine residues that are susceptible to reversible and irreversible 

activation and deactivation through ROS oxidation. The behaviour of cysteine within 

proteins is complex, as it changes in response to physiological states and environmental 

conditions, such as protein surface exposure and the pH of the surrounding environment 

(Reviewed in Marino & Gladyshev, 2012). The high reactivity of the sulfur group within 

cysteine makes it an especially likely target of ROS-based oxidation. As a result, cysteine 

can have many effects within the cell, including catalytic activity, post-translational 

modification, and structural stabilization. ROS can be described as second messenger 

molecules, as they are intracellular molecules that work to amplify information 
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transmission from the membrane to the nucleus or cytoplasm (Forman et al., 2002). 

Furthermore, ROS have the required characteristics of a second messenger:  ROS 

production is tightly regulated through enzymatic processes, ROS signalling actions are 

reversible through degradation or disassociation, and ROS have affinities for specific 

targets (Forman et al., 2004). While the signalling process carried out by ROS is often 

reversible, there are conditions in which the ROS-mediated oxidation transitions from 

reversible to irreversible. This can occur when there is an abundance or inability to 

remove ROS within a system, and when ROS are present for an extended period of time. 

A reversible situation occurs after cysteine oxidation forms sulfenic acid or disulfide 

bonds, but prolonged formation can result in an irreversible transition to sulfinic and 

finally sulfonic acids, which trigger cellular repair mechanisms (Forman et al., 2004; Lim 

et al., 2008). However, in 2003 it was suggested that sulfinic acids can be reversibly 

oxidized by sulfiredoxin, but little research has since been conducted in support of this 

notion (Woo et al., 2003; Rhee et al., 2007). Disulfide bonds can occur between oxidized 

cysteines and either other cysteines or glutathione, both of which can prevent the activity 

of ROS-specific targets. One of the best-studied targets of ROS regulation is protein 

tyrosine phosphatases (Morgan and Liu, 2011). 

Protein tyrosine phosphatases (PTP) are enzymes that are involved in the regulation 

of cell signal transduction through the dephosphorylation of tyrosine residues. An 

influential area of cysteine oxidation is found within the protein tyrosine phosphatase 

protein, with H2O2 being the molecule responsible for oxidation (Meng et al., 2006). 

Oxidation of this cysteine residue promotes inactivation of PTP, thereby providing a 

plausible mechanism by which ROS can influence signaling pathways (Rhee et al., 
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2000). Reversible oxidation of this functionally essential cysteine residue renders PTP 

inactive, disrupting cell signaling and influencing complex processes such as cell growth 

(Tonks, 2006). In a similar fashion, ROS can target cysteine residues on other important 

protein complexes. 

ROS are involved in many cellular processes where they act as second messengers 

and influence cell proliferation and death (Martindale & Holbrook 2002; Menon & 

Goswami, 2007). As such, the localization and activity of ROS is tightly regulated 

(Terada, 2006; Bokoch, 1994). Transcriptional factors/activators are a major target of 

ROS, with some prominent targets being tumor suppressor protein 53 (p53), nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB), and activator protein 1 

(AP-1) (Sun & Oberley, 1996). By targeting these proteins ROS can stimulate or inhibit 

gene expression, and affect cell survival. The p53 protein plays a crucial role in many 

organisms, where it regulates cell death through gene transcription in response to DNA-

damaging cellular stresses, such as oxidative stress (Liu et al., 2008). NF-κB proteins also 

respond to DNA stress by controlling transcription, but are also tightly linked to cell 

growth and proper function of the immune system (reviewed by Morgan & Liu, 2011). 

ROS can interact with NF-κB in a number of ways, one of which is oxidation of a 

cysteine within the p50 subunit of NF-κB, which prevents binding with DNA. However, 

ROS-mediated regulation of NF-κB appears complex and cell-specific, as H2O2 is also 

capable of activating NF-κB in T-cells, and inhibiting NF-κB in lung epithelial cells 

(Schreck et al., 1991; Li & Karin, 1999; Korn et al., 2001). Like p53 and NF-κB, AP-1 is 

a transcription factor involved in cell proliferation and apoptosis (Shaulian, 2002). ROS 

can activate AP-1, as there are cysteine residues in its DNA binding region which are 
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highly susceptible to ROS oxidation (Abate et al., 1990; Aharoni-Simon et al., 2006). 

Given the effect ROS have on transcription factors involved in cell death and 

proliferation, it would be interesting to investigate if genetic polymorphisms in ROS-

production enzymes have an effect on ROS production. 

1.3 NADPH oxidase 

 

Initially discovered in neutrophils and macrophages, the only known enzyme family 

that generates ROS as its sole function are the nicotinamide adenine dinucleotide 

phosphate oxidases (NOX)(Royer-Pokora et al., 1986). The NADPH cofactor required 

for NOXs biological activity is involved in many anabolic pathways (making molecules 

from smaller units) (Babior, 1999; Altenhöfer et al., 2012). There are seven members of 

the NOX family in mammalian cells: NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, 

and DUOX2 (reviewed in Bedard & Krause, 2007). The NOX homologues are depicted 

in Figure 5. While there are differences amongst the NOX enzymes, there are conserved 

portions found in all: the NADPH-binding site, FAD-binding site, six transmembrane 

domains, and four heme-binding histidines (reviewed in Bedard & Krause, 2007). In the 

case of NOX enzymes, the orientation of the enzyme is such that the electron derived 

from NADPH in the cytosol is transferred to an oxygen molecule the opposing side of the 

membrane.  

Many factors can alter the amount of ROS produced by NOX, some of which will 

upregulate gene expression, while others will activate the enzyme system directly (Jiang 

et al., 2011). These factors include chemical (e.g. heavy metals), inflammatory (e.g. 

angiotensin II), and physical factors (e.g. ultra violet B radiation). Unique among the 
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NOX enzymes, NOX5 and DUOX activation are regulated by Ca
2+

 influx (reviewed in 

Bedard & Krause, 2007). NOXs 1-4 require subunits to function properly: NOX1-4 all 

require the co-expression of p22
phox

 for stabilization in the membrane, and NOX1-3 

require additional cytosolic subunits (Hanna, et al., 2004; Ueno et al., 2005; Ambasta et 

al., 2004; Cheng & Lambeth, 2004a; Cheng et al., 2004b; Volpp et al., 1988). These 

enzymes can require activator proteins like p47
phox 

or NOXA1, and organizer proteins 

like p67
phox

 or NOXO1.  Their activity may also be influenced by other cytosolic proteins 

including p40
phox

.  Rac GTPases also influence NOX1-3 complexes, and while they are 

required for full NOX activation, are not considered true subunits since they control other 

cellular functions (Miyano & Sumimoto, 2012). The phosphorylation of p47
phox

 is 

thought to disrupt an inhibitory intramolecular interaction, thereby exposing p47
phox

 SH3 

domains capable of binding to other NOX components (Sumimoto et al., 1994; 

Sumimoto et al., 1996; de Mendez et al., 1997). Phosphorylated p47
phox

 or NOXO1 

subunits will move to the cell surface and interact with membrane subunits to generate 

ROS in the extracellular space. In the case of NOX2, this can happen in intracellular 

vesicle membranes to produce ROS in the vesicle. Vesicles can then move to the 

extracellular membrane to release the ROS into the extracellular space where they can 

destroy pathogens (Reviewed in Bedard & Krause, 2007).  

1.4 Cardiovascular Disease has a Genetic Component & Involvement of ROS in 

Hypertension 

 

Cardiovascular disease (CVD), including ischemic heart disease, stroke, and 

myocardial infarction, is a deadly and costly disease, accounting for approximately 29% 

of all deaths in Canada, and costing the Canadian economy approximately $20.9 billion 
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in associated costs each year (Statistics Canada, 2011; Conference Board of Canada, 

2010). Hypertension, a condition of chronically elevated blood pressure (≥140/90 

mmHg), is a significant risk factor cardiovascular disease (Mancia et al., 2007; Kanne, 

1996). Regulation of blood pressure is a complex process that involves numerous genetic 

and environmental factors involved (van Rijn et al., 2007; Vinck et al., 2001). Based on 

the results of a genome-wide association study of over 34 000 subjects of European 

ancestry, hypertension was associated with genetic components (Ehret, 2010). The 

possibility exists that genetic and environmental factors are linked, and therefore 

converge to some degree. One of these potential convergence points may be ROS, as 

NOX-derived ROS can influence CVD, including hypertension (Paravicini & Touyz, 

2008; Cuzzocrea et al., 2004).The production of ROS is at least partially determined by 

genetics, but environmental factors that influence CVD risk, such as exercise, drugs, and 

diet can also influence ROS production (Forman et al., 2009; Minder et al., 2012).  If it 

can be determined that cardiovascular risk is even minutely affected by genetic variation 

in ROS-production enzymes, this would be highly informative regarding CVD, and  

would support the hypothesis that controlling ROS would be therapeutically beneficial in 

CVD with a variety of underlying contributing factors. Previous studies have aimed to 

link genetic variations in ROS-producing enzymes with CVD risk; however, the missing 

link in these studies was any evidence that the genetic variations being examined 

influenced ROS production (San Jose et al., 2008; Brandes et al., 2010).  This study aims 

to investigate the factors that determine ROS generation by first considering candidate 

genetic factors, and then by considering a number of biologically active compounds. 

NOX, a major source of ROS, is genetically variable (Lacey et al., 2000). 
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1.5 NOX and p22
phox

 genetic variation 

 

There are many forms of NADPH oxidase in the vasculature, with NOX1, NOX2, 

and NOX4 being the predominant forms, although the involvement of NOX5 is 

becoming more apparent, especially in diseased vessels (reviewed in Bedard and Krause, 

2007; Guzik et al., 2008). A study involving NOX1 knockout mice demonstrated a role 

for NOX1 in blood pressure regulation and the vascular response to angiotensin II 

(Gavazzi et al., 2005). The NOX1-deficient mice had decreased basal blood pressure, and 

lost the ability to sustain an elevated blood pressure in response to angiotensin II, when 

compared to the control mice. The same group demonstrated that NOX1-deficient mice 

are protected from aortic dissection in response to angiotensin II (Gavazzi et al., 2007). 

Spontaneously hypertensive rats exhibited an increase in NOX1 and NOX2 expression, 

and a subsequent increase in vascular levels of ROS (Wind et al., 2010). As a direct result 

of increased ROS sequestering of NO, the rats had less NO in their vasculature, and more 

vasoconstriction as a result. In a swine model of hypertension induced by banding of the 

pulmonary artery, an increase in NOX1, NOX2, and NOX 4 expression was observed, 

and once again an increase in vascular ROS was observed (Lu et al., 2011). While the 

role of NOX in cardiovascular disease is becoming more apparent in animals models, the 

effect of NOX-based ROS on human cardiovascular risk is not well understood. 

Furthermore, the roles of the NOX isoforms throughout the body are even more poorly 

defined. 

A genome-wide association study indicated that the phenotypic variation in H2O2 

production by lymphoblastoid cells among individuals is at least partially controlled by 

genetics (Attar et al., 2008). In an attempt to further understand the role genetics has in 
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ROS production, and the connection between NOX-produced ROS and CVD, a candidate 

gene approach was taken to narrow down the number of potential genes responsible for 

ROS variations based on the known gene function (Bedard et al., 2009; Wyche et al., 

2004; Zafari et al., 2002). The p22
phox

 subunit forming a heterodimer with the main NOX 

subunit is essential for protein stability (Reviewed in Bedard & Krause, 2007). There 

exist NOX 2-deficient patients, and p22
phox

-deficient who exhibit chronic granulomatous 

disease (CGD), which entails life-threatening infections as a result of phagocytes being 

unable to produce the ROS that destroy pathogens (Clark et al., 1989; Roos, 1994, Roos 

et al., 2010). These patients have been studied with regards to their immune system, yet 

little information exists regarding their cardiovascular health. There may be genetic 

variations within the NOX subunits that are directly affecting the ability of the NOX 

enzymes to produce ROS. 

 

1.6 p22
phox

 is a likely candidate as ROS influencer due to high genetic variability 

compared to other subunits 

 

The level of ROS production from person to person varies greatly, with one potential 

explanation being high genetic variability within one or more of the enzymes responsible 

for the production of ROS (Bedard, 2009; Lacy et al., 1998). Single nucleotide 

polymorphisms (SNPs) are genetic variations found at a frequency of 1% or more in the 

human population. Examination of the main NOX subunits as well as the activating and 

organizing subunits reveal relatively low numbers of SNPs, which may be insufficient to 

explain the high variability of ROS production. However, the p22
phox

 subunit is described 
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as having a relatively high number of SNPs, thus making is a suitable candidate for study 

with regards to ROS production and CVD.  

1.7 p22
phox

 single nucleotide polymorphisms are in areas that could compromise 

NOX integrity and ROS production 

 

When studies attempted to determine the association of p22
phox

 polymorphisms with 

cardiovascular disease the results were varied and conflicting (San Jose et al., 2008). 

