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DHE   Dihydroethidium  

DPI   diphenyleneiodonium 

Duox1   dual oxidase 1 

Duox2   dual oxidase 2 

EDTA   ethylenediaminetetraacetic acid  

EGF   epidermal growth factor 

ERK1/2  extracellular regulated kinase1/2 

FAD   flavin adenine dinucleotide 

FITC   fluorescein isothiocyanate  

H2O2   hydrogen peroxide 

HBSS   Hanks’ balanced salt solution 

HESI   heated electrospray ionization 
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HFD   high-fat diet 

HPLC-MS/MS  high performance liquid chromatography tandem mass 

spectrometry 

JNK   c-Jun N-terminal kinases 

KO   knockout 

LDL   low-density lipoprotein 

L-NAME  NG-Nitro-arginine methyl ester 

LOX   lipoxygenase 

MAPK   mitogen-activated protein kinase 

MDA   Malondialdehyde 

MI   myocardial infarction 

MMP2   matrix metalloproteinase 2 

NADH   nicotinamide adenine dinucleotide 

NADPH  nicotinamide adenine dinucleotide phosphate 

NCA   non-compartmental analysis 

Ncf1   neutrophil cytosolic factor 1  

neo   neomycin resistance 

NFB   nuclear factor kappa-light-chain-enhancer of activated B cells 

NLME   non-linear mixed effect  

NO   nitric oxide 

NOS   nitric oxide synthase 

Nox   NADPH oxidase 

OCT   optimal cutting temperature compound  

OD   optical density 

PB1   one phox and Bem1 

PBS   phosphate buffered saline 

PD   pharmacodynamics 

PEG-SOD  polyethylene glycol-superoxide dismutase 

PI3K   phosphatidylinositol 3-kinase 

PK   pharmacokinetics 

PKC   protein kinase C 
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PMA   phorbol-12-myristate-13-acetate 

PRR   proline-rich region 

PVDF   polyvinylidene fluoride 

PX   phox homology 

ROS   reactive oxygen species 

SD   standard deviation  

SDS   sodium lauryl sulfate  

SH3   Src homology 3 

SOD   superoxide dismutase 

SRM   selected reaction monitoring  

TBA   2-thiobarbituric acid  

TBST   Tris buffered saline-Tween 

TNF   tumour necrosis factor  

TPRs   tetratricopeptide repeats 

VEGF   vascular endothelial growth factor 

VSMCs  vascular smooth muscle cells 

XDH   xanthine dehydrogenase 

XO   xanthine oxidase 
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Abstract 

Reactive oxygen species (ROS) are involved in the signal transduction and cell 

defence in mammalian cells. However, excessive ROS derived under 

pathophysiological conditions are associated with the development of a wide range of 

diseases including cardiovascular, metabolic, neurodegenerative diseases and cancer. 

gp91phox-containing NADPH oxidase (Nox2) was found to be one of the primary 

enzymatic sources of ROS and p47phox is its key regulator. 

LMH001 was developed in this lab as an inhibitor of Nox2 targeting p47phox, 

but its chemical properties and preclinical pharmacokinetics and pharmacodynamics 

(PK/PD) have not been studied. At the same time, the role of p47phox and its signalling 

pathways under pathophysiological conditions remained unclear. Therefore, the overall 

aim of this study is to characterise the PK/PD properties of LMH001 and understand 

its mechanism in depth by knockout (KO) of p47phox in Angiotensin II (AngII)-induced 

oxidative stress and cardiac hypertrophy model. 

The plasma concentration of LMH001 showed a mono-exponential decline 

pattern with a t1/2 = 0.042 h and a clearance = 5682.63 mL/h/kg, and its effect in 

reducing AngII-stimulated H9C2 (a rat myoblast cell line) ROS production showed an 

IC50 = 124.00 ± 42.6 ng/ml. In the AngII-induced hypertrophic models, wild type (WT) 

mice displayed significantly raised systolic blood pressure (SBP) and induced cardiac 

hypertrophy after AngII-infusion. In contrast, p47phox KO mice only demonstrated a 

mild increase in SBP without hypertrophy. There was also phosphorylation of ERK1/2, 

p38 MAPK and MAPK kinase 3/6 (MKK3/6). Apoptosis was suggested by increased 

levels of H2AX and apoptosis signal-regulating kinase 1 (ASK1) phosphorylation.  
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In conclusion, p47phox plays a crucial role in AngII-induced cardiac oxidative 

stress and hypertrophy. Its signalling through MKK3/6, p38MAPK and ERK1/2 

phosphorylation are essential in H2AX and ASK1 phosphorylation and cardiomyocyte 

apoptosis. This study also provided vital information on the chemical properties, 

PK/PD, and pharmacological efficacy of LMH001. Its potential as a drug candidate for 

oxidative stress-related diseases was discussed, and future experiments on the 

development of LMH drugs were suggested.  
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Chapter 1 

General Introduction 

1.1 Cardiovascular Diseases (CVDs) 

1.1.1 Prevalence  

 Cardiovascular diseases (CVDs) are disorders in the heart and vascular system. 

They include coronary heart disease, cerebrovascular disease, peripheral arterial 

disease, rheumatic heart disease, congenital heart disease and deep vein thrombosis and 

pulmonary embolism. In 2016, the estimated number of people who died from CVDs 

was 17.9 million (31% of global death), in which 85% were caused by coronary heart 

disease and stroke. Figure 1.1 demonstrated the mortality (age-standardised death rate 

per 100,000 people in both genders) distribution of CVDs in 2015 throughout the world. 

 

Figure 1. 1 Distribution of Cardiovascular disease mortality: Age-standardised death 

rate per 100,000 population, both sexes in 2015 (Roth et al., 2017). 
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 In Europe, more than 85 million people were living with CVDs, and they are 

the cause of 3.9 million death each year in 2015 (Timmis et al., 2018). In the UK, before 

the COVID-19 pandemic, it was reported that 7.4 million people were living with the 

CVDs and they caused 170,000 death each year, accounting for 28% of all deaths. 

Given the high prevalence and mortality rate of the CVDs, much emphasis has been put 

on the research aiming towards improving the human circulatory system in the UK and 

globally.  

1.1.2 Pathogenesis of CVDs 

Beating approximately 70 times per minute in resting state, human heart pumps 

blood with oxygen and nutrients to the rest part of the body and its muscle is supplied 

with blood through another system called coronary arteries.  A human heart consists of 

several parts including atrium (left and right atrium), ventricle (left and right ventricle), 

valves (mitral, aortic, pulmonary and tricuspid valves) and it connects to several veins 

and arteries containing vena cava (superior vena cava and inferior vena cava), 

pulmonary artery, pulmonary vein and aorta.  CVDs in heart include coronary heart 

disease which is the damage in coronary arteries resulting in failure of providing 

sufficient blood to heart muscles, rheumatic heart disease which is disorders in heart 

muscle and valves due to rheumatic fever, and congenital heart disease which is 

malformations of heart structure at the stage of birth  (Bhatt & Pashkow, 2008).  

 Vessels in human body include 1) arteries which take the blood from the heart 

to organs in need of oxygen and nutrition, 2) veins which carry the blood to the heart 

and 3) capillaries which are small and thin vessels connected to both arteries and veins 

delivering the oxygen-saturated blood to each cell in organs. These three types of 

vessels make up for the human vascular system. As an example, a normal human brain 

gets the blood supply from the heart through two arteries running left and right side of 



Page | 23  

 

the neck and capillaries, thus enabling not only intellectual but also normal brain 

functions. Disorders involving blood vessels supplying the brain are classified as 

cerebrovascular disease. Most vascular diseases are related to atherosclerosis and these 

include cerebrovascular disease, peripheral arterial disease which results in insufficient 

blood supplying to arms and legs and deep vein thrombosis and pulmonary embolism, 

which is a disease caused by clots formed in legs moving to the lung or the heart 

(Samson, 2008). 

 Atherosclerosis is a pathological condition which lipid plagues gradually build 

up in the vessels. This process involves a long term immunoinflammatory responses 

possibly from endothelial cells, leukocytes, and intimal smooth muscle cells, and can 

affect coronary, cerebral, and peripheral arteries and the aorta (Falk, 2006).  Under 

normal conditions, low-density lipoprotein would be able to pass through endothelial 

cells by transcytosis and be taken up by receptor-mediated endocytosis. The 

pathological processes begin with a damaged endothelial wall with exposed adhesion 

molecules which would capture leukocytes and develops because the captured 

leukocytes would then undergo morphological changes and squeeze through 

endothelium and entre tunica intima, produce reactive oxygen species (ROS) and 

oxidise the un-regulated LDL through the damaged endothelial wall. The oxidised LDL 

would then attract more white blood cells (and intimal smooth muscle cells), produce 

more ROS and therefore form a positive feedback and lead to the accumulation of foam 

cells (Goncharov et al., 2015). The foam cell would eventually die, which attract more 

white blood cells to form a lipid core, and eventually form a plague (Falk, 2006). With 

the endothelial cells covering the plague, and calcium salt and other dead cell debris 

accumulating, the plague hardens.  
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In some scenarios, the endothelial cells which over the plague could get 

compromised, activate the coagulation cascade and eventually it would lead to the 

formation of fibrin-rich blood clots, and sometimes reach out to the vessel lumen and 

form thrombus (Capra et al., 2014). This process is thrombosis, and since the blood clot 

could then break down and travel in the blood vessels, the most devastated 

consequences of atherosclerosis and thrombosis can be ischemic (thrombotic) stroke or 

myocardial infarction. 

Ischemic or thrombotic stroke could happen when the blood clot, formed by 

thrombosis, block the blood supply in cerebral artery to the brain. Since the brain does 

not store oxygen or glucose, within a very short time (minutes), the brain starts dying. 

The immediate responses of the brain include the ion imbalance, such as the Na+–K+ 

pump dysfunction and calcium overload, the metabolic response include the disrupted 

phosphatase activity, decrease of ATP levels and pH, and ROS production and increase 

of oxidative stress, which would then lead to further responses such as apoptosis and 

autophagy (Rodrigo et al., 2013). Similarly, myocardial infarction is often linked with 

coronary thrombosis (Palasubramaniam, Wang & Peter, 2019). With the rupture of the 

blood clot in the vessel, and the blockage of blood supply, the systolic function of the 

myocardium was compromised, thus leading to ion imbalance, increase of oxidative 

stress, mitochondrial alterations and eventually, apoptosis and necrosis of 

cardiomyocytes and cardiac tissues (Frangogiannis, 2015). During the current COVID-

19 pandemic, complications of acute myocardial infarction in COVID-19 patients 

without any cardiac history or implication of clear atherosclerosis were discovered 

(Tedeschi et al., 2020). Possibly, due to the severe effects of COVID-19, high levels of 

proinflammatory mediators diffused coronary thrombosis without cardiac histories. 
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Unlike ischemic stroke, haemorrhagic stroke is caused by internal bleeding of 

the brain, and accounts for about 25% of all strokes. It could happen due to the rupture 

of an aneurysm stemmed from a weakened artery wall, long-standing hypertension, a 

major trauma, genetics or physical forces. Haemorrhagic stroke could also come from 

arteriovenous malformation (Linfante & Wakhloo, 2007). It could induce the 

expression of inflammatory factors such as tumour necrosis factor tumour necrosis 

factor α (TNFα), interleukin 6 (IL-6) and nuclear factor-kappa B (NF-κB) in the brain 

and the spleen (Lee et al., 2008). However, the immunological and biochemical changes 

induced by haemorrhagic stroke remain insufficiently studied (Saand et al., 2019).   

Risk factors for atherosclerosis and thrombosis, and in general, CVDs, include 

endothelial damage and dysfunction, which largely involves oxidative stress and ROS 

production, this include high blood cholesterol (Xu, Liu & Liu, 2013), raised blood 

pressure (Kokubo & Kamide, 2009), high blood glucose level (Aguiar, Duarte & 

Carvalho, 2019), smoking (Ramotowski et al., 2019) and complications under severe 

COVID-19 conditions. At the same time, patients with chronic cardiovascular 

conditions are considered high risk groups for COVID-19.    

1.2 Reactive Oxygen Species (ROS) 

 ROS are free radicals and molecules derived from oxygen. They are involved 

in the signal transduction of many physiological processes such as immune responses 

(Williams & Kwon, 2004), metabolism and inflammation (Forrester et al., 2018), 

differentiation (Arakaki et al., 2013), proliferation (Ruiz-Gines et al., 2000) (Lopez-

Acosta et al., 2018), adhesion (Lopez-Acosta et al., 2018; Maulucci et al., 2010), 

apoptosis (Fan et al., 2019; Li et al., 2007) and cell cycle regulation (Tickner et al., 

2011; Verbon, Post & Boonstra, 2012). Some of the examples of ROS are H2O2, O2.-, 

OH∙, ONOO- and so on.  ROS act as a mediator in various reduction-oxidation (redox) 
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signalling transduction pathways. For example, in mammalian cells, pathways 

involving the regulation of cell cycle and differentiation, such as p53 (Li et al., 2007), 

peroxisome proliferator-activated receptor-γ (Tickner et al., 2011), H2AX (Fan et al., 

2019) and activates apoptosis signal-regulating kinase 1 (ASK1) (Matsukawa et al., 

2004), are redox-sensitive. Under pathophysiological conditions, these redox-sensitive 

signalling pathways could mediate a self-protective or clearing mechanism when 

activated by upstream stress signalling pathways in response to the oxidative stress. 

 ROS are also responsible for microbial removal and essential for maintaining 

the normal functioning of the immune system. The importance of ROS production can 

be reflected by a genetic disease called chronic granulomatous disease (CGD). CGD is 

a primary immunodeficiency that was caused by the mutation in NADPH oxidase 

subunits (Pollock et al., 1995). Nox2 mutation could result in X-linked recessive CGD 

(XR-CGD), while mutations on the genes coding for p22phox, p47phox, p67phox and 

p40phox cause the autosomal recessive CGD (Chiriaco et al., 2016). With these 

conditions, a bacterial and fungal infection could develop at a very early stage of life, 

thus making it hard to survive until adulthood if not diagnosed promptly.  
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1.2.1 Generation, interconversion and elimination of ROS  

Figure 1.2 illustrates the generation, inter-conversion and elimination of ROS. 

Figure 1. 2 A diagram for the generation, inter-conversion and elimination of ROS.  

H+: Hydrogen ion, e-: electron, SOD: superoxide dismutase, GPX: glutathione 

peroxidase, PRX: peroxiredoxin and CAT: catalase.  

 Oxygen is essential for eukaryote aerobic cellular respiration and the generation 

of ROS (Nohl et al., 2003). During the phosphorylation of the electron transport chain, 

the oxygen receives electrons from the reduced form of nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). It then reacts with 

hydrogen to produce water (Bartolome & Abramov, 2015). In the presence of some 

hormones, such as angiotensin II (AngII) (Massey et al., 2012) or abnormal high-energy 

factors, such as radiation that can release electrons from the environment (Rodriguez & 

Redman, 2005), the oxygen transforms into superoxide anion (O2.-). Under healthy 

physiological conditions in vascular endothelial cells, the nitric oxide synthase (NOS) 

can generate nitric oxide (•NO) to interact with O2.- and produce peroxynitrite (ONOO-

) as a mid-product. Without molecular targets, it would isomerise to nitrate (NO3
-), a 

stable product (Forstermann, Xia & Li, 2017). This process was also discovered in 

neurotransmission and immune system, and NOS was found to present in three different 
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isoforms including endothelial NOS (eNOS), inducible-NOS (iNOS) and neuronal 

NOS (nNOS) (Marletta, 1994). The O2.- can also be converted to hydrogen peroxide 

by superoxide dismutase (SOD). This reaction results in the formation of hydrogen 

peroxide (H2O2). Furthermore, by accepting an electron from iron ions, H2O2 produces 

hydroxyl radical (OH.), which is also involved in the health homeostasis (Lipinski, 

2011; Lyngsie et al., 2018). Under physiological conditions, ROS 

production/elimination is regulated by redox signalling reactions involving SOD, 

glutathione peroxidase, peroxiredoxin and catalase (Figure 1.2). By contrast, during 

pathological conditions, excessive free radical molecules are resulting in an oxidative 

stress-induced imbalance of the cellular homeostasis. Therefore, this can ultimately 

lead to redox-dependent pathophysiological responses such as vascular endothelial 

damage thus exposing cells to a long-term inflammatory process, which could lead to 

disorders such as thrombosis, atherosclerosis and vascular remodelling (Fearon & Faux, 

2009).  

1.2.2 Exogenous source  

 The environment such as smoking, pollution, (deleted HFD, referenced the rest) 

and ionising radiation (specifically, the organic and inorganic radioactive chemicals) 

can also be a source of ROS (Kelly, 2003; Peluffo et al., 2009; Smith et al., 2012). For 

example, smoking (cigarette smoke extract as was used in the study) could increase 

O2.- and ONOO- production (Peluffo et al., 2009). Also, heavy metals including 

cadmium were shown to inhibit the growth and viability of yeasts, demonstrated by 

higher levels of malondialdehyde (MDA) and glutathione production, as well as the 

increased activities of catalase, SOD and glutathione peroxidase in the cadmium-

exposed cells (Muthukumar & Nachiappan, 2010).  
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1.2.3 Enzymatic source    

 Several different enzymes also produce ROS in mammalian cells. These 

enzymes include NOS, xanthine oxidase (XO) and xanthine dehydrogenase (XDH), 

cyclooxygenase (COX) and lipoxygenase (LOX), mitochondrial electron transport 

chain and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox).  

1.2.3.1 Nitric oxide synthase (NOS) 

 In the cardiovascular system, eNOS can produce NO from L-arginine in 

response to increased shear stress caused by increased blood pressure (Tejero & Stuehr, 

2013; Omanwar et al., 2014), thus plays a role in reducing the blood pressure. The 

production of NO by NOS is demonstrated in Figure 1.3, which involves two oxygens 

being reduced to NO catalysed by NOS at the presence of NADPH, an electron donor.  

 

Figure 1. 3 Production of NO by NOS. 

 The uncoupling of NO caused by excessive O2.- can result in the generation of 

peroxynitrite (ONOO-), which can then oxidise tetrahydrobiopterin, an essential 

cofactor for eNOS functioning (Alp & Channon, 2004) and induce endothelial 

dysfunction. The uncoupling of NO is closely related to the development of many 

cardiovascular disorders such as myocardial infarction (Masano et al., 2008), cardiac 

hypertrophy and fibrosis (Leiva et al., 2016), development of atherosclerosis in the 
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new-born during pregnancy (Moens et al., 2008) and vascular endothelial dysfunction 

in diabetes (Thum et al., 2007). 

1.2.3.2 Xanthine oxidoreductase (XO) 

 Xanthine Oxidoreductase exists in two forms, XO and XDH, interconvertible 

to each other. XO catalyses xanthine or hypoxanthine to produce uric acid, and 

hydrogen peroxide at the presence of oxygen and XDH undergoes the same reaction 

but requires the participation of NAD+ to produce NADH. The reactions are illustrated 

in Figure 1.4.  

 

Figure 1. 4 Production of H2O2 by XO.  

 It is well established that XO plays a vital role in activating cell defence 

mechanisms in T cells and neutrophils while it was less addressed in ROS production 

in terms of cell/tissue damage (Chung et al., 1997). Xanthine oxidase was also found to 

induce hydrogen peroxide production under inflammatory conditions, yet it was 

defined as an insignificant contributor towards ROS generation in human vascular 

endothelium (Palermartinez et al., 1994). 

1.2.3.3 Cyclooxygenase (COX) and lipoxygenase (LOX) 

 COX and LOX function by catalysing arachidonic acid as a substrate upon the 

activation of phospholipase A2 and producing ROS through their metabolites. These 

metabolites that are associated with ROS production from LOX pathways include 

cytosolic leukotriene B4 and cytosolic phospholipase A2 (Kim, Kim & Kim, 2008), and 
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from COX include prostaglandin G2 and prostaglandin H2 (PGH2) (Cho, Seo & Kim, 

2011). 

 However, these metabolites, instead of producing cell/tissue-damaging ROS 

directly, they mediate the activation of several signalling pathways that can induce Nox-

dependent ROS production. In addition, in a study of AngII-induced hypertension, 

excessive Nox/mitochondria-derived-ROS and COX2 have been reported to have a 

complicated relationship. However, although COX2 could be one source of ROS, in 

this study, it was more likely that Nox-derived ROS were dominantly participating in 

the development of vascular dysfunction (Martinez-Revelles et al., 2013). Similar 

metabolic procedures happen with LOX. Accumulating evidence is showing that both 

Cox and LOX can induce Nox-based ROS generation and it was Nox-derived ROS that 

plays a significant part of the development of cardiovascular diseases (Cho, Seo & Kim, 

2011). 

1.2.3.4 Mitochondrial electron transport chain 

 ROS can be produced in electron transport chains in mitochondria. In 

mitochondria, oxygen is produced by converting NADH or FADH2. Since some of the 

electrons can escape this process and get caught by the oxygen, ROS could be 

generated. ROS production from this process predominantly is spotted from 

mitochondrial complex I, and this is a coenzyme Q (CoQ)/CoQH2, proton motive force 

(∆p) and NADH/NAD+ dependent process (Murphy, 2009).  

 In cardiomyocytes, a drug, diclofenac, has been discovered to have a side effect 

of inducing ROS-dependent cardiotoxicity through this physiological process (Ghosh 

et al., 2016). However, the damage ROS make under pathophysiological conditions is 

closely linked to the activation of NADPH oxidase. Studies showed that mitochondrial 



Page | 32  

 

ROS generation participated in the process of mitogen-activated protein kinase 

(MAPK) activation upon AngII stimulation, yet it did not contribute to AngII induced 

vasoconstriction (Kimura et al., 2005a). Ischaemic reperfusion injury-induced AngII 

could also have an effect on electron transport chain in mitochondria, yet the real ROS 

were enhanced through the activation of NADPH oxidase, which was induced through 

c-Jun N-terminal kinases (JNK) and MAPK signalling pathways (Kimura et al., 2005b).   

1.3 NADPH Oxidase 

 Nox is multi-unit cellular membrane-associated proteins that locate on the cell 

membrane and transfer the electrons from the cytoplasm to both intracellular 

compartments such as nuclei, mitochondria, endosomes, phagosomes and extracellular 

compartments such as an extracellular matrix. NADPH is the reduced form of 

nicotinamide adenine dinucleotide phosphate (NADP+). Generated by glucose-6-

phosphate dehydrogenase in the cytosol, it carries an electron and can donate the 

electron in several physiological processes such as lipid and nucleic synthesis and 

innate immunity in phagocytes. Nox is involved in the latter process. Upon activation, 

NADPH serves as an electron donor and oxygen accepts the electron. The function of 

NAPDH oxidase is to transfer the electron donated by NADPH through its catalytic 

subunits and transmembrane components to oxygen and generate O2∙-. Nox include 

Nox1, Nox2, Nox3, Nox4, Nox5, dual oxidase 1 (Duox1) and dual oxidase 2 (Duox2). 

There are four isoforms, i.e. Nox1, Nox2, Nox4 and Nox5 that have been found in the 

human cardiovascular system (Lassegue & Griendling, 2010).  

 NADPH oxidase is one of the significant sources of O2∙- generation in 

mammalian cells. Under normal conditions, these enzymes generate O2∙- to promote 

the process of microbial killing in the innate immune system (Segal, 2008). Because 

these enzymes are sensitive to a wide range of stimuli, their activation is involved in 
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many physiological processes. For example, in the central nerve system (CNS), Nox is 

essential in the process of neuronal signalling transduction, memory, central 

cardiovascular homeostasis (Infanger, Sharma & Davisson, 2006) and inflammation 

(Sorce & Krause, 2009). Also, in the cardiovascular system, O2∙- production in an 

NADH/NADPH oxidase-dependent manner can also be induced by AngII, a circulating 

vasoconstrictor acting locally as paracrine and autocrine hormone (Rajagopalan et al., 

1996), which is beneficial short-term in maintaining cardiovascular homeostasis. 

However, under pathophysiological conditions, thiol-reactive stable compounds from 

cigarette smoke can also activate Nox to produce O2∙- and cause endothelial 

dysfunction, and this eventually might lead to vascular toxicity (Jaimes et al., 2004). 

1.3.1 Nox1 

 In the cardiovascular system, Nox1 was found in the arterial endothelial cells 

(Ago et al., 2005) and vascular smooth muscle cells (VSMCs) (Zhang et al., 2013). The 

structure of Nox1 is shown in Figure 1.5.  

 

Figure 1. 5 The schematic presentation of the structure of Nox1 when it is activated.  

Nox1 is membrane-bound (Cruz-Magalhaes et al., 2018) and is associated with 

p22phox in the late endoplasmic reticulum, which is necessary during the activation and 

functioning of Nox1, 2, 4 and 5 (Stasia, 2016). NoxO1 is the organiser and NoxA1 is 
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the activator during the activation of Nox1. NoxO1 has one phox homology (PX) 

domain and two Src homology 3 (SH3) domains (Davis, McPhail & Horita, 2011; 

Davis, McPhail & Horita, 2012; Ueyama, Lekstrom, Tsujibe, Saito & Leto, 2007) and 

is a homologue of p47phox (Gianni et al., 2009). NoxA1 contains four N-terminal one 

tetratricopeptide repeats (TPRs), one phox and Bem1 (PB1) and one C-terminal domain 

SH3 domain (Dutta & Rittinger, 2010; Shrestha et al., 2017) and is a homologue of 

p67phox (Takeya et al., 2003). On the other hand, different kinetic properties were found 

with NoxA1 in comparison to p67phox (Kawano et al., 2012).  

 Various studies have shown that Nox1 is closely linked to cardiovascular 

pathogenesis. It is enhanced by many vasoactive agonists such as thrombin (Carrim et 

al., 2015), AngII (Dikalova et al., 2005), as well as growth factors such as epidermal 

growth factor (EGF), platelet-derived growth factor (Park et al., 2004) and basic fibrosis 

growth factor. The overexpression of Nox1 upregulated vascular endothelial growth 

factor (VEGF), which could lead to angiogenesis (Arbiser et al., 2002). Conversely, the 

growth factor VEGF stimulated Nox1 activation through phosphorylation of Rac by 

phosphatidylinositol 3-kinase (PI3K). The studies on hypertension by Dikalova et al., 

2005, showed that AngII induced vasoconstriction through Nox1. The role of Nox1 in 

meditating the vasoconstriction suggested that Nox1 is involved in AngII-induced 

hypertension (Dikalova et al., 2005). When the basic fibrosis growth factor activates 

Nox1, this process can promote migration of VSMCs, leading to restenosis (Schroder 

et al., 2007). 

1.3.2 Nox2 

 Nox2 plays a vital role in the development of cardiovascular diseases. Studies 

using transgenic animal models have been crucial in identifying the role of Nox2 in 

cardiovascular diseases. For example, Nox2 knockout (KO) mice demonstrated a 
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significantly reduced level of left ventricular cavity dilatation and dysfunction as 

compared to wild type mice after myocardial infarction (MI) (Looi et al., 2008). 

Furthermore, loss of Nox2 was also shown to prevent cardiomyocyte hypertrophy and 

myocardial fibrosis induced by pressure overload (Parajuli et al., 2014), suggesting a 

therapeutic potential of targeting Nox2 in the prevention and treatment of heart failure. 

Additionally, a decrease in the size of myocardial infarct was observed in Nox1 KO, 

Nox2 KO and Nox1/2 KO mice under the condition of 30 min ischaemia followed by 

24 h reperfusion as well as a decrease of post-reperfusion oxidative stress in Nox2 KO 

mice (Braunersreuther et al., 2013). The structure and activation of Nox2 are illustrated 

in section 1.4.1. 

1.3.3 Nox4 

Constructively activated, Nox4 can be found in endothelial cells, 

cardiomyocytes, fibroblasts, and VSMCs in the cardiovascular system (Zhang et al., 

2013). The structure of Nox4 is illustrated in Figure 1.6.  

 

Figure 1. 6 The schematic presentation of the structure of Nox4.  

 

POLDIP2 was found to be a novel regulator of Nox4 by associating with p22phox 

to activate Nox4 (Lyle et al., 2009). The role that Nox4 plays in vasorelaxation or 

vasoconstriction is unclear. Nox4 has been shown to promote endothelial cell survival 
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through downstream extracellular regulated kinase1/2 (ERK1/2) and Akt pathways 

(Peshavariya et al., 2009). However, when Nox4, as well as its product H2O2, was 

inhibited, there was a reduction in cell proliferation (Peshavariya et al., 2009). 

Conversely, Nox4 has also been demonstrated to participate in the IL1- and 

transforming growth factor β-induced cell senescence by producing H2O2, which leads 

to DNA damage (Hubackova et al., 2012). Additionally, Nox4 has also shown to create 

endoplasmic reticulum stress and to promote cell autophagy through Ras-ERK 

signalling pathway (Wu et al., 2010). Upon pressure overload of murine NADPH 

oxidase 4 (Nox4) is a significant source of oxidative stress in the failing heart, Nox4 

overexpression was observed to exacerbate cardiac dysfunction, hypertrophy, fibrosis 

and apoptosis, and KO of cardiac Nox4 could attenuate the symptoms (Kuroda et al., 

2010). Compared to other Nox homologues, it is suggested that 90% of its Nox4 

product is H2O2 (and 10% is O2.-). A high percentage of H2O2 from Nox4 is possibly 

because it only employed one oxygen molecule at a time and that the oxygen was 

reduced twice sequentially, producing O2.- and H2O2 respectively (Nisimoto et al., 

2014). Previous research studies have suggested that H2O2 can activate eNOS and 

promote NO bioactivity through phosphorylation of Ser1177 and dephosphorylation of 

Thr495 (Thomas, Chen & Keaney, 2002). However, in the long term, the 

phosphorylation of Ser1179 (a bovine equivalent to human Ser1177) of eNOS would 

significantly drop due to the inhibited activation of Akt by 5' adenosine 

monophosphate-activated protein kinase (Hu et al., 2008). Therefore, Nox4 plays a 

comprehensive role in the development of cardiovascular diseases.  
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1.3.4 Nox5 

 The noted regulatory mechanism underlining the pathological features of Nox5 

is its sensitivity towards calcium (Ca2+). The ischemic structure of Nox5 is shown in 

Figure 1.7.  

 

Figure 1. 7 The schematic presentation of the structure of Nox5. 

At the N-terminus, Nox5 contains four EF-hand motifs, and their oxidation was linked 

with a reduced association with calcium and change in the tertiary structure of Nox5 

(Petrushanko et al., 2016b).  

 During atherogenesis, the concentration of Ca2+ in vessels is elevated. 

Therefore, atherosclerosis is linked to the increased activation and misregulation of 

Nox5. As an example, in human coronary artery disease, it was observed that the Nox5 

expression is significantly upregulated in the endothelium (early coronary lesions) and 

smooth muscle layer (advanced coronary lesions) (Guzik et al., 2008). Table 1.1 

summarises different Nox isoforms that were discovered in the human cardiovascular 

system and their functional mechanisms. 
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Table 1. 1 Isoforms of NADPH oxidase and their functional mechanisms. 

Isoform 
Homology 

to Nox2 
Expression 

Regulatory 

Subunits 
Subunit References 

Nox1 56 

endothelial 

cells (ECs) 

and VSMCs 

p22phox, 

p47phox, 

Noxo1, 

p67phox, 

Noxa1 and 

Rac1 

p22phox: 

stabilisation 

and 

maturation; 

p47phox and 

its 

homologue 

Noxo1: 

organisers 

mediating 

with Noxa1 

through 

tyrosine 

kinase 

substrate with 

four or five 

SH3 domains 

(Tks4 or 

Tks5); 

Noxa1: 

activator, 

mediating 

with p47phox 

or Noxo1 

through SH3 

domain; 

Rac: 

interacting 

with Noxa1 

(Gianni et al., 2009; 

Yu, Zhen & 

Dinauer, 1997) 

(Miyano et al., 

2006) 

Nox2 

(gp91) 
- 

ECs and 

fibroblasts in 

adventitia 

p22phox, 

p47phox, 

p67phox, 

p40phox and 

Rac1/Rac2 

p22phox: 

stabilisation 

and 

maturation; 

p47phox: binds 

to the PRR 

on p22phox; 

p67phox: 

activation 

and this 

requires the 

participation 

of p47phox;  

Rac: first step 

of electron 

transferring 

i.e. from 

NAPDH to 

(Mankelow et al., 

2004) 

(Raad et al., 2009) 

(el Benna et al., 

1994) 

(Matono et al., 

2014) 
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Nox2-bound-

FAD 

Nox4 39 

cardiac 

myocytes, 

VSMCs, 

ECs and 

fibroblasts in 

the 

adventitia 

p22phox and 

POLDIP2 

p22phox: 

stabilisation 

and 

maturation; 

POLDIP2: 

p22phox 

binding 

partner, 

enhancing the 

Nox4 activity 

(Cheng et al., 2001) 

(Drummond et al., 

2011)  

(Lyle et al., 2009) 

(Miller, 2009) 

Nox5 27 
VSMCs and 

ECs 
- 

Four EF-hand 

motifs: Nox5 

activation 

through the 

interaction 

with Ca2+. 

Oxidation of 

cysteine and 

methionine 

on EF-hand 

motifs inhibit 

Nox5 by 

reducing the 

binding of 

Ca2+ and the 

formation of 

the secondary 

and tertiary 

structure of 

Nox5 

molecule. 

(Banfi et al., 2001) 

(Petrushanko et al., 

2016a) 

 

1.4 Nox2 structure and its activation 

 Nox2, also known as gp91phox-containing NADPH oxidase, was discovered in 

phagocytes and is historically the first characterised NADPH oxidase in the Nox family 

(Bedard & Krause, 2007; Dinauer et al., 1989). As other Nox homologous share certain 

similarities with Nox2, discussing and studying the regulatory mechanism of Nox2 

could facilitate the understanding of the Nox family. Nox2 is a transmembrane protein 

stabilised by p22phox. Embedded in the cytoplasmic membrane, gp91phox is hydrophobic 

and has six transmembrane -helixes on which four conserved histidines play a vital 

role in proton-conducting and heme-binding (Mankelow et al., 2004). When it is 
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activated, it functions by transferring an electron from NADPH to oxygen and 

eventually producing O2.- in cooperation with cytosolic subunits including p40phox, 

p47phox and p67phox. It has a flavoprotein domain that has FAD/NADPH binding site on 

its C terminus and is phosphorylated upon its activation by protein kinase C (PKC), 

which would increase its diaphorase activity which catalyses the reduction of di- and 

tri- phosphopyridine nucleotides would occur and a hydrogen ion would be formed 

(Shimosegawa & Toyota, 1994), and the binding to other functioning compartments 

including Rac, p47phox and p67phox (Raad et al., 2009). The activation domain on p67phox 

(amino acid 199-210) is essential during its activation (Han et al., 1998) and this 

requires the participation of p47phox, which binds to the PRR on p22phox, and thus p67phox 

can approach and associate stably to Nox2 (Bey & Cathcart, 1999). Rac, which is 

important in the first step of electron transfer, i.e. from NAPDH to gp91phox-bound-

FAD, interacts with gp91phox on the region of residue 419-430 (Matono et al., 2014). 

Figure 1.8 illustrates the translocated of p40phox, p47phox and p67phox during the 

activation of Nox2. 

 



Page | 41  

 

Figure 1. 8 Schematic diagram of the translocation of Nox2 regulatory subunits 

(p40phox, p47phox and p67phox) during the activation of Nox2. 

1.4.1 Nox subunits 

 Several regulatory subunits involved in the activation of Nox enzymes and 

targeting the regulatory subunits is one of the effective ways to modulate the function 

of Nox (Bouin et al., 1998; Bokoch & Diebold, 2002; Li et al., 2002). p47phox is 

discussed in detail since it is the focus of this study.  

1.4.1.1 Rac 

 Rac1 and Rac2 both belong to the Rho small guanosine triphosphatase 

(GTPase) family. In Nox homologous, Rac1 has been identified to interact with Nox1, 

Nox2 and Nox3 while Rac2 was only discovered during the activation of Nox2 

(Drummond et al., 2011). During its inactivated state, Rac forms a heterodimeric 

complex with Rho GDP dissociation inhibitor (GDI). Rac was found to be stabilised 

through GDI, and upon induction of phosphoinositides, the interaction between Rac 

and GDI/GDP went through conformational changes thus Rac was able to contact 

p67phox, the co-effector of Rac (Di-Poi et al., 2001). 