Even within the same disease model a single p22
phox

 polymorphism (c.214T>C) was 

found to protect from the disease, exacerbate the disease, and have no effect on the 

disease. These conflicting results may be explained by the altered functionality of the 

NOX enzymes when other p22
phox

 SNPs are taken into account. Other potentially 

influential SNPs are c.521T>C, and c.*24G>A. A representation of p22
phox

 and the three 

common polymorphisms included in the current study are depicted in Figure 6. The 

amino acid shifts caused by the three SNPs are as follows: c.214T>C = tyrosine > 

histidine; c.521T>C = valine > alanine; c.*24G>A = 3‘ UTR region (reviewed in Bedard 

& Krause, 2007). The ―c‖ in c.*24G>A indicates a variation in the coding region, the 

asterisk indicates nucleotides located 3' of the translation stop codon, and the greater-than 

symbol indicates a substitution (den Dunnen and Antonarakis, 2000). It is important to 

note that the sequence variants described here as 214 and *24 are based on a newer 

nomenclature, and the mutations were previously referred to as 242 and 612, 

respectively. Mutations within the 3‘UTR can result in decreased expression of 

associated sequences, most likely by decreasing mRNA stability (Bedard et al., 2009). 

The mutation at *24 resulted in a significant reduction in associated protein expression 

(Bedard et al., 2009). Neglecting to include the c.521T>C, and c.*24G>A SNPs in their 



 
14 

CVD association studies may explain the conflicting results. Investigating the SNPs as a 

grouping called a haplotype may allow one to more easily study the effects of the 

polymorphisms on cellular function. The effect the three SNPs have on NOX2 ROS 

production was examined, and it was determined that the haplotype containing all three 

SNPs resulted in a significantly lower level of ROS generation and lower p22
phox

 

expression (Bedard et al., 2009). These haplotypes were examined in NOX2, but NOX1 

plays a more prominent role in cardiovascular physiology, therefore it may prove useful 

to examine these same haplotypes in a NOX1 system to determine their effect on NOX1-

based ROS production. 

1.8 NOX1 

 

NOX1 is mainly expressed in colonic epithelium, but is also present in vascular 

smooth muscle cells (VSMC) and endothelial cells, among others (reviewed in Bedard & 

Krause, 2007). The subcellular localization of NOX1 is still up for debate, but there is 

evidence that NOX1 can be found alongside p22
phox

 in the plasma membrane, as well as 

in the cytoplasmic compartment to a lesser extent, most likely within the membranes of 

certain organelles (Helmcke et al., 2008; Block & Gorin, 2012; Liu et al., 2012).  

 In order to function, NOX1 requires the NOXA1 activating subunit, the NOXO1 

organizing subunit, the p22
phox 

stabilizing subunit, and a GTPase Rac. NOX1 can also 

interact with the NOXA1 and NOXO1 homologues, p67
phox

 and p47
phox

, respectively, 

although the level of activation will be relatively lower (Banfi et al., 2003; Cheng & 

Lambeth, 2004). NOX1 differs from NOX2 in that the NOXO1 organizing subunit does 

not have an autoinhibitory loop, as is found on p47
phox

 subunit. This, combined with the 
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fact that NOXO1 is usually already membrane bound, results in a higher basal level of 

NOX-based ROS generation (Brandes & Kreuzer, 2004). Activators of NOX1 in VSMCs 

include platelet-derived growth factor, prostaglandin F, and angiotensin II (Brandes & 

Schroder, 2008; Cave, 2009).  

NOX1 plays a crucial role in VSMCs, as NOX1-deficient mice exhibit a significant 

decrease in VSMC migration and proliferation, as well as a decrease in vascular ROS 

levels and the angiotensin II blood pressure response (Matsuno et al., 2005; Lee et al., 

2009). Also related to vascular health, NOX1-deficient mice demonstrate a lack of 

angiotensin II type 1 receptor (AT1R) cell surface localization in smooth muscle (Basset 

et al., 2009). NOX1 deficiency prevents AT1R surface localization through interference 

of caveolin phosphorylation, as the ROS typically produced by NOX1 seems to be 

required for proper phosphorylation of caveolin, and subsequent surface localization of 

the AT1R. In this scenario the AT1R instead localizes to the endoplasmic reticulum and 

Golgi apparatus. Given the relationship between NOX1, blood pressure control, and 

hypertension, these studies indicate that NOX1 is a desirable therapeutic target for the 

treatment of CVD. 

1.9 Natural Compounds as ROS Inhibitors 

 

Antioxidants are molecules that can scavenge ROS, and/or prevent the production of 

ROS by either reducing O2 levels, or by directly binding and inhibiting ROS-producing 

systems (reviewed in Brewer, 2011). When a molecule directly prevents the production 

of ROS by binding to systems, it is often referred to as an inhibitor. Plants are a varied 

and plentiful source of natural antioxidants, such as flavonoids, phenolic acids, 
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carotenoids, and tocopherols (Khanduja, 2003; Ozsoy et al., 2009; Aqil et al., 2006). 

Many clinical trials have demonstrated that attempting to exploit antioxidant compounds 

for their ROS scavenging will end in disappointment (Bjelakovic et al., 2012), and as 

such we are interested in antioxidant compounds that have the ability to inhibit ROS-

producing systems. 

1.10  Resveratrol 

 

 Resveratrol, a form of phenol known as a stilbenoid that is found in grapes and 

various other plants, has gained attention since it was discovered that it can extend the 

life span of certain organisms by influencing a family of enzymes known as sirtuins, and 

through affecting genes related to aging (Lekli et al., 2010; Xia et al., 2010; Della-Morte 

et al., 2009; Markus & Morris, 2008; Finley & Haigis, 2010). Resveratrol is an 

antioxidant that has cardioprotective, anti-cancer, and anti-diabetic effects in mice (Bhat 

& Pezzuto, 2002; Wu et al., 2011; Szkudelski & Szkudelska, 2011). While there is much 

evidence that resveratrol is an effective treatment in rodents, following the Resveratrol 

2010 Conference, held in Helsingør, Denmark, it was concluded that there is insufficient 

evidence to recommend human supplementation of resveratrol beyond what is obtained 

from a normal diet (Vang et al., 2011). In addition to being a protein kinase C (PKC) 

inhibitor, resveratrol is able to scavenge H2O2 in cellular systems, yet cannot scavenge 

superoxide in cell-free systems (Deby-Dupont et al. 2005; Leiro et al. 2004; Poolman et 

al. 2005). PKC is typically activated by diacylglycerol (DAG) released by the cleavage of 

phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (PLC) 

(Figure 3)(Brandes, 2004). Also, PKC can be activated by phorbol myristate acetate 
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(PMA), and, potentially by superoxide as well. This makes the behaviour of resveratrol 

relevant to NOX enzymes, as NOX enzymes can be activated by the PKC-mediated 

phosphorylation of the organizing subunits, p47
phox

 or NOXO1. Representation of PKC-

mediated activation of a NOX enzyme is shown in Figure 4. 

With regards to resveratrol being a NOX inhibitor, there is evidence that resveratrol 

can reduce the level of superoxide in intact human umbilical vein endothelial cells at a 

concentration of approximately 16.0 uM ± 4.7 uM, yet no effect was seen by resveratrol 

on the cell-free, superoxide-generating xanthine/xanthine oxidase system (Steffen et al., 

2007). This suggests that resveratrol may be a NOX inhibitor, but does not reveal if it is a 

direct or indirect inhibitor. Aside from study noted above, there is scant evidence of 

resveratrol as a direct NOX inhibitor; however, there is evidence that phenols can inhibit 

PKC-mediated activation of NOX enzymes (Pignatelli et al., 2000). As such, resveratrol 

remains as a natural compound of interest as a potential NOX inhibitor. 

1.11 Celastrol 

 

 Celastrol is a triterpenoid quinone methide compound extracted from the root of 

the Thunder God Vine, also known as Tripterygium Wilfordii, which is indigenous to 

Southern China where it has been used as a part of traditional medicine to treat fever, 

chills, and pain (Allison et al., 2001). By the early 1990‘s celastrol was shown to inhibit 

lipid peroxidation and exhibit antioxidant behaviour (Sassa et al, 1990; Sassa et al., 

1994). More recently, celastrol was shown to have beneficial effects with regards to 

autoimmune disease and inflammation (Qiu & Kao, 2003; Canter et al., 2006). Also, 

celastrol is known to have anti-neurodegenerative effects in mouse models, potentially 
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due to its antioxidant effects and activation of NF-κB, and has been proposed as a 

treatment for Alzheimer‘s Disease (Kiaei et al., 2005; Wang et al., 2005; Cleren et al., 

2005; Allison et al., 2001). When human neutrophil-like cells were treated with celastrol, 

the release of H2O2 by NOX1, NOX2, NOX4, and NOX5 was inhibited by interfering 

with the collaborative binding of the NOX subunits p47
phox

, and NOXO1 with p22
phox

 

where applicable, and by a yet to be determined mode (Jaquet et al., 2011). The ability of 

celastrol to reduce ROS levels through the inhibition of mitochondria has yet to be fully 

explored; however, celastrol can inhibit complex I of the mitochondria electron transport 

chain (mETC), resulting in an accumulation of ROS in human lung carcinoma and liver 

carcinoma cells (Chen et al., 2011). Interestingly, blocking the mETC actually increases 

ROS production, as inhibiting an individual complex on the  mETC causes the electrons 

normally transferred among the complexes to leak into the surrounding mitochondrial 

matrix and intermembrane space (Li et al., 2003; Dias & Bailly, 2005). As a result of 

mETC complex I inhibition and the subsequent ROS accumulation, celastrol indirectly 

inhibits heat shock protein 90 (HSP90), a molecular chaperone involved in protein 

stabilization and folding, and activates the transcription factor c-Jun N-terminal kinase 

(JNK), resulting in increased cell growth inhibition, apoptosis, and necrosis (Chen et al., 

2011). 

1.12 Natural compounds potentially affecting ROS 

 

 There are many compounds extracted from plants or based on plant extracts that 

are tested for their antioxidant properties and potential against various diseases (Souri et 

al., 2010; Abdel‐Sattar et al., 2010.) Apigenin is a flavinoid plant extract that has been 
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used in cancer chemoprevention for its antiproliferative effects, which may be achieved 

by interfering with the NF-κB gene expression pathway (Shukla & Gupta, 2010; Xu et 

al., 2008). In addition, apigenin may have antioxidant properties (Al-Shaal et al., 2011). 

Artesunate, a semisynthetic compound based on the plant extract artemisinin, has been 

successfully used as an anti-malarial agent, and can affect oxidative stress by suppressing 

prooxidants and activating antioxidants (Ho et al., 2012). Interestingly, it‘s also been 

demonstrated that artesunate can suppress expression of NOX enzymes and associated 

subunits, and can inhibit NF-κB activity (Wong et al., 2012; Gu et al., 2012). Piperine is 

an alkaloid plant extract that also may have antioxidant effects (Jagdale et al., 2009; 

Kamaraj et al., 2009). Piperine is cytotoxic to human adenocarcinoma cells through the 

induction of apoptosis partly via increased ROS production (Yaffe et al., 2012). The 

natural compounds apigenin, artesunate, and piperine were included in this study due to 

their similar properties to celastrol or resveratrol with regards to their potential pro or 

antioxidant effects, and their effect on gene expression pathways, such as NF-κB. 

1.13 Do any known compounds affecting ROS production have positive CVD 

effects? 

 

Based on the connection between ROS and blood pressure, one might expect 

antioxidants to positively affect CVD risk. Two common antioxidant compounds, vitamin 

C and E, have been implicated in blood pressure regulation, specifically by having the 

effect of lowering blood pressure for a short period of time at high dosages (Reviewed by 

Kaliora & Dedoussis, 2007). However, due to many limitations and oversights within 

these studies, it is unclear whether vitamin C and E have true antihypertensive 

capabilities, with the main concern regarding the bioavailability of the compounds, which 
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represents the rate and extent of a compound's appearance in the blood (Lodge, 2005). 

Resveratrol has been characterized as having a low bioavailability due to rapid 

metabolization, but the bioavailability can be improved by reducing cytochrome P450 

enzyme activity, as observed with piperine, an alkaloid derived from black pepper that 

improved resveratrol bioavailability in mice by approximately 1544% (Johnson et al., 

2011). Despite the low bioavailability, resveratrol has significant cardioprotective effects, 

and has even been shown to inhibit mitochondrial ROS production in human endothelial 

cells (Gurusamy et al., 2010; Csiszar et al., 2009; Ungvari et al., 2009). 

1.14 Do NOX-inhibiting compounds have a positive effect on CVD? 

Evidence suggests that NOX enzymes are a significant source of oxidative 

damage in pathologic conditions (Vaziri et al., 2000; Yorek, 2003, Gupta et al, 2010). 

Therefore, blocking NOX enzymes may be a therapeutic strategy for treating oxidative 

stress-related diseases. Inhibition of NOX activation by phenols may provide a novel 

method of CVD risk reduction, as phenols inhibit platelet aggregation and adhesion to 

collagen, events directly associated with risk factors for CVD (Pignatelli et al., 2000; 

Sharma & Berger, 2011). Statins are another example of a compound that has positive 

CVD potential and prevents NOX activation (Antoniades et al., 2010; Zhou & Liao, 

2010). In a human vascular environment a statin can directly prevent the Rac1 protein 

from phosphorylating subunits responsible for NOX activation, thereby lowering vascular 

superoxide levels (Antoniades et al., 2010). The disadvantage of these compounds and 

many like them is that they have multiple targets, resulting in multiple potential adverse 

side effects when used in a clinical setting (Antoniades et al., 2010). It would be 

beneficial to find inhibitors that are exclusive to NOX enzymes or even particular NOX 
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isoforms, as the potential for adverse effects decreases as the number of off-target 

decreases. 

Another way to address the question of whether NOXs are involved in 

cardiovascular disease is to explore the fact that there is a correlation between disease and 

factors that influence ROS generation by NOX. In addition, there is some evidence that 

drugs that block NOX are beneficial (Wagner et al., 2000). For example, statins are 

capable of preventing NOX subunits from assembling properly, thereby affecting 

subunit-dependent NOX isoforms, and calcium blockers would prevent the proper 

function of the NOX5 isoform. More specific inhibitors would be beneficial. 

1.15 Study hypothesis and objectives 

 

The objectives of my studies were to determine the effect of p22
phox

 genetic 

polymorphisms on the production of reactive oxygen species by the NOX1 enzyme, and 

to determine the effect of the natural compounds celastrol and resveratrol on the 

production of reactive oxygen species by the mitochondria and NOX enzymes 

respectively. The subunit p22
phox 

exhibits a high level of genetic variability, and this 

variability results in more non-silent changes than would be expected (Bedard, 2009; 

Lacy et al., 1998). This type of variation can be found in genes where there is a benefit in 

diversity that is positively selected for, such as in genes related to antigen presentation 

and recognition (Nei et al., 2010).  Likewise, the high degree of variation in p22
phox

 may 

have beneficial effects, like allowing for more a nuanced control of protein regulation 

across multiple cell types, potentially via microRNAs targeting the 3‘ UTR. We would 
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like to test the hypothesis that variation of the p22
phox

 protein affects the different NOX 

isoforms in different ways by considering the effect of these variants on NOX1 function.  

Given that celastrol completely inhibited ROS production in B-lymphocytes in which  

little of the ROS produced is attributable to mitochondria, and given that the inhibition of 

ROS production in NOX5- or NOX4-transduced HEK cells was incomplete, and less 

than that of the inhibitor DPI, a gold standard inhibitor of NOXs and mitochondria 

(Cross, 1987; Morré, 2002), which would be expected to inhibit both NOX and 

mitochondrial ROS (Jaquet et al., 2011), we hypothesize that the natural compound 

celastrol will not act as an inhibitor of mitochondrial ROS production. Through in vitro 

investigation using a H661 human lung cancer cell line with functional NOX1 lentivirally 

inserted, I examined the amount of p22
phox

 mRNA, H2O2 generation, and p22
phox

 protein 

expression by qRT-PCR, Amplex Red assay, and Western blot respectively. Using the 

same NOX1 cell line, we investigated the antioxidant and ROS inhibition capabilities of 

celastrol and resveratrol by Amplex Red, methyl cypridina luciferin analog (MCLA), and 

nitro blue tetrazolium (NBT) assays. 
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A) O2 + NADPH   •O2
−
 + NADP

+
 + H

+
 

B) 2•O2
−
 + 2H

+
  H2O2 + O2  

C) 2H2O2  2H2O + O2 

D) •NO + •O2
−
 → ONOO

− 

E) H2O2 + 2GSH  2H2O + GSSG 

F) GSSG + NADPH + H
+
  2GSH + NADP

+
 

 

G) Haber-Weiss Reaction 

Step One: 

Fe
3+

 + •O2
−
 → Fe

2+
 + O2 

Step 2 (Fenton Reaction): 

Fe
2+

 + H2O2 → Fe
3+

 + OH
−
 + •OH 

Net Reaction: 

•O2
-
 + H2O2 → •OH + OH

-
 + O2 

 

Figure 1. Reactions involving reactive oxygen species or antioxidants.  The process of 

A) NOX-catalyzed formation of superoxide, B) forming hydrogen peroxide, C) catalase-

catalyzed breakdown of H2O2, D) forming peroxynitrite, E) glutathione peroxidase-

catalyzed breakdown of H2O2, F) glutathione reductase-catalyzed formation of 

glutathione. G) The Haber-Weiss reaction involving iron (Fe). 
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Figure 2. The breakdown of hydrogen peroxide (H2O2) by catalase and glutathione. The 
levels of hydrogen peroxide are tightly controlled by catalase, glutathione or 
peroxiredoxin, which metabolize hydrogen peroxide and form water as a byproduct. 
Adapted from Adimora et al., 2010. 
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Figure 3. The creation and fate of superoxide. An electron from NADPH is ultimately 
donated to NOX1, which then uses it to create superoxide. Superoxide (·O2

-) then 
becomes hydrogen peroxide (H2O2) by either spontaneously interacting with another 
superoxide molecule, or by interaction with superoxide dismutase (SOD). At low 
concentrations hydrogen peroxide can act as a signalling molecule by oxidizing cysteine 
residues prior to its breakdown by catalase, glutathione, peroxiredoxins, or other 
antioxidants. H2O2 can also damage proteins, lipids, and DNA, among others. 
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Figure 4. Protein Kinase C activation of a NOX enzyme. Stimulators of protein kinase C 

(PKC), such as superoxide (O2
-), diacylglycerol (DAG), and phorbol 1 2-myristate 13-

acetate (PMA), can cause phosphorylation of the NOX organizing unit (p47phox or 

NOXO1), and assembly of the complete NOX enzyme. This process can create 

superoxide from oxygen and the NADPH electron source, and ultimately create 

hydrogen peroxide (H2O2), a second messenger signalling molecule. Adapted from 

Brandes, 2004. 
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Figure 5. The NADPH oxidase family of enzymes.  The NOX enzymes contain a 
conserved six-transmembrane domain, yet certain forms interact with various subunits, 
whereas others do not. NOXs are activated to produce superoxide via various 
mechanisms, such as phosphorylation and calcium binding. 
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Figure 6. Representation of p22phox and three common polymorphisms.  The p22phox 
subunit of the NOX enzyme contains hydrophobic and hydrophilic regions, a 
transmembrane domain (TMD), a proline rich region (PRR) that interacts with p47phox or 
NOXO1, and an alpha-helix. Three common polymorphisms depicted in red occur at 
c.214, c.521, and at *24. 
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Figure 7. Compound structures.  The 2D chemical structure of A) resveratrol, B) 
celastrol, C) apigenin, D) artesunate, E) piperine, F) phorbol myristate acetate (PMA), G) 
diphenyleneiodonium (DPI), H) trolox. Structures referenced from NCBI PubChem 
Compound Database (https://www.ncbi.nlm.nih.gov/pccompound; March, 2013). 
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CHAPTER 2: MATERIALS 
 

2.1 Cell culture 

 

All cells were cultured at 37°C in a 5% CO2 atmosphere in a sealed and humidified 

incubator.  The human lung carcinoma cell line H661 (ATCC) and B-lymphocyte cell 

lines (gift from Dr. Marie Jose Stasia, Centre Hospitalier Universitaire, Grenoble, France) 

were cultured in 1640 Roswell Park Memorial Institute Medium (RPMI; 2 mM L-

glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, 1500 mg/L 

sodium bicarbonate; (Thermo Fisher, Massachusetts, United States) supplemented with 

10% fetal bovine serum (FBS) 100 U/mL penicillin, and 100 mg/mL streptomycin.  The 

human embryonic kidney cell line HEK293T (gift from Dr. Chris Sinal, Dalhousie 

University, Halifax, Canada) cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) (4 mM glutamine, 4500 mg/L glucose, without sodium pyruvate; Thermo 

Fisher, Massachusetts, United States) supplemented with 10% FBS, 100 U/mL penicillin, 

and 100 mg/mL streptomycin. For subculture, H661 cells were washed with PBS prior to 

addition of 0.5% (w/v) trypsin-EDTA (Sigma Aldrich, Missouri, United States).  Trypsin 

was added directly to the less adherent HEK293T cells.  B-lymphocytes were subcultured 

by dilution.   
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2.1.1 Hank’s Buffered Salt Solution (HBSS): 

 

HBSS (0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KHPO4, 1.3 mM 

CaCl2, 1% Glucose (w/v), 1.0 mM MgSO4, and 4.2 mM NaHCO3) was used in Amplex 

Red assays. 

2.2 Gateway
®
 Cloning 

 

To generate plasmids of NOX1 and associated subunits, Gateway
®

 cloning was 

employed. PCR products designed for the NOX1 subunits and flanking terminal attB 

Gateway
®

 sites were amplified from human normal colon cDNA (Invitrogen, California, 

United States) using Platinum
®
 Pfx (Invitrogen, California, United States) with primers 

h_gwNOX1F and h_gwNOX1R (NOX1), h_gwNOXA1F and h_gwNOXA1R (NOXA1), 

h_gwNOX1F1 and h_gwNOX1R3 (NOX1) (Table 1). The attB-PCR products were 

separated via 1% agarose gel electrophoresis at 100 V for 1 hr. The bands containing the 

DNA of NOX1 subunits were isolated and then purified using the QIAquick Gel 

Extraction Kit following the manufacturer‘s instructions (Qiagen, Venlo, Netherlands). 

The attB-PCR products NOX1 and subunits and the attB-PCR product for the CMV 

promoter were inserted into Entry cloning vectors by BP Clonase recombination into 

pDONR221, and pDONR-P4-P1R, respectively (Invitrogen, California, United States) 

(Figure 4A).  One Shot
®
 TOP10 (p22 variants) or One Shot

®
 Mach1™ T1 Phage-

Resistant (NOX1 subunits) chemically competent E. coli (Invitrogen, California, United 

States) were transformed with 2 μL of each BP reaction into 25 μL of E.Coli cells 

following manufacturer‘s instructions. Briefly, the mixture was set on ice for 30 min, heat 
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shocked at 42°C for 30 sec, and placed back on ice for 2 min. Super Optimal broth with 

Catabolite repression (SOC) medium (250 μL) (Cellgro, Virginia, United States)  was 

added, and the mixture shaken for one h in a 37°C incubator. From this, 100 μL was 

added to LB agar plates supplemented with kanamycin (50 μg/mL), and incubated at 

37°C overnight. Resulting colonies were cultured in 3 mL Lysogeny broth (LB) 

supplemented with kanamycin (50 μg/mL), and shaken overnight at 37°C. The plasmid 

DNA of CMV and the NOX1 subunits were then purified using the QIAprep Spin 

Miniprep Kit (Qiagen, Venlo, Netherlands). The Expression clones were generated by a 

recombination reaction between the Entry vectors containing the CMV promoter and 

Entry vectors containing NOX1 or subunits and a modified pDONR vector called a 2K7 

cassette Gateway
®

 vector, as previously described (Suter et al., 2006)(Figure 4B). One 

Shot
®
 Stbl3 Chemically Competent E. coli (25 μL) were transformed with 2 μL of each 

LR reaction into of (CMV with NOX1 or subunits, and selection marker), as per above. 

From this, 100 μL was added to LB agar plates supplemented with ampicillin (50 

μg/mL), and incubated at 37°C overnight. Resulting colonies were cultured in 3 mL LB 

broth supplemented with ampicillin (50 μg/mL), and shaken overnight at 37°C. The 

cultured bacteria was transferred into 250 mL LB broth supplemented with ampicillin (50 

μg/mL), and shaken overnight in a 37°C incubator. The plasmid DNA of CMV and the 

NOX1 subunits was then purified using the QIAGEN Plasmid Maxi Kit (Qiagen, Venlo, 

Netherlands). Sequences of the vectors were confirmed by Sanger sequencing using 

BigDye® (Life Technologies, California, United States) and primers s_2K7CF1 and 

s_2K7CR1 (2K7 cassette + CMV), s_NOXA1iF and s_NOXA1iR (NOXA1), 

s_NOXO1iF and s_NOXO1iR (NOXO1), s_NOX1iF1 and s_NOX1iR1 (NOX1), 
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M13_forward and M13_reverse (pENTR) (Table 1). The PCR products were amplified 

using a Biometra® T-gradient thermocycler (Montreal Biotech Inc., Quebec, Canada) 

with the following cycling conditions: 94°C for 2 min; 35 cycles of 94°C for 30 sec; 

58°C for 30 sec, 72°C for 45 sec; and a final elongation step for 5 min at 72°C. The 

sequencing PCR products then were purified using the BigDye® Terminator™ 

purification kit using the manufacturer‘s instructions 

 (Life Technologies, California, United States), prior to sequencing on a 3130xl Genetic 

Analyzer (Applied Biosystems, California, United States). 

2.3 Preparation of Lentiviral Particles 

 

2.3.1 Transfection for Lentiviral Packaging 

 

HEK293T cells ( 2 x 10
6
 /10 cm tissue culture dish) were cultured in complete 

DMEM at 5% CO2 atmosphere in a 10 cm tissue culture dish for 24 hr.  Medium was 

changed and transfection was performed using the Promega
®
 calcium phosphate method. 

The three vectors collectively encoding the lentiviral packaging system, 2.5 μg envelope 

plasmid (MD2.G), 3.75 μg packaging plasmid (pCMVDR-8.92), and 3.5 μg REV-

expression plasmid (PCMVDR-8.93), were combined in a volume of 10 μL.  To this 10 

μL of 1 μg/μL plasmid of interest (NOX1, NOXA1, NOXO1, or p22
phox

), and this was 

brought to 250 μL with room temperature ddH2O. An equal volume of 250 ul of 2 M 

CaCl2 was added to the vector mixture.  A volume of 500 μL of a CaCl2 and plasmid 

vector mixture was added dropwise to 500 μL HEPES-buffered saline solution (HeBS) 

solution while vortexing the HeBS tube. After 30 min at room temperature, 1 mL of the 
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mixture was added dropwise to the plated HEK293T cells in complete DMEM. The plate 

was then incubated at 37°C/5% CO2 atmosphere in a humidified incubator. The following 

day complete DMEM medium was warmed, medium was changed in each well, and the 

dish was replaced in a 37°C/5% CO2 incubator for 24-48 hr. 