1.4.1.2 p22phox 

 p22phox was discovered to be associated with gp91phox in a 1:1 manner, and 

together they form a functional transmembrane unit of NAPDH oxidase called 

flavocytochrome b558 (Yu et al., 1999). As studies accumulate, including Nox2, p22phox 

has also been confirmed to work together with Nox1, Nox3, Nox4, Duox1 and Duox2 

(Groemping & Rittinger, 2005). On its N terminus there discovered three 

transmembrane α-helices, and this locates p22phox on the cell membrane. It has a 

proline-rich region (PRR) region (residue 151-160) on its C terminus, and it has been 
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suggested to interact with the two tandem SH3 domains on p47phox. This process has 

been proved to be essential in the function of NAPDH oxidase (Nobuhisa et al., 2006). 

To achieve the interaction between p22phox and p47phox, phosphorylation of p22phox 

occurs in two forms. One is through phospholipase D and other through PKC (Regier 

et al., 2000). Phosphorylation through stimuli has been proved to happen on threonine 

residues (Thr132 and Thr147) (Groemping & Rittinger, 2005). 

1.4.1.3 p40phox 

 The structure of p40phox is illustrated in Figure 1.9.  

 

Figure 1. 9 The structure of the functional elements of p40phox.  

p40phox consists of 339 amino acids. There is one PX domain (18-136), one SH3 domain 

(173-228) and one PB1 domain (237-329) which includes a PC motif (284-305). 

 There is a PX domain (residues 18–136) at its N-terminus, which contains a 

pocket formed by a lining of basic residues and specifically binds to PtdIns(3)P, a lipid 

product of PI3Ks (Bravo et al., 2001). In neutrophils, the binding of PI(3)P to PX of 

p40phox is essential during the assembly of NADPH oxidase complex consisting of 

cytochrome b558 (formed by p22phox and gp91phox) and cytosolic factors (Rac, p40phox, 

p47phox and p67phox) during the activation of NADPH oxidase and production of ROS 

(Ellson et al., 2001). Because of this, p40phox has been described as the activator of 

NADPH oxidase.  

 However, it also displays the function as an inhibitor through its Src homology 

3 (SH3) domain (residues 173-228). Studies showed that SH3 domain of p40phox is 
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associated with the downregulation of NADPH activity through its binding to PRR on 

p47phox, the same region that also binds competitively to the SH3 domain of p67phox 

upon activation (Sathyamoorthy et al., 1997). However, the relationship between these 

two interactions is not yet clear.  

 p40phox also has a PB1 domain (residue 237-329) (Groemping & Rittinger, 

2005), on which there is a PC motif (residues 284-305) (Lapouge et al., 2002). Since 

PB1 domain and PC motif form specific dimers through binding sites on the ubiquitous 

site (Yoshinaga et al., 2003), this motif interacts with the PB1 domain of p67phox 

ubiquitously, and this might have stabilised p40phox during the resting state of NADPH 

oxidase since it lacks auto-inhibitory mechanism. 

1.4.1.4 p67phox 

 The structure of p67phox is shown in Figure 1.10.  

 

Figure 1. 10 The structure of the functional elements of p67phox.  

p67phox consists of 526 amino acids. There are three TPR domains (3-36, 36-70, 70-

104 and 120-153), one activation domain (199-210), one PRR (226-236) two SH3 

domains (243-298, 460-515) and one PB1 domain (351-429).  

 At its N terminus, there are four TPRs (residues 3-36, 36-70, 70-104 and 120-

153), and they are located within RacI GTP binding region (Ponting, 1996). 

Specifically, at the presence of GTP, the binding site of Rac was shown to be created 

by the loop region linking TPR1 and TPR3 at the edge of TPR bundle thus the assembly 

of cytosolic compartments and Rac could be achieved. Instead, the real TPR groove 
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was suggested to be in contact with C terminal of the molecule by masking its C 

terminal phosphorylation site and might have contributed to the auto-inhibition of the 

molecule when NADPH oxidase is not activated (Lapouge et al., 2000). Interestingly, 

research also discovered that p67phox has the function of NADPH dehydrogenase 

activity thus might participate directly in the electron transport chain (Dang, Babior & 

Smith, 1999).  

 There also is an activation domain on p67phox (residue 199-210) that has been 

confirmed to be critical for the function of NADPH oxidase and the production of O2.-  

in cell-free systems since it directly regulates the electron flow between NADPH and 

FAD thus controls redox status of flavocytochrome b558 (Han et al., 1998; Han & Lee, 

2000).  

 Residue 226-236 is the PRR domain which interacts with the two SH3 domains 

of p47phox, contributing to the inhibition of p67phox functioning under inactivate status.  

 Further to its C terminus, there are two SH3 domains (residue 234-298 and 

residue 460-515). Interestingly, the first SH3 domain is believed by some scientists to 

increase the affinity with gp91phox but not Nox2 or Nox3, despite their high level of 

homologues (Maehara, Miyano & Sumimoto, 2009). The second SH3 domain is 

interacting with the PRR of p47phox directly in two orientations upon the activation of 

NADPH oxidase (Finan et al., 1996). However, some studies using transfected cells 

emphasise the importance of the presence of both SH3 domains in terms of the 

membrane-binding ability and translocation of cytoplasmic components (de Mendez et 

al., 1994). In between the two SH3 domains, there is a PB1 domain (residue 351-429) 

that interacts specifically with other PB1 domain on p40phox and stabilise the molecule. 
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1.4.2 p47phox 

 p47phox is the organising and coordinating unit of Nox2 enzyme. During the 

activation of Nox2, it translocates from the cytosol to approach Nox2 through the 

binding to p22phox thus the cytosolic components, i.e. p40phox-p47phox-p67phox can 

activate Nox2 (El-Benna et al., 2009). The structure of p47phox and the animal models 

used for the study of p47phox are reviewed here.  

1.4.2.1 Structure of p47phox functional domains 

 As is shown in Figure 1.11, amino acid (AA) sequences of p47phox from many 

different species share high similarities. For example, p47phox AA sequences from 

human (Homo sapiens) and mouse (Mus musculus) have an identity of 81.84%. Here 

the structure of p47phox discussed is based on human p47phox in vitro studies, but it is 

also able to be extrapolated to most studies discussed here.  
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Figure 1. 11 A multiple-sequence alignment in p47phox of different species.  

A multiple-sequence alignment in p47phox of different species. Abbreviations and 

GenBank Accession Numbers: Homo sapiens (Human): P14598; Canis lupus familiaris 

(Dog): F1Q058; Bos taurus (Bovine): O77774; Sus scrofa (Pig): F1RJL1; Mus 

musculus (Mouse): Q09014; Rattus norvegicus (Rat): F1M707; Cavia porcellus 

(Guinea pig): H0UTD4. Functional domains are highlighted in yellow. Serine 

threonines are highlighted in cyan. Same sequences among all the aligned species are 

highlighted in grey. The alignment data indicate that the functional domains of p47phox 

are highly conserved in different species. Sequences aligned from UniProt (UniProt, 

2019). 

 p47phox includes several functional domains, an NH2 (N)-terminus and carboxyl 

(C)-terminus, a PX domain, two tandem SH3 domains, one arginine/lysine-rich region 



Page | 47  

 

and one PRR (Mizuki et al., 2005). From AA 4-121, it is a PX domain. The two pockets 

formed by this domain is discovered to be phosphoinositide-binding sites for PtdIns(4)P 

and PtdIns(3,4)P2 (Karathanassis et al., 2002). Similarly, p40phox also has a PX domain 

(AA 18-136), but it binds to PtdIns(3)P. The difference was suggested to be associated 

with each protein’s preference to different types of membranes, i.e. PX domain prefers 

PtdIns(3)P, locates the protein (in this case, p40phox) to the endosomes while PX domain 

binding to PtdIns(4)P and PtdIns(3,4)P2 (on p47phox) tends to direct the protein to the 

plasma membrane (Ago et al., 2001; Zhou et al., 2003). In addition, PX domain on 

p47phox could also interact intramolecularly with its C terminal SH3 domain (AA 229-

284) to maintain a closed state thus reducing its affinity to the membrane. When p47phox 

is activated, phosphorylation on Ser (303, 304, 328, 359, 370) Glu facilitates the 

opening of the molecule (Karathanassis et al., 2002). From AA 159 to 214 and 229 to 

284, there are two tandem SH3 domains (here defined as N terminal SH3A and C 

terminal SH3B). When p47phox is activated, whilst SH3A facilities the translocation of 

the cytosolic subunits to the membrane through interaction with a PRR (AA 151-160)  

on p22phox (deMendez, Homayounpour & Leto, 1997; Huang & Kleinberg, 1999; 

Nobuhisa et al., 2006), SH3B  interacts with PRR on p67phox mediating the translocation 

of p67phox-p47phox-p40phox complex to the relevant membrane (deMendez et al., 1996; 

deMendez, Homayounpour & Leto, 1997; Nobuhisa et al., 2006). Under the resting 

state, the SH3 regions are inhibited by an arginine/lysine-rich region (also known as an 

auto-inhibitory region (AIR)) from AA 301–320 and 314–335 through GAPPR 

sequence which holds the intramolecular SH3 domains by recognising reverse 

sequences (Yuzawa et al., 2004). During the activation of Nox2, C-terminus of p47phox 

and several AA between two tandem SH3 domains, i.e. Asp-217, Glu-218 and Glu-223 

is phosphorylated, resulting in SH3A domain becoming unmasked (Huang & 
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Kleinberg, 1999; Peng et al., 2003). PRR (AA 363-368) is the other functional and 

structural region of p47phox which functions by interacting with the c-terminal SH3 

domain of p67phox  during Nox2 activation (Mizuki et al., 2005). When Nox2 is inactive, 

this PRR region is occupied by the SH3 domain on p40phox (AA 173-228). Thus, the 

p67phox-p47phox-p40phox complex is maintained in a stable state in the cytosol (Wilson et 

al., 1997; Sathyamoorthy et al., 1997).  The interactions between SH3 domains and 

PRR on cytosolic regulatory compartments of Nox2 (p47phox, p40phox and p67phox) are 

shown in Figure 1.12.  

 

Figure 1. 12 A schematic of interactions between p67phox, p47phox, and p40phox.  

A schematic of interactions between p67phox, p47phox, and p40phox. Structural domains 

and their reported amino acid sites are marked. Reported interactions among these three 

regulatory subunits of Nox2 are shown in dotted lines. Black: Interactions when Nox2 

is activated. Red: Interactions when Nox2 is inactivated. 

1.4.2.2 Current p47phox transgenic murine models 

 Murine models with deficient p47phox are immune-compromised and are 

associated with a genetic disease in human called CGD. Currently, there are two 

different ways of targeting p47phox and three p47phoxKO transgenic murine models used 

worldwide and are available from Jackson Laboratory. The model that has been widely 
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used in cardiovascular studies is called B6N.129S2-Ncf1tm1Shl/J (we define it as 

p47phoxKO 129sv-C57BL/6 in this study).  The vector was designed to include a 

neomycin resistance cassette interrupting amino acid 221 on exon 7 of the neutrophil 

cytosolic factor 1 (Ncf1, gene name for p47phox) gene. The construct was then 

electroporated into D3 embryonic system cells with a 129sv background and bred from 

C57BL/6 female mice (Jackson, Gallin & Holland, 1995). The experimental disease 

models were typically set up after at least ten generations backcross to C57BL/6J WT. 

The other model was developed based on an A to C mutation at -2 position at the 5’end 

of exon 8, and this was able to induce abnormal splicing of Ncf1 transcript. This 

mutation was reported to arise from B6.BKS(D)-Leprdb/J in the Jackson Laboratory 

(Huang et al., 2000) and was crossed back to C57BL/6J for three generations before 

use. We define this model as p47phoxKO (Doerries et al., 2007) Cg-C57BL/6 in this 

study. The other strain with the same mutation is NOD.Cg-Ncf1m1J/MxJ with 

NOD/SHiLt background.  As yet, to the best of personal knowledge, NOD.Cg-Ncf1m1J 

model has not been used for the investigation of cardiovascular diseases, as is 

summarised in Table 1.2.  Studies using p47phoxKO transgenic models relevant to the 

cardiovascular system discussed in this review are listed in Table 1.2. 

Table 1. 2 p47phoxKO studies on mediating cardiac functioning and redox signalling 

pathways. 

Strain Disease Model Signalling Role of p47phox Reference 

129sv-

C57BL/6 
LAD-CAL - 

increase survival rate 

(72% in p47phoxKO versus 

48% in WT; P<0.05) 

(Doerries 

et al., 

2007) 

129sv-

C57BL/6 
TAC 

PO-Ang-ACE2 or PO-

Ang-AT1R-p47phox-MMP 
compensate for ACE2KO 

(Bodiga et 

al., 2011) 

129sv-

C57BL/6 
AngII induced hypertrophy 

AngII-p47phox-

TNF converting enzyme 

(TACE)-suppression of 

ACE2 

resistant to AngII-induced 

TACE phosphorylation 

(Patel et 

al., 2014) 

129sv-

C57BL/6 
Langendorff perfusion 

PI3K(but not PI3K) and 

PKC-GSK3 

no different changes in 

inotropic action 

(Liang et 

al., 2010) 
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129sv-

C57BL/6 
TAC 

p47phox interacting with 

cortactin and N-cadherin-

loss of actin 

polymerisation and 

cytoskeletal remodelling 

markedly worsen systolic 

dysfunction 

(Patel et 

al., 2013) 

129sv-

C57BL/6 

SMCs isolated and 

stimulated with AngII 

AngII-AT1R-p47phox-

Nox2-MMP2 

mediate AngII-induced 

MMP2 expression and 

activation 

(Luchtefeld 

et al., 

2005) 

129sv-

C57BL/6 

CMECs isolated and 

stimulated with PMA or 

TNF 

PMA or TNF-p47phox-

Nox2 

mediate PMA or TNF 

stimulated Nox2 

activation; KO induce 

O2.-  production 

(Li et al., 

2002) 

129sv-

C57BL/6 

CMECs isolated and 

stimulated AngII 

AngII-p47phox 

phosphorylation-p47phox-

p22phox formation-Nox2 

mediate AngII stimulated 

Nox2 activation; KO 

induce O2.-  production 

(Li & 

Shah, 

2003) 

129sv-

C57BL/6 
CMECs isolated p40phox 

p47phoxKO increases 

p40phox expression and 

ROS production 

(Fan, Teng 

& Li, 

2009) 

129sv-

C57BL/6 

aortae isolated and 

stimulated AngII 

AngII-O2.- production-

vasoconstriction and 

increased MAPK 

p38/ERK1/2/JNK activity 

p47phoxKO increases ROS 

production and MAPK 

p38/ERK1/2/JNK 

activity, but AngII 

stimulation in KO was 

not able to increase the 

effect 

(Li et al., 

2004) 

Cg-

C57BL/6 
MA-induced neurotoxicity 

ERK-p47phox-mitochondria 

stress-M1 of microglia 

protect the signalling 

induced by MA 

(Dang et 

al., 2016) 

Cg-

C57BL/6 
HFD 

increased TFAM and 

UCP2; reduced PPARr, 

CD36, Pref-1 

reduce the increase in 

adiposity  

(Ronis et 

al., 2013) 

Cg-

C57BL/6 

endothelium-denuded 

aortic rings treated with 

100 nM U46619, and 10 

μM PDBu 

PKC-p47phox-Nox2-

reduced NO or PKC-Src-

p47phox-Nox2-reduced NO 

or PKC-Rho and CaMIIK-

contraction 

mediate vasoconstriction 

response 

(Gupte et 

al., 2009) 

Role of p47phox in mediating cardiac functioning and redox signalling pathways studied 

using p47phoxKO murine models. For disease models: LAD-CAL: left anterior 

descending (LAD) coronary artery ligation. TAC: transverse aortic constriction. MA: 

methamphetamine. HFD: high-fat diet. 

1.5 p47phox signalling in cardiac disorders 

1.5.1 p47phox signalling in apoptosis 

 Many CVDs, including diabetic cardiomyopathy, MI, heart failure and 

myocardial remodelling and dysfunction, are closely related to cardiomyocyte 

apoptosis. Various studies have indicated the significant role of ROS generated by 

p47phox-regulated Nox2 in mediating apoptotic pathways (Pimentel et al., 2001). For 

example, following experimental MI, p47phox KO mice displayed less severe left 

ventricle dilation and dysfunction when compared to the WT, although similar 
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infarction size was observed in both groups. These attenuated symptoms were 

suggested to have been benefited from the reduced activities of Nox2 and XO, which 

are known to cause cardiomyocyte hypertrophy and apoptosis (Doerries et al., 2007).  

 In vivo and in vitro studies also investigated in detail p47phox mediated redox-

sensitive apoptotic signalling pathways. Under conditions such as hyperglycaemia 

(Tsai et al., 2012), ischaemia-reperfusion (Kimura et al., 2005b), and during a high level 

of homocysteine (Sipkens et al., 2011) or AngII, p47phox-mediated O2.- could directly 

increase and activate various downstream signalling molecules including inhibitor of 

kappa-light-chain-enhancer of activated B cells, JNK and MAPK pathways (but not 

Raf/MEK/ERK1/2 pathway). These activated signalling pathways trigger the 

phosphorylation and nuclear translocation of nuclear factor kappa-light-chain-enhancer 

of activated B cells (NFB) and activator protein 1, resulting in the decreased gene 

expression of the anti-apoptotic Bcl-2 while increased expressions of pro-apoptotic p53 

and Bax (Maulik et al., 2000). These would ultimately lead to Caspase-3 cleavage and 

the apoptosis induction. Additionally, upregulation of other pro-apoptotic factors such 

as caspase-8 by activated p47phox (or p47phox regulated O2.- in hepatocyte (Reinehr et 

al., 2005), cytochrome c release from mitochondria through ERK1/2 pathway in 

microglia (Dang et al., 2016), apoptosis-regulating signal kinase (ASK) 1 and 

p38MAPK during tuberculosis (TB) infection (Yang et al., 2008), and poly (ADP-

ribose) polymerase (PARP) in bronchial epithelial cells (Peng et al., 2017) and GSK3 

signalling pathway (Yu et al., 2016) have been observed. However, whether p47phox in 

cardiac diseases activates similar downstream apoptotic molecules remains 

unanswered. 

 Research studies have also demonstrated that during homocysteine (Sipkens et 

al., 2011) or AngII (Qin et al., 2006)-induced cardiomyocyte apoptosis, there is an 



Page | 52  

 

increased level of intracellular oxidative stress generated by p47phox in the nuclear 

envelope. The elevated level of ROS was correlated with an increased expression of 

gp91phox and p22phox at the nuclear pore complex (Hahn et al., 2011). This contributed 

to the inactivation of phospholipids flippase, which could induce membrane flip-flop 

during apoptosis (Sipkens et al., 2007). Moreover, since activator protein 1 and NFB 

are redox-sensitive (Maulik et al., 2000), p47phox mediated O2.- in nuclei rather than 

O2.- generated in cytosol might play a crucial role in directly activating these 

transcription factors. Studies have shown that p47phox can also indirectly promote 

apoptosis. For example, prolonged endoplasmic reticulum stress has been suggested to 

reduce Bcl-2/Bax ratio leading to apoptosis in an intrinsic pathway where the 

mitochondria oxidise Ca2+/calmodulin-activated kinase II in cardiomyocyte (Roe & 

Ren, 2013). During this process, there is increased p47phox expression as well as 

endoplasmic reticulum stress (Donaldson et al., 2009) linked a reduced level of survival 

due to a defect in the intrinsic apoptotic pathway in p47phoxKO mice in the lymphocyte, 

suggesting a role of p47phox playing in this process. At the same time, some cell deaths 

are p47phox-independent. One study on industrial ZnO toxicity induced apoptosis to 

bone marrow-derived macrophages showed no significant change of ZnO uptake or 

formation of hypodiploid DNA between WT and p47phoxKO mice (Wilhelmi et al., 

2013). However, the independent role of p47phox in mediating apoptosis in the heart 

remains to be studied. 

1.5.2 p47phox signalling in cardiac pathological hypertrophic growth 

 Hypertrophic cardiomyopathy is defined as pathological cardiac hypertrophy in 

vivo or a cardiomyocyte hypertrophic growth in vitro (Carreno et al., 2006). It is a 

maladaptive pathological condition of cardiomyocyte which occurs in response to many 

CVDs including hypertension (Wang et al., 2017), diabetic cardiomyopathy (Eguchi et 
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al., 2008), recovery from MI or heart failure (Heinzel et al., 2015), and myocardial 

ischaemia (Dunn & Pringle, 1987), which exert hemodynamic stress to the 

myocardium. (Frey et al., 2004; Tardiff, 2006) distinguished it from physiological 

cardiac hypertrophy such as an athlete heart, which is an adaption of the myocardium 

to growth signals. Morphologically, pathological hypertrophy tends to display a more 

severe myocardial wall thickening with collagen accumulation which is accompanied 

by cardiac fibrosis (Frey et al., 2004). Despite few genes such as atrial myosin light 

chain 1 increased in both hypertrophic conditions, many genes regulating pathological 

hypertrophy were found to decrease after endurance exercise training in rats (which 

could also trigger athlete heart) (Diffee et al., 2003), suggesting the differences between 

two types of hypertrophy. Here we will focus on pathological cardiac hypertrophy.   

 There is evidence that p47phox-regulated Nox2 is a major source of O2.- in AngII 

(Bendall et al., 2002; Polizio et al., 2008) or pressure overload-induced left ventricle 

hypertrophy. The oxidative stress generated could activate ERK 1/2, ERK5, JNK 1/2 

and p38MAPK (Li et al., 2002) that could lead to hypertrophic growth.  In diabetic 

cardiomyopathy, hypertrophic growth was accompanied by enhanced oxidative stress 

along with elevated expression of p47phox and gp91phox (Yu et al., 2012). Inhibiting 

Nox2 activity by targeting p47phox, where there was enhanced necrosis was able to 

attenuate pressure overload-induced cardiac hypertrophy (Cao et al., 2017). Treatment 

with amlodipine and atorvastatin could reduce cardiac hypertrophy by reducing p47phox 

expression level and O2.- (Lu et al., 2009). Moreover, p47phoxKO mice displayed a 

reduced level of hypertrophy after experimental MI (Doerries et al., 2007) when 

compared to WT. Genetic ablation of p47phox is also able to rescue the hypertrophy in 

AngII converting enzyme 2 (ACE2) KO mice in response to PO (Bodiga et al., 2011). 

Studies in mice have also suggested that KO of p47phox is able to downregulate the 
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activity of TNF converting enzyme (TACE2) induced by two-week AngII infusion, 

by suppressing ACE2 activity via cleaving and shedding, which reduced the 

development of cardiac hypertrophy (Patel et al., 2014). However, the downregulation 

of p47phox expression does not always necessarily result in a reduction of cardiac 

hypertrophic growth. For instance, when p47phox expression is reduced by COX-2 

inhibitors such as acetylsalicylic acid, rofecoxib and nimesulide, only rofecoxib was 

able to attenuate the development of AngII-induced cardiac hypertrophy (Wu, Laplante 

& de Champlain, 2005). Therefore, p47phox may participate (either by generating O2.- 

or alone) in more than one pathological pathway during cardiac hypertrophy. A study 

conducted by Ronis et al., 2013 showed an increased expression of genes related to 

hypertrophic cardiomyopathy such as in adipose tissue of p47phoxKO mice compared to 

WT on a high-fat diet. No difference was observed between p47phoxKO and WT mice 

on normal control diet (Ronis et al., 2013).  

The redox-sensitive signalling pathways involved with p47phox have also been 

investigated by many in vitro studies. One such pathway involved is Ca2+ sensitive 

calcineurin/nuclear factor of activated T-cell. Calcineurin inhibitors, such as 

cyclosporine A and FK506, showed different effects on treating cardiomyocyte 

hypertrophic growth (Leinwand, 2001) and the mechanism in inducing hypertrophy is 

not yet clear. Studies showed Calcineurin mediated hypertrophy through interaction 

with muscle atrophy F-box in the z-disk of cardiomyocyte (Li et al., 2004) and via 

activation of nuclear factor of activated T-cells (NFAT), antagonising against 

p38MAPK and JNK pathways (Molkentin, 2004). More importantly, the activation of 

NFAT was demonstrated to be induced through p47phox-regulated Nox2 in response to 

Ca2+ signals. In addition, it could also be inhibited by Nox2 inhibitors and shRNA 

against p47phox (Gul et al., 2012). Studies have shown that the PI3K/Akt pathway is 
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involved in preventing cardiac hypertrophy.  Amongst its subunits, PI3K was 

demonstrated to eliminate AngII-induced adverse inotropic action (Liang et al., 2010). 

Even though in mice, the activation of NADPH oxidase was downstream of PI3K and 

that p47phox is phosphorylated by phosphatidylinositol (3,4,5)-trisphosphate (PIP3) in 

the microglia (Zhang et al., 2011), p47phox KO did not change the effect of AngII in the 

cardiomyocytes (Liang et al., 2010).  

 Another redox-sensitive signalling pathway is mediated through serotonin 

5HT2B receptor (5HT-2BR). Under pathological conditions, lack of 5-HT2BR 

expression could lead to mitochondria defects and dilated cardiomyopathy, while the 

over-expression of 5-HT2BR could induce mitochondria hyper-functioning and cardiac 

hypertrophy (Nebigil & Maroteaux, 2003). While both 5-HT2AR and 5-HT2BR are 

expressed in cardiac fibroblasts, 5HT-2BR is more extensively studied as the 

commercially available antagonists have a higher affinity to this receptor (Jaffre et al., 

2004). Interestingly, it has been shown that AngII and isoproterenol-induced cardiac 

hypertrophy involves the increase in p47phox expression along with the activation of 5-

HT2BR. While blocking 5-HT2BR reduced the hypertrophic effect, but it did not change 

the p47phox expression level. In addition, Nox2 KO also could not inhibit isoprenaline-

induced hypertrophy (Monassier et al., 2008). These results suggested that 5-HT2B did 

not regulate the p47phox expression level and that the hypertrophy induced by 5-HT2BR 

was p47phox independent.  

1.5.3 p47phox signalling in cardiomyocyte survival 

 As discussed in section 1.5, for a long time, p47phox-regulated Nox2 in the 

mammalian heart had been intuitively identified as a contributor to pathological cardiac 

conditions. Based on these, the contribution of p47phox to cardiomyocyte survival when 
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there was only mild ROS generation has been largely neglected. Although there has not 

been much research, some signalling pathways are still worth discussing. One such 

signalling pathway is through CD29 (β1-integrin). Activation of CD29 increases the 

oxidative stress level by upregulating Nox2 activity, which improves cardiomyocyte 

viability through MEK/ERK and PI3K/Akt pathways (Rosc-Schluter et al., 2012). This 

effect was reduced by loss-of-function of p47phox or genetic ablation of gp91phox. 

 p47phox-regulated Nox2 also (at least in part) participates in mediating pro-

survival pathways in ischemic preconditioning, an adaptive response that promotes 

cardiomyocyte survival by developing a protective mechanism against ischaemia-

reperfusion injury. One example is that Bell et al., 2005 showed a failure of 

preconditioning protection against 2-cycle I/R in gp91phox KO murine hearts, associated 

with a lack of Nox2 activity (Bell et al., 2005). The lack of preconditioning protection 

without gp91phox indicated that Nox2 is required for cardiomyocyte survival after 

reperfusion injury. Also, the authors showed that during MI, 2-chloro-N6-

cyclopentyladenosine (CCPA) (a ligand for A1AR, regarded as being able to induce 

ROS-independent preconditioning) could trigger preconditioning with similar 

infarction size in WT and gp91phoxKO mice without any difference in Nox2 activity 

between the vehicle and CCPA treated groups (Bell et al., 2005). The ROS-independent 

preconditioning by CCPA agrees with the result from Ballard-Croft et al., who observed 

that antioxidant N-2-mercaptopropionyl glycine reduced H2O2 activation but not CCPA 

activated p38 MAPK. Additionally, there was a significant difference in the 

phosphorylation of p38 in the Triton-insoluble cytosolic membrane activated by H2O2 

and CCPA (Ballard-Croft et al., 2008). The differences in the activation of MAPK by 

H2O2 and CCPA suggested A1AR as an independent pathway to mediate 

preconditioning (Ballard-Croft et al., 2008). Studies have also shown A2AR as a 
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potential mediator for p47phox phosphorylation in response to adenosine (El-Awady et 

al., 2013). In murine lymph node microvascular endothelial cells (SVEC4–10), by 

targeting A2AR with A2AR antagonist adenosine deaminase or siRNA, it was able to 

decrease the upregulation of p47phox phosphorylation induced by AngII stimulation 

(Thakur et al., 2010).  

1.5.4 p47phox signalling in coronary arterial endothelial dysfunction 

 Endothelial dysfunction is caused by the reduced availability of NO. in the 

endothelium. It has been found in many CVDs such as hypertension (Mita et al., 2005), 

diabetes (Guzik et al., 2002), MI (Boulanger et al., 2001) and hypercholesterolaemia 

(Sattler et al., 2006). Under these pathological conditions, endothelial dysfunction can 

contribute to more damage by causing other vascular problems such as imbalanced 

inflammation response (Yang, Chang & Wei, 2016), impaired vasoconstriction and 

vasodilation (Sandoo et al., 2010), dysregulation of anticoagulant properties that could 

lead to thrombosis (Yau, Teoh & Verma, 2015) atherosclerosis (Patti, Melfi & Di 

Sciascio, 2005), and abnormal vascular remodelling (De Ciuceis et al., 2005). The 

overactive Nox2 during pathological stresses such as diabetes (Guzik et al., 2002), 

atherosclerosis (Guzik et al., 2000), and hyperhomocysteinaemia (Ungvari et al., 2003) 

is linked with endothelial dysfunction. Under these conditions, the excessive O2.- 

generated by Nox2 is not scavenged by NO (produced by eNOS) and thus initiates the 

redox-sensitive pathological pathways leading to development of CVDs.  

 For example, the use of SOD-mimetic tempol was able to reduce hypertensive-

induced vasoconstriction through interaction with O2.- and subsequently increasing the 

availability of NO without affecting p47phox or eNOS expression under this condition 

(Christensen et al., 2007). As coronary artery has a high risk of atherosclerosis (Dodge 
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et al., 1992), here we focus our discussion on endothelial dysfunction-related coronary 

disorders.   

 The clinical and in vivo studies have demonstrated a close relationship between 

p47phox and endothelial dysfunction. The vital role of gp91phox and p47phox was 

demonstrated in patients with stable coronary atherosclerosis by comparing the 

expression level of gp91phox and p47phox in epicardial adipose tissue (a 3-4 folds increase 

of p47phox expression as compared to control patients), substernal fat and subcutaneous 

thoracic adipose tissue (where there were no significant differences in p47phox 

expression as compared to controls) (Sacks et al., 2011).  There is also significantly 

elevated translocation of p47phox to the membrane and enhanced oxidative stress in 

human coronary artery endothelial cells (HCAEC) when treated with serum from 

diabetic patients, which could lead to the expression of E-selectin contributing to 

endothelial dysfunction (Yun et al., 2006). Studies also showed that the increased 

expression of p47phox in hypercholesterolaemia was able to be attenuated by a healthy 

diet which, is in contrast to coronary epicardial vessels, the increased level of p47phox 

in coronary arterioles could not be reduced by normal post hypercholesterolaemia diet, 

and thus could lead to enhanced oxidative stress and reduced vascular relaxation in 

these small vessels (Sattler et al., 2006).  

 Kobayashi et al. showed that in during early atherosclerosis p47phox and other 

NADPH oxidase subunits such as gp91phox and p22phox (associated with c-Src and 

ERK1/2) could induce endothelial dysfunction by increasing the expression of vascular 

cell adhesion molecule-1. In contrast, through increased expression of eNOS by 

activating PI3K/Akt signalling pathway could reducing this effect (Kobayashi et al., 

2003). 
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  Also, p47phox could activate matrix metalloproteinase-2 (MMP2) through 

Nox2, which contributes to plaque destabilization when there is an elevated level of 

AngII in the vessel (Luchtefeld et al., 2005). The enhanced level of p47phox and gp91phox 

along with reduced eNOS expression was able to be normalised by Rho-kinase 

inhibitor, Y-27632 (Mita, Kobayashi, Yoshida, Nakano & Matsuoka, 2005). However, 

it could be easily neglected that p47phox also plays a cytoprotective role in HCAEC by 

mediating VEGF-stimulated activation of manganese superoxide dismutase (Mn-

SOD), which contributes to the reduction of the oxidative stress by reacting with O2.- 

and producing H2O and oxygen. p47phox functions through PKC-NFB and PI3K-Akt-

forkhead pathways and ablation of p47phox using antisense oligonucleotides were able 

to eliminate this effect (Abid et al., 2004).  Genetic ablation of p47phox in both 

coronary microvascular endothelial cells (CMEC) isolated from p47phoxKO murine 

model (with a 129sv background) and CMEC from WT murine model transfected with 

p47phox antisense can increase O2.- production as compared to WT (Li et al., 2001; Li 

& Shah, 2003). However, they are not able to respond to stimulations such as phorbol-

12-myristate-13-acetate (PMA), TNF and AngII. Similar results were observed in 

venous SMCs studies (Chose et al., 2008). This upregulation in ROS production by the 

p47phoxKO CMEC was attributed to the enhanced expression of p40phox as this was 

almost completely inhibited by p40phox and p47phox double KO (Fan, Teng & Li, 2009).  

Additionally, this is further partly supported by a study on phagocytes showing 

recovery of Nox2 activity when there is a fivefold increase in Rac2 and p67phox (Diebold 

& Bokoch, 2001). Therefore, the enhanced O2.- production in p47phoxKO models under 

basal conditions is also associated with upregulated activation of signalling molecules 

including ERK1/2, JNK and p38MAPK as shown in a study using p47phoxKO murine 

aortas (Li et al., 2004).  
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 Considering the possibility of the independent role of Nox2 cytosolic subunits 

discussed above, it seems that there may be vital details missing regarding the 

mechanism underlining the mild increase of oxidative stress under healthy conditions.  

1.5.5 Role of p47phox in contractile dysfunction  

 Various studies have shown evidence that p47phox is involved in cell contraction. 

In a study in 2009, the authors Gupte et al. demonstrated a significant role of p47phox-

regulated O2.- in smooth muscle cell contraction through c-Src. They observed that 

gp91phox KO and p47phox KO reduced smooth muscle cell contraction by 50% and 40%, 

respectively (Gupte et al., 2009). Previously, they demonstrated that the stretch-induced 

contraction is mediated through c-Src-MEK-ERK but not p38MAPK or JNK pathways, 

and was attenuated by Nox2 inhibition using apocynin or diphenyleneiodonium (DPI) 

(Oeckler, Kaminski & Wolin, 2003). In contrast, studies have also demonstrated the 

SMC contraction by the activated p38MAPK through Nox2-derived ROS (Meloche et 

al., 2000). One possible reason is that the Nox2 regulatory subunits can also function 

independently of Nox2 mediated signalling pathways.  

 For example, it is observed that the p47phox expression level in human vascular 

endothelial cells is similar to leukocytes. However, the p67phox and gp91phox expression 

levels are observed to be at reduced levels as compared to leukocytes (2.5% and 1.1% 

respectively of leukocytes expression levels) (Rueckschloss et al., 2001). Given that the 

p47phox in phagocytes functions to remove microbes, and in other cell types such as 

microglia, p47phox has been proven to be involved in the local immune response in the 

CNS (Wilkinson & Landreth, 2006), this strongly suggested that p47phox (and to a less 

extent, p67phox) might be playing a role in some other cellular functions in the 

cardiovascular system.  
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 In 2013, p47phox was demonstrated to play an independent role in interacting 

with cortactin in a study by (Patel et al., 2013), which showed that the loss-of-function 

of p47phox could lead to systolic dysfunction during PO-induced biomechanical stress.  

In this study, it was shown that despite increased N-cadherin level, there was a 

disruption in the interaction between cortactin and N-cadherin (‘mediated’ deleted). In 

addition, there was also decreased focal adhesion kinase activation in p47phoxKO hearts 

subjected to transverse aortic constriction induced by pressure overload. Transverse 

aortic constriction in p47phoxKO mice did not develop adaptive cardiac remodelling and 

increased heart failure susceptibility because of disrupted actin filaments and 

cytoskeleton (Patel et al., 2013). Additionally, in this study, the interaction between 

p47phox and cortactin was suggested to promote the translocation of p67phox-p47phox-

p40phox complex to the cell membrane or enhance the on-site activation of Nox2 

intracellularly (Touyz et al., 2005).  

 Here we propose a model for the possible interaction between p47phox and 

cortactin (Figure 1.13) based on the functional groups and interactions among p47phox, 

p40phox and p67phox. As both cortactin and p47phox can be phosphorylated by c-Src 

(Touyz, Yao & Schiffrin, 2003; Tehrani et al., 2007), there might be some regulatory 

mechanism more than just direct binding between p47phox and cortactin through c-Src. 
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Figure 1. 13 A schematic of interactions between p47phox and cortactin.  

Structural domains and their reported amino acid sites are marked. Proposed possible 

interactions between p47phox and cortactin based on the interaction among p67phox and 

p47phox are shown in black dotted lines. Genetic modification site in p47phoxKO model 

utilised by Patel et al. is shown in the red line. 

 c-Src could be activated through ROS generated by NADPH oxidases (Li et al., 

2008) and could regulate many other redox-sensitive down-stream molecules such as 

connexion-43 (Sovari et al., 2011) and endothelin-1 (Manea, Fenyo & Manea, 2016) 

whose dysregulation contributes to maladaptive cardiac disorders. The regulatory 

mechanisms of  connexion-43 and endothelin-1 by c-Src might be able to fill in the gap 

mentioned before that ERK, the one regulated by c-Src, but not p38, the one 

independent form c-Src, is involved in the mediation of SMC contraction. These 

findings suggested the interaction between p47phox and other molecules and the 

independent role of p47phox in other cardiac disorders.  

 p47phox can also bind to other actin-associated proteins directly. Moesin can bind 

to phosphoprotein 50 (Wientjes et al., 2001), and is important in vascular ROS 

generation and pathogenesis of many cardiovascular diseases such as cardiac 

hypertrophy (Al Ghouleh et al., 2016). Coronin isoform 1A (Reeves et al., 2000) was 

discovered as a biomarker for acute cardiac allograft rejection (Kienzl et al., 2009) and 

isoform 1B was shown to participate in the development of the heart from the embryo 

(Hsu et al., 2013), expressing in endocardial cushion and epicardium. Cofilin-2 

(Nagaishi et al., 1999) affects muscle contraction by changing the length of actin 

filaments (Kremneva et al., 2014). Despite the availability of the transgenic models, the 

effect of KO p47phox in cardiac contractile functioning relating to these actin-filament-

regulating proteins has not been studied in detail. To summarise, it is time to review 
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this long-term doctrine relating to Nox biology possibly by carrying out studies on the 

independent role of p47phox and other regulatory subunits of Nox in a wide range of 

pathophysiological studies (not just restricted to cardiac functions).  

1.6 Nox inhibitors and antioxidants 

1.6.1 Small molecule inhibitors 

 One type of Nox inhibitors is small molecule inhibitors, and they were usually 

generated through high throughput screening. Conventional small molecules include 

DPI and apocynin, which are unspecific (Aldieri et al., 2008). However, DPI was 

discovered to be the most reliable in reducing O2∙- and H2O2 production in an in vitro 

study using different small-molecule inhibitors including DPI, apocynin, diapocynin, 

ebselen, AEBSF and VAS3947 since it could inhibit both oxygen consumption from 

Nox2 and Nox4 and oxygen generation from Nox2 and Nox5. However, DPI, as a 

flavoprotein inhibitor, might display unwanted effects such as inhibiting NOS (Stuehr 

et al., 1991; Szilagyi et al., 2016). In the early 1990s, ebselen was reported as an 

antioxidant to reduce the lipid peroxidation (Noguchi et al., 1992) in rat brain and liver 

homogenates and might have an effect in treating the inflammation-associated 

carcinogenesis (Nakamura et al., 2002). Yet ebselen was also suggested to be an H2O2 

scavenger (Satheeshkumar & Mugesh, 2011) and displayed cytotoxicity even at low 

concentration in vitro (Augsburger et al., 2019). Another example is AEBSF, which 

was shown to inhibit the translocation of p47phox and p67phox (Diatchuk et al., 1997). 

However, it also inhibits many important endogenous hydrolase enzymes such as 

esterase, which is crucial in drug metabolism (Powers et al., 2002). The low specificity 

might be because the homologues of Nox share similar structures and regulatory 

subunits.  
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 There are also some newly developed molecules, such as VAS2870 and 

VAS3947, Fulvene-5, Gkt136901, ML171 and Celastrol (Cifuentes-Pagano, Csanyi & 

Pagano, 2012). Since they were developed not long ago, future studies on their effect, 

specificity and toxicity are required.  

 One example that is worth mentioning is ML171, which was found from the 

endothelium of colon cancer where Nox1 expression was dominant. Its mechanism is 

not yet clear, and its specificity remained to be decided. ML171 was initially developed 

as a Nox inhibitor and was shown to inhibit 5-HT and adrenergic receptors (Altenhofer 

et al., 2015), a family of receptors that belong to GPCR family playing a part in 

neurotransmission. On the other hand, some studies suggested that its effect was only 

reversible by Nox1 overexpression, demonstrating its specificity of blocking the 

activity of Nox1 (Gianni et al., 2010). However, ML171 was also discovered to inhibit 

serine protease non-selectively (Powers et al., 2002) and was potentially a ROS 

scavenger (Teixeira et al., 2017). Therefore, future pharmacological studies are needed 

to determine and elucidate its mechanism and specificity. At the same time, despite the 

controversial findings at this stage, the potential of targeting Nox1 also needs more 

justification, based on the discussion from section 1.3 that Nox1, Nox2 and Nox4 share 

a relatively high level of homology structurally and these Nox homologues were all 

demonstrated to be involved in the development of different CVDs and that in many 

systems and organs, Nox1 is not the most expressed compared to Nox2 and Nox4. At 

the same time, one study looking at ten different molecules of phenothiazine family 

showed that even with very similar molecular structures, the inhibitory effect of these 

small molecules could be very much different. The effective inhibitors among these ten 

candidates are N-substituted phenothiazines such as thioridazine, prochlorperazine and 

perphenazine (Seredenina et al., 2015).  
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 Treatment with apocynin or AEBSF could reduce the brain O2.- level as 

detected by DHE fluorescence while treatment with tempol only reduced brain 

mitochondrial O2.- as detected by DHR123 (Hwang & Kim, 2018). 

1.6.2 Peptide-based inhibitors  

 Peptide-based NADPH oxidase inhibitors are designed for interrupting the 

protein-protein interaction, i.e. either the assembly of cytosolic components or the 

association of cytosolic components with the transmembrane subunits of Nox. 

Compared to small-molecule inhibitors, one advantage of peptide-based inhibitors is 

that they are able to target a specific Nox isoform. One example, Nox2ds-tat, which 

inhibits the association between Nox2 and p47phox, by far has been proven to be the 

most effective and specific both in vitro and in vivo (Jacobson et al., 2003; Touyz et al., 

2002). Its sequence in human Nox2 is [NH3]-C-S-T-R-V-R-R-Q-L-[CONH2] and was 

invented by (Csanyi et al., 2011) and was demonstrated the specificity of just targeting 

Nox2 but not Nox1 or Nox4. The specificity of Nox2-ds-tat was investigated through a 

study using COS cells and the Nox2 cell-free system (Csanyi et al., 2011). Other 

peptides target gp91phox discovered in the 1990s, such as [NH3]-R-G-V-H-F-I-F-

[CONH2] (Rotrosen et al., 1990), [NH3]-F-A-V-H-H-D-E-E-K-D-V-I-T-G-[CONH2], 

a synthetic peptide mimicking domain 491-504 of gp91phox (Leusen et al., 1994), and 

peptides corresponding to residues 27–46, 87–100, 282–296, 304–321, 434–455, and 

559–565 of gp91phox (Park rt al., 1997). Yet they were mainly only tested in the cell-

free systems which, although demonstrated the potential of these peptides, did not take 

into consideration of the complexity of the organisms and failed to show the effect in 

vitro, let alone in vivo.  

 One of the disadvantages of theses peptides is low specificity. Specifically, 

some enzymes in flavoproteins category are responsible for maintaining the normal 
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function of cells. As an example, NOS plays a vital role in vasodilation and might be 

directly or indirectly affected (Cifuentes-Pagano, Csanyi & Pagano, 2012) by peptide 

Nox inhibitors. One evidence is that eNOS and Nox2 are co-regulated by the small 

GTPase Rac (Selvakumar et al., 2008), and a mechanism targeting the functional 

regions related to Nox2 Rac functioning might target eNOS as well. 

 Yet it is well known that peptides, such as insulin, are not available for oral 

intake since they can be digested through the gastrointestinal system. Therefore, new 

technologies such as nanoparticles are relied upon for the delivery of these drugs 

(D'Addio & Prud'homme, 2011), yet these delivery systems might have relatively 

higher toxicity or cost compared to the small molecules. In addition, it might be 

challenging for the inhibitors to show a significant effect at the desired site of action 

owing to the low absorption rate in the gastrointestinal system (Hamman, Enslin & 

Kotze, 2005). Thus, innovations towards the delivery systems and the efficacy of 

different delivery systems remained to be investigated. 

1.6.3 Antioxidants 

In the past several decades, many different antioxidant clinical trials targeting 

cardiovascular diseases have taken place (Brown et al., 2001; de Waart et l., 2001; Fang 

et al., 2002; Heart Protection Study Collaborative, 2002; Lonn et al., 2001; Salonen et 

al., 2000). The major weakness of using antioxidants in the clinical settings is that their 

use was limited to being supplements, rather than medication (Salonen, 2002), possibly 

due to their varied pharmacokinetics (PK) characters, low stability and low specificity 

(Jain, Mehra & Swarnakar, 2015). Antioxidant Supplementation in Atherosclerosis 

Prevention (ASAP) trail tested vitamin E and C on hypercholesterolemic patients aged 

45-69 years for six years (Salonen et al., 2000). During the ASAP trial, another trial 

using a combination of vitamin E and C to investigate their effect on plaque area during 
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the coronary atherosclerosis was carried out by Harvard University. The results from 

this trail suggested their effect in reducing early progression of transplant-associated 

coronary arteriosclerosis (Fang et al., 2002). As a supplementation, a combination of 

vitamin E and C was able to reduce the atherosclerotic progression in men by 74%. 

However, the major limitation in this study is that, the effect of vitamin E and C was 

only limited to men, with possibly increased risk of higher oxidative stress such as 

smokers, low endogenous antioxidants or whose diet were lacking antioxidants. On the 

other hand, one study involving male smokers lacking the detoxification enzyme 

glutathione S-transferase μ1 (genotype: GSTM1-0) showed that smokers with  

GSTM1-0 develop atherosclerosis at a higher rate but no effect from vitamin E was 

found in the group (de Waart et al., 2001).  

Vitamin E was also used alongside ramipril among people with vascular 

diseases or diabetes in a clinical trial which lasted 4.5 year, but vitamin E was only 

found a neutral effect (Lonn et al., 2001). Greg Brown et al. also compared the use of 

Simvastatin plus niacin, and antioxidant vitamins (vitamin E, C, natural beta carotene, 

and selenium), in combination and alone among patients with coronary diseases, but no 

effect from antioxidant vitamins was found (Brown et al., 2001). Similar result was 

found from a 5-year study in which vitamin E, C, and beta carotene were supplied to 

patients with coronary, vascular diseases or diabetes (Heart Protection Study 

Collaborative, 2002). These clinical trials last decades, however, did show one 

advantage of antioxidants, which is its safety. 

Despite being proven to be ineffective and challenging, trials on using 

antioxidants are still going on. One current trial is to use an antioxidant cocktail 

containing vitamin C, E, and alpha-lipoic acid in middle-aged and aging patients (50 - 

85 years old) with cardiovascular diseases. The major cardiovascular measurements in 
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this study include endothelial function (oxidative stress), arterial stiffness, heart rate 

variability, leg blood flow, leg muscle oxygenation, and walking ability (Smiljanec et 

al., 2020). Another antioxidant, cysteamine, which already exists as a drug to treat 

cystinosis, is being studied and repurposed by the research group of Prof. David Leake 

for its ability to inhibit lysosomal oxidation by inhibiting production of ceroid and 

reduce atherosclerotic lesions in the aortic roots in mice (Wen et al., 2019).  

1.7 Hypothesis and aim 

Cardiovascular diseases are prevalent and are the leading cause of mortality. 

The left ventricular hypertrophy is a pathological adaptive enlargement of 

cardiomyocyte that could occur in response to different cardiovascular disorders (Frey, 

Katus, Olson & Hill, 2004). Cardiac oxidative stress derived from ROS generated under 

these pathophysiological conditions plays an essential role in cardiac hypertrophic 

growth.  

gp91phox-containing NADPH oxidase (Nox2) is a multi-subunit enzyme 

consisting of p22phox and gp91phox, and four regulatory subunits including p40phox, 

p47phox, p67phox, and rac1. Under diseased conditions in the heart, with the 

phosphorylation of p47phox, different Nox2 regulatory subunits coordinate and by 

associating with p22phox and gp91phox, are responsible for the production of O2∙- 

(Panday et al., 2015). This process is one of the major sources of oxidative stress in the 

organs such as the heart (Zi et al., 2019).  

In the mammalian heart, p47phox is expressed in the myocardium (Sirker et al., 

2016), epicardium and coronary arteries. In cardiomyocytes (Patel et al., 2013), p47phox 

co-localises with F-actin and associates with cortactin, which was proposed to facilitate 

the translocation of the p40phox-p47phox-p67phox complex to Nox2 across the plasma 
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membrane and in the cytosol (including peri-nuclear region) (Tamura et al., 2006). A 

major role of p47phox linking the oxidative stress and the development of cardiac 

hypertrophic growth was identified, and extracellular signal-regulated kinase 

(ERK)1/2, ERK5, c-Jun N-terminal kinase (JNK) 1/2 and p38 mitogen-activated 

protein kinase (MAPK) was suggested (Cao et al., 2020; Li et al., 2002).  

The current antioxidant therapies and Nox inhibitors have potential weaknesses 

such as low specificity, unclear mechanism or side effects. Therefore, this study aims 

to investigate the pharmacological properties of a novel small-molecule Nox2 inhibitor 

previously developed in this lab, LMH001, to target p47phox and understand the role of 

p47phox in AngII-induced cardiac hypertrophic and p47phox KO murine model. At the 

same time, developing an effective and specific p47phox inhibitor would be extremely 

useful in studying the complexity of p47phox functioning in heart.  

 Based on the background that oxidative stress caused by Nox2 facilitates the 

development of cardiovascular disorders, my PhD research project hypothesises that 

the Nox2 regulatory subunit, p47phox is involved in the AngII induced development of 

cardiac disorders and targeting p47phox by knockout p47phox contributes to retard the 

pathophysiological conditions. Since LMH001 was developed based on interfering the 

binding of p47phox to p22phox, we also propose that LMH001 is an effective Nox2 

inhibitor. This study first aimed to characterise the pre-clinical PK parameters and the 

effect of a classic Nox2 inhibitor, apocynin, using WT CD1 male mice with 6-week of 

age to get a grasp of the PK characterising procedures and the basic chemical properties 

of the Nox inhibitors. Based on the results from apocynin, the study then set to 

investigate the PK parameters and chemical properties of LMH001. Role of p47phox and 

p47phox signalling was also looked at for a better understanding of the effect of LMH001.   
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Chapter 2 

Materials and Methods 

2.1 Chemicals and reagents 

 Otherwise specified, most chemicals of the appropriate grade were purchased 

from either Sigma-Aldrich or Fisher Scientific. All the reagents used in this study are 

listed in Appendix I at the end of this chapter. All the antibodies used, including their 

host species, working dilution and suppliers are listed in Appendix II. The equipment 

used for different experiments, including sample preparation, high-performance liquid 

chromatography-tandem mass spectrometry (HPLC-MS/MS), western blot, 

immunofluorescence and ROS measurement is listed in Appendix III. The suppliers of 

other consumables such as syringes and HPLC vials were also listed in the text.  

2.2 Animals 

 All animal studies were performed with the approval of the Home Office (PIL: 

IF25D3465; PPL: 70/8829) following the Animals (Scientific Procedures) Act 1986. 

CD1 WT mice were initially obtained from Charles River Laboratory (UK), WT and 

Nox2 KO mice on a C57BL/6 background were originally purchased from Jackson 

Laboratory (U.S.A). Nox2 KO mice were generated by (Pollock et al., 1995) and were 

housed at University of Reading Bioresources Unit (BRU) separately in room B29 

where barriers were up, and extra necessary measures were taken to keep the mice (such 

as immune-deficient or weakened) in a clean environment. In B29, irradiated diet and 

pouched sterile water were used and checked daily, caging and bedding and husbandry 

consumables were autoclaved before use and cages were cleaned weekly. p47phox KO 

mice were established previous (Li et al., 2004) in the University of Surrey and 

originally generated by (Jackson, Gallin & Holland, 1995). p47phox KO mice were 
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housed under the same condition as Nox2 KO. Male CD1 mice at the age of 12 weeks 

and C57BL/6 mice at the age of 10-12 months were used for the studies unless specified 

otherwise.  

 Upon arrival, all mice were housed either in standard or B29 acclimating room 

at 18-23 °C and 45-55 % humidity in a 12:12 hour dark cycle with lights on from 7.00 

am to 7.00 pm, and water and food available ad libitum for at least seven days before 

fully entering the unit for acclimation. After acclimation, unless specified, housing 

conditions remained the same as during the acclamation.  

2.3 Sample collection and preparation for pharmacokinetics (PK) 

analysis 

 The establishment of CD1 murine model for PK is described in section 3.3.2 

(apocynin) and 4.3.2 (LMH001).  

 After iv bolus injection, blood, organs and urine samples were collected at 

designated time point as described in section 3.3.2 (apocynin) or 4.3.2 (LMH001). 

Specifically, mice were first sacrificed by overdose sodium pentobarbital (10 × 

dilutions, 10 l/g). Approximately 1.2 ml blood each mouse was collected with a 2 ml 

heparinised (5000 U/ml, LEO Pharma, Ireland) syringe with a 23G needle (BD, UK) 

and then centrifuged at 2,000 g, 4 °C for 10 min to get plasma. Urine samples were 

collected during the administration of anaesthetic and from the bladder during the 

dissection. Tissues including liver, brain, kidney, spleen, pancreas, lung, heart, aorta, 

muscle and adipose were collected, thoroughly washed in ice-cold PBS and blotted dry 

with filter paper. The collected tissues were used for PK analysis and ROS 

measurement. 
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 Each tissue harvested from the PK murine model was cut into two. One half 

was cut up and accurately weighed (50 mg), homogenised in the diluent, and the other 

half was preserved using liquid nitrogen. All the samples were stored at -80℃ for future 

analysis. 

 All the biological samples were processed similarly with minor modifications. 

The diluent used in the sample processing consisted of methanol: water 1:1 (v/ v). 

Specifically, for plasma, 100 l plasma was used as the matrix (for calibration) or 

analytical samples (for the experiment). It was added with corresponding 

concentrations of apocynin (phenacetin as internal standard) or LMH001 or the same 

volume of the diluent (for the experiment) before the protein crash. For different organs 

such as brain, liver and heart, half of the organ first was cut into pieces in a petri dish, 

and 45.0 -55.0 mg of the tissue was weighed into an Eppendorf tube using an analytical 

balance (Kern-ABJ-NM, Germany, min = 10 mg, d = 0.1 mg, e = 1 mg, min = the 

minimum weight; d = readability, which is the smallest increment of measurement 

displayed, e = verification scale interval, which is the readability approved). The diluent 

was then added with the volume equal to five times the tissue weight to form a final 

tissue concentration of 0.2 mg/l. The whole process was carried out on the ice to 

minimise any possible degradation of the target compound. Then tissue in the diluent 

was homogenised on ice using a homogeniser Polytron PT 1200E (Kinemetica, 

Netherland) and 100 l was used as a matrix or for analysis. For urine samples, 10 l 

of the urine collected and analysed. Since apocynin and LMH001 have different 

chemical properties, the specific sample processing methods can be found in section 

3.2.4 (apocynin) and section 4.2.4 (LMH001). 
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2.4 HPLC-MS/MS  

 HPLC used in this study was from Thermo Scientific Accela. HPLC is used to 

separate different molecules in one sample based on the different hydrophobicity of 

different molecules (Spiteller, 1985). Used as a reverse phase HPLC, Accela was 

supplied by a polar, hydrophilic mobile phase (usually an aqueous solution) and a non-

polar hydrophobic stationary phase (such as a silica C18 column). As a sample 

consisting polar and non-polar molecules passes through the column, the non-polar, 

hydrophobic molecules would absorb or interact with the column (McNaught, 

Wilkinson & International Union of Pure and Applied Chemistry., 1997), leaving the 

polar and relatively more hydrophilic molecules to come out of the column first. 

Reverse-phase HPLC is the more commonly used HPLC method than normal HPLC 

because of the following two reasons (Hearn, 1980). First, an aqueous mobile phase 

could be applied to a broader range (around 75 %) of molecules (Robards, Haddad & 

Jackson, 2004) in terms of reasonable retention time. Second, an aqueous mobile phase 

could offer scientists with more options on the organic solvent type and pH. 

 After HPLC separates the molecules based on the different hydrophobicity, 

each molecule comes out of HPLC at a specific time (retention time), and the molecule 

of interest with known m/z would be picked up by a mass spectrometer. The mass 

spectrometer used in this study was LTQ-Orbitrap XL mass spectrometer. After the 

samples are vaporised, it gets ionised by a beam of electrons to obtain a charge, which 

in this study, is heated electron spray ionisation. After being accelerated in an electric 

field, the molecule gains momentum, and at the same time, the deflection happens in a 

magnetic field which gives the molecule a force proportional to its charge. Therefore, 

in a mass spectrometer, an individual molecule can produce a path that is proportional 

to its mass and charge ratio (m/z) (Gross, 2004). This m/z can be recorded and reported 
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by the computer. LTQ-Orbitrap XL mass spectrometer uses a quadrupole, which 

consists of four parallel rods arranged around a central axis with static and alternating 

potentials applied to only allow specific m/z pass through (Yost & Enke, 1978), for a 

more specific and static selection of the target molecule (m/z) (Chernushevich, Loboda 

& Thomson, 2001).  

2.4.1 Equipment and instrument settings 

 The development, validation and sample analysis using HPLC-MS/MS method 

for apocynin and LMH001 PK analysis were performed on a Thermo Scientific Accela 

HPLC (shown in Figure 2.1 A) tandem LTQ-Orbitrap XL mass spectrometer (shown 

in Figure 2.1 B (1) and (2)), storing the data in profile mode. How reversed-phase 

HPLC-MS/MS works is illustrated by a diagram in Figure 2.1 (C). The column used 

was a reversed-phase 50 × 2.1 mm ID, 1.9 m particle, 175 Å pore C18 Hypersil Gold 

column (Thermo Scientific, USA) with an injection volume of 5 l for separation of 

the target compound and internal standard. For quantification, LTQ XL Ion Trap 

(Thermo Scientific, USA) with heated electrospray ionization (HESI) in negative ion 

mode using a selected reaction monitoring (SRM) acquisition was used for both 

apocynin and LMH001 PK analysis. 
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Figure 2. 1 Thermo Scientific Accela HPLC and LTQ-Orbitrap XL mass spectrometer. 

 A: HPLC from view; B: (1) front view; (2) side view), and C: a diagram of how 

reversed-phase HPLC-MS/MS generates data from the samples, showing the principles 

of separation by a non-polar column and MS. 
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 Due to the differences in the chemical properties of apocynin and LMH001, 

different HPLC-MS/MS running methods, including the chosen mobile phases and 

selected MS transitions can be found in section 3.2.5 (apocynin) and section 4.2.4 

(LMH001). 

2.4.2 Quantification 

 The quantification analysis was carried out using Thermo Xcalibur 3.0 

(ThermoFisher, U.S.A.) software. The user peak detection settings are shown in Figure 

2.2 (Identification) and 2.3 (ICIS Integration), with apocynin as an example. The rest 

of the settings including Detection, ICIS Advanced and Flags were left as default. The 

quantification result was normalised using the internal standard (500 ng/ml) to 

minimise the effects of sample manipulation errors.  

 

Figure 2. 2 Settings of apocynin Identification in User Peak Detection Settings, Thermo 

Xcalibur Quan Browser.  
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Figure 2. 3 Settings of apocynin ICIS Integration in User Peak Detection Settings, 

Thermo Xcalibur Quan Browser. 

2.5 PK analysis 

 For PK analysis of the targeted compound, the profiles of plasma concentration 

changes versus time (average concentration per timepoint calculated by WinNonlin, 

n=3 per timepoint) were first subjected to a non-compartmental analysis (NCA) in 

Phoenix WinNonlin 8.1 to understand the overall exposure of the targeted compound 

to the body, independent from any models or assumptions (Gabrielsson, 2016). After 

characterising the overall PK parameters, the target compound concentrations in murine 

plasma versus time were then processed by compartmental analysis using non-linear 
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mixed effect (NLME) model (n=3 per time-point) to minimise the random effect and 

learn in-depth the PK characters of the targeted compound (Rotschafer et al., 1983).  

2.5.1 Non-compartmental analysis (NCA) 

 NCA is used for the estimation of basic PK parameters related to the 

administration, distribution and elimination following single or repetitive dosing of a 

drug with a minimum assumption and independent of any model and can provide an 

empirical description of the correlation between the dosing information and the 

measured plasma concertation of the targeted compound  (Bonate & Howard, 2004). 

Since this analysing method is carried out in a way to generate the most aspects of the 

PK parameter of one drug without any model applied or bias, NCA represents an 

essential PK analysis package during the FDA drug regulatory submissions in the U.S. 

(Bonate & Howard, 2004; Ross & Kesselheim, 2015). Therefore, in this study, to 

establish the initial understanding of the PK parameters of the target compound in the 

CD1 murine model, an NCA was first carried out using Phoenix WinNonlin 8.1 NCA 

with linear trapezoidal linear interpolation calculation method.  

2.5.1.1 organising and importing of the data 

 For WinNonlin 8.1 to be able to understand and process the data, the 

concentration of apocynin over time were organised and imported as following Figure 

2.4. First, data from Excel was imported by the import button, as illustrated in Figure 

2.4.1. After importing the data, each column was defined as Table 2.1 and is shown in 

Figure 2.4.2. 
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2.4.1 

 

2.4.2 

 

Figure 2. 4 The organisation and import of raw data.  

2.4.1 How to import concentration of apocynin over time into Phoenix WinNonlin 8.1. 

2.4.2 Demonstration of data imported in WinNonlin 8.1. 
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Table 2. 1 Column defining settings for the data in Phoenix WinNonlin 8.1.  

  column 1 column 2 column 3 column 4 

Nature name time in min time in hour apocynin conc. 

Type Text Numeric Numeric Numeric 

Unit none min h ng/ml 

Display format Custom Custom Custom Custom 

2.5.1.2 NCA analysis 

 NCA analysis was carried out by right-clicking the data and choosing Send to 

→ NCA and Toolbox → NCA (as shown in Figure 2.4.3). 

 

2.4.3 Start of the NCA analysis. 

 After starting, one window with orange-coloured columns would pop up and 

required the data to be mapped. In this case, Column 1 was mapped to be the SUBJECT, 

Time_min to be the TIME and Conc to be the CONCENTRATION.  

 In terms of Options, Plasma (200-202) Model Type was selected, sparse was 

ticked since this data was collected using sparse terminal sampling, weighting was 

Uniform, Tile left empty and Linear Trapezoidal Linear Interpolation Calculation 
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Method was chosen since this is one-off iv bolus. Dose Options was selected as IV 

Bolus, and others left default as is the screenshot shown in Figure 2.4.4.  

 

2.4.4 The mapping of the data and the setting for NCA analysis. 

 Dosing was set up by the initial dose at 5 mg/kg (apocynin) or 10 mg/kg 

(LMH001) at time 0 min and was based on the average bodyweight of the CD1 mouse 

used (28 g). The dosing unit was adjusted to ng/ml (Figure 2.4.5).    
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2.4.5 Dosing settings for NCA analysis. 

 The average concentration of the targeted compound at each time point was then 

calculated automatically by WinNonlin 8.1 for the slope selector of the NCA PK 

parameters, as is shown in Figure 2.4.6.    

2.4.6 Slope selector of NCA as the average concentration of the targeted compound at 

each time point was calculated automatically.  

 The units and parameters in the NCA analysis were left as default (Figure 2.4.7 

(A) (B)), and the analysis was ready to be executed. The green button on the top was 

for running the analysis.  
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 (A) 

 

(B) 

2.4.7 The units (A) and parameters names (B) in the NCA analysis. 

 The calculated parameters include Cmax, AUC(1-30 min), kel, t1/2, AUC(0-∞), 

Clearance (CL), Vi and Vd. These parameters calculated are explained below:  

 Cmax is the maximum concentration that apocynin could reach in the plasma, 

which, in this study, is read directly from measurement at 1 min.  
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 AUC(1-30 min) is the area under the plasma concentration vs time curve from 1 

min until 30 min. The unit of AUC is the amount of time/volume, e.g. ng∙min/ml. In 

this study, AUC(1-30 min) was calculated by adding the area of the trapezoids formed 

between each pair of time points. The formula for calculating the area of a linear 

trapezoid is:  

AUC (t1-t2) = [(t2-t1)/2] ∙ (C1+C2) (1) 

AUC (t2-t3) = [(t3-t2)/2] ∙ (C2+C3) (2) 

And therefore, 

AUC (t1-t3) = AUC (t1-t2) + AUC (t2-t3) (3) 

 kel (elimination rate constant) represents the fraction of drug eliminated per unit 

of time. It is observed from a curve (log-linear) and reasonably describes the terminal 

phase (usually last six points in this study, until 30 min) without a pharmacokinetic 

program. kel can be used to calculate the terminal half-life, t1/2, (i.e. the time taken for 

the plasma concentration to reduce by half) using the following equation:  

kel = log e (2)/t1/2 = 0.693/t1/2 (4) 

 AUC(0-∞) is estimated using kel and is the time point corresponding to the last 

measurable concentration. In this study, since the estimated area from 30 min to infinity 

is C30min/kel, the area from zero time to infinity is given by: 

AUC∞ = AUC(1-30 min) + (C30 min/kel) (5) 

 Clearance (CL, specifically refers to total clearance here) is a measure of the 

overall elimination of a drug from the body and is reported to be a much better indicator 

of elimination rate than t1/2 (Benet & Zia-Amirhosseini, 1995). It is described as a 
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proportionality constant relating drug concentration to the rate of elimination and is 

normally calculated from iv bolus data: 

Rate of elimination = CL ∙ concentration (6) 

In this study, with iv bolus injection, the dose is defined as the total amount of 

compound injected, which is equal to the total amount of compound eliminated over 

time zero to infinity. Since AUC∞ is the real-time concentration over the same time, if 

time is considered, equation (6) is equivalent to:  

Dose = CL ∙ AUC∞ (7) 

Therefore,  

CL = Dose/ AUC∞ (8) 

As the compound gets metabolised or distributed, the concentration of the compound 

in one organ changes along with the rate of elimination, but CL remains constant. If it 

is assumed that the compound enters the body by iv bolus and the plasma concentrations 

of the drug are measured, CL is defined as the volume of the plasma irreversibly cleared 

from the compound per unit time. If after giving a dose of drug it was uniformly 

distributed throughout a certain volume of body fluid, the total CL is the fraction of that 

total volume that is cleared of drug per time unit. Thus, if this total volume of 

distribution is defined as Vd and the fraction loss per unit time is kel then: 

CL=kel ∙ Vd (9) 

 Here Vd represents the distribution volume, which is the notional volume in 

which the drug must be distributed to yield the observed drug concentration in plasma. 

It is calculated as: 

Vd = (Dose/AUC∞)/kel (10) 
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It is an overestimate of the true volume of distribution, but if the distribution volume is 

reasonably large (> 1-2 L/kg body weight) the error is not clinically important.  

 However, in reality, the drug distributes into tissues and is eliminated before it 

thoroughly mixes with plasma. Therefore, the initial distribution volume, Vi after iv 

dosing is defined as the volume in which the drug is immediately distributed after the 

bolus iv dose. The calculation is the initial dose divided by the estimated concentration 

at time zero C(0) is used: 

Vi = Dose/C(0) (11) 

The difference between Vi and Vd is that in the calculation of Vd, the C(0) at t(0) is 

obtained by extrapolation of the terminal phase using AUC∞.  

2.5.2 Compartmental analysis using a non-linear mixed effect (NLME) 

model 

 Compared to the model-independent NCA, the mechanistic compartmental 

analysis is model-driven and can be used for understanding in-depth the biological or 

physiochemical events responsible for the observed effects (Bonate & Howard, 2004). 

One of the most frequently used models for compartmental analysis is NLME model to 

incorporate both the fixed and random effect to the non-linear regression, based on the 

fact that in PK studies, repeated measurements of drug concentration over time from 

each individual of a population are used, which would introduce random effect in the 

process of establishing a model (Davidian & Gallant, 1993). It describes a continuous 

response evolving over one factor (such as time) within individuals from a population 

of interest (Funatogawa & Funatogawa, 2007). By the approximate representation of 

the body parts as compartments, NLME model can describe the absorption, distribution 

and elimination of the drug normally by one-, two-, three- or even more compartmental 
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analysis. In the NLME model analysis, it is an assumption that the random effect 

follows a normal distribution, which, may or may not, introduce errors in the model 

(Drikvandi, 2017)). However, in this study, I would like to point out that since the 

NLME model has been widely accepted and used till today (Riegelman, Loo & 

Rowland, 1968). It is beyond my knowledge to discuss in-depth the accuracy of 

assuming the normal distribution for the random-effect, in this study, the built-in 

NLME model in Phoenix WinNonlin 8.1 with bolus input and first-order output was 

used to analyse the pooled drug concentration measured in the plasma versus time to 

understand the characteristics of the target compound further.  

 The number of the compartment was selected based on the model fit. NLME 

can calculate several factors. These include ka, fractional rate of absorption (1/time), 

CL, clearance rate (volume/time) and V (volume of distribution). This analysis in PK 

is critical in developing dosing strategies and guidelines. 

2.5.2.1 Organisation and import of data 

 The data importing method used was the same as NCA analysis, as described in 

section 2.5.1.1.   

2.5.2.2 NLME compartmental analysis 

 I used one-compartmental analysis as an example to demonstrate the method 

for carrying out NLME analysis. When starting, the imported and defined data was 

selected by right-clicking, Send To → Phoenix Modelling → Phoenix Model (as shown 

in Figure 2.5.1) was chosen. 
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Figure 2. 5.1 The process of one-compartmental analysis by Phoenix WinNonlin 8.1: 

selecting phoenix model.  

 Since this study was not populational (population PK could be chosen if the box 

is ticked, as is shown in Figure 2.5.2), the population was unticked. After selecting the 

Phoenix Model, one window pops up with orange-coloured columns being required to 

be mapped. In this case, time was mapped to time_min, A1 is the apocynin (LMH001) 

initial dose used for iv bolus, Cobs is apocynin (LMH001) concentration(conc.) 

detected in the plasma, as is shown in Figure 2.5.2.  
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Figure 2.5.2 Parameters selected for NLME analysis (LMH001 analysis as an example). 

The initial dosing can be defined under the ‘dosing’ choice. Since the dose used was 5 

mg/kg, and the average body weight of the mice used was 28 g, the dose was defined 

as 140,000 ng (for LMH001, the dose was 10 mg/kg and defined is 280,000 ng). For 

the fitting model of apocynin/LMH001 PK by iv bolus, Clearance parameterisation was 

chosen, Absorption by Intravenous and Num Compartments is 1 (up to 3 compartments 

can be selected, Edit can be used to build in more compartments as Graphical on the 

right). A closed form meant that there is one absolute V value which would decide the 

Statement, as is shown in Figure 2.5.3. 

 To explore a rough model first, Initial Estimates was chosen, and the data were 

fit to the curve as is shown in Figure 2.5.3: 

Population study if ticked 
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Figure 2.5.3 Initial Estimation of apocynin PK data. 

 tvV and tvCL were then changed to a level that the observed values can fit in 

the curve.  

After deciding the estimated tvV and tvCL, fixed effects in Parameter was fixed to the 

estimated values as is shown in Figure 2.5.4.  