2.3.2 Transduction 

 

H661 cells were seeded at 1 x 10
4
 cells per well in complete RPMI in a six-well 

plate a day prior to transduction. The medium from the lentivirus vector producing 

HEK293T cells was filtered through a sterile 0.45 μm filter, and 1 mL of this medium 

was added directly to the H661 cells to be transduced. The H661 cells were incubated in 

a 37°C/5% CO2 atmosphere humidified incubator. 

The medium was changed every two days, and antibiotic resistance selection 

commenced. Selection included blasticidin (5 μg/mL), neomycin (1 mg/mL), and zeocin 

(100 μg/mL). NOXA1 cells were selected via neomycin, NOXO1 cells were selected via 

zeocin. NOX1 cells selected via clonal selection of GFP fluorescent colonies of cells 

plated dilutely on a 15 cm plate. These cells H661 containing NOXA1, NOXO1 and 

NOX1 were called HOAx1 cells.  These HOAx1 cells were then transduced with each of 

the seven variants of p22
phox 

to create the set of cell lines called S184 and then again to 

create the set of cell lines called S232. The SNPs contained within each haplotype is 

represented in Table 2. 
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2.3.3 RNA and DNA Extraction/ cDNA Synthesis/ Polymerase Chain Reaction 

 

RNA was extracted from pelleted cells using the QIAshredder kit, and RNeasy 

Mini Kit with DNAse on-column digestion (Qiagen, Venlo, Netherlands). cDNA was 

prepared using either 0.5 μg or 1 µg of isolated RNA.  Reverse-transcription of total 

RNA into cDNA was performed using the Ready-To-Go T-Primed First Strand Synthesis 

kit and manufacturer‘s instructions (GE Healthcare, Glattbrugg, Switzerland). 

Genomic DNA was isolated from cells using the DNeasy Blood & Tissue Kit (Qiagen, 

Venlo, Netherlands). 

The H661 cell line was analyzed via polymerase chain reaction. Briefly, 1 μL of 

cDNA, or 50-100 ng of isolated genomic DNA was combined with  1X KCl PCR buffer, 

0.2 mM dNTP, 2 mM MgCl2, 1 μM of the appropriate forward and reverse primers, and 1 

unit Platinum® Taq DNA Polymerase High Fidelity enzyme. Primers used for 

amplification of NOX enzymes and associated subunits are listed in Table 1, primer 

numbers 15 – 32. The PCR product was amplified using a Biometra
®
 T-gradient 

thermocycler (Montreal Biotech Inc., Quebec, Canada) with the following cycling 

conditions: 94°C for 2 min; 35 cycles of 94°C for 30 sec; 58°C for 30 sec, 72°C for 45 

sec; and a final elongation step for 5 min at 72°C. Amplified PCR products were resolved 

on 1% agarose gels stained with SYBR® Safe DNA gel stain (10 000x in DMSO) 

(Invitrogen, California, United States) by electrophoresis at 100 V for 60 min. Molecular 

weight marker used was Qiagen Gelpilot 1kb Plus Ladder (Qiagen, Venlo, Netherlands). 

Nucleic acid bands were visualized by UV light exposure, using the FluorChem M 

Imager (Protein Simple, California, United States). Primers involved in confirming the 
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absence of NOX enzymes and associated subunits are as follows: hNOX1F and hNOX1R 

(NOX1), hNOX2F and hNOX2R (NOX2), hNOX3F and hNOX3R (NOX3), hNOX4F 

and hNOX4R (NOX4), hNOX5F and hNOX5R (NOX5), hCYBAF and hCYBAR 

(p22
phox

), hNCF1F and hNCF1R (p47), hNCF2F and hNCF2R (p67) (Table 1). 

2.4 Assays 

 

2.4.1 Amplex Red (AR) Assay 

 

H2O2 was measured with the Amplex Red
®
 fluorescence assay, using the Infinite 

M200 Pro microplate reader (Tecan Group Ltd., Männedorf, Switzerland), as previously 

described (Jacquet et al., 2011). Detached cells were plated in a 96-well plate at a density 

of 5 x 10
4
 in 200 μL of HBSS containing 25 μM Amplex Red™ (Invitrogen, California, 

United States) and 0.005 U/mL horse radish peroxidase (HRP)(Sigma-Aldrich, Missouri, 

United States). Cells were stimulated with 100 nM phorbol 12-myristate 13-acetate 

(PMA)( Sigma-Aldrich, Missouri, United States), and inhibited with 10 μM 

diphenyleneiodonium (DPI)(Sigma-Aldrich, Missouri, United States). The H2O2 (Fisher 

Scientific, New Hampshire, United States) standard curve ranged from 5000 nM to 0 nM. 

In order to ensure all superoxide was converted to H2O2, Cu/Zn from bovine erythrocytes 

(100 U/well)(Sigma-Aldrich, Missouri, United States) was added to the appropriate 

wells. To properly normalize H2O2 results with the number of viable cells, calcein (10 

μg/mL)(Invitrogen, California, United States) was added to wells of a cellular standard 

with cell densities ranging from 1 x 10
6
 to 0 cells per well. In a cell-free system, 625 nM 

of H2O2 in 200 μL HBSS containing 25 μM Amplex Red™ and 0.005 U/mL HRP was 
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combined with various natural compounds at final concentrations ranging from 0.5 μM to 

100 μM to determine their antioxidant properties. H2O2 was determined by measuring the 

fluorescence every 2 min for 30 cycles at 37°C, with excitation and emission 

wavelengths of 544 nm and 590 nm respectively. 

2.4.2 Nitro Blue Tetrazolium (NBT) Assay 

 

Intracellular cellular superoxide generation was measured with the nitro blue 

tetrazolium (NBT) fluorescence assay, using the Infinite M200 Pro microplate reader 

(Tecan Group Ltd., Männedorf, Switzerland). In a 100 μL volume of HBSS, detached 

S184 or B-lymphocytes were seeded at 4 x 10
4
 cells per well in a 96-well plate. Natural 

compounds, dissolved in DMSO and diluted in PBS, were added to the wells at final 

concentrations ranging from 0.5 mM to 100 mM. At the final concentrations in wells 

DMSO was less than 1% of the total solution volume. NBT (Invitrogen, California, 

United States)(0.66 mg/mL) and PMA (Sigma-Aldrich, Missouri, United States)(100 nM) 

was added to each well and placed the plate in a sealed 37°C incubator for 3 hr. The plate 

was removed from the incubator and spun in a centrifuge at 2270 g for 2 min. The well 

solutions were removed and the cells were washed twice with 100 μL of PBS. The plate 

was spun again for 2 min at 2270 g between washes.  The solution in each well was 

removed, and the cells were washed with 100 μL methanol, then air dried for 5 min. Next 

112 μL 2M KOH, 96 μL DMSO (99%) was added to each well, mixed thoroughly by 

micropipette, and read the plate was read at 630 nm. Cu/Zn SOD (25 U/mL) was added to 

control wells. 
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2.4.3 MCLA Assay 

 

Superoxide generation was measured in a cell-free environment with the methyl 

cypridina luciferin analog (MCLA)(Invitrogen, California, United States) 

chemiluminescence assay using the Infinite M200 Pro microplate reader (Tecan Group 

Ltd., Männedorf, Switzerland), as previously described (Jacquet et al., 2011). The 

generation of superoxide by the xanthine/xanthine oxidase was performed in PBS 

supplemented with xanthine oxidase (0.1 U/mL), EDTA (0.3 mM), MCLA (0.1 mM), 

xanthine (0.5 mM). Natural compounds at various final concentrations ranging from 0.5 

mM to 100 mM were added to the wells. Cu/Zn SOD (100 U/mL) and DPI (10 μM) were 

added as controls and for verification of xanthine oxidase function and superoxide 

production. Superoxide generation was determined by measuring the MCLA light 

emission every 90 sec for 30 cycles at 37°C with an integration time of 0.9 sec.  

2.5 Vector Quantification 

 

2.5.1 Tissue Culture  

 

HEK293T cells were seeded at 1 x 10
4
 cells per well in a six-well dish. One well 

received undiluted DMEM medium containing lentiviral particles, and four wells 

received quarter serial dilutions of the original medium down to a 1:256
 
concentration. 

The GFP vector contained the blasticidin resistance gene as a selection marker. The 

remaining well received complete DMEM.  Supernatants were harvested and total RNA 
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was collected from the lentiviral particles using the RNeasy Mini kit (Qiagen, Venlo, 

Netherlands) in conjunction with QIAshredder and the DNase on-column digestion.  

A volume of 175 μL of the lentiviral prep was disrupted with 175 μL of RT buffer 

from the RNeasy Mini kit. This 350 μL volume was then homogenized using the 

QIAshredder (Qiagen, Venlo, Netherlands), and the protocol from the RNeasy kit was 

followed. The final volume from RNA isolation was 61 μL. qRT-PCR performed on 

cDNA prepared from the diluted virus preparation samples using primers for blasticidin 

as the gene of interest and primers for kanamycin as the normalization gene found that a 

decrease in the amount of blasticidin resistance gene could be detected on dilution. 

(Figure 17). A volume of 5 μL of kanamycin (7.5 pg/μL) was added to the 61 μL RNA 

isolate to act as a known concentration control for the qRT-PCR experiment.  

A volume of 33 μL of the total 66 μL of isolated RNA was used to reverse-

transcribe total RNA into first strand cDNA through the use of the Ready-To-Go T-

Primed First Strand Synthesis kit and the manufacturer‘s instructions (GE Healthcare, 

Glattbrugg, Switzerland).  

Final qPCR conditions and concentrations were as follows: 156.25 nM of each 

forward and reverse primers (KAN F1 and KANR1 (kanamycin resistance gene)), 

blasticidin F and blasticidin R, (blasticidin resistance gene)), 1-2 ng template, 1X SYBR 

Green (Applied Biosciences, California, United States). A total volume of 16 μL was 

used per reaction. The PCR product was amplified using a Roto-Gene Q (Qiagen, Venlo, 

Netherlands) with the following cycling conditions: 95°C for 2 min; 40 cycles of 95°C 

for 10 sec, 60°C for 15 sec, 72°C for 20 sec. A final melting step of gradually increasing 

temperature from 72°C to 95°C to ensure a single product from each reaction. For 
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normalization, 1 ng of kanamycin resistance gene RNA was used as a known 

concentration positive control, and used undiluted viral preparation template as calibrator 

considered ‗1‘ during the final qRT-PCR quantification step. The primers used to 

quantify blasticidin (blasticidin F/blasticidin R), and kanamycin resistance gene (KAN 

F1/KAN R1) are described in Table 1. 

2.5.2 Fluorescence Activated Cell Sorting (FACS) 

 

HEK293T cells transduced with a previously generated lentiviral vector containing 

GFP under the CMV promoter, and containing the blasticidin resistance gene (2K7-

CMV-GFP-blast)(Bedard et al., 2009) were cultured in a six-well plate incubated at 

37°C, 5% CO2 atmosphere in a sealed and humidified incubator for 24 hr. The medium 

was removed from all wells, the cells were washed with 1X phosphate buffered solution 

(PBS; Thermo Fisher, Massachusetts, United States), and trypsinized (0.5% w/v)(Sigma, 

Missouri, United States) for 3 min. The cells were pelleted for 3 minutes at 1500 g, 

washed with PBS, and fixed with 200 μL of 2% [w/v] paraformaldehyde (PFA; Sigma 

Aldrich, Missouri, United States) in preparation for fluorescence assisted cell sorting 

(FACS). The percent of HEK293T cells successfully transduced with GFP was quantified 

by flow cytometry using the BD FACSCalibur (BD Biosciences, New Jersey, United 

States) flow cytometer and Cell Quest Pro software (v 5.2.1). 

2.6 Protein Immunoblot 

 

 Expression of p22
phox

 was determined through Western blotting. Cells containing 

the p22
phox

 variants were pelleted and lysed (50 mM Tris-HCl, 150 mM NaCl, 2 mM 
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EDTA, and 0.2% Triton X-100). Protein was quantified using a Bradford-based assay 

with pre-diluted solutions containing bovine gamma globulin protein to generate the 

standard curve (Thermo Fisher, Massachusetts, United States). Protein from the cells was 

heated at 70°C for 10 min, and 40 μg of total protein in a verified linear range was 

separated on a 12% SDS-PAGE gel, and transferred to a polyvinylidene difluoride 

(PVFD) membrane using a Bio-Rad Trans-Blot® Turbo™ Transfer system (Bio-Rad 

Laboratories, California, United States) The Western blots were performed with 1:1000 

monoclonal anti-p22
phox

 (Abcam, Cambridge, England; prod#: ab80896), and 1 : 5000 

anti-mouse IgG and 1:10 000 anti-biotin HRP-linked antibodies (Cell Signaling, 

Massachusetts, United States; prod#: 7075 & 7076S). The loading control, β-actin, was 

probed with 1:5000 anti-β-actin (Cell Signaling; prod#: 51255). The blots were 

visualized using an enhanced chemiluminescence (ECL) reagent (GE Healthcare, 

Glattbrugg, Switzerland), and a FluorChem M Imager (Protein Simple, California, United 

States). The band density was normalized to the β-actin loading control and quantified 

using National Institutes of Health (NIH) ImageJ software (v 1.47h) 

(http://rsbweb.nih.gov/ij/index.html) 

2.7 Mitochondrial Isolation & Stimulation/Inhibition 

 

2.7.1 Solutions 

 

Mitochondrial Isolation Buffer (MIB): 

Mannitol (0.22 M), sucrose (0.007 M), K-HEPES (0.02 M), EGTA (1 mM), pH 7.2 
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2.7.2 Protease Inhibitors (PI) 

 

PMSF (50 μM), pepstatin A (1 μM), aprotinin (5 μg/mL), leupeptin A (5 μg/mL). 