 

Figure 2.5.4 Initial values fixed for apocynin NLME analysis. 

 The basic structure of the model defined can be viewed by clicking the Model 

button (Figure 2.5.5).  
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Figure 2.5.5 The defined model in the analysis.  

2.5.2.3 Analysis 

 The green executing button at the top was used for running the analysis. After 

executing (which might take 1 min or 2), tvV and tvCL was calculated and listed in the 

result sheet Theta. The evaluation of the model (which includes LogLik and -2LL) was 

listed in Overall worksheet.  

 In Phoenix WinNonlin 8.1, model fit including Akaike’s information criterion 

(AIC), Bayesian information criterion (BIC) and log-likelihood were reported. These 

estimators for model fit have been traditionally and widely used as standard criteria for 

selecting the most appropriate model (Olofsen & Dahan, 2013). However, when the 

sample number n is less than 40, a corrected version of AIC (AICc) which considers 

the number of observations n and parameters P, is used (Bertrand, Comets & Mentre, 

2008). AICc is calculated as follows: 

AICc = AIC + 2P(P+1)/(n-P-1) 
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in which P is the number of parameters, and n is the total number of observations. 

The smallest AICc suggests the best fit for the model (Rajeswaran & Blackstone, 2017). 

Therefore, AICc was used for the statistical significance comparison in this study. 

 Several graphs with more detailed model information are also generated, which 

are explained in the relevant result chapters. 

2.6 Lucigenin chemiluminescence assay 

 Lucigenin, bis-N-methylacridinium nitrate, is a chemiluminogenic probe used 

for O2∙- production detection (Minkenberg & Ferber, 1984). The process of lucigenin 

getting oxidised by O2∙- and releasing one photon contains two main steps. First, 

lucigenin is reduced to a radical with the appearance of an electron. Then, the reduced 

radical serves as a reducing agent to react with O2∙-, resulting in two acridones produced 

by the decomposition of lucigenin (N-methylacridone). Each of the acridones possesses 

an excited state and its degradation to the ground state involves the emission of a photon 

(Allen, 1986) (Faulkner & Fridovich, 1993). The advantages of the technique include 

the high cell-permeability of lucigenin, high level of sensitivity and the rapid reaction 

time for real-time detection (Fan & Li, 2014). The reported artificial result by xanthine 

oxidase in the presence of NADH was proved not to exist in mammalian cells (Fan & 

Li, 2014) and the false signal by lucigenin itself was able to be avoided by using 

relatively lower concentration (10 M) (Afanas'ev et al., 2001; Li et al., 1998). 

 In this study, lucigenin is used in various experiments for the tissue O2∙- 

production. Lucigenin buffer was made up of 80 mM MgCl2 (stock concentration: 100 

mM) and 1.8 mM CaCl2 (stock concentration: 1 M) in Hanks’ balanced salt solution 

(HBSS) without phenol red, calcium or magnesium (GE Healthcare, USA). First, tissue 

collected was homogenised in the lucigenin buffer. Then in 135l lucigenin buffer, 5 
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l of the tissue sample homogenates was added to form the final volume of 140 l. For 

the analysis, a 96-well white plate with a flat bottom (Evergreen Scientific, USA) was 

used. O2.- was detected using Spectramax L microplate reader (Molecular Devices, 

USA) with 5 M lucigenin and 0.1 mM NADPH (to obtain the basal readings without 

NADPH, NADPH was added after the first ten readings). The specificity of detection 

of O2.- was confirmed by adding tiron (10 mM), a non-enzymatic O2.- scavenger. The 

final O2.- production was normalised against protein concentration.  

 The enzymatic source of the O2.- was also examined using lucigenin assay using 

different inhibitors for ROS-generating enzymes. These include: 1) a NOS inhibitor, 

NG-Nitro-arginine methyl ester (L-NAME), 100 μM; 2) a mitochondria electron-

transfer chain (complex 1) inhibitor, rotenone, 50 μM; 3) a xanthine oxidase inhibitor, 

oxypurinol, 250 μM; 4) a flavoprotein inhibitor, DPI, 20 μM; 5) a Nox2 inhibitor, 

apocynin, 300 M; 6) polyethene glycol-superoxide dismutase (PEG-SOD), 200 U/ml. 

The experimental procedure was the same as the lucigenin assay described above 

except that different enzyme inhibitors were added to achieve the working 

concentration in each well with samples, and the plate was incubated at room 

temperature in the dark for 15 min before loading to the plate reader for analysis.  

2.7 Dihydroethidium (DHE) assay 

 DHE, dihydroethidium, has been previously used as an in situ membrane-

permeable O2.- indicator in adherent living cells on the chamber slides (Tickner et al., 

2011) and fresh tissue cryosections (Du et al., 2013). When added, DHE exhibits blue-

fluorescence in the cytosol until oxidised to 2-hydroxyethidium (excitation: 500-530 

nm; emission: 590-620 nm) by O2.- and ethidium (excitation: 480 nm; emission: 576 

nm) by other sources of ROS, where it intercalates with chromosomes of the cells and 
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stains the nucleus fluorescent red. Due to the possibility of artificial result from the 

similar wavelengths of 2-hydroxyethidium and ethidium, a low concentration of DHE 

and control with tiron (O2.- scavenger) was used. In addition, this detection was used 

alongside the lucigenin chemiluminescence for a better interpretation of the result. 

 In this study, DHE was used as an O2.- indicator in fresh tissue cryosections. 

First, sections of the fresh brain tissues from different designated time points post iv 

bolus injection (PK analysis), and hearts from AngII-induced p47phox KO model 

samples were prepared by first embedding the tissue on a cork disk with optimal cutting 

temperature compound (OCT) and then being cut by a Bright 5040 Cryostat (Bright 

Instruments, UK) at -20 °C, with a cutting thickness set to 6 m. Three sections from 

one sample were set onto one slide. 

 In situ O2.- production by the sections was then detected using 4 M DHE. 

Specifically, DHE buffer made up of HBSS with   mM MgCl2 and 1.8 mM CaCl2 

was prepared and pre-warmed in a 37 °C water bath (Grant Instruments, United 

Kingdom) and 4 M DHE in DHE buffer (DHE staining solution) was freshly made 

and wrapped with aluminium foil. Five microns frozen sections were dried and put in 

a humidified chamber and applied with DHE buffer and were equilibrated at room 

temperature for 20 min. After equilibration, controlled sections were treated with 100 

mM Tiron (Sigma-Aldrich, United Kingdom) in DHE buffer for 10 min before the 

application of DHE. The application of 30 l DHE staining solution (4 M DHE) was 

then carried out, and the slides were immediately put under Nikon Eclipse Ti2-E 

inverted microscope with a red fluorescent filter (excitation: 530-560 nm; emission: 

575-650 nm) for observation and obtaining images. All the images were captured under 

20× magnification (1024 pixels × 1024 pixels) within the seven minutes of slides being 
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under the microscope. At least ten images per slide and three sections per mouse sample 

were taken and quantified using ImageJ 1.50i (NIH, USA) by measuring fluorescent 

intensity.  

2.8 Malondialdehyde (MDA) assay 

Another indicator of oxidative stress is lipid peroxidation, mediated by free 

radicals in the body and resulted in the deterioration of the polyunsaturated lipids 

(usually the biological membranes) (Rosenblum, Gavaler & Vanthiel, 1989). MDA can 

be formed during this process as follows. With the presence of a carbon-carbon double 

bond in the fatty acid, the carbon-hydrogen bond becomes weakened and therefore, gets 

attacked by free radicals. As a result, peroxyl radical can be formed and react with other 

polyunsaturated fatty acids and form lipid hydroperoxide (Sen, Packer & Hänninen, 

2000; Wills et al., 1997). By propagating continually, this chain reaction can produce 

MDA as one of the products. Therefore, MDA can be an indicator of the free radicals 

in the detecting system (Folmer et al., 2004; Oter et al., 2005). 

In this study, the MDA level in different tissues was detected using its reaction 

with 2-thiobarbituric acid (TBA) to produce MDA-TBA adduct under low pH. MDA 

peroxidation assay was carried out using MDA kit (Catalogue No. MAK085, Sigma-

Aldrich, UK) according to the manufacturer’s instructions. Individually, 8 mg tissue 

was homogenised on ice in 400 l MDA lysis buffer containing 4 L of butylated 

hydroxytoluene (100×) to prevent auto-oxidation and sodium lauryl sulfate (SDS) for 

a better lysis effect. 200 l of the homogenate was then taken out for reacting with 600 

l TBA (one bottle dissolved in 7.5 ml glacial acetic acid and 17.5 ml water) at 95 °C 

for 1 h. 200 l MDA-TBA adduct formed was loaded to a transparent 96-well plate and 

then (Evergreen Scientific, USA) detected using SpectraMax 340PC (Molecular 
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Devices, USA) at an absorbance of 532 nm (A532). For the standard curve, 10 l MDA 

standard solution (4.17 M, supplied in the kit) was first diluted in 407 l water to 

prepare a 0.1 M MDA standard stock and then 20 l of the stock was diluted in 980 l 

water to form 2 mM MDA. To a final volume of 200 l each well, 0, 2, 4, 6, 8, and 10 

l of the 2 mM MDA was added to form a final concentration of 0, 20, 40, 60, 80 and 

100 M of MDA. 

2.9 Amplex Red assay 

 Alongside examination of O2∙- production and lipid peroxidation, Amplex Red 

assay was also used for detecting the level of H2O2 production. Amplex Red is a 

colourless and nonfluorescent chemical. With the appearance of H2O2, Amplex Red can 

be oxidised into resorufin in a 1:1 ratio catalyzed by horseradish peroxidase (HRP). 

Since resorufin is a fluorochrome with excitation/emission wavelengths at 570 nm/ 585 

nm, the signal can then be detected by a fluorescence plate reader with the set filter. 

 During the assay, 15 l of heart homogenates and 5 l HBSS were added to 

each well of a black, flat-bottom 96-well plate (Evergreen Scientific, USA). H2O2 

standards were prepared by first 1: 5000 diluting 30% H2O2 (Sigma-Aldrich, United 

Kingdom) in sterilised water, then diluting 1:100 in 0.50 mM potassium phosphate 

buffer (pH=7.7) to make up 20 M H2O2 solution. 10 l 0, 0.0625, 0.125, 0.25, 0.5, 1, 

2 M H2O2 in duplicates were prepared for standard curve plot, and 50 l potassium 

phosphate buffer was added to each standard well. For the measurement wells, 10 l of 

PBS was added, and for the control wells, 10 l of 1000 U/ml of catalase was added. 

The plate was incubated at 37 C° in darkness for 5 min and at the same time taken to 

FluoStar OPTIMA (BMG LabTech, United Kingdom) which was set at 37 °C. During 

the incubation, 4 ml Amplex Red solution containing 25 mmol/L 4-(2-hydroxyethyl)-
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1-piperazineethanesulfonic acid (HEPES), pH 7.4, 0.12 mol/L NaCl, 3 mmol/L KCl, 1 

mmol/L MgCl2 was prepared by adding 10 l Amplex Red (10mM stock solution), 4.8 

l HRP (1U/µl stock solution) and 40 l glucose 6-phosphate (20 mM stock solution). 

2 ml 1 mM NADPH in sterilised water was also prepared. Before the analysis, besides 

the machine, 50 l Amplex Red solution was added to each well. The machine was 

adjusted to read fluorescence at 37 C° with the filter set to excitation: 570 nm/ emission: 

585 nm. 25 cycles with 3 min intervals between each reading. 20 l 1 mM NADPH 

solution was added to the control and measurement wells before the first reading.  

2.10 Western blot 

Western blot involves several procedures, including protein mixture separation 

by SDS–polyacrylamide gel electrophoresis (SDS-PAGE), electro-transferring to 

appropriate membranes and immunodetection using specific antibodies. It is one of the 

most commonly used techniques in a research laboratory and has been extensively 

described previously (Burnette, 1981). This method analyses the proteins of interest 

using a spatial resolution in which protein mixture is separated according to their 

different molecular weight and transferred to a suitable membrane on which the protein 

of interest can serve as an antigen and be recognised by specific antibodies. Since the 

primary antibodies can be recognised by secondary antibodies which are conjugated 

with enzymes such as HRP, when the substrate of the HRP is applied on the membrane, 

chemiluminescence signal could be generated. There are also other available conjugates 

to the secondary antibodies that generate different signals during the detection, and in 

this study, HRP conjugated secondary antibodies were used. The general principle of 

membrane-based western blotting is demonstrated below in Figure 2.6. 
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Figure 2. 6 General principles of Western Blot. 

2.9.1 Sample preparation  

 Fresh or frozen tissues were weighed, grinded and homogenised (1 mg/10 l) 

in ice-cold protein lysis buffer containing 50 mM Tris-HCl (pH=7.4), 250 mM NaCl, 5 

mM ethylenediaminetetraacetic acid (EDTA, pH=8.0), and 0.3% Triton-X100.  In 

general, 20 mg tissues/per sample was used for protein preparation. For the western 

sample loading stock, 100 l for each sample which contains 33.3 l 3x sample loading 

buffer containing 0.3 M Tris-HCl (pH=6.8), 20 mM SDS, 30 % glycerol, 0.5 mg/ml 

bromophenol blue and 6 l 2-mercaptoethanol, and SIGMAFAST™ protease inhibitor 

tablets (catalogue No. S8820, Sigma-Aldrich, UK) was used according to 

manufacturer’s instruction. 500 g protein diluted in protein lysis buffer (to form the 

final volume of 100 l) were prepared, aliquoted to 20 l each and stored at -20 °C for 

western blot analysis.  

2.9.2 Gel preparation 

 Separating buffer containing 180 mg/ml Tris-base (pH=8.8) and 4 mg/ml SDS 

and stacking buffer containing 60 mg/ml Tris-base (pH=6.8) and 4 mg/ml SDS was 

able to be stored at 4 °C for maximum one year. The stock concentration of acrylamide 
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was 40%, and 10% acrylamide was used for 12-150 kDa protein separation. 0.1 g/ml 

ammonium persulfate (APS) dissolved in water was used. TEMED is for tetramethyl 

ethylenediamine. The glass was marked at the 4th well of the 10-well comb for the 

appropriate size of separating gel. Before the preparation of the SDS gels, the glasses 

(short plate and spacer plate with 1.0 mm integrated spacers, Bio-Rad, UK) was wiped 

using 70% (v/v) ethanol until completely clean. The separating gel was first prepared, 

as shown in Table 2.2 (for two gels). 

Table 2. 2 Reagents for separating gel preparation.  

dH2O 10 ml 

separating buffer 5 ml 

Acrylamide (40%) 5 ml 

APS  120 l 

TEMED 12 l 

A small amount of butanol: water 1:1 was added on the top after pouring in the 

separating gel mix to keep the top of the gel flat and get rid of bubbles. After the gel is 

completely set (about 40 min), butanol was removed, and the gel was gently washed 

using water. After preparing the separating gel, stacking gel was then prepared, as 

shown in Table 2.3 (for four gels).  

Table 2. 3 Reagents needed for stacking gel preparation.  

dH2O 7.5 ml 

stacking buffer 3 ml 

Acrylamide 1.5 ml 

APS 160 l 

TEMED 16 l 

 

As stacking gel was easy to set, the mix was quickly poured in, and the comb was 

immediately set in.  
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2.9.3 Sample loading 

 Two gels with the glasses were assembled on one Mini-PROTEAN® Tetra 

Electrode (Catalogue No. 1658037, Bio-Rad, UK) and up to four gels could run 

together on one Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad, UK). 

The running buffer (pH=7.4) used was made of 6 mg/ml Tris-base, 29 mg/ml glycine, 

and 1 mg/ml SDS, and the samples prepared in section 2.9.1 was heated at 95 °C for 3 

min before 10 l was loaded to each well. 4 l of the protein marker Precision Plus 

Protein™ Dual Colour Standards (Catalogue No. 1610374, Bio-Rad, UK) was used for 

each gel (Figure 2.7). 

 

Figure 2. 7 Precision Plus Protein™ Dual Colour Standards for molecular weight 

estimation of the protein of interest. 

2.9.4 Protein separation 

For separating the loaded proteins, Mini-PROTEAN® Tetra Vertical 

Electrophoresis Cell was connected to PowerPac™ Basic Power Supply (Catalogue No. 

1658025FC, Bio-Rad, UK), and set at 80 V for approximately 30 min to let the samples 

pass through the stacking get. The Electrophoresis Cell was then adjusted to 110 V until 

the lowest band of the marker reached the bottom of the gel.   
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2.9.5 Transfer 

 The semi-dried transfer method was used in the experiments. Polyvinylidene 

fluoride (PVDF) membrane (Immun-Blot® Membrane, Catalogue No. 1620177, Bio-

Rad, UK) was used for the transfer of the separated proteins. The membrane was first 

to cut into 8 cm (length) × 6 cm (width). Before transferring, all membranes were 

immersed in methanol for 2 min to wash off any traces of contamination. The blot 

absorbent filter papers (Catalogue No. 1703966, Bio-Rad, UK) were soaked up in 300 

ml transfer buffer (3.75 mg/ml Tris-base, 18 mg/ml glycine and 25% methanol) for 

about 3 min until it was completed wet. Then on a Trans-Blot® SD Semi-Dry Transfer 

Cell (Catalogue No. 1703940, Bio-Rad, UK), one ‘sandwich’ for each PVDF 

membrane containing filter paper, PVDF membrane, the SDS-PAGE gel (with stacking 

gel cut off) and filter paper (from bottom to the top) was made. The lid was then put on 

to assemble the cell fully, and the cell was connected to the PowerPac™ Basic Power 

Supply with the voltage set at 15 V for one hour.  

2.9.6 Detection 

After transferring, PVDF was then taken out and washed in milk (5 g skimmed 

milk powder in 50 ml Tris buffered saline-Tween (TBST). Primary antibody (in the 

milk, dilution referring to manufacturer’s recommendation) was then applied to the 

membrane, placed on an orbital shaker (catalogue No. SSM1, Stuart, UK) and 

incubated at 4 °C overnight.   

The following day, secondary antibodies were prepared according to the host 

species of the primary antibody (usual dilution is 1:2000 in milk). Before adding the 

secondary, the membrane was washed with TBST for 10 min, TBS for 10 min and then 

phosphate-buffered saline (PBS) for 10 min. After washing, the secondary antibody 
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was added, and the membrane was left on the orbital shaker for one hour at room 

temperature. After the incubation, the membrane was rewashed using TBST, TBS and 

then PBS for 10 min each.   

The detecting solution was Clarity Max™ western enhanced 

chemiluminescence (ECL) blotting substrates (catalogue No. 1705062, Bio-Rad, UK) 

and used according to the manufacturer’s instruction. Specifically, for each membrane, 

100 l of Clarity Western ECL substrate and 100 l of Peroxide Solution & Luminal 

was mixed and applied for the best effect. The membrane was then visualised by a 

BioSpectrum AC Imaging System (UVP, UK). Ten images over 20 min were captured 

using UVP LabWork 4.0 software. The optical density (OD) of each band was then 

measured using Image J 1.50i (NIH, USA) and the increase/decrease fold of the protein 

of interest was calculated by normalising to -Actin or the relevant total proteins.  

2.11 Immunofluorescence  

 Like western blot, antibodies used in immunofluorescence are to detect the 

expression pattern of the protein of interest by recognising the specific antigens, and 

the difference is that by visualising the sections under the microscope, the subcellular 

expression pattern and location (or translocation) of the proteins in the cell (Turner & 

Shields, 1984). Most used immunofluorescence method in this lab is direct which 

includes the application of primary antibody recognising the protein of interest on the 

section, and the application of fluorescent group conjugated (FITC (Riggs, 1978) or 

Cy3 (Ernst et al., 1989)) secondary antibody which binds to the primary antibody. 4’, 

6-diamidino-2-phenylindole (DAPI) (Kubista, Akerman & Norden, 1987) was used to 

visualise the nuclei. The sections were then observed under the Nikon A1R confocal 

microscope or Nikon Eclipse Ti2-E inverted microscope with a magnification of 20× 



Page | 103  

 

or 40×.  The intensity of the fluorescent signals given under fluorescent microscope or 

confocal microscope can then be quantified using Image J 1.50i (NIH, USA).  

2.11.1 Section preparation 

 Since the immunofluorescence was carried out mostly on frozen tissues 

collected, cryosections were mostly used in this study. Compared to paraffin sections 

which were also widely used in this lab, cryosections produce substantially less 

autofluorescence although it did nor preserve the cellular structure as well.  

 For the preparation of the sections, a 3 mm × 3  mm size of the tissue cube from 

one-third lower part of the left ventricle of the harvested mouse hearts was cut and put 

on a cork disk (catalogue No. R30001-E, Pyramid Innovation Ltd, UK) which had a 

small amount of OCT on top. The tissue was then immersed by OCT and quickly dipped 

in liquid nitrogen pre-cold isobutane to decrease the likelihood of formation of the ice 

crystals. The sample with OCT was frozen immediately, and the isobutane was wiped 

using some tissue. The whole process was carried out carefully to avoid any bubbles 

formed, and the samples were then stored in -80 °C for future use.  

Tissue sectioning is performed on a cryostat with Bright 5040 microtome 

(Bright Instrument, UK). The temperature was set as following: specimen -20 °C and 

chamber -25 °C, with the cutting thickness of 6 m. Three sections were set on one 

slide. The slides were then set out to air dry for at least 10 min and then stacked, 

wrapped in tinfoil, and stored at -80 °C until needed. Sections can be stored for long 

periods at -80 °C if they adequately protected. 
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2.11.2 Fixation 

 The fixing reagent was made up of methanol: acetone = 1:1, which was pre-

chilled at -20 °C for at least 1 hour before use. After taking out the sections from -80 °

C, they were dried in front of a fan with the medium speed at room temperature for 15 

min. 

 The slides were fixed by immersing in fixing solution for 9 min 30 s at 20 °C. 

After fixing, the slides were dried by a fan for 15 min and washed by ice-cold PBS (1×) 

for 5 min × 3. 

2.11.3 Blocking 

 After the washing, the areas surrounding each section on the slides were dried 

with a medical wipe. Leaving a gap between each section ensured that each section 

would be treated individually. Also, when a wax pen was available, an area around each 

section was drawn to make sure fluid did not flow from section to section. The order of 

wiping the slide and the areas needed to be dried are demonstrated below in Figure 2.8.  
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Figure 2. 8 The wiping of the slides. The numbers are used for indicating the order of 

wiping. 

The slides were then blocked using 30 l 2% BSA in PBS with 5 l of Triton 

X-100 (Sigma-Aldrich, UK) per section for 1 hour at room temperature inside a 

humidified chamber. 

2.11.4 Application of primary antibody  

 Slides were then washed using ice-cold PBS for 3 min and dried using the same 

method described in Figure 2.8. Primary antibodies were prepared by being diluted 

1:100 in 0.2% BSA in PBS (or according to manufacturer’s instruction) and applied 30 

l each section. The slides were then incubated at room temperature for 1 hour or at 4 °

C overnight.  

 After the incubation, the slides were held horizontally to drain the antibodies 

onto the tissue paper and were flushed by stilled water to rinse the remaining antibodies. 

Slides were then washed by ice-cold PBS for 5 min × 3 and dried in the same way. 

2.11.5 Application of secondary antibody 

 The sections after incubating with the primary antibody were then probed with 

secondary antibody conjugated with FITC or Cy3 (1:200 diluted in 0.2% BSA) for 

about an hour in a light-protected humidified chamber at room temperature. Slides were 

then drained in the same way to rinse off the remaining antibodies, washed 5 min × 3 

using ice-cold PBS and dried the same way as described in section 2.10.4.  

 If there were triple staining (with another protein of interest), the other primary 

antibody was only allowed maximum 1 hour before the application of secondary 
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antibody (1 h incubation time), and the relatively more potent primary antibody was 

used to minimise the diffusion of the first staining. 

2.11.6 Application of 4’, 6-diamidino-2-phenylindole (DAPI) to 

visualise the nuclei 

 At the end of incubation with the fluorescein isothiocyanate (FITC) - or 

Cyanine-3 (Cy3) - secondary antibody, 10 l 0.5 g/ml DAPI was applied to each 

section for 5 min in the humidified chamber at room temperature for the visualisation 

of the nuclei. The slides were then immersed in ultrapure water briefly, wiped and dried 

the same way as described. 

2.11.7 Mounting and observation 

 Mowiol® was used in the mounting reagent due to its properties. It takes hours 

to solidified, thus forming a permanent bond between the coverslip and the sample and 

it helps to stabilise the fluorescence at 4 °C.  After the samples were washed and dried, 

antifade solution (0.1% p-phenylenediamine: Mowiol = 1:9) was applied to each 

section, with a coverslip being put on carefully to avoid bubbles. 

 A1R confocal microscope (Nikon, Japan) or Eclipse Ti2-E inverted microscope 

(Nikon, Japan) with a magnification of 20× or 40× were used to investigate the sections 

with FITC (excitation/emission: 470-495/510-550nm), Cy3 (excitation/emission: 530-

560/575-650nm) and DAPI (excitation/emission: 360-370/420-460nm) filters within 

12 hours then stored at 4 °C in a wooden slide box for the record.  
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2.12 Statistics 

 Unless specified, all the data presented in this study are presented as Mean ± 

standard deviation (SD). It was also assumed that all the results measured and examined 

using statistical analysis followed a normal distribution. Statistics analysis was carried 

out using Prism GraphPad 7.0. One-way analysis of variance (ANOVA) is used for 

determining if there is statistical significance between two independent groups with one 

measurement variable and one nominal variable (McDonald, 2014), and is an extended 

version of Student’s t-test when there are more than two groups (Gauthier and Hawley, 

2007). In chapter 3, the statistical significance in the effect of apocynin on O2.- 

production and lipid peroxidation was examined using one-way ANOVA followed by 

a Bonferroni post-hoc test since there was the iv injection with or without apocynin as 

nominal viable, and different individual mouse as the measurement variable. p values 

equal to or less than 0.05 were denoted as statistically significant between the two 

groups. The statistical significance of different inhibitors for ROS production in the 

HFD brain was analysed using Student’s t-test since the six parallel HFD brain samples 

were treated by all the inhibitors at the same time, then measured at the same time. The 

result of a t-test was the same as one-way ANOVA when only two independent groups 

were compared. 

 Due to the nature of the study in chapter 6, in which the mice (of the same strain, 

age and sex) with two different genetic background (WT or p47phox KO) were subjected 

to two different treatment (saline or AngII infusion), two independent factors (different 

individual (measurement variable) and different genetic background or treatment 

(nominal variable)) in the statistical analysis were identified, and one-way ANOVA 

followed by a Bonferroni post-hoc test was used for the unless specified. A p value 

equal to or less than 0.05 was denoted as statistically significant, but p values between 
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0.05 and 0.1 were also stated. For the animal study on the blood pressure,  heart weight 

and body weight, six or seven animals per group were recorded and subjected to 

statistical analysis; for the experiments of biochemical and molecular assessment of 

AngII-induced cardiac oxidative stress and signalling pathways, six animals per group 

were used for the experiments and subjected to statistical analysis. 

2.13 Randomisation and blinding 

For the setting up of the animal models, three to six mice of the same age, gender, 

and genotype were randomly caged and picked for different treatments in the study. To 

minimise the behavioural differences between groups, same housing conditions 

between different treatment groups were maintained throughout. For the 

immunofluorescence, DHE assay and DCFH-DA assay where imaging and 

measurement of fluorescence intensities were involved, the images obtained were 

labelled with a randomly assigned group number which was able to be traced, to make 

sure the scientist was blinded to the groups for each image analysed. For other studies, 

subjective decisions were not involved. Therefore, blinding was not believed to be 

necessary.  



Page | 109  

 

Chapter 3 

Pharmacokinetics (PK) Studies and Evaluation of Apocynin in 

Reducing Tissue Oxidative Stress in Mice 

3.1 Introduction 

 NADPH oxidase (Nox), initially discovered in phagocytes, is one of the major 

sources of reactive oxygen species (ROS) generation in most types of mammalian cells 

(Babior, 1999).  gp91phox-containing NADPH oxidase (Nox2) is one of them. Its 

activation by a wide range of agonists such as AngII (Rajagopalan et al., 1996; Thakur, 

Du, Hourani, Ledent & Li, 2010) and glucose (Suh et al., 2007) and stress factors such 

as ageing, could lead to accumulating oxidative stress, which contributes to the 

development of many health problems such as cardiovascular diseases (Fan et al., 2014; 

Nabeebaccus, Zhang & Shah, 2011), metabolic disorders (Du et al., 2013; Fan et al., 

2017) and neurodegenerative diseases (Cahill-Smith & Li, 2014).  

 Apocynin (4'-hydroxy-3'methoxyacetophenone) has been used as an effective 

inhibitor of Nox in the animal models (Du et al., 2013; Saleem, Prasad & Goswami, 

2018; Gimenes et al., 2018; Qin et al., 2017; Feng et al., 2017; Kapoor, Sharma, Sandhir 

& Nehru, 2018; Langley et al., 2017; Rahman et al., 2017). Its mode of action, however, 

was not entirely understood. The specificity of apocynin was first demonstrated by its 

a selective inhibiting effect on O2.- production in human polymorphonuclear 

neutrophils. It reduced the O2.- production without interfering with other cellular 

defence mechanisms (Stolk et al., 1994). Barbieri et al. reported apocynin could reduce 

the expression and translocation of p47phox during Nox2 activation (Barbieri et al., 

2004). One study identified a symmetrical dimer of apocynin, diapocynin as a 

metabolite of apocynin in endothelial cells (Johnson et al., 2002), which was proven to 
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have an effect on reducing oxidative stress (Ismail et al., 2014) and therefore it was 

proposed at the time that diapocynin might be involved in the mode of action of 

apocynin. In contrast, one study identified apocynin as an antioxidant rather than an 

inhibitor in the vessels since diapocynin, unlike in leukocytes, was not formed either in 

vascular endothelial cells or SMCs (Heumuller et al., 2008). Moreover, (Chandasana et 

al., 2015) did not find diapocynin in apocynin-treated (intravenous (iv) bolus injection 

and oral dosing) rat plasma samples, so did not identify diapocynin as a metabolite. 

This result was in line with some other studies which identified apocynin 

glycoconjugate rather than diapocynin, in the plasma, brain and liver as its metabolite 

after iv (Okamura et al., 2018) and intraperitoneal (ip) (Wang et al., 2008) injection of 

apocynin. (Marin et al., 2017) excluded apocynin as a prodrug of diapocynin based on 

the same dose inducing a similar effect of both molecules on reducing experimental 

inflammation.  

 Despite its debatable mechanism, apocynin has been proven to be effective in 

reducing the oxidative stress in the development of cardiac disorders such as 

hypertrophy (Saleem, Prasad & Goswami, 2018) and diabetic cardiac remodelling 

(Gimenes et al., 2018), neurodegenerative diseases such as stroke (Qin et al., 2017), 

traumatic brain injury (Feng et al., 2017), ischaemia-reperfusion hippocampus injury 

(Kapoor et al., 2018), Parkinson’s disease (Langley et al., 2017) and oxidative stress-

mediated liver fibrosis (Rahman et al., 2017). Recently an orally available modified 

form of apocynin, called mito-apocynin, which specifically targets mitochondria, was 

synthesized and demonstrated a long-lasting effect of reducing brain oxidative stress in 

transgenic murine models (Ghosh et al., 2016; Langley et al., 2017). Still, some studies 

reported apocynin to have little effect on improving cardiac functions despite it being 

effective in reducing oxidative stress. Specifically, one study found that in diabetic 
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hypertensive rats, apocynin preserved the antioxidant activity in the heart, yet the 

myocardial function did not change significantly (Rosa et al., 2016). 

 On the other hand, apocynin was also reported to have an effect of increasing 

O2.- production in some studies.  It promoted O2.- production, yet downregulated Akt 

activity in mouse embryonic stem cells, which suggested that apocynin, as a chemical 

molecule, acted independently from its typical function as a Nox inhibitor in the stem 

cells (Kucera et al., 2016a). The similar pro-oxidant effect was also found in some 

organism-free in vitro studies, and it was recognised as a toxic side-effect by (Castor, 

Locatelli & Ximenes, 2010), in which they also pointed out that it was not uncommon 

for antioxidants to possess pro-oxidant characters.  

 Pharmacokinetics and pharmacodynamics (PKPD) study link the effects of a 

drug to its concentration and metabolism in a body compartment (Negus & Banks, 

2018), which might be able to provide answers to the contradictory findings on 

apocynin so far. Even though apocynin has been widely used as a Nox2 inhibitor, 

studies on its PKPD properties, such as absorption, distribution, metabolism, and 

excretion (ADME) and efficacy are still limited. Among the studies, one characterised 

its PK parameter using an in-house developed LC-MS/MS method with a satisfactory 

level of sensitivity (Chandasana et al., 2015). However, the retention time of apocynin 

in their method (0.45 – 0.50 min) was short, leaving people questioning if the analyte 

used in the study was retained and separated enough to achieve a convincing result. 

Another study characterised its dose-dependent metabolism in the brain using ip 

injection yet it failed to address to what extent it was able to penetrate the blood-brain 

barrier, or its absorption rates, systemic distributions, toxicity, and the reason behind 

its rapid metabolism rate observed in the study (Okamura et al., 2018). In summary, 

despite the studied inhibitory effects of apocynin and its downstream signalling 
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pathways as a Nox inhibitor, there is a lack of characterisation of apocynin PK 

properties as a drug, i.e. its ADME in vivo. More importantly, based on the previous 

studies, the efficacy, selectivity, and oxidative side effects of apocynin needs further 

exploration.  

3.1.1 Aims and objectives 

 This chapter aims to investigate the in vivo PKPD of apocynin in mice. 

Specifically, there are five objectives in total: 

 1. To develop an in-house method for apocynin extraction and detection in 

different tissues using HPLC-MS/MS; 

 2. To characterise apocynin PK by intravenous administration (iv bolus, 5 

mg/kg) to male CD1 mice (12 weeks of age) and analyse the data by NCA and NLME 

simulation and modelling in Phoenix WinNonlin 8.1; 

 3. To characterise tissue distribution of apocynin in urine, brain, heart and liver 

using the established extraction and detection method;  

 4. To investigate its effect on tissue oxidative stress (the time delay and 

magnitude of the O2.- production) using the same tissues collected to build a 

relationship between the in vivo absorption, metabolism of apocynin and its efficacy; 

 5. To evaluate the therapeutic effect of apocynin on oxidative stress in the brain 

in dietary-induced middle-aged obesity murine model.  
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3.2 Materials and methods 

3.2.1 Chemicals and reagents 

 Apocynin with an HPLC purity of 96%, diapocynin with an HPLC purity of 

98%, phenacetin (N-(4-ethoxyphenyl) acetamide) with an HPLC purity of 98%, used 

as internal standard, and ammonium acetate ≥ 98% for molecular analysis were 

obtained from Sigma Aldrich, UK. Methanol, water, acetonitrile of LC-MS grade, and 

ethanol of HPLC grade were purchased from Fisher Scientific, UK. A more detailed 

list of reagents used can be found in section 2.1.  

3.2.2 Animal Models 

3.2.2.1 PK model 

 Information on the standard housing conditions and detailed procedures are 

described in section 2.2. For PK analysis, CD1 male mice at 12-week of age were used. 

Before PK analysis, mice fasted overnight with free access to water.   

 On the day of the experiment, the injection stock was freshly prepared by 

dissolving apocynin (50 mg/ml) in ethanol. Injection solution was then prepared by 1: 

50 (v/v) further diluting the stock in ultrapure water, to form the final apocynin 

concentration at 1.0 mg/ml. With a non-invasive mouse restraint (Figure 3.1 A), 5.0 

mg/kg iv bolus injection of apocynin was administered using a 0.5 ml 0.33 mm (29G) 

× 12.7 mm Micro-Fine Insulin Syringe (BD, UK) via a lateral tail vein (Figure 3.1 B). 

In parallel, the same volume of diluent used for apocynin (Ethanol: ultrapure water 1: 

50 (v/v)) as the vehicle was injected to the control group. At least three mice per time-

point were used. 
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Figure 3. 1 The non-invasive mouse restraint (A) and tail vein injection (B). 

After iv bolus injection of apocynin, mice were sacrificed at 1 min, 2.5 min, 5 min, 15 

min, 30 min, 60 min, 180 min, 360 min 720 min and 1440 min and the collected tissues 

were processed as described in section 2.3.1. In summary, the workflow is illustrated 

in Figure 3.2.  

 

Figure 3. 2 A schematic diagram of the design and workflow of PKPD characterisation 

of apocynin.  
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3.2.2.2 Dietary-induced middle-aged obesity murine model 

 In addition to the standard PKPD study of apocynin, the HFD-induced middle-

aged obesity murine model, previously set up by Prof. Li (my supervisor), was also 

used for a more comprehensive understanding of the therapeutic effect of apocynin.  

 The murine model was established by feeding an HFD (45% kcal fat) or normal 

chow diet (NCD, 12% kcal fat) (Special Diets Services, Essex, UK) to male littermates 

of wild type (WT) and Nox2 KO C57BL/6 mice for four months at the age of 7-month 

old (n=6 per group). At the same time, apocynin (5 mM supplied in the drinking water) 

was supplied to one of the WT-HFD groups. The tissues were harvested and preserved 

in liquid nitrogen and then stored at -80 °C. At the time of analysis, samples were 

processed by the same method for either HPLC-MS/MS sample analysis or lucigenin 

chemiluminescence. Here the model set-up along with the analysis is demonstrated in 

Figure 3.3. 
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Figure 3. 3 A schematic diagram of the establishment and the analysis of the middle-

age diet-induced obesity murine model. 

3.2.3 Calibration standards preparation 

 For the establishment of HPLC-MS/MS detecting method, apocynin and 

phenacetin stocks were made by dissolving 5.0 mg compound in 0.1 ml of methanol, 

and further diluted 50 times with water to form a final stock of 1.0 mg/ml. 1 ml of each 

calibration standard of apocynin was then made by further diluting to different 

concentrations (1, 5, 10, 50, 100, 500, 1000 and 5,000 ng/ml) with water. A fixed 

phenacetin concentration (500 ng/ml) in diluent was used. The limit of blank, the limit 

of detection and the limit of quantification were obtained by running the calibration 

standards using established HPLC-MS/MS (described in section 3.2.5 and section 2.4). 
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These standards were also used for the selection of different mobile phases and 

optimisation of the gradients for HPLC-MS/MS method.  

3.2.4 Sample processing 

 Compared to the time-consuming solid-phase extraction methods of apocynin 

(Chandasana et al., 2015), we adopted a method using 100 l acetonitrile and 60 l 

methanol for 100 l biological sample processing, which demonstrated a high recovery 

rate in all biological samples in this study (Wang et al., 2013). The apocynin calibration 

standards of plasma, urine and tissues were made by first diluting apocynin stock to 

different concentrations with the diluent. The stock of phenacetin was made to 7,500 

ng/ml with the diluent.  

When processing samples, fixed volumes of calibration apocynin with a known 

concentration (20 l) and phenacetin (20 l) were added to the matrix and organic 

solvent (for protein crash). The final calibration concentrations of apocynin were 1, 5, 

10, 50, 100, 500, 1,000, and 5,000 ng/ml with a fixed phenacetin concentration of 500 

ng/ml. The details on the sample collection preparation are listed in sections 2.3.1. For 

apocynin extraction from the collected samples, proteins in the matrix were precipitated 

by adding 60 l methanol and 100 l acetonitrile, vortexing for 1 min and centrifuging 

at 17,000 g for 20 min at 4 ℃. 250 l supernatant per sample was collected, filtered 

using 0.20 µm pore size Nylon syringe filter (Sigma-Aldrich, UK), further diluted in 

mobile phase buffer A (480:20:0.38 water: methanol: ammonium acetate (v: v: w)), and 

injected into HPLC-MS for analysis. For experiment samples collected at different 

designated time points after iv bolus, the sample collection and processing were carried 

out in the same way except for not spiking in apocynin with known concentrations. 

Instead of apocynin, 20 l of the diluent was added in parallel with calibration samples 
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and were processed the same way.  Since apocynin is sensitive to light, 2 ml amber 

HPLC vials (Sigma-Aldrich, UK, catalogue No. 27083-U) were used. The detailed 

processing steps are illustrated in Figure 3.4.  

 

 Figure 3. 4 Workflow of apocynin extraction from different biological samples for 

HPLC-MS/MS analysis. 

 



Page | 119  

 

3.2.5 HPLC-MS/MS method specific to apocynin detection 

 The details on HPLC-MS/MS instrument and the column used are listed in 

section 2.4.1.  For the separation and detection of apocynin, mobile phase buffers (A) 

480:20:0.38 water: methanol: ammonium acetate (v: v: w) and (B) 20:480:0.38 water: 

methanol: ammonium acetate (v: v: w) with a gradient as follows: held on 5% B for 1 

min; between 1 min and 10 min ramped up to 100% B; dropped back down to 5% B 

over 1 min and held on this for 4 min were employed. The flow rate was 200 µL/min 

throughout. The autosampler was maintained at 20° C and the column at 25° C. Before 

entering the MS, the flow was diverted to waste for the first 4 min, then directed into 

the MS for 8 min and back to waste for the final 3 min. This method was proven to be 

able to generate satisfactory peaks for both phenacetin (Figure 3.5) and apocynin 

(Figure 3.6) in different organ samples, including plasma, urine, brain, liver and heart. 

 For quantification, the instrument was operated in negative ionisation mode. 

Selected transitions for apocynin and phenacetin, at m/z, were: 165.0 → 150.0 ± 5.0 

and 178.1 → 149.1 ± 5.0, respectively for better selectivity. Good linearity of apocynin 

was found in the range of 100 – 100,000 ng/ml in plasma and other tissue organs. 

 The quantification analysis was carried out using Thermo Xcalibur 3.0 

(ThermoFisher, U.S.A.) and the detailed settings on the software are listed in section 

2.4.2.  

3.2.6 PK analysis of apocynin 

 The profiles of apocynin concentrations in murine plasma versus time were 

subjected to NCA (1-30 min) and NLME (1-6 h) model. The detailed methods on the 

analysis are listed in section 2.5. 
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3.2.7 Tissue distribution of apocynin 

 Tissue samples and the corresponding calibrations of different tissues were 

processed as described in the sample collection and preparation (Section 2.3) and 

sample processing (3.2.4). The concentration of apocynin in different tissues was 

determined by the established HPLC-MS/MS method (3.2.5). 

3.2.8 Effect of apocynin on tissue ROS production 

 In order to further understand the real-time effect of apocynin on ROS 

production, tissues from different designated time points (1 min to 360 min) were 

processed and the O2.- was measured by lucigenin chemiluminescence (section 2.6) and 

DHE assay (section 2.7), and the lipid peroxidation was measured by detecting the level 

of MDA (section 2.8). The effect of apocynin on reducing the O2.- level in HFD-

induced obesity model was also tested using the lucigenin assay, and the enzymatic 

source of the O2.- was investigated using different enzyme inhibitors for ROS 

production (section 2.6).   
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3.3 Results 

3.3.1 Establishment of HPLC-MS/MS method for apocynin and 

phenacetin detection  

 There are different existing HPLC and HPLC-MS/MS methods reported for the 

determination of apocynin in biological samples, most having some weaknesses such 

as extremely short retention time (Chandasana et al., 2015) or low level of sensitivity 

(Wang et al, 2013). To set up a satisfactory detecting method with a good sensitivity, a 

reasonable retention time and a reasonably symmetrical peak shape for both apocynin 

and phenacetin (as the internal standard (IS)), we optimised the mobile phase, adjusted 

the injection volume (reduced from 10 l to 5 l) and developed the HPLC-MS/MS 

method as described in section 3.2.5. This HPLC method was proven to be able to 

generate good separation and satisfactory peaks for both phenacetin (IS) (Figure 3.5) 

and apocynin (Figure 3.6) in different organ tissues. 
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Figure 3. 5 Representative HPLC-MS/MS of phenacetin (IS) in different samples.  

Representative selected-reaction-monitoring HPLC-MS/MS chromatograms of 

phenacetin in (A) the plasma spiked with 500 ng/ml phenacetin (control), (B) plasma, 

(C) urine, (D) brain, (E) liver and (F) heart.  



Page | 123  

 

 

Figure 3. 6 Representative HPLC-MS/MS of apocynin in different samples.  

Representative selected-reaction-monitoring HPLC-MS/MS chromatograms of 

apocynin in (A) the plasma spiked with 500 ng/ml apocynin, (B) plasma, (C) urine, (D) 

brain, (E) liver and (F) heart.  
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 Full scan and fragmentation optimisation of apocynin was performed by 

running apocynin (5,000 ng/ml) through the HPLC-MS method with the Orbitrap under 

the negative HESI mode. The full scan spectrum of apocynin is shown in Figure 3.7.  

 

Figure 3. 7 Representative mass spectrum of apocynin.  

Spectrum was obtained from calibration standards of apocynin (5,000 ng/ml) in 

negative HESI mode. Full scan spectrum of apocynin shows prominent parent ion at 

m/z 165.0543. 

 Diapocynin (5,000 ng/ml) was also analysed using the established HPLC-MS 

method for apocynin for further tissue diapocynin measurement. The full scan mass 

spectrum (Figure 3.8) showed that the current HPLC-MS/MS settings for apocynin 

(section 2.4.1 and section 3.2.5) could also be used for diapocynin detection.  
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Figure 3. 8 Representative mass spectrum of diapocynin, showing prominent parent ion 

at m/z 329.1068.  

 Diapocynin was also detected by the established HPLC-MS/MS method 

(section 2.4.1) without internal standard. No diapocynin was detected in plasma, brain 

or liver samples from the same CD1 mice iv bolus injected with apocynin up till 30 

min, which agreed with the study from (Okamura et al., 2018) and (Wang et al., 2008). 
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Figure 3. 9 Representative selected-reaction-monitoring HPLC-MS/MS 

chromatograms of diapocynin detection in (A) plasma, (B) brain and (C) liver from the 

same CD1 mice PK model.   

 In this study, Limit of blank (LoB), representing the highest amount of the 

compound that was detected in the blank, was calculated by the equation LoB = 
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Meanblank + 1.645 SDblank (n=3). Limit of detection (LoD), defined as the lowest 

concentration of the analyte to be reliably distinguished from Limit of Blank, was then 

calculated by LoD = 3.9 × SDblank /slope of standards = 3.9 × 25.7/76.04 = 1.3 (n=3) 

(Armbruster & Pry, 2008). Limit of quantification (LoQ), which is the lowest 

concentration of the analyte to be reliably detected and quantified, was calculated by 

LoQ = 3 × LoD (Mascher, 2012) = 3 × 1.32 = 3.95. As a local practice, we also used 

predefined criteria of the coefficient of variation (CV) below 15% from the defined 

concentration to avoid imprecision, and this was defined using apocynin plasma 

samples at different concentrations from 1 – 10,000 ng/ml (CV is marked as % in 

Figure 3.10) using the extraction method described in section 3.2.4.  
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Figure 3. 10 Linearity of apocynin by HPLC-MS/MS.   

The curve was constructed using calibration levels of apocynin at 1, 5, 10, 50, 100, 

1,000, 5,000 and 10,000 ng/ml in the plasma and was normalised by phenacetin at 500 

ng/ml using the extraction and HPLC-MS/MS method described. Each standard and 

sample were measured in triplicate, and an average of three measurements was used for 

constructing the curve. CV calculated (%) are presented in below the calculated 

amount. 

3.3.2 Tissue distribution of apocynin in different organs post iv bolus 

injection 

 Since the mice used are from the same colony with the same genetic 

background, age, gender and similar body weight, it was assumed that the mice used in 

this study have the same absorption, distribution, metabolic and elimination rate. Real-

time distributions of apocynin in murine plasma, urine and organ tissues including 

brain, liver and heart were measured using the established HPLC-MS/MS method to 

characterise its PK and ADME (Figure 3.6). As shown in section 3.3.5 that the limit of 

quantification of the HPLC-MS/MS method is 5 ng/ml, therefore, concentrations below 



Page | 129  

 

5 ng/ml, although still were presented, were interpreted as ‘detectable but not 

quantifiable’. Since the dilution factor for plasma was 1:10; tissues were 1:10 and urine 

was 1:100, one criterion of Limit of Quantification in plasma, tissues and urine were 

50, 50 and 500 ng/ml, respectively. Parallel calibrations were also used alongside the 

HPLC-MS/MS analysis, and the limit of quantification was also defined according to 

the rule of accepting calibration concentration lower than CV=20%. Both criteria were 

considered during the quantification, and whichever was higher was used as the limit 

of quantification.  

 Plasma concentration of apocynin reached 5,494 ± 400 ng/ml at 1 min after 

injection, and gradually declined and maintained above 50 ng/ml until 15 min (55 ±8 

ng/ml) (Figure 3.11 A). Apocynin was also detectable from 15 min in urine and peaked 

at 30 min with a concentration of 20,492 ng/ml and remained above the limit of 

detection (230 ± 31 ng/ml) until 180 min (Figure 3.11 B). Apocynin reached and 

peaked in brain tissue at 1 min of injection with a concentration of 4,603 ± 208 ng/g 

and was detectable until 30 min (Figure 3.11 C). It reached liver at 1 min with a 

concentration of 429 ± 146 ng/g, peaked at 5 min with a detected concentration of 2,853 

± 35 ng/g and was detectable until 15 min (Figure 3.11 D). It reached cardiac tissues 

at 1 min with a concentration of 834 ± 815 ng/g, peaked at 5 min with a concentration 

of 3,161 ± 309 ng/g and remained detectable until 15 min (Figure 3.11 E).  
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Figure 3. 11 Kinetic change of apocynin concentration in different tissue organs. 

Kinetic changes of apocynin from 1 min to 24 h post iv bolus (5 mg/kg) in male CD1 

mice (12-week of age, 28-32 g) in (A) plasma, (B) urine, (C) brain, (D) liver, and (E) 

heart. Three detections per mouse sample were performed, and three mice per group 

were used. An average concentration of apocynin at one time-point per sample was first 

calculated, and the error bars were then calculated using different mouse samples at one 

time-point in one tissue, data presented as Mean ± SD. 
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 Log BB is an index used for quantitatively defining blood-brain barrier 

permeability of a drug. It is calculated by the logarithm of the concentration of a drug 

in the brain divided by its concentration in the plasma (Muehlbacher, Spitzer, Liedl & 

Kornhuber, 2011). It is generally accepted that if Log BB value is ≥ 0.3, the drug readily 

crosses the blood-brain barrier and has access to the CNS if the value is between 0.3 

and −1, the drug can cross blood-brain barrier but has limited access to CNS; and if the 

value is < −1, the drug poorly distributes to the brain (Vilar, Chakrabarti & Costanzi, 

2010). Log BB of apocynin was calculated at different time points in the first 15 min 

post iv bolus: 1 min: - 0.08; 2.5 min: - 0.16; 5 min: 0.00; 15 min: 0.32 and 30 min 0.96 

(Table 3.1). Therefore, apocynin can penetrate the blood-brain barrier and has access 

to CNS.  

Table 3. 1Log BB of apocynin. 

Group Time Log BB 

1 min 1 -0.08 

2.5 min 2.5 -0.16 

5 min 5 0.00 

15 min 15 0.32 

30 min 30 0.96 

The designated time point is used for each group. Log BB were calculated by: Log BB 

= Log (Cbrain/Cplasma). Concentrations of apocynin from 1 – 30 min were used because 

it remained detectable in the brain until 30 min, n=3 per group. 

3.3.3 Characterisation of apocynin PK parameters by non-

compartmental analysis (NCA) and non-linear mixed-effects (NLME) 

model 

 The proposed extraction and HPLC-MS/MS method were successfully applied 

to the PK study of apocynin in CD1 mice following a single iv administration of 

5 mg/kg. For the preliminary understanding of the general exposure of apocynin post 
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iv bolus, concentrations of apocynin in plasma at different time points was calculated 

referring to (Gabrielsson, 2016). The calculation was then done using Phoenix 

WinNonlin 8.1, as described in section 2.5.1. The result from WinNonlin is shown in 

Table 3.2 and Figure 3.12.  

Table 3. 2 Plasma NCA PK profile of apocynin by Phoenix WinNonlin 8.1. 

Parameter Value 

Cmax (ng/mL) 5494.00 

t1/2 (h) 0.05 

kel (/h) 13.65 

AUC0-∞(h∙ng/mL) 643.27 

CL (L/h/kg) 7.76 

Vd (L/kg) 568.74 

Abbreviations: Cmax: measured maximum concentration; t1/2: terminal half-life; kel: 

terminal rate constant; AUC: area under the curve; CL: clearance; V
d
: distribution 

volume. 

 

Figure 3. 12 Time-dependent elimination of apocynin in the plasma.  

The curve was drawn based on the plasma concentration of apocynin against time 

(0.017 h to 0.5 h) (an r2 = 0.9324, adjusted r2 = 0.9104), and was used for calculating 

the NCA parameters.  
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 The compartmental analysis was also carried out using Phoenix WinNonlin 8.1 

NLME model, using the data from 1 min to 6 h. Time-dependent concentrations of 

apocynin measured were fitted into one-, two- and three-compartmental analysis with 

the setting ‘bolus input and a first-order output, micro-constants as primary 

parameters’. The criteria for the estimation of the statistical significance of the three 

models are listed in Table 3.3. 

Table 3. 3 Model fit of apocynin using compartmental models by WinNonlin 8.1. 

Model 

Compartment 

Likelihood Ratio Test 

LogLik -2LL AIC AICc nParm nObs nSub 

1 -186.25 372.50 378.50 379.70 3 24 1 

2 -186.25 372.50 382.50 385.84 5 24 1 

3 -186.26 372.50 386.50 393.50 7 24 1 

 Abbreviations: LogLik: Log-likelihood; -2LL: -2 Log likelihood; AIC: Akaike

 information criterion; AICc: corrected version of AIC, AICc = AIC + 2×nParm 

 (nParm+1)/(nObs-nParm-1). 

 When the sample number versus the number of parameters is small (n <40), the 

smallest AICc suggests the best fit for the model (Rajeswaran & Blackstone, 2017). 

Therefore, in this study, the statistical significance comparison of AICc suggested the 

best-fitted model be one-compartmental with its model parameters (Theta) listed in 

Table 3.4 and model diagnostic in Figure 3.13. For the observed (DV, ng/ml) versus 

individual-predicted concentrations (IPRED, ng/ml) (Figure 3.13 a), the better the line 

fits in the dots, the better fit the model is. Values of individual weighted residuals 

(IWRES) should be approximately N (0,1) and hence concentrated between y = -2 and 

y = +2. Figure 3.13 (c) and (d) show a reasonable distribution of IWRES against 

concentration and time, with little outliers. Values significantly above 3 or below -3 

would be suspected and may indicate a lack of fit and model misspecification. A well-
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fitted model typically has few or no outliers (IWRES above y = +2 or below y = -2) and 

the blue line being close to y=0.  

Table 3. 4 NLME model parameters of apocynin one compartmental analysis by 

Phoenix WinNonlin 8.1. 

Parameter Estimate Units Stdev CV% 2.5% CI 97.5% CI 

tvV 530.72 ml 37.94 7.15 451.82 609.62 

tvKe 5541.14 ml/h 596.66 10.77 4300.33 6781.95 

stdev0 567.66 
 

81.93  14.43 397.27 738.05 

The prefix of 'tv’ denotes fixed-effect or typical value. V: apparent volume of 

distribution, Ke: elimination rate constant; stdev: standard deviation.  
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Figure 3. 13 Diagnostic scatter plots of one-compartmental NMLE model fit of 

apocynin using Phoenix WinNonlin 8.1.  

(a) Observed versus individual-predicted concentrations (DV vs IPRED); (b) 

Individual-predicted concentrations versus time (IPRED vs IVAR); (c) Individual 

weighted residuals versus individual predictions (IWRES vs IPRED); (d) Individual 

weighted residuals versus time (IWRES vs IVAR); (e) Quantile-quantile plot of the 

components of individual weighted residuals. 
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 The NLME result suggests that the body could be regarded as a single and 

uniform compartment after iv bolus administration, and apocynin distributed and 

equilibrated instantaneously and rapidly throughout the whole compartment (volume 

of distribution). Due to the rapid distribution and equilibration, the elimination of 

apocynin occurs at the same time from the uniform compartment. The interpretation of 

the model can be used for future predictions of apocynin plasma concentration profiles 

under different conditions and could benefit future initial dosing regimen to patients. 

3.3.4 The effect of apocynin on reducing organ O2.- production 

 To establish the link between the apocynin PK characters and its effect on Nox2-

derived O2.- production, same tissue samples (processed to homogenates as described 

in section 3.2.8 or cryosections as described in section 3.2.9) from the same mice for 

the PK studies were analysed by lucigenin-chemiluminescence and DHE assays. Post 

1 min iv bolus injection, O2.- production in brain was decreased to 60.4 ± 25.4 % 

compared to vehicle, with the lowest O2.- production found at 15 min (inhibited to 37.0 

± 5.8 %) and the inhibiting effect lasted until 60 min (Figure 3.14 B). Also, it was 

observed that there was almost no delay in the inhibition taking effect (1 min). DHE 

fluorescence demonstrated in situ O2.- inhibition in a similar pattern (Figure 3.17). 

Compared to the brain, there seemed to have a similar pattern of apocynin taking effect 

in the liver. Apocynin was able to inhibit liver O2.- production to 60.9 ± 6.8 % post 1 

min, and the effect lasted until 30 min, with the lowest at 15 min (41.8 ± 12.8 %) 

(Figure 3.15). In the heart, unlike in the brain or liver, apocynin had a more significant 

effect (O2.- reduced to 45.1 ± 16.5 % post 1 min iv bolus injection), peaked its effect at 

30 min (O2.- reduced to 21.4 ± 15.7 %), and the effect lasted until 6 h (Figure 3.16). 

The O2.- production was NADPH-dependent and could be reduced by tiron (10 mM, 

an O2.- scavenger) (Figure 3.14 (A), 3.15 (A) and 3.16 (A)). 
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Figure 3. 14 O2.- production in brain homogenates detected by lucigenin 

chemiluminescence. 

 (A) Representative kinetic measurement of O2.- production in the brain homogenates 

detected by lucigenin chemiluminescence. Ctrl: without apocynin; 30 min: 30 min post 

apocynin iv bolus injection. Signal measured every minute after adding lucigenin (10 

M). NADPH (1 mM) was added at 10 min, and tiron (10 mM) was added at 30 min. 

(B) O2.- production of CD1 mice brain homogenates from 1 min to 6 h post iv bolus 

(apocynin, 5 mg/kg). n=3 per group. Data are presented as Mean ± SD. Statistical 

comparison between the two groups was made using one-way ANOVA. *p <0.05, 

significantly different from Vehicle Ctrl.  
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Figure 3. 15 O2.- production in the liver homogenates detected by lucigenin 

chemiluminescence.  

(A) Representative kinetic measurement of O2.- production in the liver homogenates 

detected by lucigenin chemiluminescence. Ctrl: without apocynin; 30 min: 30 min post 

apocynin iv bolus injection. Signal measured every minute after adding lucigenin (10 

M). NADPH (1 mM) was added at 10 min, and tiron (10 mM) was added at 30 min. 

(B) O2.- production of CD1 mice liver homogenates from 1 min to 6 h post iv bolus 

(apocynin, 5 mg/kg). n=3 per group. Data are presented as Mean ± SD. Statistical 

comparison between the two groups was made using one-way ANOVA. *p <0.05, 

significantly different from Vehicle Ctrl.  
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Figure 3. 16 O2.- production in the heart homogenates detected by lucigenin 

chemiluminescence.  

(A) Representative kinetic measurement of O2.- production in the heart homogenates 

detected by lucigenin chemiluminescence. Ctrl: without apocynin; 30 min: 30 min post 

apocynin iv bolus injection. Signal measured every minute after adding lucigenin (10 

M). NADPH (1 mM) was added at 10 min, and tiron (10 mM) was added at 30 min. 

(B) O2.- production of CD1 mice heart homogenates from 1 min to 6 h post iv bolus 

(apocynin, 5 mg/kg). n=3 per group. Data are presented as Mean ± SD. Statistical 

comparison between the two groups was made using one-way ANOVA. *p <0.05, 

significantly different from Vehicle Ctrl.  
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Figure 3. 17 in-situ O2.- production in brain sections by detected by DHE.  

(A) Quantification of fluorescent intensity of DHE staining with (grey bar) or without 

(white bar) 10 mM tiron. The fluorescent intensity was calculated by measuring Mean 

Grey of DHE staining against the background using ImageJ 1.50i. 10-15 images used 

per section, three sections per mice and n=3 per group. Data are presented as Mean 

± SD. Statistical comparisons between two groups were made using one-way ANOVA. 

* p <0.05, significantly different from Vehicle. (B) Representative examples of in-situ 

O2.- production from brain cryosections of CD1 mice with (30 min post iv bolus, 

5 mg/kg) or without apocynin. 10 mM tiron was added before DHE as controls. Nuclei 

stained with DHE are in red. Images were obtained under a Nikon Eclipse Ti2-E 

inverted microscope with 20× magnification. 
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3.3.5 The effect of apocynin on reducing organ lipid peroxidation  

 Alongside the effect of apocynin in reducing O2.- production, its effect on lipid 

peroxidation was also investigated using MDA assay purchased from Sigma-Aldrich 

(UK) following the manufacturer’s instructions. In the brain, 1 min post iv bolus 

injection, apocynin was able to reduce lipid peroxidation to 67.4 ± 14.1 %, and the 

effect lasted until 60 min (74.4 ± 5.1 %) (Figure 3.18 A). In the liver, unlike its 

immediate effect on reducing O2.- production, a delay was seen in its effect in reducing 

liver lipid peroxidation. Figure 3.18 B shows a reduction of liver lipid peroxidation to 

65.4 ± 19.3 % 5 min post iv bolus injection compared to vehicle-only controls, and it 

maintained lesser until 30 min 63.4 ± 8.3 %. However, in the heart, cardiac lipid 

peroxidation generation was reduced to 65.3 ± 6.4 % at 5 min compared to the control 

and the effect lasted until 30 min (78.6 ± 6.8 %) (Figure 3.18 C). 
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Figure 3. 18 Lipid peroxidation by MDA assay in (A) brain, (B) liver and (C) heart.  

Tissue homogenates of CD1 mice were from 1 min to 6 h post iv bolus injection 

(apocynin, 5 mg/kg). Lipid peroxidation was determined by the reaction of MDA with 

TBA to form a colourimetric adduct, which is proportional to the MDA. Data are 

presented as Mean ± SD. Statistical comparison between the two groups was made 

using one-way ANOVA. *p <0.05, significantly different from Vehicle Ctrl. 
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3.3.6 The effect of apocynin on reducing brain O2.- production in 

dietary-induced middle-aged obesity murine model  

 The effect of apocynin in reducing organ oxidative stress was tested using an 

HFD-induced middle-aged obesity murine model, which was previously established 

(Du, Fan, Mai & Li, 2013). In that previous paper, the effect of diet-induced obesity on 

vascular Nox2 activity and endothelial dysfunction was examined using the aortas. In 

this study, I wanted to understand further the absorption and the ability of blood-brain 

barrier penetration of apocynin and how this would affect the O2.- production in the 

brain. The model set up method is described in section 3.2.2. The source of O2.- was 

further investigated using different enzymatic inhibitors.  The inhibitors included 250 

M oxypurinol (xanthine oxidase inhibitor), 50 M rotenone (mitochondrial 

respiratory chain inhibitor), 100 M L-NAME (a nitric oxide synthase inhibitor), and 

20 M DPI (a flavoprotein inhibitor). In addition, 200 U/ml PEG- SOD was also used 

to double-confirm the real level of O2.- instead of background noise.  

 Using the established HPLC-MS/MS quantification method (section 2.4), the 

apocynin concentration in the tissues from this middle-aged obesity model was 

determined. In the apocynin-supplied WT HFD group, apocynin concentration varied 

in different tissues. For example, in the liver, the maximum concentration detected was 

6,217 ng/g while in the brain, it was 7,013 ng/g. In the heart, it was lower than in the 

liver or brain, with the maximum reaching a level of 1,354 ng/g. Within the group, 

however, there were also variations. Three mice reached an apocynin liver 

concentration of 5,000 ng/g with minimum concentration detected 2,822 ng/g. In the 

brain, the concentration was detected, ranging from 3,823 ng/g to 7,013 ng/g. The 

detected apocynin tissue concentrations were shown in Figure 3.19 A. the O2.- level 



Page | 144  

 

detected in the brain in different groups demonstrated that compared to WT, HFD was 

able to induce a 2.9-fold increase of O2.- in the brain. While KO or apocynin treatment 

in drinking water was able to significantly reduce the effect to 26.6 % and 47.2 % of 

WT-HFD, respectively (Figure 3.19 B). The source of O2.- was also investigated. DPI, 

the flavoprotein inhibitor, significantly inhibited the production of O2.- to 18.8 % and 

SOD was able to catalyse the dismutation of O2.- to 37.1 % compared to saline-only 

vehicles with no other significant inhibitory effect from any other inhibitors,  which 

demonstrated the source of the elevated O2.- to be flavoprotein (which includes Nox2) 

(Figure 3.19 C).   
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Figure 3. 19 The effect of apocynin in dietary-induced middle-aged obesity murine 

model.  

(A) Apocynin concentration in the brain, heart and liver of WT-HFD, apocynin treated 

mice (B) O2.- level in the brain of WT and Nox2 KO-HFD, apocynin treated mice. (C) 

Effects of different enzyme inhibitors on O2.- production in the brain of HFD-induced 

middle-aged obesity murine model. n=6 per group. L-NAME: NG-nitro-L-arginine 

methyl ester, DPI, diphenyleneiodonium. PEG-SOD: polyethylene glycol-adsorbed 

superoxide dismutase, Vehicle: HBSS added as a control. Data are presented as Mean 

± SD. Statistical comparison between the two groups was made using one-way 

ANOVA. † p < 0.05, significantly different from Vehicle (WT HFD).  
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3.4 Discussion 

 In order to thoroughly understand the whole process of small-molecule PK 

analysis and tissue distribution, this study included the establishment of apocynin 

detection by HPLC-MS/MS, apocynin dosing regimen design, sample collection at 

designated time points, sample processing, apocynin concentration detection in 

different tissues, NCA and NLME modelling and ROS level measurement as an 

indicator of the effect of apocynin. As a well-established and studied Nox2 inhibitor, 

apocynin is an ideal compound to start learning the process of PK characterisation of 

small-molecule Nox2 inhibitors from scratch. For example, in this project, the detection 

method of apocynin was set up by referring to different methods and developing the 

one that suits this project the most.  

 The HPLC-MS/MS method was developed by referring to existing technologies 

in pieces of literature (Chandasana et al., 2015) (Wang et al., 2013). Phenacetin was 

chosen to be an internal standard, according to (Chandasana et al., 2015) based on its 

similarity to apocynin in terms of retention time and derivatisation. However, in that 

previous paper (Chandasana et al., 2015), they failed to retain apocynin and phenacetin 

very well (with less than 1 min retention time). Therefore, we developed a better HPLC-

MS/MS method by using two different choices of buffers with gradient elution. Choice 

one was isocratic mode with a mobile phase consisting of acetonitrile: 10 mM 

ammonium acetate buffer (pH = 4) (80:20) (result not shown here). Choice 2 was 

gradient mode with A) 480:20:0.38 water: methanol: ammonium acetate (v: v: w) and 

B) 20:480:0.38 water: methanol: ammonium acetate (v: v: w).  It was found that the 

gradient mode provided good retention and reasonable sensitivity. Compared to some 

methods that were published, our developed method has the following advantages. 1) a 

retention time that demonstrated actual interaction with the stationary phase; 2) a neat 
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and sharp chromatographic peak for quantification; 3) a reasonably high level of 

sensitivity down to 10 ng/ml.  

 PK analysis, including the dose (5 mg/kg) and sample collecting point, was also 

designed by referring to published work. Since the terminal half-life of apocynin in rats 

was around 4 min (Chandasana et al., 2015), the sampling time points in this study was 

specially designed. A wider range of time (1 min, 2.5 min, 5 min, 10 min, 15 min, 30 

min, 1 h, 3 h, 6 h, 12 h and 24 h) were designed to cover the short half-life following 

the rule of allocating reasonable spaced time both before and after half-life, unlike the 

published study which only collected the plasma samples from 5 min time point (later 

than their calculated half-life) (Chandasana et al., 2015). Sample processing using a 

protein crash method followed (Wang et al., 2013). However, there are also novelties. 

In this study, PK parameters of apocynin were characterised by NCA and then further 

analysed by an NLME regression model to investigate the volume of distribution 

changed in real-time, which makes it possible to predict the plasma concentration of 

apocynin at any time point t using C(t) = f (p, t). Additionally, this study characterised 

the apocynin tissue distribution in mice by measuring apocynin concentrations in brain, 

heart, liver homogenate and urine for the first time. 

 Although apocynin has long been studied as a Nox2 inhibitor, or an antioxidant 

agent as some studies claimed (Rosa et al., 2016), the emphasis has always been put on 

its effect in reducing oxidative stress in diseased animal models after the drug dosing 

completes. Real-time impact of apocynin concentration change after dosing or how the 

metabolism of apocynin affected its efficacy were largely ignored. As an example, in 

this study, both O2.- production and lipid peroxidation are reduced instantly after the 

treatment of apocynin yet the effect only lasted a short time (30 min for lipid 

peroxidation and 1 h for O2.- ) post iv bolus injection, which could be linked to the 
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extremely short terminal half-life, or fast metabolism of apocynin. Therefore, it is 

suggested that when using apocynin, the timing of dosing and experiment should be 

carefully planned and stated. 

 However, there are still several other problems. One is that in the 

chromatograms of apocynin detected in plasma brain and liver, there was a small peak 

appearing with slightly different retention time, roughly 1 min after apocynin. This 

peak, by definition, had the same parent ion MS1 (m/z) and daughter ion MS2 (m/z). 

However, since the difference in retention time (1 min) is big, this peak is identified as 

unspecific. However, in the blank controls of plasma brain and liver (with saline-

injected), it also appeared. Therefore, it can be discounted from analysis and of having 

any relevance with apocynin treatment.  

 The other issue is that the terminal half-life of apocynin was calculated to be 

rather short, i.e. 3.5 min, which is in line with other studies using apocynin iv bolus 

injection in rats (Chandasana et al., 2015). The short half-life might be attributed to its 

small molecular weight and simple structure. One problem with the extremely short 

half-life is that it would be tough to design the dosage regimen clinically. In addition to 

the PK data obtained, the concentration and effect of apocynin in HFD murine heart 

were also tested to investigate if a short half-life would have a significant effect. When 

apocynin was supplied in drinking water, it was discovered that the detected apocynin 

concentrations in different types of organs varied, which fit in the findings from the 

tissue distribution in the apocynin PK study. With the same type of organ, there was a 

difference in the detected apocynin concentration, and this could probably attribute to 

the short half-life of apocynin. However, the effect in reducing brain O2.- seemed 

promising, with a reduced O2.- generation of (47.2 ± 20.2) % (p = 0.04). The result is 

in line with the result in section 3.3.4 that apocynin in the brain could last 1 h after iv 
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bolus injection (supposedly the apocynin effective time does not change with different 

administrative route).  To resolve the problem of having a very short half-life, recently 

mito-apocynin became available, with a longer half-life and increased mitochondrial 

permeability due to its triphenylphosphonium moiety. It was discovered to be efficient 

in reducing oxidative damage in diseased models of neurodegenerative diseases such 

as Parkinson’s (Dranka et al., 2014; Ghosh et al., 2016; Langley et al., 2017). 

Intriguingly, both studies on apocynin using the CD1 mice and the HFD-

induced model with metabolic disorder showed an accumulation of apocynin 

concentration in the brain. One limitation of this study is that the BBB permeability and 

efflux of apocynin were not investigated. One future experiment could involve 

permeability studies using Madin-Darby canine kidney strain II cells (MDCKII) 

transfected with multi-drug resistance gene (MDR1) or breast cancer resistance protein 

(BCRP), in combination with different efflux transport inhibitors to investigate the 

uptake and/or efflux transporter involved in this procedure. Apocynin also showed a 

high renal clearance, which is an advantage of apocynin to inhibit renal oxidative stress. 

During the use of apocynin in the HFD-induced mouse models with metabolic 

disorders, indexes on the kidney function should be provided. In the case of renal failure 

and dysfunction, apocynin dose needs to be carefully adjusted to achieve desired PK.  