Alternatively, a protease inhibitor cocktail was used (sc-29131; Santa Cruz, United 

States) as per the manufacturer‘s instructions. A volume of 82 μL of PI cocktail was 

added to 2 mL of MIB. 

2.7.3 Mitochondrial Isolation 

 

When possible, steps were carried out on ice. Trypsinized (0.5% w/v) H661 cells 

from a total surface area of 1000 cm
2
 (Two Nunc

®
 Triple Flasks; Sigma-Aldrich, 

Missouri, United States) were placed into a 50 mL conical tube. Cells were pelleted at 

1300 g for 3 min at 4°C, and resuspended in 2 mL of mitochondrial isolation buffer 

(MIB). Cells were ruptured by nitrogen cavitation at 1500 psi for 11 min in a model 4639 

cell disruption vessel (Parr Instrument Company, Illinois, United States) as previously 

described (Kristian et al., 2006). Lysed cell contents into a 50 mL conical tube, and spun 

at 800 g for 10 min in a 4°C centrifuge. Supernatant was collected, pellet discarded, and 

supernatant spun at 13 000 g for 10 min in a 4°C centrifuge. Supernatant was removed 

and discarded, and crude pellet was resuspended in MIB supplemented with 1% BSA 

(w/v). 

Positive controls for Amplex Red
®
 assay were a combination of malate/pyruvate at a 

final concentration of 1mM, and antimycin A (Sigma-Aldrich, Missouri, United States) at 

a final concentration of 50 µg/mL. Adenosine diphosphate (ADP) was added to all wells 

at a final concentration of 300 µM. Celastrol (10 μM), dissolved in DMSO and diluted in 
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PBS, was added to mitochondria at the start of the Amplex Red
®
 assay to determine 

potential mitochondrial inhibition capabilities. At this concentration DMSO consisted of 

less than 1% of the total solution volume. 

 

 

2.8 Statistical Analysis 

 

Experiments were repeated as indicated and error was expressed as standard 

deviation (SD). Statistical analysis was performed using GraphPad Prism™ software 

v5.04 (GraphPad Software, Inc, California, United States). Data were analyzed using a T-

test, or one-way ANOVA with repeated or non-repeated measure, and Dunnett‘s or 

Tukey‘s post-hoc analysis. Results were considered to be statistically significant when 

p<0.05, denoted as * p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Treatment 

groups were compared to the untreated control, unless otherwise indicated. Quantitative 

PCR raw data were analyzed using Roto-Gene 6000 Series software v1.7, build 34 

(Corbett Life Science Pty. Ltd, Sydney, Australia). 
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Table 1. Primers used for PCR, qPCR, and qRT-PCR analysis of NADPH oxidase 

and subunits 

Primer name Primer Sequence 

h_gwkzNOX1F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGGGAAACTGGGTGGTTAAC 

h_gwNOX1R1 GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAAAAATTTTCTTTGTTGAAGTAGAA 

h_gw kzNOXO1F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGGCAGGCCCCCGATAC 

h_gwNOXO1R1 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTTTACTCAGAGGAACAGCAAATGGCC 

h_gw kzNOXA1F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGGCCTCTCTGGGGGAC 

h_gwNOXA1R1 GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAGGGCTGATCTCCCTGC 

h_gwNOX1F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGAAACTGGGTGGTTAAC 

h_gwNOX1R3 GGGGACCACTTTGTACAAGAAAGCTGGGTTTGGGGTTCTCGGTAATTTTG 

h_gwNOX4F1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTGTGTCCTGGAGG 

hNOX1F TTAACAGCACGCTGATCCTG 

hNOX1R CACTCCAGTGAGACCAGCAA 

hNOX2F AAATGGTGGCATGGATGATT  

hNOX2R GGGATTGGGCATTCCTTTAT  

hNOX3F CCAGGGCAGTACATCTTGGT 

hNOX3R CCGTGTTTCCAGGGAGAGTA  

hNOX4F AACCGAACCAGCTCTCAGAA 

hNOX4R CCCAAATGTTGCTTTGGTTT  

hNOX5F TACCTCCTCGTGTGGCTTCT  

hNOX5R GCTCAG AGGCAAAGATCCTG  

hCYBAF GTTTGTGTGCCTGCTGGAGT 

hCYBAR TGGGCGGCTGCTTGATGGT 

hNCF1F CCCAGCCAGCACTATGTGTA  

hNCF1R CCCAGGTCTTCTCGTAGTCG  

hNCF2F CGAGGGAAC CAGCTGATAGA  

hNCF2R CATGGGAACACTGAGCTTCA 

KAN F1 GCCATTCTCACCGGATTCAGTCGTC 

KAN R1 AGCCGCCGTCCCGTCAAGTCAG 

s NOXA1iF AGCCACAGGGACCAGGAG 

s NOXA1iR ACCGACCTCTGTCTCTGCAT 

s NOXO1iF AGAACGAAGACCGGCAGAC 

s NOXO1iR CGGGAAGCACAGAACTGG 

s NOX1iF1 CATTGCTGGTCTCACTGGAG 

s NOX1iR1 CACGATCATCCCACATCTCA 

blasticidin F ACAGCATCCCCATCTCTGAAGA 
 blasticidin R TGCGGCCGTCGCTAGA 
  

PCR Thermal Cycle: : 94°C for 2 min; 35 cycles of 94°C for 30 sec; 58°C for 30 sec, 72°C for 
45 sec; and a final elongation step for 5 min at 72°C 
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Table 2. p22
phox

 single nucleotide polymorphisms in humans 

 

Single Nucleotide 
Polymorphism 
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A X 
  

0.39 

B 
 

X X 0.20 

C X X X 0.22 

D 
 

X 
 

0.11 

E X 
 

X 0.40 

F 
   

0.20 

G X X 
 

0.20 
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Figure 8. Multisite Gateway® Cloning. The generation of NOX1 and the associated plasmids was 
achieved using Gateway® cloning. A. The Entry vectors were created using the PCR products 
flanked with recombination sites targeted by the BP recombination reaction (Where B sites 
recombine with P sites). B. The Expression clones were generated by a recombination reaction 
between the Entry vectors containing the CMV promoter and Entry vectors containing NOX1 or 
subunits, and a modified pDONR vector called a 2K7 cassette Gateway® vector. This was 
achieved by using the LR recombination reaction (Where L sites recombine with R sites). Figure 
modified from Magnani et al., 2006.
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CHAPTER 3: RESULTS 

 

3.1 Creation of a model cell line for the study of the effect of p22
phox

 variation on 

NOX1 

 

  This research required a suitable cell line for studying the effect of variations in 

p22
phox

 on the behavior of NOX1. To obtain this, we selected a cell line reported to be 

devoid of all endogenous NOX isoforms and associated subunits (Löhneysen et al., 2008; 

personal communication with Dr. Ulla Knaus, UCD Conway Institute of Biomolecular 

and Biomedical Research, Dublin), and then used this cell line to introduce the 

components required for a functional NOX1 enzyme. The chosen cell line, a human lung 

carcinoma cell line identified as H661, was verified to be devoid of endogenous NOX 

isoforms through RT-PCR followed by agarose gel electrophoresis (Figure 9). 

3.1.1 Generation of the HOAx1 cell line 

 

  A foundation cell line was created with the insertion of NOX1 (with GFP as a 

selection marker), NOXA1 (with neomycin resistance as a selection marker), and 

NOXO1 (with zeocin resistance as a selection marker).  The cell line was made isogenic 

by dilution and clonal selection, and was verified to contain the desired components by 

RT-PCR followed by agarose gel electrophoresis (Figure 10). This foundation cell line, 

hereafter referred to as HOAx1, contained the necessary components for NOX1-based 

ROS generation, with the exception of p22
phox

.    
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3.1.2 Confirming lack of interference between GFP and calcein 

 

  Green fluorescent protein (GFP) was used as a selection marker for successful 

NOX1 transduction. Calcein, a green fluorescent marker of viable cells, was used during 

some plate assays as an indicator of the number of viable cells plated in the well.  Calcein 

has an excitation wavelength of 495 nm, and an emission wavelength of 515 nm. GFP 

has an excitation wavelength of 488 nm, and an emission wavelength of 507 nm. We 

would expect the fluorescent from the GFP protein to interfere with the calcein assay. In 

order to confirm the magnitude of the GFP signal was not interfereing with the calcein 

the fluorescence was measured from both human lung cancer cells devoid of NOXs 

(H661), and human lung cancer cells transduced with NOX1 subunits (HOAx1) treated 

and untreated with calcein. There was a negligible contribution by GFP in fluorescence 

between the H661 cell line treated with calcein, and the GFP-containing HOAx1 cell line 

treated with calcein. (Figure 11). 

3.2 Assessment of effect of genetic variation in the p22
phox

 subunit on ROS 

generation 

 

3.2.1 Analyzing H2O2 generation following PMA stimulation of S184  A – G cell lines 

 

  Seven different genetic variants of p22
phox

 were introduced into the HOAx1 cell 

line to create seven different cell lines called S184-A to S184-G.  An Amplex Red assay 

was performed to measure the H2O2 in these cells at rest and following stimulation with 

the phorbol ester PMA.  The results of the Amplex Red™ test revealed there was little 
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ROS generated by the HOAx1 cells either at rest or when stimulated with PMA.  Further, 

all seven PMA-stimulated variants of p22
phox

 generated significant levels of ROS 

compared to the HOAx1 control, indicating that all seven variants support functional 

NOX1 activity (Figure 12).  Compared to the HOAx1 control, there was a significant 

increase in ROS generation in the absence of PMA for variants E and G, and there was a 

significant increase after the addition of PMA for all variants.  Consistent with NOX1 

being the source of the ROS, the PMA stimulated ROS generation was inhibited by the 

addition of DPI down to a level that was not significantly different from the HOAx1 

control. Although the Amplex Red assay indicated that all seven variants of p22
phox

 were 

able to support NOX1-mediated ROS generation, there was not a significant difference in 

the rate of ROS generation by NOX1 among these seven variants. The haplotypes were 

then grouped based on a single nucleotide polymorphism, and the rate of ROS production 

was examined (Figure 13). This comparison indicates that none of the three single 

nucleotide polymorphisms have a significant effect on the rate of ROS production. 

3.2.2 Determining mRNA levels of p22
phox

 in S184 A – G cell lines 

 

The seven p22
phox

 variants were introduced into the HOAx1 cells by lentiviral 

transduction.  It is possible for cells to incorporate more than one copy of a gene during 

the lentiviral gene transfer.  Differences in the number of copies could influence the 

amount of p22
phox

 protein present in the cell, and this is a potentially confounding factor 

in interpreting the effect of genetic variations in the p22
phox

 gene.  In order to determine if 

each of the seven cell lines received the same number of copies of the vector, quantitative 

polymerase chain reaction (qPCR) was performed on DNA collected from the cells.  



 
50 

Quantifying p22
phox

 directly would be confounded by the fact that the background cell 

line, H661, would have endogenous p22
phox

 at the DNA level.  The blasticidin resistance 

gene is present on the plasmid that was used to introduce the p22
phox

 gene, and is not 

present endogenously; therefore, the amount of blasticidin resistance gene indicates the 

amount of the plasmid that was introduced during transduction.  S184 cell line genomic 

DNA was analyzed for blasticidin expression via qPCR, Expression was normalized to 

the housekeeping gene GAPDH.  Amongst the variants there were significant differences 

in blasticidin selection marker expression. (Figure 14) 

The level of message for p22
phox 

was assessed by quantitative RT-PCR.  No 

significant differences were observed in the level of p22
phox

 expression. With the 

exception of haplotype B, there were no significant differences between the amount of 

blasticidin DNA present, and the matching p22
phox

 expression within a variant. However, 

another possible mechanism by which p22
phox

 variations may exert an effect on NOX-

based ROS generation is through decreased stability. 

Expression of p22
phox

 mRNA was compared when the seven haplotypes were 

grouped based on a single nucleotide polymorphism (Figure 15). The results of this 

comparison indicate none of the three single nucleotide polymorphisms have a significant 

effect on expression of p22
phox

 mRNA. 