In conclusion, this study characterised the non-compartmental and 

compartmental PK and the effect of apocynin as a Nox2 inhibitor in vivo by designing 

dosing regimen in mice and established a better method for apocynin extraction and 

detection in different murine tissue organs. After iv bolus injection, apocynin rapidly 

distributed to different organs including the brain and had a significant effect on 

reducing ROS production until 1 h (as detected by lucigenin chemiluminescence, DHE 

fluorescence for O2.- production and MDA assay for lipid peroxidation). This study 
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investigated the in vivo metabolism of apocynin in real-time, looked at the period the 

effect could last and provided insights into the dosing regimen and future modification 

of apocynin.  
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Chapter 4 

Chemical Properties and in vivo Pharmacokinetic (PK) Analysis 

of LMH001 by HPLC-MS/MS 

4.1 Introduction 

 There are two types of Nox inhibitors: small-molecule inhibitors and peptide-

based inhibitors, whose functions and limitations are discussed in section 1.6. Current 

available small-molecule Nox inhibitors include apocynin and its derivatives, DPI, 

ML171, ebselen, Gkt136901, VAS3947, Fulvene-5, and celastrol. These inhibitors 

have some disadvantages, including the high potential cytotoxicity (ebselen) 

(Augsburger et al., 2019), adverse activation of stress-related intracellular signalling 

pathways (Kucera et al., 2016b), unfavourable inhibition of other enzymes (celastrol 

and ML171) (Altenhofer et al., 2015)  and the possibility to scavenge O2.- (apocynin, 

ML171, ebselen, and Gkt136901) (Altenhofer et al., 2015; Heumuller et al., 2008) or 

excessive interactions with another source of ROS (DPI) (O'Donnell et al., 1993; Wind 

et al., 2010). More importantly, during the initial drug discovery stage, the primary 

focus for the biomedical and biochemistry labs is usually the mechanism and effect of 

the target drug in vitro, and there is a lack of preclinical pharmacological in vivo studies 

such as pharmacokinetic and pharmacodynamic (PKPD) and pharmacotoxicology 

(drug safety) investigations on most of these compounds. For instance, the PK or safety 

profile of Fulvene-5 has never yet been characterised ever since it was proposed as a 

potential Nox4 inhibitor in 2009 (Altenhofer et al., 2015; Bhandarkar et al., 2009). As 

a result, many developed Nox inhibitors get stuck in the early discovery stage. 

Therefore, there are needs for the improvement in Nox-inhibitor discovery processes 

and the development of more specific Nox inhibitors. The investigations on the PKPD 
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characterisation of these novel inhibitors would act as a bridge to bring the lab-

developed potential inhibitors to the clinical settings.    

 LMH001 was newly developed by my PhD supervisor Professor Jian-Mei Li 

and her research team while she was working at the University of Surrey. It is a 

representative molecule of a group of bi-aromatic and tri-aromatic compounds for Nox2 

inhibitors (Patent No. WO 2013/038136 Al). LMH001 was developed based on the 

first-hand results obtained from the study on the Nox2 activation mechanism. The group 

(Meijles et al., 2014) discovered that during Nox2 activation, the phosphorylated 

p47phox was able to bind to the PRR region of p22phox through the exposed SH3 pockets 

(formed by SH3A and SH3B on p47phox), and LMH001 was able to disrupt this process 

by competitively binding to the SH3 pockets of p47phox. Theoretically, binding of 

LMH001 to p47phox would only happen after the activation of p47phox, since the 

exposure of the binding site requires breakage of the H-bonds linking C-terminus and 

AIR. This unmasking of the SH3 pocket is only possible after the p47phox 

phosphorylation at Ser379 (Yuzawa et al., 2004).  

 In vitro toxicity tests of LMH001 showed no cytotoxicity to different cell types 

with a dose up to 2901 ng/ml (10 M) for 24 h and in vivo studies showed no toxicity 

on bone marrow hematopoietic stem cell (BMHSC) proliferation from 5-month old 

mice with a dose of 3 mg/kg/day by intraperitoneal (ip) injection lasting for two weeks. 

However, previous studies focused on in vitro toxicity and functions of LMH001, yet 

did not address its chemical properties or the PK characters. PK evaluation of a drug 

candidate is a crucial part of drug discovery. Therefore, this study aimed to fill the gap 

in the development of LMH001 by characterising its chemical and PK properties and 

propose possible future work that could be done to improve its efficacy during this 

initial stage of the drug development. 
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4.1.1 Aims and objectives 

 This chapter aims to preliminarily characterise the chemical properties and 

preclinical PK properties of LMH001 as a Nox2-inhibitor. Specifically, there are five 

objectives in total: 

 1. To examine the chemical properties of LMH001 using ChemDraw 

Professional 19.0; 

 2. Based on the chemical properties, to develop methods for LMH001 

extraction, detection and quantification in biological samples using HPLC-MS/MS 

method; 

 3. To characterise pre-clinical PK properties of LMH001 by iv administration 

(bolus, 10 mg/kg) to male CD1 mice (12 weeks of age); 

 4. To investigate the change of LMH001 under different pH conditions. 

 

  



Page | 154  

 

4.2 Materials and methods 

4.2.1 Chemical properties and fragmentation analysis of LMH001 

 The chemical properties of LMH001, including boiling point, LogP, tPSA, pKa 

were analysed by inputting the structure of LMH001 into ChemDraw Professional 19.0 

(PerkinElmer, United Kingdom). The possible fragmentation of LMH001 by the mass 

spectrometry in negative ionisation mode was analysed by Mass Frontier™ 8.0 

(ThermoFisher Scientific, USA). 

4.2.2 Chemicals and reagents  

 LMH001 (powder, purity ≥ 99.0) was synthesised by Tocris Biosciences, UK. 

Unless otherwise specified, most chemicals of the appropriate grade were purchased 

from either Sigma-Aldrich or Fisher Scientific (HPLC-MS grade for HPLC-MS 

analysis; gas chromatography-mass spectrometry (GC-MS) or HPLC grade for samples 

processing and other experiments). All the reagents used in this study are listed in 

Appendix I. The equipment used for different experiments, including HPLC-MS/MS is 

listed in Appendix III unless stated explicitly in this chapter (such as GC-MS). The 

suppliers of other consumables such as syringes and HPLC vials are listed in the text.  

4.2.3 Animal model 

 Information on the standard housing conditions and detailed procedures on the 

handling of the CD1 mice used for this study are described in section 2.2. For PK 

analysis, CD1 male mice at 12-week of age were used, and the experimental procedure 

was the same as apocynin PK analysis with minor changes.   

 On the day of the experiment, the LMH001 injection solution was freshly 

prepared by firstly dissolving LMH001 (145 mg/ml) in DMSO, and then further 

diluting with 1:72.5 dilution factor (v/v) in ultrapure water to achieve a final LMH001 
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concentration of 2.0 mg/ml. With the same non-invasive mouse restraint (shown in 

Figure 3.1 A), 2.0 mg/kg LMH001 was administered using a 0.5 ml 0.33 mm (29G) × 

12.7 mm Micro-Fine Insulin Syringe (BD, UK) via a lateral tail vein (Figure 3.1 B). In 

parallel, the same volume of diluent used for LMH001 as control vehicle was injected 

to the control group. At least six mice per time-point were used. 

 After iv bolus injection of LMH001, mice were sacrificed at 1 min, 2.5 min, 5 

min, 10 min, 20 min, 30 min, 60 min, 180 min, 360 min, 720 min and 1440 min. The 

collected tissues were processed, as described in section 2.3.1. In summary, the 

workflow can be illustrated in Figure 4.1. 
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Figure 4. 1 Design and workflow of PK characterisation of LMH001. 

4.2.4 Calibration standards preparation 

 For the HPLC-MS/MS detection and quantification method development, 

calibration standards of LMH001 were first prepared by dissolving 145 mg compound 

in DMSO and diluted to 1 mg/ml by the diluent (water, LC-MS grade), and then sub-

diluting to 1, 5, 10, 50, 100, 1000, 5000 and 10,000 ng/ml. The calibration standards 

were used to establish the HPLC-MS/MS detection method, i.e. selecting mobile 
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phases, running method and column, plasma protein binding, and running along with 

the samples as external standards. 

4.2.5 HPLC-MS/MS methods for detecting LMH001 

 The HPLC-MS/MS instrument in negative ionisation mode and the column for 

apocynin detection was also used in the LMH001 study (details listed in section 2.4.1).  

Mobile buffers were changed to mobile phase buffers (A) 0.1% formic acid in water (v: 

v) and (B) 0.1% formic acid in acetonitrile (v: v), with a gradient as follows: held on 

5% B during the start and between 0 min and 8 min ramped up to 80% B; hold for 1 

min and from 9 min to 10 min, dropped back down to 5% B and held on this for 2 min; 

the flow rate was 200 µL/min throughout. The autosampler was maintained at 20°C and 

the column at 25°C. Data were collected between 2 – 12 min. Using this method, 

LMH001 was able to be detected from plasma and urine processed in this study and 

produce distinctive single and symmetrical peaks between 4.6 - 4.8 min.  

 For the quantification of LMH001, selected transition, at m/z, was: 289.0 → 

167.0 ± 5.0, for better selectivity and a more reliable result. Good linearity was found 

in the range of 5 – 10,000 ng/ml in the biological matrices. The quantification method 

used for LMH001 was similar to apocynin (shown in section 2.4.2) except for opting 

out the calibration by an internal standard and was calibrated by external standards at 

1-10,000 ng/ml calibration samples (pooled plasma or urine). External calibrations 

were used to minimise the possible interaction between a selected internal standard and 

LMH001. External standards have been proven to be an acceptable method for 

quantifying HPLC-MS/MS results (Farthing et al., 1992; Pigini, Cialdella, Faranda & 

Tranfo, 2006), provided that the individual matrix effect could be ignored.  
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4.2.6 Method for extracting LMH001 from plasma and urine  

 Since LMH001 is a novel candidate for Nox2 inhibitors developed by Prof. Jian-

Mei Li in this lab, there were no suitable extracting methods that could be adopted 

directly. By comparing to the extraction method for apocynin and an extensive literature 

search, it was learnt that LMH001 has a polyphenolic structure, which is similar to 

naturally occurring polyphenols, stilbenes, found in the plant as secondary metabolites 

(Quideau et al., 2011). Since stilbenes, such as resveratrol, piceatannol and pinosylvin 

have been extensively studied as potential anti-cancer (Jang et al., 1997) or oxidative 

stress drug candidates (Li et al., 2004), the methods for extracting stilbenes in the PK 

studies were referred to during the set-up of LMH001 extracting method.  

 By referring to (Zhang et al., 2019) and adapting to local conditions, a method 

which showed high recovery rate and generated a satisfactory peak of LMH001 in 

plasma and urine was employed. The method is as follows. First, 5 l of LMH001 

standard (with the appropriate concentration (40 – 400,000 ng/ml), for the calibration), 

or water, for the samples, was spiked into 100 l plasma or 20 l urine diluted in 80 l 

water. Then the mixture was vortexed for 30 s. 100 l HCl (60 mM) followed by 800 

l ethyl acetate was added to extract LMH001 and crash the proteins (extraction buffer 

pH=1.52, ethyl acetate separated from aqueous layer). The mixture was then vortexed 

for 3 min before centrifuging at 10,000 rpm for 10 min. The upper organic layer (800 

l) was taken out as much as possible and evaporated to dryness using a stream of 

nitrogen at room temperature. The residue was reconstituted using 100 l methanol and 

100 l mobile phase A (0.1% formic acid in water) as the final analyte. The analyte was 

then put into an insert (Merck, catalogue No. 27400-U) before putting into an amber 
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glass vial (Supelco, catalogue No. 27087-U). The sample processing procedure is 

illustrated in Figure 4.2. 

 

Figure 4. 2 Workflow of LMH001 extraction from different biological samples for 

HPLC-MS/MS analysis. 
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4.2.7 Plasma protein binding 

 Before the PK analysis, the plasma protein binding was determined (Buscher et 

al., 2014; Lambrinidis, Vallianatou & Tsantili-Kakoulidou, 2015). Plasma from 6 mice 

was pooled to examine the plasma protein binding of LMH001 at 10, 50 and 1000 

ng/ml. The experiment was performed in duplicates.  For each replicate, a small volume 

of 1.0 g/ml or 10.0 g/ml LMH001 (less than 5 l) was used to form a final 

concentration at 10, 50 and 1000 ng/ml. 200 l pooled plasma was used as the 

experimental groups, and 200 l water was used as controls. After loading the samples, 

the samples were incubating at 25 ℃ on an orbital shaker at app. 250 rpm for 1 h before 

processing 100 l samples using 100 l methanol and 60 l Acetonitrile to precipitate 

the proteins at pH = 3 and then for analysis by HPLC-MS/MS.  

 The concentration of apocynin in the plasma was determined by the peak areas 

(AUC) relative to the water control (LMH001 dissolved 145 mg/ml in DMSO and then 

sub-diluted to the relative concentration in water). The percentage of apocynin bound 

was calculated as follows: 

%Free = (concentration detected in the plasma chamber/the water control) × 100% 

%Bound = 100% - %Free 

4.2.8 The detection of LMH001 in simulated gastric and intestinal 

fluids   

4.2.8.1 Simulated gastric and intestinal fluids  

 The change of LMH001 concentration was examined in water (LC-MS grade), 

fasted state simulated intestinal (FaSSIF) and gastric fluids (FaSSGF) by dissolving 

LMH001 in the relevant solutions to 3,000 ng/ml and incubating at a 37 ℃ water bath 
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for 0, 10, 30, 60 and 120 min. The final concentration of LMH001 was detected by the 

established HPLC-MS/MS method after the incubation. The recipes for fasted state 

simulated intestinal and gastric fluid are listed in Table 4.1 A and B (Klein, 2010). 

Both intestinal and gastric fluids were stored at 4 ℃ and used within two weeks. 

Table 4. 1 Recipe for the fasted state simulated intestinal (FaSSIF) and the fasted state 

gastric intestinal (FaSSGF). 

(A) FaSSIF 

Composition Concentration 

sodium taurocholate 

(mM) 3 

lecithin (mM) 0.2 

maleic acid (mM) 19.12 

sodium hydroxide 

(mM) 34.8 

sodium chloride 

(mM) 68.62 

pH 6.5 

 

(B) FaSSGF 

Composition Concentration 

sodium taurocholate 

(µM) 80 

lecithin (µM) 20 

pepsin (mg/mL) 0.1 

sodium chloride 

(mM) 34.2 

hydrochloric acid pH 1.6 

pH 1.6 

4.2.8.2 Gas chromatography-mass spectrometry (GC-MS) analysis of 

LMH001 

 To investigate the possible change of LMH001 in the simulated intestinal fluid, 

alongside the HPLC-MS/MS, GC-MS was also used for the analysis. GC-MS was 

carried out at Mass Spectrometry Facility (Waterloo), King’s College London with Dr 
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Francesca Mazzacuva. The analytes were prepared by diluting LMH001 stock in 

methanol (as control), gastric fluid (pH = 1.6) and intestinal fluid (pH = 6.5) to form a 

final LMH001 concentration of 1.45 mg/ml.  10 l analytes (from water, simulated 

gastric and intestinal fluid) were taken before and after a 60 min incubation at 37 °C 

for GC-MS analysis.  

 For the derivatisation of LMH001, N,O-Bis(trimethylsilyl)trifluoroacetamide 

and trimethylchlorosilane (BSTFA + TMCS, 99:1) (Catalogue No. 33154-U, Sigma-

Aldrich, UK) was used as a derivatisation reagent. 10 l sample was taken before and 

after the incubation and was dried using Concentrator Plus Complete System 

(Eppendorf, UK). 50 l BASFA + TMCS was then added, and the mixture was 

incubated at 60 °C for 30 min in darkness to allow the silylation to complete. For the 

analysis, instead of looking at an MW of 290.27 Da, the MW changed to 578.24 Da. 

Figure 4.3 shows the structural change of LMH001 before and after the derivatisation.  

 

Figure 4. 3 Possible structural change of LMH001 after the derivatisation by BSFTA + 

TMCS.  

BSTFA: N, O-Bis(trimethylsilyl)trifluoroacetamide; TMCS: trimethylchlorosilane; 

used as derivatisation reagent to increase the volatility and thermal stability of LMH001 

for GC-MS study. 

GC used was an HP6890 Series GC System Plus+ (Agilent Technologies, U.S.), 

MS used was a 5973 Mass Sensitive Detect (Agilent Technologies, U.S.) and the 
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autosampler was an Agilent 6890 series injector. The column used was DB-5MS (30 m 

× 0.250 mm, 0.25 m film in diameter). The whole unit is shown in Figure 4.4. The 

injection volume was set to 1 l, splitless mode and the carrier gas used was Helium. 

The heater was set at 280 °C, the pressure was 7.6 psi, and the total flow was 1.30 

ml/min. The oven was set as follows: starting from 50 °C for 1 min, then increasing the 

temperature to 320 °C at a speed of 10 °C/min (27 min) and after reaching 320 °C, 

holding for another 10 min. The total run time was 38 min. The solvent delay was set 

at 5 min, and the acquiring mode was scan. The scan started from 5 min, and the range 

was set from 33 m/z to 800 m/z. The ionisation method was electron impact ionisation 

(EI), with the energy of the electron to be 70 eV. 

 

Figure 4. 4 HP (Agilent) 6890-5973 GC-MS System.  

4.2.9 PK analysis of LMH001 

 The profiles of LMH001 concentrations in murine plasma versus time were 

subjected to NCA (1-30 min) analysis using the simulation software including 

Comprehensive R Archive Network (R 4.0.1) (RStudio 1.3 as the platform) with a 

package called PKNCA (Obianom et al., 2020) and Phoenix WinNonlin 8.1. The basic 
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PK parameters were also calculated according to (Gabrielsson, Weiner & Gabrielsson, 

2006).  

 The plasma concentration of LMH001 from 1 min to 3 h model was also 

subjected to non-linear mixed-effect model (NLME) for compartmental analysis by 

Phoenix WinNonlin to incorporate the fixed effect with random effect.  
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4.3 Results 

4.3.1 Chemical properties of LMH001 

 Chemical properties of LMH001 such as LogP, tPSA, LogS and pKa were 

predicted using ChemDraw Professional 19.0 (PerkinElmer, United Kingdom) based 

on its structure. Relevant chemical properties are listed in Table 4.2.  

Table 4. 2 Chemical properties of LMH001. 

Property Value 

Boiling Point       993.4 [K] 

Melting Point 761.98 [K] 

Critical Temperature 936.89 [K] 

Critical Pressure 46.47 [Bar] 

Critical Volume 752.5 [cm3/mol] 

Gibbs Energy  -620.44 [kJ/mol] 

Log P 1.84 

MR 74.73 [cm3/mol] 

Henry's Law 20.28 

Heat of Formation  -892.78[kJ/mol] 

tPSA  107.22 

Log S -3.197 

pKa 8.692, 8.913, 14.858, 15.367 

 

According to the definitions (Wells, 1988), the boiling point is the boiling point 

for the structure, reported in Kelvin (K) at 1 atm. Melting point is the melting point for 

the structure, reported in Kelvin at 1 atm. Critical temperature indicates the temperature 

above which the gas form of the structure cannot be liquefied, no matter the applied 

pressure, reported in Kelvin. Critical pressure is the minimum pressure that must be 

applied to liquefy the structure at the critical temperature, reported in bars. Critical 

volume is the volume occupied of a fixed substance at the critical temperature and 

pressure, reported in cm3/mol. Gibbs Energy is used for the potential of a 

thermodynamic system, defined by the amount of work that can be done to a system 

without its expansion.   
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 Log P and tPSA are two parameters that would affect the absorption, 

distribution, metabolism and elimination (ADME) of a drug. LogP is an indicator for 

lipophilicity, calculated by ChemDraw 19.0 (Perkin Elmer) in Table 4.2, and it shows 

the level of the unionized compound at an equilibrium between organic and aqueous 

phase. A drug with Log P > 5 is considered to have high lipophilicity and is associated 

with fast metabolic rate, low solubility and low rate of oral absorption (Qiu et al., 2017). 

tPSA is the topological polar surface area and is also related to the accessibility of the 

molecule to the solvent (Ali et al., 2012). Both Log P and tPSA are also used to calculate 

the potential of a compound to penetrate the CNS, defined as log BB (Geldenhuys et 

al., 2015; Pajouhesh & Lenz, 2005). The well-recognised equations for calculating log 

BB (explained in section 3.3.2) are: 1) Clark’s equation: log BB = 0.152logP - 

0.0148tPSA + 0.139 (Clark, 1999) and 2) Rishton’s log BB = 0.155logP - 0.01tPSA + 

0.164 (Rishton et al., 2006). 

 MR is for molar refractivity, which measures the polarisability of one mole of 

a molecule. Henry’s law is the inverse of the logarithm of Henry's law constant (H), [-

log (H)]. Henry’s law describes that a gas substance could be dissolved in a liquid, and 

the degree of dissolution is proportional to the partial pressure above the liquid (Chiou, 

2002). The heat of formation is used for the structure to indicate a change of enthalpy 

when one mole of the substance is formed from all its constituent elements (under 

normal states), reported in kJ/mol at 1 atm and 298.15K. 

 Like Log P, Log S also demonstrates the partition coefficient. It measures the 

solubility of a substance in mol/L water. Log S is also a critical parameter in drug 

development, and 85% of the drugs have a log S between -1 to -5 (Noordik, 2004). 

 pKa is the negative logarithm of the acid dissociation constant Ka. The lower 

of a pKa value, the more likely the hydrogen ions of the substance dissociate in water. 
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Therefore, the lower the pKa value(s) of a substance, a stronger acid a substance is. pKa 

can affect the extraction method of a compound as a drug candidate from different 

biological matrices during the preclinical studies and clinical trials (Cranwell, Harwood 

& Moody, 2017).  

 

 The pKa of LMH001 is marked in Figure 4.5, with a 3D structure of LMH001 

created by Chem3D 19.0 (PerkinElmer, United Kingdom). ChemOffice 19.0 calculates 

pKa based on the structure of the molecule, and since four potential groups can be 

ionised, four pKa values, each for one ionisable functional group, were presented. 

However, by using a traditional titration method, possibly less than four pKa values 

would be generated. The calculated pKa result indicates that primarily at a low pH, 

LMH001 would be neutral, and as the pH increases to around pH = 8.5 to 9.0, LMH001 

would be ionised due to one of the phenol -OH groups losing H+, and a further phenol 

-OH group would then lose the H+ at a slightly higher pH (still around 8.5 – 9.0). 

However, although the other two ionisable groups are marked with pKa values by 

ChemOffice 19.0, further ionisations are hard to predict because of the building up 

electrostatic effects on such a small molecule as LMH001. 
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Figure 4. 5 3D structure and the pKa values calculated by ChemOffice 19.0. 

 Since LMH001 is a polyprotic acid which means more than one H+ can be 

ionised, the apparent dissociation of LMH001 in the blood was also calculated. In the 

blood, pH = 7.2 and is not changed after the iv bolus. Therefore, the final pH was 7.2 

after 2 mg/ml LMH001 was injected. Since the volume of blood in the mouse is 80 

ml/kg, and the intial dose of LMH001 is 10 mg/kg, the initial concentration of LMH001 

= (initial dose/volume of blood)/(molecular weight of LMH001) = (10000000 ng/kg) / 

(80 ml/kg) / 290.076 × 109 ng/mol × 103 = 505.96 × 10-6 M. Using the definition of pKa 

(Greco, Rickard, Weiss & Petrucci, 2007), the final apparent pKa of LMH001 in the 

blood with the current dosage can be calculated as following: 

In the blood: LMH001 + H2O    ↔      H3O
+ + LMH001- 

Initial concentration   505.96 × 10-6 M    0       0 

Change in concentration   - x  + x     + x 

Equilibrium concentration  (505.96 × 10-6 - x) M    x       x 

According to the definition of pH: [H3O
+] = 10-pH  

    -pH = log [H3O
+] = -7.2 

[H3O
+] = 10-7.2 = 6.31 × 10-8 = x 

x represents the disassociation in concentration of LMH001 (unit: M). According to the 

definition of Ka, Ka = [H3O
+] [LMH001-]/[LMH001] = x2/ (505.96 × 10-6 -x) = 3.89 
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×10-15/5.0×10-6 = 7.72 × 10-10, therefore, the apparent association of LMH001 in the 

blood is 9.11. 

4.3.2 Predicted fragmentation pattern of LMH001 

 The proposed fragmentation of LMH001 in HPLC-MS/MS in the negative 

ionisation mode was firstly predicted by Mass Frontier™ 8.0. Analysing the possible 

fragmentation of LMH001 helped with the understanding of the preliminary HPLC-MS 

full scan results. The fragmentation analysis was also instructive in establishing HPLC-

MS/MS selective-reaction-monitoring (SRM) quantification method. The result of the 

predicted fragmentation is shown in Figure 4.6.  

 

Figure 4. 6 Proposed fragmentation pattern of LMH001 in negative ionisation, result 

from Mass Frontier™ Spectral Interpretation Software. 
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4.3.3 Development of HPLC-MS/MS method for LMH001 detection 

 First, the HPLC-MS method for apocynin, shown in section 2.4 (using the same 

running buffer, column as apocynin and in negative ionisation mode) was tested, yet no 

peak was detected in the LMH001 (1,000 ng/ml) calibration samples. After several 

trials, a method using mobile phases of 0.1% formic acid (v: v) in A) water and B) 

acetonitrile, the same column (reversed-phase 50 × 2.1 mm ID, 1.9 m particle, 175 Å 

pore C18 Hypersil Gold column (Thermo Scientific, USA)) and in negative ionisation 

mode were found to be appropriate for LMH001 detection. Using the LMH001 

extraction method, as discussed in section 4.2.6, along with the detection method, 

satisfactory peaks of LMH001 in mobile phase A, plasma and urine were able to be 

generated. Figure 4.7 shows the representative selected-reaction-monitoring (SRM) 

HPLC-MS/MS chromatograms of 500 ng/ml LMH001 in (A) mobile phase buffer A 

(control), (B) plasma, (C) urine. 
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Figure 4. 7 Representative selective-reaction-monitoring HPLC-MS/MS 

chromatograms of LMH001 in mobile phase A in negative ionisation mode. 

 The developed method was also used to test the limit of detection (LOD), the 

limit of quantification (LOQ) and linearity of LMH001 using the new extraction 

method in the plasma. The same as apocynin, the limit of detection was calculated using 

the equation: LOD = 3.9 × SDblank/Slope of standards and was 2.13 ng/ml and the LOQ 

= 3 × LOD = 6.38 ng/ml. As a local practice, values whose CV (Coefficient of variation, 

calculated as the ratio of standard deviation versus the absolute value of mean) above 
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15 % (marked in % in Figure 4.8) were also ruled out for quantification. Good linearity 

was found between 5-10,000 ng/ml, as is shown in Figure 4.8.   

 

Figure 4. 8 Linearity of LMH001 quantification by HPLC-MS/MS.  

The curve was constructed using calibration levels of LMH001 at 0.1, 0.5, 1.0, 5.0, 

10.0, 50.0, 100.0, 1,000.0 and 10,000.0 ng/ml in the plasma using the ethyl acetate- HCl 

extraction method and HPLC-MS/MS described. Each sample was measured in 

triplicate, and an average of the three measurements was used for constructing the 

curve. CV marked as (%) is presented below the calculated amount. 

4.3.4 Plasma protein binding of LMH001 

 Plasma protein binding is an indication of an pharmacodynamically effective 

drug that is unbound and available to circulate and distribute to the sites of effect, and 

it can also affect the rate of clearance of a drug in the body (Roberts, Pea & Lipman, 

2013; Yan & Caldwell, 2004). In murine plasma, measured using the method described 

in 4.2.7, the plasma protein binding of LMH001 had a %bound of 73.99 ± 5.09 % at 10 

ng/ml, 88.75 ± 1.45 % at 50 ng/ml, and 86.05 ± 4.40 % at 1000 ng/ml (Table 4.3). These 

data are instructive in linearity studies of the LMH001 dosage regimen. 
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Table 4. 3 Plasma protein binding of LMH001 in murine plasma.  

LMH Conc. (ng/ml) % Bound 

10 73.99 ± 5.09 

50 88.75 ± 1.45 

1000 86.05 ± 4.40 

  

4.3.5 The detection of LMH001 in simulated gastric and intestinal 

fluids   

  The remaining concentration of 3,000 ng/ml LMH001 in simulated gastric fluid, 

simulated intestinal fluid and water was measured by HPLC-MS/MS after 0, 10, 30, 60, 

90 and 120 min at 37 °C. It was shown in Figure 4.9 that in the gastric fluid, at 30 min, 

the concentration of LMH001 dropped to 72.7 ± 0.4 % but maintained relatively stable 

(ranging from 72.7 ± 0.4 % to 92.7 ± 1.1 % compared to 0 min). However, in the 

simulated intestinal fluid, the detectable LMH001dropped quickly to 10.1 ± 0.2 % at 

10 min, 1.4 ± 0.1 % at 30 min and eventually reduced to 0.2 ± 0.0 % at 60 min and 

maintained at 0.2 % level. The concentration of LMH001 in the water was also 

measured as controls. LMH001 in the water dropped to 59.0 ± 0.7 % at 10 min, and 

further decreased to 0.9 ± 0.2 % at 60 min and remained at 0.2 ± 0.1 % after that.  
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Figure 4. 9 Detected LMH001 in different fluids.  

Fluids including simulated gastric fluid (pH = 1.6), simulated intestinal fluid (pH = 6.5) 

and water (pH = 6.8), detected by HPLC-MS/MS, measured as the percentage 

remaining after an incubation at 37 °C for 0, 10, 30, 60, 90 and 120 min. 

 The decrease of LMH001 detection against time at 37 °C was investigated using 

GC-MS. Figure 4.10-Figure 4.12 shows the GC results of the LMH001 analysis in 

simulated intestinal, gastric fluid and methanol (as a control). As is shown in Figure 

4.10 A, the chromatograms of LMH001 in the simulated intestinal fluid at time 0 of the 

incubation showed three distinctive peaks with retention times of 11.00 min (denoted 

as peak 1), 18.43 min (denoted as peak 2) and 26.64 min (denoted as peak 3). Figure 

4.10 B also showed three distinctive peaks with retention times of 11.05 min (same as 

peak 1, with similar retention time), 15.63 min (denoted as peak 4) and 18.45 min 

(denoted as peak 3, as distinguished by retention time). The decreasing abundance of 

peak 3 and the increasing abundance of peak 4 could be related to the change of 

LMH001.  
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Figure 4. 10 Representative chromatograms of LMH001 in fasted state simulated 

intestinal fluid (FaSSIF) before and after 60 min.  

A. Blank simulated intestinal fluid; B. LMH001 detected at time 0; C. LMH001 

detected after 60 min.  

 Chromatograms from the LMH001 in gastric fluid both before and after 1 h 
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incubation at 37 °C (Figure 4.11) showed two distinctive peaks 1) at 18.43 min and 

18.43 min (peak 2) and 2) at 21.64 min and 21.65 min (peak 3), indicating no changes 

of LMH001 in the gastric fluid, as detected by HPLC-MS/MS.  
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Figure 4. 11 Representative chromatograms of LMH001 in fasted state simulated 

gastric fluid (FaSSIF) before and after 60 min.  

A. Blank simulated gastric fluid; B. LMH001 detected at time 0; C. LMH001 detected 

after 60 min.  
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 Chromatograms of LMH001 in methanol (as control) were shown in Figure 

4.12. The same as LMH001 in simulated gastric fluid, peak 2 and peak 3 was detected.  

 

Figure 4. 12 Representative chromatograms of LMH001 in methanol before and after 

60 min.  

A. LMH001 detected at time 0; B. LMH001 detected after 60 min.  
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4.3.6 LMH001 distribution in the plasma and urine 

 As discussed in the apocynin PK study, the same absorption, distribution, 

metabolic and elimination rate were assumed among these CD1 mice used for LMH001 

PK study (section 3.3.2). Using the established HPLC-MS/MS and LMH001 extracting 

method, concentrations of LMH001 in the plasma and urine of the CD1 mice, collected 

at designated time points were measured after iv bolus injection at a dose of 10 mg/kg 

(results are shown in Figure 4.13).  

 Plasma concentration of LMH001 reached 27,271.79 ± 9,186.93 ng/ml at 1 min 

after the iv bolus, and declined to 9,630.83 ± 3792.06 ng/ml at 2.5 min; at 10 min it was 

detected at 780.87 ± 192.55 ng/ml and then decreased to 10.47 ± 4.51 ng/ml at 30 min 

and 3 h, it was 6.71 ± 4.64 ng/ml. The LOD was 7.054 ng/ml, and the LOQ was 21.16 

ng/ml (Uhrovcik, 2014). 

 The urine was reported after 5 min since it was not detected at the first two time 

points. The concentration was detected at 1,318.52 ± 749.43 ng/ml at 5 min and at 20 

min it peaked at 18,213.69 ± 10,751.33 ng/ml. It then decreased to 327.31 ± 200.11 

ng/ml at 30 min and dropped to 26.02 ± 20.54 ng/ml 3 h after iv injection. The limit of 

detection was 1.86 ng/ml, and the limit of quantification was 5.58 ng/ml, calculated 

using the same method as with plasma. 
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Figure 4. 13 Kinetic changes of LMH001 from 1 min to 24 h post iv bolus (10 mg/kg) 

in male CD1 mice (12-week of age, 26-30 g) in plasma and urine (from 5 min to 24 h). 

 Three detections per mouse sample were performed, and six mice per group were used. 

An average concentration of LMH001 at one time-point per sample was first calculated, 

and the error bars were then calculated using the standard deviation (SD) of different 

mouse samples at one time-point in one biological fluid. Data presented as Mean ± SD. 

4.3.7 Characterisation of LMH001 PK parameters by non-

compartmental analysis (NCA) and non-linear mixed-effects (NLME) 

model 

4.3.7.1 NCA analysis by R 4.0.1 

 The detected LMH001 concentration in the plasma (1 – 30 min, r2 defined to be 

≥ 0.900, sparse sampling selected, n = 6 per timepoint) were subjected to non-

compartmental analysis by R 4.0.1 on the RStudio 1.3 platform with the PKNCA 

package. Figure 4.14 shows the R Script details (A) and Console output (B). Table 4.4 

shows the curve fit (r2 and adjusted r2, half-life (t1/2) and Kel) and parameter calculated 



Page | 181  

 

by R, including AUC0-30min, AUC0-∞, and predicted AUC0-∞ (AUC0-∞(pred)). Secondary 

parameters, including clearance (CL) and volume of distribution (Vd), were calculated 

based on AUC0-∞ with the following equations: 

CL = Dose/AUC0-∞ 

Vd = (Dose/AUC0-∞)/kel 
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A. R Script 

 

B. R Console Output 

 

Figure 4. 14 NCA analysis by R 4.0.1, including the R Script (A) and Console (B). 
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Table 4. 4 Curve fit and NCA PK calculation of LMH001 by R 4.0.1, with PKNCA 

package. 