3.2.3 Western Blot Analysis of p22
phox

 from S184 A – G cell lines 

 

Immunoblotting of the p22
phox

 subunit within the S184 cell line revealed a 

significant increase in protein expression of haplotypes D and G compared to the control, 

haplotype A (Figure 16). Haplotypes A, B, C, and E exhibited consistently low levels of 
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protein expression in comparison to the other haplotypes. When the haplotypes are 

grouped and examined based on a single nucleotide polymorphism, it appears haplotypes 

containing the allelic variant at *24 in the 3‘UTR exhibit a significantly lower level of 

p22
phox 

protein expression, whereas the other two allelic variations do not result in a 

significant difference (Figure 17).  

3.3 Development of assay to quantify lentiviral particles to achieve equal copy 

numbers across cell lines 

 

3.3.1 Quantification of vector (GFP & qPCR)  

 

In order to address the issue of unequal gene transfer among the seven cell lines 

transduced with p22
phox

 variants, a method was needed to quantify the amount of 

lentiviral particles present in the virus preparation prior to adding this to the HOAx1 

background cells.  The quantification method was developed using a 2K7 vector with a 

CMV promoter and with GFP as the gene of interest.  HEK293T cells were transfected 

with this vector along with the three vectors (8.92, 8.93, and MD2G) encoding the viral 

packaging components.  These cells then create a viral vector containing the GFP gene, 

and as this is a retroviral based packaging system, the GFP gene is therefore encapsulated 

as RNA.  The virus preparation was collected and then serially diluted using a 4 fold 

dilution series.  The diluted vector preparation was then divided into two parts.  One was 

used to transduce HEK293T cells to determine transduction efficiency.  RNA was 

isolated via an RNeasy kit (Qiagen, Venlo, Netherlands) from the other sample fraction 

to determine the amount of virus present by combining equal parts viral preparation, and 

a buffer RLT solution containing beta-mercaptoethanol.  The RNA from the virus 
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preparation was spiked with a fixed quantity of a purchased RNA encoding the 

kanamycin resistance gene to be used as a normalizer.  RNA isolated from each of the 

virus prep dilutions was spiked with the same amount of kanamycin (7.5 pg/µL). The 

GFP vector contained the blasticidin resistance gene as a selection marker.  qRT-PCR 

performed on cDNA prepared from the diluted virus preparation samples using primers 

for blasticidin as the gene of interest and primers for kanamycin as the normalization 

gene found that a decrease in the amount of blasticidin resistance gene could be detected 

on dilution. (Figure 18). The percent of HEK293T cells successfully transduced with 

GFP was quantified by flow cytometry using the BD FACSCalibur (BD Biosciences, 

New Jersey, United States) flow cytometer and Cell Quest Pro software (v 5.2.1)( Figure 

19 and Figure 20). Undiluted virus preparation resulted in transduction efficiency ranging 

from 48% to 62%.  There was a decrease in the number of cells expressing the GFP gene 

as the virus preparation was diluted, and this relationship was linear (Figure 21). 

3.3.2 Using a novel technique to generate new cell line with equal p22
phox

   

         transduction 

 

The method of detecting the amount of virus present in viral preparations was 

used to try to create a new set of seven cell lines where the amount of vector encoding 

p22
phox

 was equal among the cell lines.  The blasticidin gene was detected by qRT-PCR 

on cDNA prepared from RNA isolated from the virus preparations.  Six of the seven 

virus preparations were diluted to match the sample with the lowest concentration.  The 

HOAx1 cells were then transduced with these diluted virus preparations to create the 

S232 series of cells. Results from the qPCR analysis of the DNA for the blasticidin 

resistance selection marker within the S232 cell lines indicate the vector quantification 
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procedure is effective, as equal copy numbers were achieved across all seven variants. 

Analyses of the corresponding mRNA via qRT-PCR reveal no significant differences in 

expression of p22
phox

 amongst the variants and in expression of p22
phox

 expression within 

a variant when compared to the blasticidin expression, despite achieving equal blasticidin 

resistance copy numbers throughout the cell line at the transduction stage (Figure 22). 

3.3.3 S232 cell line with equal p22
phox

 transduction does not produce ROS 

 

Analysis of the Amplex Red™ assay conducted with the seven variants of the PMA-

stimulated S232A cell line reveals a lack of ROS generation above basal levels when 

compared to the control HOAx1 cell line (Figure 23). PCR and gel electrophoresis 

analyses of the S232 cell line indicate a loss of expression of the subunit NOXA1, as a 

band of the expected size was absent, while NOX1, NOXO1, and p22
phox

 expression 

remained (Figure 24). 

3.4 Natural plant extracts as NOX or mitochondrial inhibitors 

 

 Amplex Red™ assays indicate that 50 µM and 100 µM concentrations of celastrol 

dramatically increased and rate of H2O2 generation in the unstimulated NOX1-based 

S184 cell line containing haplotype A, whereas concentrations of celastrol ranging from 1 

to 10 µM decreased the rate of H2O2 production. Furthermore, 50 µM and 100 µM 

concentrations of resveratrol, and concentrations of piperine between 5 μM and 100 μM 

significantly decreased the rate of H2O2 production by S184 cells (Figure 25). SOD did 

not have a significant effect on NBT assay superoxide measurements (Figure 26), but 

SOD and DPI significantly reduce superoxide measurements from MCLA assays (Figure 
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27).  Amplex Red™ assays in PMA-stimulated B lymphocytes (0.1 nM), where NOX2 is 

the source of ROS,  involving celastrol and resveratrol revealed the ability of these 

compounds to inhibit H2O2 production by NOX2 at concentrations ranging from 0.5 µM 

to 100 µM for celastrol, and 50 µM to 100 µM for resveratrol (Figure 28). Analyses 

conducted by Amplex Red™ assay indicate celastrol and resveratrol act as significant 

antioxidants towards H2O2 in a dose-dependent manner (Figure 29). Under the same 

conditions apigenin, artesunate, and piperine do not act as strong antioxidants against 

hydrogen peroxide. Amplex Red™ analyses of 100 µM compound concentrations in 

conjunction with 625 nm of H2O2 revealed the five natural compounds (apigenin, 

artesunate, celastrol, piperine, and resveratrol) do not significantly interfere with Amplex 

Red™ assay readings (Figure 30).  

3.4.1 Antioxidant ability of celastrol and resveratrol towards H2O2 

 

 Amplex Red™ assays with B-LCL cells indicate that resveratrol has an IC50 of 

approximately 30 µM, while celastrol has an IC50 of approximately 8.6 µM under the 

same conditions (Figure 31).  Amplex Red™ analysis revealed the hydrogen peroxide 

scavenging activity of celastrol and resveratrol with IC50s of approximately 22 µM and 

42 µM, respectively (625 nM H2O2 and equal volumes for all drug concentrations)(Figure 

32). 

3.4.2 Celastrol and resveratrol do not affect NOX2 superoxide production but 

inhibit NOX1 superoxide production 
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 Analyses of celastrol and resveratrol by the nitro blue tetrazolium test indicate 

these compounds do not significantly inhibit production of superoxide by NOX2 (Figure 

33). The compounds, apigenin, artesunate, and piperine also do not have a significant 

effect on NOX2 superoxide production at concentrations of 100 µM and below. Analyses 

by nitro blue tetrazolium assay indicate that celastrol significantly inhibits production of 

superoxide by NOX1 at concentrations ranging from 5 µM to 100 µM. The compounds 

resveratrol, apigenin, artesunate, and piperine do not have a significant effect on NOX1 

superoxide production at concentrations of 100 µM and below. (Figure 34) Analyses via 

the methyl cypridina luciferin analog (MCLA) chemiluminescence assay in conjunction 

with a cell-free xanthine/xanthine oxidase system indicate celastrol and resveratrol can 

act as significant antioxidants towards superoxide at concentrations ranging from 0.5 µM 

to 100 µM for celastrol, and 0.5 to 50 µM for resveratrol (Figure 35). 

3.4.3 Effect of celastrol on mitochondrial H2O2 generation 

 

 Analysis conducted by Amplex Red™ assay indicate that celastrol (10 µM) 

causes a minor, yet insignificant increase in the rate of H2O2 generation from 

mitochondria isolated from H661 cells (Figure 36). This result is observed when using a 

malate/pyruvate combination as the electron donor for the mitochondrial electron 

transport chain. Antimycin and malate/pyruvate positive controls did not work as 

expected, and DPI did not inhibit ROS generation as expected.  