Pharmacokinetic 

parameters 
Units NCA  

C0 ng/mL 55348.72 

Cmax ng/mL 27271.79 

r2 - 0.96 

r2, adjusted - 0.95 

AUC0-30min h∙ng/mL 927.59 

Clast(obs) ng/mL 10.47 

AUC0-∞ h∙ng/mL 928.26 

Clast(pred) ng/mL 5.54 

AUC0-∞(pred) h∙ng/mL 927.94 

t1/2 h 0.044 

Kel (lambda z) 1/h 15.61 

CL(obs) mL/h/kg 10772.89 

Vd(obs) mL/kg 690.30 

CL(pred) mL/h/kg 10776.56 

Vd(pred) mL/kg 690.54 

C0: extrapolated plasma concentration at time 0; Cmax:  maximum (or peak) plasma 

concentration; AUC0-30min: Area under the curve from 0 to 30 min; AUC0-∞: Area under 

the curve from time 0 extrapolated to infinite; t1/2: terminal half-life; Kel: elimination 

rate constant; CL: clearance; Vd: volume of distribution. Obs: observed; Pred: 

predicted. 

 r2 adjusted is the adjusted r-squared value when r2 and the number of points 

were taken into account. The AUC calculation method used in the package was the 

linear-log trapezoidal rule (linear-up/log-down), where during the rising of the curve, a 

linear rule is applied, while the logarithm rule is applied during the declining of the 

curve (Jawien, 2014). In this package, AUC0-∞ was calculated by a continuous curve 

for the AUC integration, and AUC0-∞(pred) was calculated by the Clast(pred) (a jump from 

Clast(obs) to Clast(pred)) with the fitted curve (lambda z). In this case, both AUC0-∞(obs) and 

AUC0-∞(pred) were selected for the calculation of CL and Vd. The compiled report 

exported from R is included in Appendix IV. 
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4.3.7.2 NCA analysis by Phoenix WinNonlin 8.1 

 At the same time, the LMH001 plasma concentrations were also subjected to 

NCA in Phoenix WinNonlin 8.1, with the same conditions defined as in R. The AUC 

calculation method used in WinNonlin was linear trapezoidal linear interpolation rule 

with a sparse sampling method. AUC(t2-t1) and the specific concentration predicted (C*) 

at the time (t*) are calculated by the following equations: 

AUC(t2 − t1) =
(𝑡2 − 𝑡1)(𝐶1 + 𝐶2)

2
 

C ∗= 𝐶1 +
(𝑡 ∗ −𝑡1)

𝑡2 − 𝑡1
 (𝐶2 − 𝐶1) 

 Figure 4.15 shows the time-dependent elimination of LMH001 by WinNonlin 

and the curve fitted (r2= 0.9575, r2, adjusted = 0.9468) was used for calculating the 

NCA parameters of LMH001. Table 4.5 summarises the parameters calculated by 

WinNonlin. the following formula calculated r2 adjusted in WinNonlin, and Lambda z 

(Kel) was estimated using the largest adjusted r2: 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑟2 = 1 −
(𝑛 − 1)(1 − 𝑟2)

𝑛 − 2
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Figure 4. 15 Curve fit of LMH001 plasma concentration against time (0.017 h to 0.5 h) 

generated by Phoenix WinNonlin 8.1.  

Table 4. 5 Curve fit and NCA PK calculation of LMH001 by Phoenix WinNonlin 8.1. 

Pharmacokinetic 

parameters 
Units NCA  

C0 ng/mL 54593.44 

Cmax ng/mL 27271.79 

r2 - 0.96 

r2, adjusted - 0.95 

AUC0-30min h∙ng/mL 1759.34 

AUC0-∞ h∙ng/mL 1759.75 

AUC0-∞(pred) h∙ng/mL 1759.34 

t1/2 h 0.042 

kel (lambda z) 1/h 16.55 

CL(obs) mL/h/kg 5682.63 

Vd(obs) mL/kg 343.43 

CL(pred) mL/h/kg 5683.93 

Vd(pred) mL/kg 343.43 
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4.3.6.3 NCA analysis using non-linear regression in Excel 

 The PK parameters, including Kel, t1/2, AUC0-30min, AUC0-∞, CL and Vd were 

also calculated by fitting a non-linear regression curve in the Excel. Figure 4.11 is the 

curve fit by Excel to calculate the LMH001 PK parameters. Table 4.6 summarises the 

final PK parameters of LMH001 calculated by hand, with r2 being 0.9595, calculated 

by Excel, and AUC is calculated using the linear trapezoidal method:  

AUC(t2 − t1) =
(𝑡2 − 𝑡1)(𝐶1 + 𝐶2)

2
 

AUC(0 − ∞) = AUC(0 − 30min) +
𝐶30𝑚𝑖𝑛

𝐾𝑒𝑙
 

The secondary PK parameters, including CL and Vd, were calculated using the same 

equations used in the R calculation (section 4.3.5.1). 

 

Figure 4. 16 The non-compartmental analysis of LMH001 by Excel and hand 

calculation. 
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Table 4. 6 Curve fit by Excel and NCA PK calculation of LMH001 by hand. 

Pharmacokinetic 

parameters 
Units NCA  

C0 ng/mL 18941.00 

Cmax ng/mL 27271.79 

r2 - 0.96 

AUC0-30min h∙ng/mL 1056.02 

AUC0-∞ h∙ng/mL 1056.53 

t1/2 h 0.042 

Kel 1/h 16.52 

CL mL/h/kg 9464.97 

Vd mL/kg 572.94 

 

4.3.7.4 NLME modelling by Phoenix WinNonlin 8.1 

 The compartmental analysis of LMH001 was also carried out using Phoenix 

WinNonlin 8.1 NLME model, with the model expressed as Y = f (θ, Time), where θ 

was the PK parameters. Time-dependent change of LMH001 concentration (n=6 per 

timepoint, from 1 min to 3 h) were fitted into one-, two-and three-compartmental 

analysis with the following setting: bolus input and a first-order output, Clearance as 

primary parameters. The statements for one, two and three compartmental analysis, 

along with the model illustrations are as following (model illustrations in Figure 4.17.1, 

2 and 3: 



Page | 188  

 

4.17.1 Schematic diagram of one compartmental model.  

 

Statements for one compartmental analysis: 

cfMicro (A1, Cl/V) 

dosepoint (A1) 

C = A1/V 

4.17.2 Schematic diagram of two compartmental model.  

 

For two compartmental analysis:  

cfMicro (A1, Cl/V, Cl2/V, Cl2/V2) 

dosepoint (A1) 

C = A1/V 
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4.17.3 Schematic diagram of three compartmental model.  

 

For three compartmental analysis: 

cfMicro (A1, Cl/V, Cl2/V, Cl2/V2, Cl3/V, Cl3/V3) 

dosepoint (A1) 

C = A1/V 

Figure 4. 17 Schematic illustrations of one, two and three compartmental models. 

The overall result of the PK parameters (θ) calculated is listed in Table 4.7. 

Table 4. 7 Compartmental analysis of LMH001 by WinNonlin 8.1. 

Pharmacokinetic 

parameters 
Units 

time point: 0 - 3 h 

1-C  2-C 3-C 

AUC0-∞ h∙ng/mL 1504.45 1506.49 1782.15 

tvCL mL/h 9849.00 9767.67 4054.89 

tvCL2 mL/h - 81.55 1682.53 

tvCL3 mL/h - - 74.23 

tvV mL 274.37 274.37 27.58 

tvV2 mL - 1200.08 62.76 

tvV3 mL - - 339.76 

1-CA, 2-CA or 3-CA: one, two or three compartmental analysis, data used are from 1 

min – 3 h; AUC0-∞: Area under the curve from time 0 extrapolated to infinite time; CL: 

clearance; CL2 or CL3: second or third compartment clearance, the prefix of ’tv’ 

denotes fixed-effect or typical value; Vd: volume of distribution; V1, V2 or V3: first, 

second or third compartment volume of distribution, the prefix of ’tv’ denotes fixed-

effect or typical value. 
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 The model diagnostic parameters, including Log-Likelihood (LogLik), -2 Log 

Likelihood (-2LL), Akaike information criterion (AIC), Bayesian information criterion 

(BIC), and the corrected AIC (AICc) are listed in Table 4.8. In these three models, the 

residual (ε) calculation method chosen was Additive, which incorporated the 

observation with standard deviation using the following formula: 

Y = f (θ, Time) + ε 

In WinNonlin, it was expressed as: 

Error (CEps = estimated standard deviation) 

Observe (Cobs = C + CEps) 

 Table 4. 8 Model diagnostic parameters of LMH001 compartmental analysis, fitted 

with NLME model. 

Model Fit 1-C  2-C 3-C 

-2LL 917.54 917.53 913.83 

AIC 923.54 927.53 927.83 

AICc 924.08 928.96 930.63 

BIC 929.15 936.89 940.93 

nParm 3 5 7 

nObs 48 48 48 

LogLik: log likelihood; AIC: Akaike information criterion; AICc: the corrected AIC, 

AICc = AIC + 2×nParm (nParm+1)/(nObs-nParm-1), used when nObs/nParm < 40 

(Bertrand, Comets & Mentre, 2008); BIC: Bayesian information criterion; nParm: 

number of PK parameters; nObs: number of observations. 

 The compartmental analysis with the smallest AICc (one-compartmental 

analysis) was accepted, and Figure 4.18 shows the model diagnosis of LMH001 one 

compartmental model. 
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Figure 4. 18 One-compartmental NLME model fit of LMH001 using Phoenix 

WinNonlin 8.1.  

Diagnostic scatter plots of the one-compartmental NLME model. (a) Observed versus 

individual-predicted concentrations (DV vs IPRED); (b) Individual-predicted 

concentrations versus time (IPRED vs IVAR); (c) Individual weighted residuals versus 

individual predictions (IWRES vs IPRED); (d) Individual weighted residuals versus 

time (IWRES vs IVAR); (e) Quantile-quantile plot of the components of individual 

weighted residuals.  
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4.4 Discussion 

 LMH001 is one of the simplest bi-aromatic and tri-aromatic compounds 

developed by Professor Jian-Mei Li’s research as one of the 36 Nox2 inhibitors. It is 

effective in reducing ROS production among different cell types including murine 

lymph node microvascular endothelial cell line SVEC4-10, murine embryonic 

fibroblast cell line NIH-3T3 fibroblasts, human promyelocyte leukaemia cell line HL-

60, human foetal lung fibroblast cell line IMR90, human hepatocytic cell line HPMEC, 

and human lung adenocarcinoma epithelial cell line A549 after the appropriate 

stimulation with either TNF (100 U/ml), AngII (200 nM) or EGF (10 ng/ml). At the 

same time, LMH001 was found to have no cytotoxicity up to 10 M and is therefore 

believed to have greater potential in treating oxidative-stress related diseases. In this 

study, the chemical and PK properties of LMH001 were characterised for the first time. 

By looking at the PK parameters and the metabolism of LMH001 in vivo, we can 

understand the ADME of LMH001, as a representative Nox2 inhibitor for the bi- and 

tri- aromatic compounds developed in this lab, and make sensible choices for the dosing 

route and regimen in the future preclinical and clinical studies.  

 The PK study of LMH001 was designed based on results from apocynin 

(chapter 3) and the in vitro studies of LMH001 (chapter 5). For example, since both 

LMH001 and apocynin are small molecules (< 900 Dalton) (LMH001: 290.08 Da; 

apocynin: 166.17 Da), structure, pKa (strongest acidic pKa of apocynin = 8.27, from 

drugbank.ca/drugs/DB12618) and hydrophilicity, time points of LMH001 post iv bolus 

were designed to be 1 min, 2.5 min, 5 min, 10 min, 20 min, 30 min, 1 h, 3 h, 6 h, 12 h 

and 24 h, based on the short half-life of apocynin (0.05 h) and its rapid distribution to 

different organs. The dosing regimen of 10 mg/kg was also designed according to 

apocynin studies. Since 5 mg/kg apocynin in the PK study displayed noticeable and 
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promising results in different organs, with the difference of molecular weight between 

apocynin and LMH001 in mind, LMH001 dosage was therefore increased to 10 mg/kg. 

The dosage of LMH001 was not designed to achieve the same concentration as 

apocynin because it was taken into account that LMH001 was a new compound whose 

PK parameters had never been looked at before, and a stronger signal from a higher 

dosage within the toxicity limit would be able to give a more promising and convincing 

result. In addition, it is worth pointing out that for one certain compound, its metabolism 

is not affected by the dosing regimen (Kufe, Holland, Frei & American Cancer Society., 

2003) and therefore, the change of the dose in this study in comparison to apocynin 

study, would not affect the PK properties such as clearance and half-life of LMH001 

and the results are still able to be compared to apocynin.  

 During the development of HPLC-MS/MS method for LMH001 detection, 

based on the chemical structure and properties of LMH001, two sets of gradient buffers: 

set One: A) 480:20:0.38 water: methanol: ammonium acetate (v: v: w) and B) 

20:480:0.38 water: methanol: ammonium acetate (v: v: w); set Two: (A) 0.1% formic 

acid in water (v: v) and (B) 0.1% formic acid in acetonitrile (v: v) were tested. The 

results showed that only set B was able to give a satisfactory result with reasonable 

sensitivity (LOD = 2.13 ng/ml) and good linearity between 5 – 10,000 ng/ml LMH001 

(r2 = 0.9999). The extraction method for LMH001 was established by first trying out 

the extraction method for apocynin. However, alongside the result shown in section 

4.3.1, it was also discovered that the filter used for apocynin (Whatman, 13 mm, Nylon 

filter media with polypropylene housing, pore size 0.2 m, 6789-1302) caused a 

significant loss (recovery rate = 2.4 %). Therefore, after consulting Sigma-Aldrich 

technical supports, the filter was changed to IC Millex LG (hydrophilic 

polytetrafluoroethylene membrane, 0.2 m, 13 mm diameter, housing high-density 
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polyethylene, catalogue No. SLLG013SL) and it could maintain a recovery rate at (90 

± 5) %.  

 Using the HPLC-MS/MS, LMH001 was not detectable in the simulated 

intestinal fluid after 1 h. LMH001 (different peaks) were able to be detected by GC-MS 

with a stronger ionisation. The result suggested a change in the ionisation, solubility or 

the structure of LMH001 in higher pH aqueous solutions. This change might have 

contributed or be related to the rather short terminal half-life of LMH001, and could be 

due to the hydrolysis of the ester summarised as Figure 4.19. However, the mechanism 

proposed here are mere speculations based on the results, and one of the more accurate 

ways to track and confirm the changes of a drug molecule is to use radioactive tracers 

such as 14C (Guengerich, 2012; Isin et al., 2012). 

 

Figure 4. 19 The predicted hydrolysis of LMH001 in simulated intestinal and gastric 

fluid.  

The process was the hydrolysis of ester, and it started with the autoionization of 

water, followed by the protonation of the ester group in the compound (Gunaydin & 

Houk, 2008). For esters activated in the ethyl portion with a leaving group in the range 

of pKa = 12.0 - 16.0 (such as LMH001), the second part of the process would involve 

a second water molecule (acting as a base) donating the hydroxide ion as an attacker to 

the leaving group and the hydrolysis was dependent on the reactivity of the attacking 

reagent and its ability to aid the expulsion of the leaving group (Fersht & Kirby, 1967; 
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Li & Bugg, 2007). The hydrolysis of ester should be considered in all aqueous solutions 

(da Silva, Guimaraes & Pliego, 2013) and is indeed prevalent in the drug development 

settings (Waterman et al., 2002). There are two types of carboxylesterases (human 

carboxylesterase 1 and 2) distributed throughout the human body which can catalyse 

the hydrolysis of amides, carbamates esters, and thioesters (Williams, 1985; Laizure et 

al., 2013). While it was in mice and rats that the carboxylesterase activity seemed to 

dominate compared to humans, cholinesterase activity was significant in human 

(Rudakova, Boltneva & Makhaeva, 2011).  

This could also be due to metal ion contamination. This is because Cu (II) and 

Fe (III) ions could act as catalysts during the oxidation happening in the air. In fact, 

ascorbic acid was found to have a much faster rate of being oxidised under a low pH 

(ranging from 2-5.5) (Khan & Martell, 1967). 

 There are several ways to overcome this limitation. For example, the addition 

of caffeine was shown to be effective in preserving the hydrolysis of benzocaine 

(Higuchi & Lachman, 1955), procaine (Higuchi & Lachman, 1955) and tetracaine 

(Lachman & Higuchi, 1957). Methylphenidate relies on modified-release formations as 

a commercially available once-daily self-administered medicine (Coghill et al., 2013; 

Coghill et al., 2015; Cortese et al., 2017). Another way to prevent the hydrolysis is to 

modify the compound structure in the early drug development stage, provided that the 

hydrolysis is discovered early enough and well-recognised. The standard methods 

include adding steric shields (such as by adding an alkyl group), utilising the electronic 

effects of bioisosteres (such as by replacing the ester group by amine group) or 

undergoing stereo electronic modification (Karaman, 2013). Therefore, in future 
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studies, these methods can be utilised to improve the efficacy of LMH001 and even the 

whole group of bi-aromatic and tri-aromatic compounds developed in this lab. 

 In this study, however, the focus of this thesis is the PK characterisation of 

LMH001, the data generated in vivo are based on the experiment designs, with proper 

controls. The LMH001 concentration measured in the plasma and urine still reflect its 

PK in mice and can be used for PK interpretation. Also, the hydrolysis that was 

suspected of having happened in the simulated intestinal and gastric fluid did not 

necessarily reflect the in vivo situation, since LMH001 was novel and might have some 

other undiscovered chemical properties that could affect its state. For example, it was 

suggested to be light-sensitive by TOCRIS Bioscience (United Kingdom) when it was 

synthesised. Moreover, the result from section 4.3.4 suggested significant amount of 

LMH001 still excreted from urine after 30 min. Another aspect that should not be 

neglected is its effect. The effect of LMH001 on the ROS production in the rat 

cardiomyocyte cell line H9C2 cells was also investigated, which is further discussed in 

chapter 5.  

 A short half-life could also be attributed to the small size of the molecule (as 

apocynin). Having a short half-life means that to reach a steady-state preferred level of 

drug concentration and exposure, multiple dosing in one day or even more complicated 

dosing regimen would be required. To solve this problem, chemists and engineers have 

come up with multiple solutions (Smith et al., 2018). Apart from the approaches 

mentioned above about preventing the hydrolysis of ester in the body, one way to 

prolong the half-life of a drug is to use a modified-release formulation (extended-

release rather than immediate-release), such as tofacitinib (Lamba et al., 2017; Lamba 

et al., 2016). Another way is to explore the opportunities with the derivatives of the 
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current drug, such as apocynin, whose derivatives were effective in reducing the cancer 

cell migration (Klees et al., 2006), and whose derivative, mito-apocynin (Patent No. US 

8,962,600 B2) was able to reduce the ROS production in microglia (Sarkar et al., 2017) 

and promote the locomotor function (Dranka et al., 2014). Since the development of 

LMH001 and this group of bi-aromatic and tri-aromatic Nox2 inhibitors are still in an 

early development stage, many methods could be adopted to improve its efficacy.  

 The PK non-compartmental analysis methods used in this study include PK 

NCA package in R, Phoenix WinNonlin and curve fit by Excel. Since there were 

differences in the trapezoidal rule, different PK values (especially CL and Vd, derived 

from the difference in AUC0-∞) were reported. For example, AUC0-∞ observed in R was 

928.26 while in WinNonlin observed AUC0-∞ was 1759.75. Figure 4.20 demonstrates 

this difference. The differences came from the linear trapezoidal method and the 

logarithmic trapezoidal method. Since the elimination phase of LMH001 fitted in with 

a non-linear regression (mono-exponential decline), the trapezoidal methods by linear 

estimation would result in an over-estimation.  
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Figure 4. 20 The comparison between the logarithmic (black) and linear (red) 

trapezoidal method in calculating AUC. 

The black line represents a mono-exponential decline of LMH001, and the curve was 

the LMH001 plasma concentration change from 1 min to 30 min (without error bars). 

The red line is higher between every two points in comparison to black lines, suggesting 

an over-estimation by the linear trapezoidal method. At the same time, during the 

absorption stage, the logarithmic trapezoidal method can underestimate the exposure 

with ascending curves (Shargel & Yu, 2016).  

The tissue concentration of LMH001 was not measured, and this is one of the 

major limitations of this study. As a result, the effect of LMH001 on organ oxidative 

stress was still poorly understood at this stage. As a preliminary study, dependent on 

the objectives of the study, many different experiments such as LMH001 microsome 

stability, hepatocyte stability, tissue distribution, BBB permeability using MDCKII cell 

models, and PD studies are still needed.    

 In conclusion, this study successfully developed the extraction and detection 

method for LMH001, which were then used to characterise its PK parameters in mice 

via iv injection. As a novel representative compound for Nox2 inhibitors, LMH001 

showed some advantages such as rapid distribution to the body and quick metabolism. 
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However, future studies on its PK parameters, such as PK by oral intake and iv infusion, 

and more importantly, the modification on the structure or the design for the 

formulation are still required.   
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Chapter 5 

Evaluation of LMH001 in Reducing Oxidative Stress Angiotensin 

II (AngII)-stimulated H9C2 cells 

5.1 Introduction 

 A PD study characterises molecular and physiological effects of a drug, such as 

the binding to the target and downstream biochemical effect initiated by the drug-target 

interaction (Rang, 2006). Since the binding of LMH001 to p47phox was previously 

measured, the biochemical effect of LMH001 was examined by the O2∙- production 

using lucigenin chemiluminescence.   

 Oxidative stress in the cardiovascular system is closely related to the 

development of cardiovascular disorders such as long-term hypertension due to the 

impairment of NO availability and vasoconstriction, the development of atherosclerosis 

and cardiac remodelling (Maulik & Kumar, 2012; Senoner & Dichtl, 2019). This study 

used a myoblast cell line H9C2 with an AngII-stimulation to initiate the oxidative stress 

in the heart and to mimic the development of cardiac hypertrophy as a maladaptive 

response to the high blood pressure.  

 Some Nox inhibitors have been used before in the investigations of oxidative 

stress-related Nox activities and redox signalling in H9C2 cells. For instance, apocynin, 

as a Nox2 inhibitor, was discovered to reduce the Nox activities (as measured by the 

O2∙- production), p47phox expression, the MAPK signalling and apoptosis in AngII-

stimulated H9C2 cells (Qin et al., 2006). DPI could reduce the oxidative stress 

(measured by DCFH-DA and lucigenin), p47phox expression and lipid peroxidation in 

H9C2 cell with the oxidative stress generated by simulated ischaemia (Borchi et al., 
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2009). Therefore, with these previous studies, H9C2 cells with AngII stimulation would 

act as a suitable cell model to study the PD and pharmacological effect of LMH001 and 

act as a bridge between its mechanism and effect in oxidative stress-related diseases in 

vivo. 

5.1.1 Aims and objectives 

 This chapter aims to evaluate the effect of LMH001, as a Nox2 inhibitor, in 

reducing oxidative stress in vitro, in the echo to the chemical property and PK 

characterisation of LMH001 in Chapter 4. Specifically, there are two objectives in total: 

 1. To characterise the PD of LMH001 on the AngII-induced oxidative stress in 

vitro, using the rat myoblast cell line H9C2; 

 2. To examine the effect of LMH001 on the p47phox and Nox expression and the 

activation of MAPK/ERK signalling pathway upon AngII simulation, i.e. 

phosphorylation of p38 MAPK and ERK1/2 in vitro.  
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5.2 Materials and Methods 

5.2.1 Cell culture 

5.2.1.1 Culture conditions, retrieve, counting, viability and 

cryopreservation 

 A rat cardiomyocyte cell line, H9C2(2-1) from embryonic BD1X rat heart tissue 

(Kimes & Brandt, 1976) was a kind gift from Dr Andrew Snabaitis. The medium used 

was Dulbecco's modified Eagle's medium (DMEM), adjusted to contain 4 mM L-

glutamine, 1000 mg/L glucose, 1.5 g/L sodium bicarbonate, 100 U/ml ampicillin, 100 

μg/ml streptomycin and supplemented with 10% fetal bovine serum (FBS). H9C2 cells 

were cultured in non-coated flasks at 37.0 ℃, with 95% air and 5 % carbon dioxide. As 

suggested by American Type Culture Collection (ATCC), since the myoblastic cells 

deplete rapidly after confluency, H9C2 cells were sub-cultured when reaching 80% of 

the confluency with a sub-cultivation ratio at 1:2. Cell culture was performed in a sterile 

Class II laminar flow hood until harvesting (ThermoFisher, UK). 

 The cell retrieving first started by first removing from the liquid nitrogen storage 

straw and immediately put in the 37.0 ℃ water bath. Right before the completion of 

thawing the vail, it was taken out, and 1 ml of the cell suspension (1 × 106) was mixed 

with 4 ml of the DMEM (alone) in a 15 ml Falcon tube and centrifuged at 800 rpm for 

10 min. The pellet was then collected and resuspended in 1 ml complete medium. 1 ml 

cell suspension was then seeded to a T25 flask with 3 ml of complete medium and kept 

in a 37 ℃ incubator with the conditions described. The media renewal was every three 

days. 

 The cells were passaged after it reached 80% confluency, and the number of 

cells and their viability were checked during every cell passaging. When the cells 
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reached 80% confluency, the medium was first removed and discarded. The cells were 

briefly rinsed with PBS to remove all traces of serum which would interrupt the 

functioning of trypsin. 2 ml of 0.25% (w/v) Trypsin-0.53 mM EDTA solution was then 

added to the T75 flask (0.5 ml Trypsin-EDTA solution was used for T25) and the cells 

were observed under an inverted microscope until cell layer was dispersed (usually 

within 5 min). Eight millilitres complete medium (3 ml if T25) was then added to stop 

the trypsinisation. The cells were aspirated before being put into a 15 ml Falcon tube 

and centrifuged at 800 rpm for 10 min. After the centrifuging, cells were resuspended 

in 1 ml complete medium.  

 The number of the cells were then counted using 10 l of the cell suspension, 

mixed with 10 l Trypan Blue, and 20 l PBS under a haemocytometer. 20 l of the 

mixture was then loaded onto the haemocytometer with the coverslip. The unstained 

cells (white) suggested good membrane integrity and therefore were alive. With phase-

contrast, both the live (white) and dead (dark blue or blue) cells in the four large corner 

squares and the centre square with the right-hand and lower boundary were counted. 

The cell number was then calculated as the following equation: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 × 10,000

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
× 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟(4) 

The cell viability was then calculated using the equation:  

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 + 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠
 

After counting, the cells were then seeded or stored long term by being frozen and kept 

in the liquid nitrogen vapour phase.  
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 To cryo-preserve, the cells, complete growth medium supplemented with 5% 

(v/v) DMSO (final) was used. Precisely, after counting the cells, a volume of cell 

suspension with 1 × 106 cells was taken out, and complete media was added to achieve 

a final volume of 0.5 ml. On the ice, the pre-cooled complete growth medium 

supplemented with 10% (v/v) DMSO was added to the 0.5 ml cell suspension drop-by-

drop and placed in Mr Frosty™ Freezing Container (Thermo Scientific, Catalogue No. 

5100-0001), filled with isopropanol. Mr Frosty™ was then quickly put in -80 ℃ freezer 

overnight before transferring to the liquid nitrogen cell storage for preservation.  

5.2.1.2 Stimulation of H9C2 cells using AngII and the effect of 

LMH001 

 Research has discovered that AngII can be generated locally in the heart (Kumar, 

Singh & Baker, 2009; Kurdi, De Mello & Booz, 2005), and an elevated amount of 

AngII is closely linked to cardiomyocyte hypertrophic growth (Watkins, Borthwick, 

Oakenfull, Robson & Arthur, 2012).  In this study, different concentrations (0, 10, 25, 

50, 100 nM) of AngII (Sigma-Aldrich, United Kingdom, antibody adsorbent: Asp-Arg-

Val-Tyr-Ile-His-Pro-Phe-OH · 2CH3COOH · H2O, 1.2-10.4% acetate) was first used to 

stimulate the H9C2 cells. AngII was first dissolved in sterilised 1× PBS to form a stock 

concentration of 5 mM, following the instructions by Sigma, and stored at -80 ℃. When 

it reached 75% confluency in the T25 flask or 24 well-plate, H9C2 cells were first 

cultured in the serum-free media for 24 h to eliminate the effect of serum, before adding 

the AngII of the appropriate concentration for 24 h under the standard culturing 

conditions. After 24 h, cells were then washed, harvested, snap-frozen in the liquid 

nitrogen, stored at -20 ℃ and used for future analysis.     
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 By examining the ROS (O2∙- and H2O2) production, 100 nM AngII stimulation 

was then used to investigate the effect of LMH001. LMH001 was dissolved in dimethyl 

sulfoxide (DMSO) (Sigma-Aldrich, United Kingdom) at a stock concentration of 0.5 

M and stored at -80 ℃ for the analysis. For the characterisation of LMH001 PD on the 

O2∙- production, H9C2 cells were stimulated with 24 h 100 nM AngII or saline (as a 

basal condition) and then treated with 0.29, 2.90, 7.25, 29.01, 145.04, 290.07, 1450.35, 

and 2900.71 ng/ml (0.001, 0.01, 0.025, 0.10, 0.50, 1.00, 5.00 and 10.00 M) LMH001 

in a 24-well plate for 30 min under the standard culturing conditions, according to 

previous protocols. The cells were then washed, harvested, snap-frozen in the liquid 

nitrogen, stored at -20 ℃ and used for future analysis. The effect of AngII stimulation 

and LMH001 on the p47phox and Nox expression and MAPK activation was examined 

using 100 nM AngII stimulation and 2900.71 ng/ml (10 M) LMH001 treatment. In 

parallel, 30 min treatment of apocynin (10 M, a Nox2 inhibitor), DPI (10 M, a 

flavoprotein inhibitor), and Nox2-tat (10 M) ([H]-RKKRRQRRRCSTRVRRQL-

[NH2], PeptideSynthetics, Peptide Protein Research Ltd.) were also used during the 

measurement of O2∙- production for comparisons against LMH001, and tiron (10 mM) 

was used as an O2∙- scavenger.  

5.2.2 Protein concentration measurement 

 The experiment results (ROS measurement and western blot) were normalised 

by protein concentrations. The standards were prepared by dissolving 0, 2.5, 5, 12.5, 

25, 50 mg/ml BSA in HBSS and 5 l was loaded onto a transparent flat-bottom 96 well 

plate (Evergreen Scientific, USA) in duplicates. In parallel, 5 l sample was loaded. 

145 l Bradford Reagent (Sigma-Aldrich, United Kingdom) per well was used for the 

analysis. The absorbance at 550 nm was measured using a plate reader, SpectraMax 
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340PC (Molecular Devices, USA) and protein concentration were calculated and 

adjusted according to the standard curve.  

5.2.3 Effect of LMH001 on ROS production in vitro 

5.2.3.1 PD analysis on O2∙- production 

 To investigate the PD of LMH001 in relation to the NADPH-dependent O2∙- 

production in AngII-stimulated H9C2 cells, lucigenin chemiluminescence was used, 

and the method was detailed in sections 2.6. LMH001concentration-dependent AngII-

stimulated O2∙- production was subjected to four different PD models with inhibitory 

effects by Phoenix WinNonlin 8.1. The basal values were generated before adding 

NADPH. In the model analysis, the LMH001 concentration was defined as X and the 

detected O2∙- production as Y. Table 5.1 summarises the information on the four 

models used, and the model with the minimum AICc was selected as the favoured 

model. AICc was calculated as AICc = AIC + 2×nParm (nParm+1)/(nObs-nParm-1), 

in which nParm is the number of parameters and nObs is the number of observations. 

Table 5. 1 Model details for the PD analysis of LMH001 in AngII-stimulated H9C2 

cells. 

Model description 
Y at 

C=0 

Y at 

C=infinity 
Notation 

Inhibitory Effect E0 E0 0 E = E0×[1-(C/(C+IC50))] 

Inhibitory Effect Imax E0 E0-Imax E = E0-Imax×[C/(C+IC50)] 

Inhibitory Effect Sigmoid 

E0 
E0 0 E = E0×[1-Cγ/(Cγ+ICγ50)] 

Inhibitory Effect Sigmoid 

Imax 
E0 E0-Imax 

E = Imax(E0-Imax)×[ Cγ/(Cγ 

+ICγ 50)] 

E0: Y value when the drug has the baseline effect; Imax: Y value reduced when the 

drug achieves the maximum effect; γ: shape parameter; IC50:  drug concentration 

required to produce 50% of the maximal effect (E0-Imax). 
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5.2.3.2 Other sources of ROS 

 Alongside the O2∙- production, the H2O2 level in the cell homogenates were also 

examined using Amplex red assay (section 2.9). General ROS production in the cells 

was also visualised using 2′,7′-dichlorofluorescein diacetate (DCFH-DA).   

 DCFH-DA has been widely used for the detection of intracellular H2O2 and 

oxidative stress, usually with other supplementary methods for a valid result (Chwa et 

al., 2006; Kalyanaraman et al., 2012; Kitajima et al., 2016; Kotamraju et al., 2003; Lee 

et al., 2009; Tampo et al., 2003). DCFH-DA, with the functional group being DCFH, 

is non-fluorescent and cell-permeable. Once the DCFH enters the cell, it is hydrolysed 

to the DCFH carboxylate anion. The hydrolysation could keep DCFH retained and 

ready to be oxidised by two electrons and form the fluorescent DCF, whose signal can 

then get picked up by a fluorescent microscope or a flow cytometer (Kalyanaraman et 

al., 2012). In this study, 1 × 104 H2C9 cells per well were seeded into a black 96 well 

plate (Sigma-Aldrich, Catalogue No. CLS3603) (replicate number: n=6 per group) and 

cultured overnight. The next day, H9C2 cells were treated with (1) PBS, (2) AngII (100 

nM) or (3) AngII (100 nM) with 30 min LMH001 (2900.7 ng/ml, 10 M) treatment for 

24 h, and then were gently washed with PBS. The phase-contrast images were then 

taken using the EVOS M5000 Imaging System (ThermoFisher Scientific, UK). To 

detect the oxidative stress level among these three treatments: PBS (saline), AngII or 

AngII+LMH001, 5 mM DCFH-DA was added and incubated in the dark for 30 min 

before getting visualised under Nikon Eclipse Ti2-E inverted microscope under 20× 

magnification with a green fluorescent filter at an excitation/emission at 485 nm / 535 

nm. At least seven images were taken per well, and the fluorescent intensity was 

quantified using ImageJ 1.50i against the background (DCFH-DA only).  
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5.2.4 Effect of LMH001 on p47phox and Nox expression, and the 

activation of the MAPK signalling pathway 

 Western blot was used to examine the expression of p47phox, Nox1, Nox2 and 

Nox4 in the saline, AngII-stimulated and AngII-stimulated, LMH001-treated H9C2 

cells. The effect of LMH001 treatment on the AngII-stimulated activation of MAPK 

signalling pathway was also investigated using western blot by the phosphorylation 

levels of p38 MAPK and ERK1/2 against their corresponding total protein levels.  

In summary, the analysis of the effect of LMH001 was outlined in Figure 5.1. 

 

Figure 5. 1 Outline of the experiments carried out to study the effect of LMH001 in 

vivo and in vitro.  
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5.3 Results  

5.3.1 Effect of LMH001 on O2∙- production in AngII-stimulated H9C2 

cells, examined by lucigenin chemiluminescence 

 To investigate the O2∙- production in H9C2 cells in response to AngII, and to 

decide an appropriate dose for activating Nox2 in H9C2 cells (characterised by an 

increased O2∙- production), different concentrations of AngII were used to stimulate 

H9C2 cells and NADPH-dependent O2∙- production was measured (Figure 5.2 A). 

AngII at a dose of 50 nM was able to induce a 2.51 ± 0.79 fold increase in NADPH-

dependent O2∙- production compared to the controls (saline only), and 100 nM AngII 

could induce 3.24 ± 0.90 fold increase of O2∙- production, both significantly different 

from the controls (p < 0.05). Figure 5.2 B summarised the effect of 2900.7 ng/ml (10 

M) LMH001 on reducing 100 nM AngII-stimulated O2∙- production in H9C2 cells.  

10 mM LMH001 was able to reduce the O2∙- production to 0.41 fold in comparison to 

the control (DMSO only), more effective than 10 M Nox2tat (a peptide-based Nox2 

inhibitor) but less potent than DPI (a flavoprotein inhibitor) (p < 0.05), and tiron (O2∙- 

scavenger) was able to scavenge the O2∙- (Figure 5.2 C). 
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Figure 5. 2 O2∙- production in saline and AngII treated H9C2 cells.  

A. AngII dose-response expressed in NADPH-dependent O2∙- production fold increase 

compared to 0 nM AngII saline controls (1.00-fold increase). B. O2∙- production in 100 

nM AngII- or saline (0 nM AngII)-stimulated H9C2 cells, in fold increase compared to 

0 nM AngII without LMH001. C. O2∙- production in 100 nM AngII stimulated H9C2 

cells, treated with different inhibitors including Nox2tat, DPI, apocynin (apo), LMH001 

and O2∙- scavenger tiron at a consistent concentration of 10 mM, fold change compared 

to 100 nM AngII vehicle (1.00-fold). Data were presented as Mean ± SD and n = 3 per 

group. Statistical comparison between the two groups was made using one-way 

ANOVA. * p<0.05, significantly different from 0 nM AngII-stimulated H9C2 cell; † p 

<0.05, significantly different from 100 nM AngII-stimulated H9C2 cell.  
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5.3.2 PD analysis and modelling of LMH001 in AngII-stimulated 

H9C2 cells 

 The effect of LMH001 was examined by using LMH001 at different 

concentrations to treat AngII-stimulated H9C2 cells and measuring the response (O2∙- 

production by lucigenin assay, the result shown in Figure 5.3). The half-maximal 

inhibitory concentration (IC50) and Hillslope were first calculated by subjecting the 

response (O2∙- production) versus LMH001 concertation to a non-linear regression with 

[Inhibitor] vs response, variable slope (four parameters) in Prism GraphPad 7.0, n=3 

per group. The IC50 of LMH001 in reducing AngII-stimulated O2∙- production was 

142.4 ng/ml, calculated by fitting a non-linear regression curve with a Hillslope of 

0.543 (best-fit).  