 
56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Characterization of the (A) expression of NOX isoforms and (B) subunits in H661 cells.  
PCR (NOX1 positive control) or RT-PCR (all other samples) was performed on H661 cells and on 
positive control samples.  A 2K7 vector containing the NOX1 gene was used as a positive control 
for the NOX1 gene.  RNA isolated from previously established HEK cells expressing NOX3 or 
NOX5 were used for those genes.  Purchased human kidney cDNA was used for a positive 
control for NOX4.  cDNA prepared from human B-lymphocyte cell lines was used as a positive 
control for all other genes.  PCR products were visualized on a 1% agarose gel.  
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Figure 10. Characterization of the HOAx1 cell line. PCR and agarose gel electrophoresis 
visualization of the NOX enzyme and associated subunits following their insertion into 
the H661 human lung cancer cell via lentiviral transduction. The resulting HOAx1 cells 
appear to contain (A) the main NOX1 unit, and the associated NOXO1, NOXA1 subunits, 
and (B) the p22phox subunit. 
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Figure 11. GFP and calcein measurements in human lung cancer cells transduced with NOX1 
subunits. The fluorescence was measured from both human lung cancer cells devoid of NOXs 
(H661), and human lung cancer cells transduced with NOX1 subunits (HOAx1) treated and 
untreated with calcein to determine if the GFP selection marker found within HOAx1 interferes 
with calcein assay measurements. Bars indicate standard deviation. n = 3. 
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Figure 12. ROS generation in p22phox-deficient human lung cancer cells transduced with seven 
different haplotypes. The rate of ROS generation was measured using the Amplex Red assay in a 
H661 human lung cancer cell line devoid of endogenous NOXs that was transduced with each of 
the seven haplotypes. Plotted according to haplotype and normalized to the PMA treatment of 
haplotype A.  The asterisk indicates significant difference from the PMA treated, p22phox-absent 
control, HOAx1 (ANOVA, Dunnett post hoc analysis). Bars indicate standard deviation. n = 3. 
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Figure 13. ROS generation of S184 cell line sorted by polymorphism.  The rate of ROS 
generation was measured using the Amplex Red assay in a H661 human lung cancer cell line 
devoid of endogenous NOXs that was transduced with each of the seven haplotypes. Plotted 
according to single nucleotide polymorphism. No significant differences were noted (Unpaired, 
two tailed T-test). Bars indicate standard deviation. n = 3. 
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Figure 14. Unequal vector copy numbers of blasticidin following transduction. Blasticidin, 
which is not endogenous to the cell line, was inserted alongside the p22phox haplotypes as a 
selection marker, and as a way for determining relative copy numbers of the inserted 
haplotypes. Quantitative PCR (qPCR) of the blasticidin DNA, and quantitative reverse 
transcriptase PCR (qRT-PCR) of the p22phox mRNA reveal unequal copy numbers across the 
haplotypes, and that expression of the blasticidin within one haplotype does not consistently 
correlate with the relative p22phox expression.  qPCR and qRT-PCR results are plotted according 
to haplotype and normalized to their respective haplotype A result. No significant differences 
were measured among blasticidin or p22phox from all haplotypes (ANOVA, Tukey multiple 
comparisons post hoc analysis). Bars indicate standard deviation. n = 3. 
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Figure 15. Comparison of p22phox mRNA expression from three single nucleotide 
polymorphisms.  The expression of p22phox mRNA was measuring using qRT-PCR in a H661 
human lung cancer cell line devoid of endogenous NOXs that was transduced with each of the 
seven haplotypes. All haplotypes were plotted according to single nucleotide polymorphism. No 
significant differences were noted (Unpaired, two tailed T-test). Bars indicate standard 
deviation. n = 3. 
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Figure 16. p22phox protein level in human lung cancer cells transduced with NOX1 and each of 
the seven p22phox haplotypes. The amount of p22phox protein expression in transduced H661 
human lung cancer cells was assessed by Western blotting. The Western blot results were 
quantified by densitometry and plotted according to haplotype. To control for equal loading of 
protein, bands were normalized to β-actin. Inset: Normalized p22phox expression of each 
individual trial of protein immunoblotting.  An asterisk indicates a significant difference from the 
overall mean (ANOVA, Dunnett post hoc analysis). Bars indicate standard deviation. n = 5. 
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Figure 17. Comparison of p22phox protein expression from three single nucleotide 
polymorphisms.  The amount of p22phox protein expression in transduced H661 human lung 
cancer cells was assessed by Western blotting. The Western blot results were quantified by 
densitometry and plotted according by single nucleotide polymorphism. To control for equal 
loading of protein, bands were normalized to β-actin. An asterisk indicates a significant 
difference from the overall mean (Unpaired, two tailed T-test). Bars indicate standard deviation. 
n = 3. 
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Figure 18. qRT-PCR quantification of lentiviral particles containing blasticidin DNA. The GFP 
vector contained the blasticidin resistance gene as a selection marker.  qRT-PCR performed on 
cDNA prepared from the diluted virus preparation samples using primers for blasticidin as the 
gene of interest and primers for kanamycin as the normalization gene found that a decrease in 
the amount of blasticidin resistance gene could be detected on dilution. Bars indicate standard 
deviation. n = 3.  
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Figure 19. Quantification of HEK293T cells fluorescing green. The percentage of cells 
fluorescing green following transduction with diluted viral particles containing the GFP message 
was quantified via flow cytometry. Bars indicate standard deviation.  n = 3. 
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Figure 20. Percentage of cells fluorescing green following serially-diluted lentiviral 
transduction. HEK293T cells were transduced with diluted amounts of viral particles containing 
a GFP message and quantified via flow cytometry. A) The percentage of cells fluorescing green 
following no viral treatment of cells. B) The percentage of cells fluorescing green following 
treatment of cells with full strength viral preparation. 
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Figure 21. Percentage of green fluorescent cells compared to the relative mRNA quantification 
following serially-diluted lentiviral transduction. Relationship between the quantification of the 
GFP-containing viral particles, and the resulting percentage of cells fluorescing green as 
determined via qRT-PCR and flow cytometry, respectively. 
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Figure 22. Equal copy numbers of blasticidin achieved with S232 cell line. Quantitative PCR 
(qPCR) of the blasticidin DNA, and quantitative reverse transcriptase PCR (qRT-PCR) of the 
p22phox mRNA reveal equal copy numbers across the haplotypes, following a novel vector 
quantification technique. qPCR and qRT-PCR results are plotted according to haplotype and 
normalized to their respective haplotype A result. No significant differences were measured 
among blasticidin or p22phox from all haplotypes (ANOVA, Tukey multiple comparisons post hoc 
analysis). Bars indicate standard deviation. n = 3. 
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Figure 23. ROS generation in p22phox-deficient human lung cancer cells equally transduced with 
seven different haplotypes. The rate of ROS generation was measured using the Amplex Red 
assay in a NOX-devoid H661 human lung cancer cell line that was transduced with each of the 
seven haplotypes via a vector quantification method to achieve equal vector transduction 
efficiency. Results are plotted according to haplotype.  n = 2. 
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Figure 24. Examining presence of NOX1 subunits. Successful transduction of H661 cells with 
NOX1 and associated subunits was verified using various selection markers. A) RT-PCR and 1% 
agarose gel electrophoresis indicate the presence of p22phox in the appropriate cell lines, but an 
absence of the NOXA1 (104 bp) subunit in the S232 cell line. B) The NOX1 (353 bp) and NOXO1 
(121 bp) subunits were present in the appropriate cell lines. Vector 56c is the NOXA1 positive 
control, Vector 53 is the NOX1 positive control, and NOXO1 2k7 is the NOXO1 positive control. 
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Figure 25. The effect of natural compounds on the rate of NOX1-based ROS production. The 
rate of H2O2 generation by the S184 cell line treated with natural compounds was measured 
over a two hour period using the Amplex Red assay. An asterisk indicates a significant difference 
from the 0 µM control within a group (ANOVA, Dunnett post hoc analysis). Bars indicate 
standard deviation. n = 3. 
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Figure 26. Superoxide generation by S184 cells treated with PMA and SOD. The rate of ROS 
generation was measured using the NBT assay in a H661 human lung cancer cell line devoid of 
endogenous NOXs that was transduced with haplotype A, and stimulated with PMA (50 U/mL), 
treated with Cu/Zn superoxide dismutase (SOD; 100 U/well), or both. Addition of SOD does not 
affect measurements of superoxide during an NBT assay. No significant differences amongst the 
treatments (ANOVA, Dunnett post hoc analysis). Bars indicate standard deviation. n = 3.  
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Figure 27. Superoxide generation by a cell-free xanthine/xanthine oxidase system treated 
with PMA and SOD. The relative amount of superoxide generated was measured using the NBT 
assay in a cell-free xanthine/xanthine oxidase system treated with either the inhibitor DPI (10 
µM) or SOD (100 U/well). Bars indicate standard deviation. n = 3. 
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Figure 28. H2O2 generation in B-lymphocytes treated with natural compounds. The amount of 
ROS generation was measured using the Amplex Red assay in B-lymphocytes treated with either 
celastrol or resveratrol, and plotted as a percent of the respective untreated control.   The 
asterisk indicates a significant difference from the untreated control (ANOVA, Dunnett post hoc 
analysis). Bars indicate standard deviation. n = 3. 
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Figure 29. H2O2 scavenging in a cell-free system. The amount of ROS remaining was measured 
using the Amplex Red assay in a 625 nM H2O2 solution following treatment with natural 
compounds at various concentrations. The asterisk indicates a significant difference from the 
untreated control within a treatment (ANOVA, Dunnett post hoc analysis). Bars indicate 
standard deviation. n = 3. 
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Figure 30. Examining potential drug interference with Amplex Red assay measurements. In 
order to determine if the natural compounds interfere with the Amplex Red assay 
measurements, H2O2 was added, along with the Amplex Red master mix, and incubated for 10 
minutes, at which point the absorbance was read (Before). 1 mM of drug was then added to the 
wells and incubated for ten minutes prior to a second absorbance reading (After). Addition of 
the drug after complete conversion of Amplex Red to resorufin does not alter the absorbance 
reading of the assay. There were no significant differences in the generation in any treatments 
(ANOVA, Dunnett post hoc analysis). Bars indicate standard deviation. n = 3.  
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Figure 31. IC50 of natural compounds on superoxide production by lymphoblastoid cells. 
Biological IC50 of resveratrol and celastrol determined by the Amplex Red assay using B-
lymphocytes. Bars indicate standard deviation. n = 3. 
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Figure 32. H2O2 scavenging by celastrol and resveratrol. The concentration of resveratrol or 
celastrol required to scavenge 50% of the available 625 nM H2O2, as determined by Amplex Red 
assay. Bars indicate standard deviation. n = 3. 
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Figure 33. The effect of natural compounds on NOX2 superoxide production. Superoxide 
generation in B-lymphocytes cells. The amount of superoxide generated was measured using 
the NBT assay following treatment with natural compounds at various concentrations. No 
significant differences in superoxide generation were measured amongst the various treatments 
(ANOVA, Dunnett post hoc analysis). Bars indicate standard deviation. n = 3. 
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Figure 34. Superoxide generation by NOX1-transduced cells treated with natural compounds. 
Superoxide generation in the NOX1-transduced S184 cells. The amount of superoxide generated 
was measured using the NBT assay following treatment with natural compounds at various 
concentrations. The asterisk indicates a significant difference from the untreated control within 
a drug treatment (ANOVA, Dunnett post hoc analysis). Bars indicate standard deviation. n = 3. 
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Figure 35. Rate of superoxide generation in a cell-free xanthine/xanthine oxidase system. The 
amount of superoxide generated was measured using the MCLA assay following treatment with 
natural compounds at various concentrations. The asterisk indicates a significant difference 
from the untreated control within a drug treatment (ANOVA, Dunnett post hoc analysis). Bars 
indicate standard deviation. n = 3. 
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Figure 36. Rate of H2O2 generation by mitochondria isolated from human lung cancer cells. The 
rate of ROS generation was measured using the Amplex Red assay from mitochondria isolated 
from the H661 human lung cancer cell line following treatment with celastrol. Data are plotted 
relative to the unstimulated control, and compared to the positive controls A) antimycin, and B) 
malate/pyruvate. There were no significant differences in the rate of ROS generation in any 
treatments (ANOVA, Dunnett post hoc analysis). Bars indicate standard deviation. n = 3. 
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CHAPTER 4: DISCUSSION 

The objective of the current study was to determine the effect of p22
phox

 genetic 

polymorphisms on ROS generation by the NOX1 enzyme, and to determine the effect the 

compounds celastrol and resveratrol have on NOX and mitochondrial ROS generation. 

4.1 The 7 novel S184 A – G cell lines produced ROS, but varied in the number of 

p22
phox

 gene copies introduced 

 

The NOX1 enzyme has multiple subunits, all of which are required for generation 

of ROS (reviewed in Bedard and Krause, 2007). After verifying by RT-PCR that all 

required subunits were present in the generated NOX1-containing S184 cell line, we 

examined the levels of ROS generated by the cell line. Each of the p22
phox

 haplotypes 

permitted the NOX1 enzyme to function since when compared to the control we observed 

significant increases in ROS generation from each cell containing one of the seven 

haplotypes.  

Previously, groups have attempted to associate the p22
phox

 sequence variant 

c.214T>C with CVD, but the results were varied and conflicting (San Jose et al., 2008). 

In response to those results, we attempted to assess the effects of the c.214T>C alteration, 

and others, on the functional behaviour of the NOX enzymes involved in CVD. Although 

many p22
phox

 polymorphisms exist, mainly within the promoter region, we focused on 

SNPs within exons that are also the three most common polymorphisms found in the 

population: c.214T>C, c.521T>C, and c.*24G>A. The fact that p22
phox

 is highly 

polymorphic is interesting, as this might indicate that the p22 protein is not particularly 

sensitive to variation. However, given that p22
phox

 interacts with four NOX isoforms, this 
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tolerance to variation may result from some p22
phox

 variants performing better with 

certain NOX isoforms. This enhanced performance could potentially occur through more 

efficient enzymatic activity or increased membrane stability, which may result in 

improved cell signalling and function. 

Blasticidin resistance, which is not endogenous to human cells, was inserted 

alongside the p22
phox

 haplotypes with the purpose of serving as both a selection marker 

and as a method of determining transduction efficiency among the cells line. Given that 

there was a range in the percent of cells that were transduced, and that the original S184 

cells were prepared using undiluted virus preparation, it is possible that there were 

differences in the amount of virus particles among the preparations, and that this 

contributed to the differences in the amount of vector introduced into the cells.   With a 

transduction efficiency of 20% or less, the probability of having one cell receive two 

copies of the plasmid is 0.03.  Therefore, aiming for a low transduction efficiency would 

lead to fewer transduced cells, but also to a lower chance of having two or more copies of 

the gene introduced into some cells. This could have the benefit of preventing 

overexpression and saturation of the vector message, thereby revealing the effect of 

potentially subtle differences caused by SNPs. Although the HOAx1 cells were clonally 

selected, the cells with the p22
phox

 variants were not. As such they are a mixed 

population, in which some cells had many copies, but most cells may have just one copy. 

As a result the overall RNA level is the same for the population, because cells containing 

multiple copies might not actually be able to keep up with the demand making that much 

p22
phox

 mRNA. 
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Although this study on the effect p22
phox

 variations on NOX1 has similarities to 

the NOX2 study conducted by Bedard et al. in 2009, one major difference in the Bedard 

study compared to ours is that we did not achieve equal vector copy numbers at the 

transduction stage. This is important, as significant differences observed in ROS 

generation amongst the haplotypes could be explained away by differences in mRNA 

levels and subsequently protein levels of NOX1 and associated subunits, rather than the 

effectiveness of the p22
phox

 variant. Similarly, any differences we may have seen in ROS 

generation are potentially being obscured by the effect of unequal copy numbers within 

our S184 cell line. Another major difference in this study compared to the 2009 Bedard 

study is in the usage of cell lines. The 2009 study used NOX2-rich B-lymphocytes that 

were devoid of the p22
phox

 protein as a result of a p22
phox

 mutation. As such, there was 

only a requirement to express p22
phox

, as the other required NOX components were 

intact. In contrast, the H661 cell line that we used required the insertion and expression of 

each of the four NOX enzyme components. As a result, the strong CMV promoter we 

used would overexpress each of the NOX components, thereby making it difficult to 

isolate p22
phox

 as the limiting factor in the ROS production. We took the low transduction 

efficiency approach when generating the S232 cell line that followed the S184 cell line, 

and were successful in achieving equal transduction. 

 

4.2 The 7 novel S232 A – G cell lines had an equal number of p22
phox

 copies 

introduced, but they did not produce ROS 

 

  In order to address the issues that unequal copy numbers present, we generated 

the S232 cell line using a novel vector quantification technique to achieve equal copy 
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numbers across all haplotypes within the cell line. Upon verification all cell lines had 

achieved equal, and theoretically low, copy numbers we proceeded to measure p22
phox

-

dependent ROS production using the Amplex Red assay.  

The novel vector quantification technique used in this study improves upon 

previous vector quantification techniques not only by reducing the amount of time 

required to quantify vector preparations, but by also permitting direct quantification of 

the lentiviral particles in a more accurate manner. Previous techniques required days for 

completion, as the virus preparation was added to cell cultures in a dilution series, 

followed by quantification of colony forming units, based either on GFP tags included in 

the vector, or on RT-PCR of RNA isolated from the transduced cells (Barde et al., 2010) 

The novel technique can be completed within a day, requiring only RNA isolation, cDNA 

preparation, and qRT-PCR analysis. An alternative technique that has also been used 

previously quantified the virus particles directly based on the small double stranded 

segment present in the lentivector; however, this would not distinguish between packaged 

viral particles and the unprocessed DNA vector what was added to the cells (Scherr et al., 

2001). Our technique eliminates the possibility of quantifying unpackaged viral particles, 

as we isolate only the single-stranded RNA from the viral particles following 

transfection. As a result, this technique provides a more accurate representation of the 

number of viral particles. Another advantage of our technique is the large linear range of 

quantification the qPCR method provides compared to the analysis of GFP transduced 

cells via flow cytometry. Furthermore, since our technique quantifies RNA it should 

work with all lentivectors. 
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4.3 Subunit may have been silenced or population was not isogenic 

 

None of the cells containing any of the seven p22
phox

 haplotypes were able to 

generate ROS beyond levels seen in the negative control cell line that is devoid of 

endogenous NOX enzymes. Upon further investigation using gel electrophoresis, it was 

determined that the NOXA1 subunit was no longer being expressed. This result was 

surprising, as generation of the cell line involved the neomycin resistance gene at the 

NOXA1 transduction stage, and any cells that were not successfully transduced should 

have been selected against. In addition to antibiotic selection, we conducted a monoclonal 

selection of the cell line once it was successfully transduced with NOX1, NOXA1, and 

NOXO1. Loss of gene expression transduced using a lentiviral system has been observed 

(Vroemen et al., 2005). The possibility also exists that there was a failure to generate an 

isogenic cell line during the GFP-based selection of single colonies, or that contamination 

with a non-NOXA1 cell line occurred, and that this HOAx1 cell line represented a mixed 

population. Given that a successfully transduced cell would require more energy and 

resources to produce the subunits, an unsuccessfully transduced cell may more readily 

survive and replicate. However, one of the advantages of using a lentivector compared to 

a retroviral vector is the decreased occurrence of gene silencing (Pfeifer et al., 2002; Lois 

et al., 2002). To increase copy number of the integrated vector in the host cell and 

transgene expression, Woodchuck Hepatitis Virus Post-transcriptional Regulatory 

Element (WPRE), and the HIV-1 central polypurine tract (cPPT) were included in the 

vector (Suter et al., 2006). Additionally, either blasticidin or neomycin resistance driven 

by an SV40 promoter were included to allow antibiotic selection of transduced cells. 
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4.4 All of the variants of p22
phox

 supported NOX1 activity, but the variations did not 

alter NOX1 activity  

 

Although minor increases and decreases were observed there were no significant 

differences in the amount of ROS generated among the seven haplotypes within the S184 

(NOX1-based) cell lines, which is a surprising result given a difference in ROS 

generation was observed when the haplotypes were inserted into a NOX2 system (Bedard 

et al., 2009). Perhaps the manner in which p22
phox

 interacts with NOX1 differs from its 

interaction with NOX2, thereby negating the potential effects that p22
phox

 polymorphisms 

might cause. Also, the spread of data within a treatment was large for each condition, so 

perhaps further testing would reveal that one of the p22
phox

 haplotypes does have a 

significant effect on NOX1-mediated ROS generation. 

4.5 The p22
phox

 mRNA did not correlate with NOX1 activity or p22
phox

 protein 

expression 

 

The subunit p22
phox

 is required for proper function of the NOX1 enzyme. The 

levels of p22
phox

 mRNA expression amongst the S184 haplotypes did not correlate with 

levels of ROS generated by these same cells. The main NOX subunit and the p22
phox

 

subunit interact at a 1:1 ratio (Huang et al., 1995). Knowing this, a possible reason as to 

why more p22
phox

 expression does not result in more ROS generation may be that the 

p22
phox

 subunit is saturated within the cell system, and that another NOX subunit or other 

element is acting as a limiting factor of ROS generation. Also, given that one of the 

p22
phox

 SNPs (c.*24G>A) occurs within the 3‘UTR, and that mutations within this region 

can result in decreased expression of associated sequences, it is possible that proper 

formation and expression of p22
phox

 is being prevented by increased mRNA instability 
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(Bedard et al., 2009). While we did not find a significant decrease in mRNA expression 

of haplotypes containing the SNP in the 3‘UTR, we did find a significant decrease in 

protein expression. The B, C, and E haplotypes containing the 3‘UTR SNP exhibit a 

decrease in p22
phox

 protein expression compared to the other haplotypes.  This result is 

surprising, as one might expect protein expression to remain consistent if mRNA 

expression is consistent, but this is not always the case (Vogel & Marcotte, 2012). In fact, 

the levels of p22
phox

 protein expression do not appear to correlate with mRNA expression 

within haplotypes. Since it appears c.*24G>A had little effect on mRNA stability, the 

lower protein expression may be explained by changes in translational activity, or post-

transcriptional and degradation regulation. Interestingly, haplotype A does not contain the 

3‘UTR SNP, yet expresses a similarly low level of expression. This could be explained 

by the sole SNP at c.214 in the NOX maturation region, and yet it does not appear to 

decrease the p22
phox

 expression of haplotype D.  

Focusing on haplotypes rather than individual SNPs may prove to be valuable as 

it may more accurately predict protein expression, or how a person will respond to certain 

drug treatments. Considering haplotypes in disease association studies may prove 

valuable as well, since having a genetic variant linked to a functional effect would allow 

for large-scale population disease screening. Given that CVD is a complex disease with 

many factors, including the involvement of ROS, it is unlikely that any single variation 

can be attributed sole responsibility for the disease. Regardless, if genetic variation in 

p22
phox

 was determined to be correlated with CVD, it would suggest that NOX-derived 

ROS contribute minutely to the genetic component. With the genetic component playing 

a minor role in CVD compared to the environmental component, small genetic 
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components may prove to be useful starting points when attempting to determine 

important environmental factors. For example, exhaustive endurance exercise is 

associated with cardiac dysfunction and injury, resulting from the subsequent elevation in 

oxidative stress (Knez et al., 2006). Alternatively, the knowledge of a CVD genetic 

component linked to ROS could be exploited through the use of antihypertension drugs 

that affect NOX enzymes. An example of such being the class of drugs known as statins, 

which are tremendously effective in the treatment of coronary heart disease and high 

cholesterol (Moosmann & Behl, 2004). Statins have positive CVD potential and prevent 

NOX activation, but have multiple and significant adverse effects, the most notable being 

muscular and neurological. Many natural forms of statins exist, and while the most 

popular forms of statins are synthetic, they too cause significant adverse effects. If one 

could isolate a natural compound that targets NOX enzymes, or even a specific NOX 

isoform, there could be therapeutic benefits in the treatment of CVD while avoiding the 

adverse effects associated with other compounds. As such, we chose to examine the 

effects of celastrol and resveratrol on NOX1 and mitochondrial ROS generation. 

4.6 Celastrol was an antioxidant towards SO and H2O2, and resveratrol had little 

effect on superoxide  

 

Celastrol can prevent NOX1-3 ROS generation by binding with the p47
phox

 and 

NOXO1 organizing subunits, thereby preventing their required interaction with p22
phox 

(Jacquet et al., 2011). In our cell-free systems celastrol was observed to be an antioxidant 

toward both superoxide and H2O2. In the same systems resveratrol was observed to be a 

significant antioxidant towards H2O2, but not intracellular superoxide. This result is 

surprising since resveratrol (0.131 mM) has been reported as a strong antioxidant toward 



 
92 

superoxide  in a cell-free riboflavin illumination system (Gülçin et al., 2010). That same 

study also suggested that resveratrol is a much stronger antioxidant toward superoxide 

than trolox, a vitamin E-based compound which is considered the gold standard of 

antioxidants. This is interesting considering that trolox is able to effectively penetrate cell 

membranes, and while resveratrol can penetrate membranes, it becomes embedded within 

the lipid bi-layer, which would theoretically make it less effective as an intracellular 

antioxidant (McClain et al., 1995; Lancon et al., 2004: Brittes et al., 2010; Lania-Pietrzak 

et al., 2004). This behaviour of resveratrol might explain why we observed a significant 

antioxidant effect towards superoxide using the MCLA assay that detects extracellular 

superoxide, but did not observe a significant effect using the NBT assay that detects 

intracellular superoxide.  

4.7 Resveratrol is not a direct NOX inhibitor 

 

Resveratrol is known to act as an antioxidant toward H2O2, superoxide, and the 

hydroxyl radical. (Ungvari et al., 2007; Leonard et al., 2003; Hung et al., 2003). 

However, the antioxidant effects of resveratrol are weak compared to strong antioxidants 

like cysteine (Bradamante et al., 2004). Currently, NOX1 and NOX2 enzymes do not 

appear to be direct molecular targets of resveratrol, but resveratrol is capable of indirectly 

affecting NOX activity and expression. For example, resveratrol inhibits LPS-induced 

NOX1 expression, and inhibits TNF-alpha-induced NOX activation (Park et al., 2009; 

Zhang et al., 2009). Resveratrol can decrease expression of NOX1, NOX2, and NOX4, in 

addition to increasing SOD1 and GPx1 expression (Spanier et al., 2009). Protein Kinase-

C (PKC) is a strong activator of NOX, and resveratrol is known to directly inhibit PKC 
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(Poolman et al., 2005). Also, in a human keratinocyte cell resveratrol (10 µM) was 

documented as increasing that activity of SOD, a strong antioxidant toward superoxide, 

and GPx, a strong antioxidant towards H2O2 (Chen et al., 2006). Resveratrol (0.25 µM) 

can inhibit PKC activation of p47
phox

 (Shen et al., 2007). 

4.8 Celastrol unexpectedly increased mitochondrial H2O2 production  

 

Celastrol is an inhibitor of NOX ROS generation (reviewed in Bedard and 

Krause, 2007); however, celastrol was not specifically evaluated for an effect on 

mitochondria.  Jaquet et al. (2011) found that in PLB cells, celastrol inhibited oxygen 

consumption to an equal level as DPI, producing an almost flat trace.  PLB cells do not 

contain many mitochondria, and the oxygen consumption was almost exclusively 

produced by NOX2.  In the other NOX-expressing cells, an overexpression system in 

HEK cells was used, and although DPI continued to produce an almost complete 

inhibition of oxygen consumption, some residual consumption appears to be present in 

celastrol-treated cells.  Since HEK cells have more mitochondria, we wanted to explore 

the possibility that celastrol was a more selective inhibitor of NOX than DPI, and could 

be a useful tool to use when one is trying to determine if a ROS mediated effect is to be 

attributed to NOX or mitochondrial derived ROS.   

Our result of celastrol increasing mitochondrial ROS generation is surprising, 

since based on previous work regarding celastrol as a ROS inhibitor and antioxidant, and 

we might have expected celastrol to have no effect, or might have expected celastrol to 

cause a decrease in ROS levels. When tumor cells and their mitochondria were analyzed 

via spectrophotometery, and a fluorescent dye coupled with flow cytometry, it was 
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determined that celastrol can inhibit complex I activity of the mitochondrial electron 

transport chain (mETC) and increase the amount of ROS produced (Chen et al., 2011). 

This result agrees with the trend we observed from our experiment measuring H2O2 

levels produced by mitochondria treated with celastrol. Inhibiting complexes of the 

mETC increases ROS production by promoting leakage of electrons from the system (Li 

et al., 2003; Dias & Bailly, 2003). The effect celastrol has on mitochondria may help 

explain the increase in ROS production at the 50 µM and 100 µM celastrol 

concentrations in Figure 21. The antioxidant and NOX-inhibiting effects of celastrol at 10 

µM and lower may overcome the increase in mitochondrial ROS, but at 50 µM and above 

those effects may be overwhelmed by the mitochondrial ROS production. 

4.9 Future Directions 

 

 Collectively, these results suggest that the p22
phox

 genetic polymorphisms 

investigated in this study may not have an impact on the amount of ROS produced by 

NOX1, and there may be a disconnect between mRNA levels, protein expression, and 

functional results. While I was unable to establish a cell line that could conclusively 

determine the effect of the p22
phox

 polymorphisms, I was able to establish a novel 

protocol that could be used to generate a cell line capable of doing so in the future. In 

order to determine the effect of SNPs on mRNA stability I could incorporate actinomycin 

D, a compound known for inhibiting transcription, into qRT-PCR experiments to 

examine if the rate of mRNA degradation differs for SNPs found in the 3‘UTR 

(Schneider-Poetschet al., 2010). 



 
95 

 NOX4 is involved in cell growth, differentiation, and vascular disease (Touyz & 

Montezano, 2012). It would be interesting to conduct similar p22
phox

 polymorphism 

studies in NOX4-containing cells, as the p22
phox

 variants may influence the level of ROS 

generated by NOX4. 

 To further investigate the inhibitory effects of celastrol and resveratrol, it may 

prove useful to determine oxygen consumption in the presence of these compounds 

through the use of an oximeter. If celastrol does not inhibit mitochondria ROS 

production, and resveratrol does not inhibit NOX-mediated ROS production, then oxygen 

consumption will be observed when measured via an oximeter. Furthermore, in order to 

help determine if celastrol truly is increasing mitochondrial ROS production, it would be 

useful to determine the ideal conditions and reagents to stimulate a positive control 

compared to a negative control. 

4.10 Conclusion 

 

 As determined through this study, the seven common variants of p22
phox

 are all 

able to support NOX1 activity; however, these variations did not cause significant 

differences in overall NOX1 activity. Interestingly, the levels of p22
phox

 mRNA did not 

correlate with NOX1 activity, or with p22
phox

 protein expression. The novel technique of 

quantifying lentiviral particles via qRT-PCR was effective in achieving equal 

transduction, although cells with low levels of transduction may be prone to spontaneous 

gene silencing. 

Celastrol and resveratrol appear to be working as strong antioxidants towards 

H2O2 in a dose-dependent manner, and while celastrol is a mild antioxidant towards 
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superoxide, it appears that resveratrol is not. Celastrol is confirmed as an inhibitor of 

NOX1 and NOX2, but a 10 µM concentration appears to have the effect of increasing 

ROS generated by mitochondria isolated from HEK cells, although further studies are 

required to confirm this finding.
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