 

Figure 5. 3 Non-linear regression analysis of LMH001 in reducing 100 nM AngII-

stimulated H9C2 cells. 
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The in-depth PD analysis was carried out by subjecting the detected O2∙- production 

(MLU, mean light unit value for each group, n = 3, nObs = 8) to Phoenix WinNonlin 

8.1 PD inhibition models. Table 5.2 summarises the PD parameters calculated by fitting 

the models.  

Table 5. 2 Calculated PD parameters of LMH001 in reducing O2∙- production in AngII-

stimulated H9C2 cells. 

PD 

Parameters 
Unit 

PD Models 

Inhibitory 

Effect E0 

Inhibitory 

Effect 

Imax 

Inhibitory 

Effect 

Sigmoid E0 

Inhibitory 

Effect 

Sigmoid Imax 

E0 MLU 
1367.37 ± 

81.82 

1424.80 ± 

68.02 

1564.12 ± 

91.36 

1632.56 ± 

468.49 

IC50 ng/ml 
219.08 ± 

70.68 

89.72 ± 

35.97 

124.00 ± 

42.67 

141.74 ± 

119.98 

Imax MLU 
- 1159.57 ± 

99.05 

- 1576.62 ± 

146.88 

 - - - 0.53 ± 0.077 0.50 ± 0.21 

AIC - 97.96 93.45 87.09 89.03 

AICc - 100.36 99.45 93.09 102.36 

BIC - 98.12 93.69 87.32 89.35 

E0: Y value when the drug achieves the minimum (baseline) inhibitory effect value; 

IC50:  drug concentration required to produce 50% of the maximal effect (E0-Imax); 

Imax: Y value reduced when the drug achieves the maximum inhibitory effect; γ: shape 

parameter; AIC: Akaike information criterion; AICc: corrected Akaike information 

criterion; BIC: Bayesian information criterion. 

 The model with the smallest AICc was selected. Therefore, with an assumption 

that theoretically, when C=infinity, the Imax of the drug would be able to reduce the 

effect to 0 (Imax = E0), the PD of LMH001 in reducing in vitro AngII-stimulated O2∙- 

production in H9C2 cells were best fitted into the Inhibitory Effect Sigmoid E0 PD 

model, with an E0 = (1564.12 ± 91.36) MLU, an IC50 = 124.00 ± 42.67 ng/ml and 
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 =  ± . The predicted model and the residue distribution are shown in Figure 

5.4. 

 

Figure 5. 4 PD analysis and residue distribution of LMH001 on the inhibition of O2.- 

production in 100 nM-stimulated H9C2 cells.  
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A. Curve (E = E0×[1-Cγ/(Cγ+ICγ50)]) fit for the LMH001dose-dependent O2.- 

production; B. (a) the measured O2.- against predicted O2.- production, a distribution 

close to and equally alongside y = x indicates a reasonable prediction;  (b) the residue 

distribution against the predicted O2.- production, a random distribution of the residues 

around y = 0 residue indicates a good model fit; (c) the calculated residue distribution 

against the LMH001 concentration, a random distribution of the residues around y = 0 

residue indicates a good model fit. 

5.3.3 Effect of LMH001 on ROS production in AngII-stimulated H9C2 

cells, examined by Amplex red and DCFH-DA 

 Alongside the NADPH-dependent O2∙- production by lucigenin 

chemiluminescence, H2O2 production in response to AngII and the effect of LMH001 

in reducing H2O2 production in AngII-stimulated H9C2 cells were also examined by 

Amplex red fluorescence. Figure 5.5 shows that AngII at a dose ≥ 25 nM was able to 

increase H2O2 production in H9C2 cells significantly (p < 0.05), and 10 M LMH001 

mildly reduced the H2O2 level in comparison to 100 nM AngII stimulated controls 

(without LMH001) (p = 0.08).  
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Figure 5. 5 H2O2 production in H9C2 cells in response to AngII examined by Amplex 

red fluorescence.  

A: H2O2 in response to an increasing concentration of AngII, expressed in fold increase 

compared to 0 nM AngII saline controls (1.00-fold increase) (n=3 per group). B: H2O2 

production in 100 nM AngII-stimulated H9C2 cells with the treatment of 0, 1450.36 or 

2900.71 ng/ml (0, 5 or 10 M) LMH001, calculated by fold increase in comparison to 

100 nM AngII-stimulated, 0 M LMH001 treated H9C2 cells. Data were presented as 

Mean ± SD. Statistical comparison between the two groups was made using one-way 

ANOVA. * p<0.05, significantly different from 0 nM AngII-stimulated H9C2 cell. 

 The overall oxidative stress in the AngII-stimulated H9C2 cells and the effect 

of LMH001 were also illustrated using DCFH-DA fluorescence in Figure 5.6. The 

green colour indicates DCF in the cytosol, and the result demonstrates an increased 
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level of ROS in AngII-stimulated H9C2 cells, and LMH001 was able to reduce the ROS 

level (p < 0.05) significantly. The bright field phase-contrast images of 0 and 100 nM 

AngII stimulated, and LMH001-treated cells are included in Appendix V.  
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Figure 5. 6 The effect of LMH001 in reducing AngII-stimulated oxidative stress, 

examined by DCFH-DA fluorescence.  

A: representative images of DCF fluorescence in the 100 nM AngII or saline stimulated, 

LMH001 treated H9C2 cells. DCF is in the cytosol and green. Images were obtained 

under Nikon Eclipse Ti2-E inverted microscope with a green fluorescent filter, 20× 

magnification. B: quantification of fluorescent intensity of DCF. The fluorescent 

intensity was calculated by measuring Mean Grey of DCF against the background using 

ImageJ 1.50i. 10-15 images used per well were used, n = 3 per group. Data were 

presented as Mean ± SD. Statistical comparison between the two groups was made 

using one-way ANOVA. *p<0.05, significantly different from 0 nM AngII-stimulated 

H9C2 cell; † p <0.05, significantly different from 100 nM AngII-stimulated H9C2 cell. 
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5.3.4 Effect of LMH001 on the expression of p47phox and Noxes in 

AngII-stimulated H9C2 cells, examined by western blot 

 A long-term (24 h) 100 nM AngII stimulation increased the expression level of 

p47phox, Nox1, Nox2 and Nox4 significantly (p < 0.05), while treatment with LMH001 

at 10 M for 30 min could reduce the expression levels of Nox1, Nox2 and Nox4 (p < 

0.05, one-way ANOVA). Figure 5.7 shows that LMH001 treatment did not reduce 

AngII-induced p47phox expression (3.3 ± 0.9 fold increase in AngII-stimulated cells and 

2.7 ± 0.5 fold increase in LMH001-treated cells, in comparison to 0 nM AngII controls 

(1.0 ± 0.5 fold); Nox1 was reduced by LMH001 from 2.4 ± 0.3 fold in AngII-stimulated 

cells to 1.7 ± 0.2 fold (1.0 ± 0.2 fold in controls); Nox2 from 2.4 ± 0.3 fold to 1.5 ± 0.4 

fold (1.0 ± 0.4 fold in controls); and Nox4 from 2.6 ± 0.3 fold to 1.7  ± 0.2  fold (1.0 ± 

0.0 fold in controls). The calculated molecular weight for Nox4 is 67 kDa, and Nox1 is 

65 kDa. The Nox2 detected was the non-glycosylated gp91phox with a molecular weight 

of 65 kDa (Banerjee & Henderson, 2012). Full-gel images for the representatives are 

included in Appendix VI at the end of this chapter. 
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Figure 5. 7 The p47phox, and Nox expression in 24 h control, AngII-stimulated and 

LMH001-treated H9C2 cells.  

Actin detected in the same samples were used as loading controls. A: representative 

western blot images of p47phox, Nox1, Nox2, Nox4 and Actin. B: Quantification of the 

optical density (OD) of p47phox, Nox1, Nox2 and Nox4 bands using ImageJ 1.50i, with 

normalisation to the Actin levels and 0 nM AngII-stimulated, none LMH001-treated 

H9C2 (controls) to one-fold. Data were presented as Mean ± SD. Statistical 

comparisons between two groups were made using one-way ANOVA. * p <0.05, 

significantly different from 0 nM AngII, without LMH001 treatment; † p <0.05, 

significantly different from 100 nM AngII, without LMH001 treatment. 
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5.3.5 Effect of LMH001 on the activation of MAPK/ERK signalling 

pathway in AngII-stimulated H9C2 cells, examined by western blot 

 The activation of the MAPK signalling pathway is associated with the AngII-

induced oxidative stress in H9C2 cells (Liu et al., 2011). In this study, the 

phosphorylation of p38 MAPK (at Thr180/Tyr182) and ERK1/2 (at Thr202/Tyr204) 

were analysed by western blot. The result is shown in Figure 5.8. 24 h 100 nM AngII 

stimulation induced the phosphorylation of p38 MAPK and ERK1/2 (p < 0.05, one-

way ANOVA), and 2900.71 ng/ml (10 M) LMH001 was able to reduce the 

phosphorylation of p38 from 1.9 ± 0.5 to 1.2 ± 0.4 fold increase, in comparison to 0 

ng/ml LMH001 100 nM AngII controls (p < 0.05, one-way ANOVA), but only mild 

phosphorylation of ERK1/2 (p = 0.06, one-way ANOVA). The full-gel images for the 

representatives are also included in Appendix V. 
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Figure 5. 8 The ERK1/2 and p38 MAPK phosphorylation in 24 h control, AngII-

stimulated and LMH001-treated H9C2 cells.  

The corresponding total protein detected in the same samples was used as loading 

controls (total ERK1/2 (H-72) and total p38 MAPK (C-20). Upper panel: 

representative western blot images of phosphorylated and total ERK1/2 and p38 

MAPKP. Lower panel: B Quantification of the OD of phosphorylated ERK1/2 and 

p38 MAPK using ImageJ 1.50i, with normalisation to the total protein levels and 0 nM 

AngII-stimulated, no LMH001-treated H9C2 (controls). Data were presented as Mean 

± SD. Statistical comparisons between two groups were made using one-way ANOVA. 

* p <0.05, significantly different from 0 nM AngII, without LMH001 treatment; † p 

<0.05, significantly different from 100 nM AngII, without LMH001 treatment.  
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5.4 Discussion 

 Oxidative stress has been identified in many cardiovascular diseases including 

hypertension and cardiac hypertrophy (Hingtgen et al., 2006), and cardiomyocyte Nox2 

(not Nox2 in endothelium) has been discovered to be responsible for the oxidative stress 

generated during the development of hypertrophy after MI (Sirker et al., 2016). In this 

study, to elucidate the effect of LMH001 under a pathophysiological condition (in this 

case, to mimic the AngII-induced cardiac hypertrophy) in-depth, a cardiomyoblast 

model using 100 nM 24 h AngII stimulation in H9C2 cells was employed.   

 In the experiment of measuring LMH001 reduced NADPH-dependent O2∙- 

production in AngII-stimulated H9C2 cells, an IC50 of 142.4 ng/ml was calculated by 

fitting a non-linear regression curve using Prism GraphPad 7.0. Since the PD model is 

not detailed in the Prism Graph, a detailed PD analysis using Phoenix WinNonlin 8.1 

was also employed in this study. The data (minus basal) were subjected to four classic 

inhibitory PD models and was fitted best to a sigmoid E0 model, with an IC50 = 393.0 

± 172.1 ng/ml. Both the IC50 values are higher than in the isolated cardiac 

microvascular endothelial cells (CMECs) from C57BL/6 (IC50 below 100 ng/ml, not 

published). Although cardiac LMH001 concentration was not measured yet, the PK 

study of apocynin in Chapter 3 showed that at a dose of 5 mg/kg, CD1 mice with an 

average bodyweight of 28 g could achieve a cardiac apocynin concentration of 834 ng/g. 

Although this is not a direct comparison, with similar physical-chemical properties such 

as pKa, Log P and tPSA, 10 mg/kg by iv LMH001 would be expected to reach beyond 

the concentration of 393.0 ± 172.1 ng/g in the cardiac tissue, and therefore should affect 

the cardiac ROS generation in the diseased models. In addition, parenteral dosing 

method (iv injection) were used for the preliminary PK study and iv or ip injections 

should continue to be used for treatment of AngII-induced hypertensive diseased in vivo 
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models (currently being carried out, but considered as future study when the thesis was 

drafted) to achieve the desirable dosage, avoiding first-pass metabolism and a better 

bioavailability.  

There are different stimuli found being involved in the ROS production and 

redox signalling: neurotransmitters such as oxytocin (Jankowski, Broderick & 

Gutkowska, 2020), hormones such as AngII, and mechanical stimuli such as excitation-

contraction coupling in heart by stretching via MyoTak-coated micro-rods (Prosser et 

al., 2013). In this study, AngII was chosen because Nox2 mediates many known 

pathophysiological effects of AngII in the cardiovascular system through ROS 

generation (Forrester et al., 2018; Kawai et al., 2017; Munzel et al., 2015), therefore is 

suitable for studying a novel molecule as a potential Nox2 inhibitor. Morphologically, 

preliminary data of the phase-contrast images taken during the experiment showed 

enlarged cells in the AngII-treated group (1.69 ± 0.33-fold increase, p = 0.09, Student’s 

t-test, analysed using ImageJ 1.50i, n = 3, Appendix V). This is in line with the result 

in vivo (chapter 6) and (Yang et al., 2017), in which AngII significantly increased the 

cell surface areas of H9C2 cells as well as the cross-sectional areas of the 

cardiomyocytes in rats. In combination with the ROS production results obtained, it 

was suggested that the H9C2 in vitro PD model used in this study serves as a link to the 

in vivo investigation on the effects of LMH001, and is meaningful in predicting the 

formulation and efficacy of LMH001 in vivo PK analysis and in the cardiac 

hypertrophic models.  

Ever since the first discovery of Nox2 in murine and human cardiomyocytes 

(Heymes et al., 2003; Li et al., 2002), different studies have examined its role on the 

generation of cardiac oxidative stress and remodelling (Joseph et al., 2017; Krijnen et 

al., 2003; Sirker et al., 2016; Zhang et al., 2015). It is worth mentioning that a co-
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localisation of the capillaries and the cardiomyocytes was discovered in the mammalian 

hearts, and bi-directional crosstalk between the ECs and cardiomyocytes suggested a 

role of ECs to direct cardiomyocytes through various local protective signals, while 

cardiomyocytes reciprocally secrete the signalling factors. (Chen et al., 2010; Colliva 

et al., 2019; Condorelli et al., 2001; Hsieh et al., 2006). The ROS signalling from the 

mitochondrial electron-transport chain, XO, uncoupled NO synthases (NOS), and Nox 

between different cardiac cell types can be mediated by 1) diffusion; 2) influencing the 

extracellular matrix (ECM composition); 3) ROS-dependent alteration of paracrine 

factors, and could affect the contractile function, hypertrophic growth, and cardiac 

remodelling in the heart (Zhang & Shah, 2014). Therefore, the effect of LMH001 (IC50) 

might be affected by the differences in the roles and functions of the ECs and 

cardiomyocytes in the heart, and the PD modelling of LMH001 in different cardiac cell 

types would provide insights into the crosstalk between different cell types in the heart.  

  Pathophysiological effects of Noxes are isoform-specific, cell-specific and 

context-specific. LMH001 was developed based on the activation mechanism of 

autoinhibitory mechanism of the tandem SH3 domains on p47phox and its 

phosphorylation (explained in chapter 4). The treatment of 2900.7 ng/ml LMH001 for 

30 min could 1) significantly reduce the AngII induced ROS production and reduced 

the Nox1, Nox2 and Nox4 expression. These effects of LMH001 are closely linked to 

its targets and functions as a Nox2 inhibitor (Keiser et al., 2009; Kuhn et al., 2008). The 

reduction in the O2∙- production and the Nox2 expression could be directly attributed to 

the reduced p47phox activity based on the proposed mechanism of LMH001. On the 

other hand, a reduced Nox4 expression after the LMH001 could be an indirect effect of 

LMH001 from the reduced activity of Nox2 and oxidative stress in general (Byrne et 

al., 2003). However, the altered Nox1 expression could be due to different factors. One 
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could be its response to the reduced ROS level in H9C2 cells in general. Still, another 

could stem from a reduced/inhibited activity of NOXO1, which is a Nox1 organiser, a 

homologue of p47phox and has tandem SH3 domains isoform (discussed in section 1.3.1). 

Since LMH001 targets the tandem SH3 domains on the p47phox, more evidence on its 

specificity and binding affinity are needed. Bearing this complexity in mind is vital in 

developing specific therapeutic approaches that target the detrimental effects of Noxs 

in the heart (Zhang et al., 2013). The complexity also made it hard to understand the 

downstream signalling such as p38 MAPK and ERK1/2 activation.  

As discussed above, this highlights one of the major limitations of this study, 

which is the lack of data on the LMH001 binding affinity, Kd. By using different 

binding assays such as isothermal titration calorimetry (ITC), surface plasmon 

resonance (SPR) or bio-layer interferometry (BLI) assay, its binding affinity could be 

determined. Although the binding model was predicted, the proposed interactions 

between the LMH001 and the protein need further validation for its specificity, such as 

by using mutant(s) of the p47phox tandem SH3 domain in an in vitro model or 

synthesizing and testing an analogue which is chemically modified to lose the essential 

interactions with the p47phox tandem SH3 domain. At the same time, effects of LMH001 

on morphological changes of the H9C2 cells (such as cell surface area, contraction etc.) 

had been overlooked and are worth investigating.   

 In conclusion, this chapter explored the effect LMH001 as a Nox2 inhibitor on 

the NADPH-dependent O2.- production in vivo, and its concentration-dependent PD in 

an AngII-stimulated H9C2 cell model in vitro. LMH001 is effective in reducing the 

AngII-induced oxidative stress levels, accompanied by a decrease in Nox2 and Nox4 

expression, and reduced activation of p38 MAPK. However, the activation of ERK1/2 
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does not seem to change significantly. Understanding the role of the target of LMH001, 

p47phox, might provide insights into its effects.   
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Chapter 6 

The Role of p47phox in Angiotensin II (AngII)-induced Cardiac 

Hypertrophy in Mice 

6.1 Introduction 

 Nox2 is a multi-subunit enzyme responsible for the production of O2∙- in many 

different types of cells in the cardiovascular system (Cave et al., 2006). This study has 

characterised the PKPD of a novel Nox2 inhibitor, LMH00l, and examined its effect on 

inhibiting ROS production in AngII-stimulated H9C2 cells. However, the effect and 

the mechanism of p47phox inhibition in the heart under pathophysiological conditions 

were not elucidated.  Evidence has suggested the existence of gp91phox-containing 

NADPH oxidase (Nox2) and its regulatory subunits such as p47phox in mammalian 

myocardium (Sirker et al., 2016), epicardial adipose tissue (Sacks et al., 2011) and 

coronary arteries (Sattler et al., 2006). Overproduction of ROS by Nox2 has been 

implicated in the development of numerous cardiovascular diseases including 

hypertension (Forte et al., 2016), atherosclerosis (Judkins et al., 2010) and 

atherothrombosis (Violi et al., 2017). For example, infusion of a vasoconstrictor, AngII, 

could generate higher blood pressure and result in compromised vasorelaxation by 

acetylcholine in the Nox2-overexpressed mice compared to WT (Murdoch et al., 2011), 

while AngII did not have a significant effect on the blood pressure in Nox2 KO mice 

(Chan & Baumbach, 2013).  Research has demonstrated a close relationship between 

the activation of Nox and AngII-induced activation of MAPK signalling pathways 

(Cruzado et al., 2002; Ebrahimian et al., 2011; Knock & Ward, 2011) and inhibiting 

Nox by inhibitors or reducing the level of ROS by antioxidants could reduce the effect 

of AngII in the cardiomyocytes (Hingtgen et al., 2006).  
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 Many studies have revealed a vital role of the p47phox subunit in regulating the 

activation of Nox (Fan, Teng & Li, 2009; Li et al., 2005; Li et al., 2002; Li & Shah, 

2003; Li et al., 2004; Meijles et al., 2014). As the main regulatory subunit of Nox2, 

p47phox is intuitively and traditionally considered to be involved in the development of 

many oxidative-stress related cardiac disorders such as myocardial dysfunction and 

remodelling after MI (Doerries et al., 2007; Leiding et al., 2013; Li et al., 2015), 

hypertrophic cardiomyopathy (Grote et al., 2006), dilated cardiomyopathy (Leiding et 

al., 2013), diabetic cardiomyopathy (Sharma et al., 2016),  congestive or end-stage heart 

failure (Patel et al., 2013), coronary artery disease (Barry-Lane et al., 2001) and 

ischaemia/reperfusion (I/R) injury (Loukogeorgakis et al., 2010). This study focuses on 

the role of p47phox and oxidative stress in cardiac hypertrophic growth and 

consequently, cardiac remodelling. The entire process of cardiac remodelling is not yet 

clear, but it was suggested to occur following myocardial infarction, coronary artery 

disease, or in response to a long-term hypertension (Rababa'h et al., 2018). Cardiac 

maladaptive hypertrophic growth normally would happen first, which involves the 

stretch of the myocyte. In response, neurohormones such AngII would then increase 

locally, and result in ROS production and activation of different signalling pathways 

(Dahlof, 1995; Fyhrquist, Metsarinne & Tikkanen, 1995; Horton et al., 2016; Wray et 

al., 2008). In turn, further deterioration of cardiac functioning follows, which then 

generates cardiac oxidative stress and an overwhelming neurohormones rush. This 

vicious cycle involving ROS plays an important role in cardiac fibrosis and remodelling 

(Cohn, Ferrari & Sharpe, 2000). p47phox serves as a mediator for the activation of Nox2 

in generating oxidative stress and activating reduction-oxidation reaction (redox) 

signalling which could induce the activities of different cytokines and aldosterone.  
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 Unlike in neutrophils, in the cardiovascular system, p40phox, p47phox and p67phox 

exist as a preassembled complex and co-localise with gp91phox and p22phox in 

cytoskeletal fractions with a peri-nuclear distribution in vascular endothelial cell lines 

under basal conditions (Li & Shah, 2002), suggesting different locations (i.e. 

intracellularly comparing to in the plasma membrane in neutrophils) and distinctive 

functions (i.e. generating O2∙- intracellularly as signalling molecules rather than 

assisting with microbial killing in neutrophils) of Nox2 in non-phagocytic cells.  In 

VSMCs (Touyz et al., 2005) and cardiomyocytes (Patel et al., 2013), however, p47phox 

has been found to co-localise with F-actin and associate with cortactin, which was 

proposed to facilitate the translocation of the p40phox-p47phox-p67phox complex to Nox2 

which locates both on the plasma membrane and the cytosol (including peri-nuclear 

region) (Krijnen et al., 2003). It was also shown in lung endothelial cells stimulated 

with hyperoxia that the p47phox subunit associates with the actin cytoskeleton and 

p47phox mobilisation occur upon stimulation with AngII (Usatyuk et al., 2007). It was 

discovered that with TNFα stimulation, p47phox in the endothelial cells was able to 

interact with TNF receptor-associated factor 4 (TRAF4) thus getting phosphorylated, 

which could serve as a mechanism to localise the activated oxidase and its products to 

the targeted downstream kinases of induced ROS production such as ERK1/2 and p38 

MAPK via interactions of TRAF4 with the cytoskeleton (Li et al., 2005). Disruption of 

this interaction by knocking down TRAF4 or using a ROS scavenger tiron could 

prevent the ERK1/2 phosphorylation, which demonstrated the role of the O2∙- in the 

downstream signalling pathways. At the same time, phosphorylated p47phox was also 

discovered to interact with scaffold proteins such as Wiskott–Aldrich syndrome 

verprolin-homologous protein complex 1 and the actin cytoskeleton to direct the 

intracellular localisation of the active Nox (Tamura et al., 2006; Wu et al., 2003). 
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Phosphorylation of conserved serine residues in the c-terminal region of p47phox was 

identified as being a key mediator of the signalling ligands secreted under 

pathophysiological conditions and the activation of p47phox downstream signalling 

pathways (Didichenko et al., 1996; Fontayne et al., 2002; Meijles et al., 2014). 

 However, the complex role of p47phox and the p47phox signalling under 

pathophysiological conditions remain to be investigated. This study set out to look at 

the p47phox signalling and the effect of targeting p47phox on AngII-induced cardiac 

oxidative stress and hypertrophy. 

6.1.1 Aims and objectives 

 Despite the studies on activation and regulatory mechanisms of Nox2 in the 

cardiovascular system, the role of p47phox in AngII-induced cardiac hypertrophy had 

not been characterised. In this study, we first proposed that p47phox signalling pathways 

might be involved in the AngII induced development of cardiac hypertrophy and 

targeting p47phox by knockout or inhibition its function could prevent or reduce the 

levels of cardiac hypertrophy. Previously research discovered that ex vivo incubation 

with AngII (200 nM, 30 minutes) did not induce the O2∙- production, and the aortic 

relaxation in p47phox KO mice was preserved (Li et al., 2004). Therefore, we propose 

that targeting p47phox by global KO would protect the heart from AngII-induced 

oxidative stress and thus retard the development of AngII-induced hypertrophy in the 

heart. Specifically, the objectives of this chapter are as following: 

 1. To assess the effect of p47phox KO on AngII-infusion induced high blood 

pressure and cardiac hypertrophy;  
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  2. To look at the effect of KO p47phox on the AngII-induced cardiac oxidative 

stress. This includes the O2∙- and H2O2 productions, and the expression patterns of Nox 

homologues including Nox1, Nox2 and Nox4; 

 3.  To investigate the role of p47phox in the activation of AngII-induced MAPK 

signalling pathway and DNA damage by the phosphorylation of H2A histone family 

member X (H2AX) and ASK1 in the heart.  
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6.2 Materials and Methods 

6.2.1 Chemicals and reagents 

 Reagents of the appropriate grade, instruments and antibodies used in this study 

are listed in Appendix I, II and III, if not specified.  

6.2.2 AngII-induced cardiac hypertrophy and cardiac samples from 

wild-type and p47phox KO mice 

 The in vivo experiments were done by Prof. Li (my supervisor) group, as 

described previously (Fan et al., 2014). I was trained to measure blood pressure and 

harvest organs from mice. However, I did not do the implantation of mini pumps. 

Briefly, AngII at 800 ng/kg/min was delivered through osmotic minipumps (ALZET 

Osmotic Pumps, DURECT Corporation, U.S.A), and control mice received saline 

delivering for 14 days at the age of 10~12 months. Systolic and diastolic blood pressure 

was measured using computerised tail-cuff system (CODA, Kent Scientific, UK) 

(Figure 6.1 A and B) (Thatcher, 2017) on conscious mice following one week of the 

training period (Du et al., 2013). The CODA blood-pressure measurement is non-

invasive and utilises a tail occlusion cuff (OCuff in Figure 6.1(C)) and a tail cuff with 

VPR (volume pressure recording) sensor. The VPR sensor measures the systolic and 

diastolic blood pressure based on the blood flow changing during the occlusion cuff is 

being deflated. Figure 6.1 (C) channel 1 shows an example of the blood pressure 

measurement, in comparison to channel 3 being empty. 

Bodyweight and heart weight were measured, and the tissues were harvested 

and stored in -80 °C freezer. I used cardiac tissues of both WT and p47phoxKO mice; 

control (saline-infused) group versus AngII-infused group (n=9/group) for ex vivo 

experiments. All the subsequent experiments of biochemical and molecular assessment 
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of AngII-induced cardiac oxidative stress and signalling pathways were done by 

myself.  A diagram (Figure 6.2) demonstrates the model establishment and the 

subsequent experiments that have been carried out in this study. 
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Figure 6. 1 CODA non-invasive murine blood-pressure measurement system, its 

application on conscious mice, and the representative blood pressure trace.  



Page | 235  

 

 

 

Figure 6. 2 Set-up of 2-week AngII-infused middle-age WT and p47phox KO murine 

model and the biochemical and molecular experiments for the assessment.  

6.2.3 Measurement of cardiac hypertrophy by cross-sectional 

cardiomyocyte size 

 To determine the level cardiac hypertrophy, alongside the heart/body weight, 

which was recorded at the time of cull, I measured the cross-sectional area of the 

cardiomyocytes under microscopy for each treatment group, since one of the indicators 
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of a hypertrophied cardiomyocyte is its enlargement cross-sectionally (Bensley et al., 

2016). In the past, researchers found wheat germ agglutinin (WGA) staining was 

pericellular (Ohno, Tajima & Utsumi, 1986) and therefore have used it to measure the 

cross-sectional area of the myocyte (Del Re et al., 2013). WGA can bind to N-acetyl-

β-D-glucosaminyl residues and N-acetyl-β-D-glucosamine oligomers, the necessary 

and abundant component of hyaluronic acid and keratin sulphate on the cell membrane 

(Chen, Shen & Liu, 2010). Therefore, in this study, to measure the cross-sectional area 

of the cardiomyocyte, a commercially available WGA (FITC conjugated, Sigma-

Aldrich, UK) was used on cardiac cryosections from WT and p47phox KO mice infused 

with AngII. Specifically, 5 mg of the WGA-FITC was dissolved in 5 ml PBS (final 

conc. 1 mg/ml) and stored at –20 °C. The working solution used was 1 g/ml (1 l 

stock in 1000 l PBS) directly applied to the section and incubated for 30 min at room 

temperature, avoiding light. At the end of the incubation, 10 l 0.5 g/ml DAPI was 

applied to each section for 5 min and washed by ultrapure water, as described in section 

2.10.6. After being air-dried thoroughly avoiding light, the sections were mounted as 

described in 2.10.7 and observed by A1R confocal microscope (Nikon, Japan) (20× 

magnification). Images were taken (1024 pixel × 1024 pixel) and the cross-sectional 

area of the cardiomyocytes was measured by ImageJ 1.50i (NIH, USA). 

6.2.4 Sample preparation 

  For lucigenin, Amplex red and western blot, the left ventricular part of the 

isolated hearts (stored in - 80 °C) were first ground into powder using mortar and pestle 

in liquid nitrogen at -70 °C on dry ice. Then approximately 2 mg (for lucigenin or 

Amplex red assays) or 20 mg (for western blot) of the tissue powder was added to 200 

l HBSS (for lucigenin or Amplex Red assays) or protein lysis buffer (for western blot, 

whose ingredients are specified in section 2.9.1) with PierceTM Protease Inhibitor 
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Tablets, EDTA free (Thermo Scientific, United Kingdom). Homogeniser POLYTRON 

PT 1200E (Kinemetica, Netherland) was used to cut up each sample on ice for 60 s 

twice. Sonifier (Branson Ultrasonics, USA) was set as Time: 8 s; Temperature: 20 °C 

and Amplitude: 50% for sonicating samples on ice, twice per sample. 

6.2.5 Protein concentration measurement 

 Protein concentration measurement is described in detail in chapter 5 (section 

5.2.3). The only adjustment was to increase the protein concentration standards to 0, 5, 

10, 25, 50, 100 mg/ml BSA in HBSS for measuring tissue protein concentrations.  

6.2.6 ROS measurement  

 Lucigenin chemiluminescence and DHE assays were used for measuring the 

effect of AngII on the O2∙- production. The methods were detailed in sections 2.6 and 

2.7. Alongside the O2∙-, Amplex red assay was also used for detecting the level of H2O2 

production (section 2.9).  

6.2.7 Western blot 

 Western blot was used in this study to look at the p47phox KO model (p47phox 

expression level) and the effect of AngII and KO of p47phox on Nox expression and the 

activation of MAPK signalling pathways, in which ERK1/2, p38MAPK, and JNK were 

shown to have an increased level of phosphorylation in the aortas of AngII-infused and 

KO murine model (Li et al., 2004). The phosphorylation of a redox-sensitive marker 

for DNA double-strand break, H2AX was also investigated (Rothkamm et al., 2015) to 

understand the role of p47phox and NADPH-dependent O2∙- production upon AngII 

infusion on the DNA damage. The method of western blot is detailed in section 2.9. 
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6.2.8 Immunofluorescence  

 Immunofluorescence was used alongside western blot to investigate the role of 

p47phox and the effect of AngII. The phosphorylation of redox-sensitive apoptotic 

molecules H2AX at Ser139/Tyr142 and ASK1 at Thr845 were examined by 

immunofluorescence. The detailed method is listed in section 2.10.   
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6.3 Results 

6.3.1 The effect of AngII infusion on the blood pressure  

 The systolic and diastolic blood pressure of WT and p47phox KO mice were 

measured by CODA tail-cuff system (Kent Scientific, U.S.A) after 2-week of infusion 

(done by the previous group and data were analysed by myself) to understand the direct 

effect of AngII infusion on the WT and p47phox KO mice. As is shown in Figure 6.3, 

2-week infusion of AngII increased 1) the systolic blood pressure of WT to an average 

of (178.2 ± 8.8) mmHg significantly, compared to 2-week infusion of saline, with an 

average systolic blood pressure of (122.1 ± 6.7) mmHg (*p < 0.05, one-way ANOVA); 

2) diastolic blood pressure of WT to an average of (143.5 ± 10.9) mmHg significantly, 

compared to the saline-infused group, which had an average diastolic blood pressure of 

(100.4 ± 4.4) mmHg (*p < 0.05, one-way ANOVA); 3) the systolic blood pressure of 

p47phox KO to an average of (145.9 ± 12.5) mmHg mildly, compared to 2-week infusion 

of saline, with an average systolic blood pressure of (128.6 ± 16.4) mmHg (0.1 > p > 

0.05, one-way ANOVA);  4) diastolic blood pressure of p47phox KO to an average of 

(127.3  ± 3.4) mmHg significantly, compared to the saline-infused group, which had an 

average diastolic blood pressure of (98.9 ± 10.7) mmHg (†p < 0.05, one-way ANOVA).  

Heart weight (HW, mg) and body weight (BW, g) ratio were also calculated, 

and cross-sectional areas of cardiomyocytes from each group were measured. AngII 

infusion significantly induced cardiac hypertrophy in WT mice as demonstrated by 1) 

HW/BW (mg/g) ratio, which was 5.4 ± 0.5 in AngII-infused and 4.5 ± 0.2 in saline-

infused group (*p < 0.05, one-way ANOVA) (Figure 6.3 C); 2) the cross-sectional 

areas, which was (414 ± 60) m2 in AngII-infused and (341 ± 39) m2 in saline-infused 

group (*p < 0.05, one-way ANOVA, Figure 6.4 A). However, in p47phox KO mice, 

AngII only induced mild hypertrophy based on the HW/BW ratio with AngII (4.9 ± 
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0.3) compared with saline (4.5 ± 0.1) (†p = 0.03, one-way ANOVA, Figure 6.3 C). Yet 

no significant change ((285 ± 61) m2 with AngII in comparison to (261 ± 36) m2 

with saline, 0.1 > p > 0.05) in the cardiomyocyte cross-sectional area was found (Figure 

6.4 A). These results illustrated that AngII infusion is effective in the model set up and 

induced high blood pressure in WT and p47phox KO, and hypertrophy in WT mice.  
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Figure 6. 3 Cardiovascular functions of WT and p47phox KO mice after 2-week infusion 

of AngII or saline, measured by blood pressure and heart/body weight ratio.  

(A) Systolic blood pressure of WT and p47phox KO mice. (B) Diastolic blood pressure 

of WT and p47phox KO mice. (C) HW/BW ratio of WT and p47phox KO mice. Data were 

presented as Mean ± SD. Statistical comparison between the two groups was made 

using one-way ANOVA. *p <0.05, significantly different from WT 2-week saline; † p 

<0.05, significantly different from WT 2-week AngII; # p <0.05, significantly different 

from KO 2-week saline. 
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6.3.3 The effect of AngII infusion and targeting p47phox on the cardiac 

in situ O2.- production measured by DHE fluorescence 

 Alongside the measurement of cross-sectional cardiomyocyte size, in situ O2∙- 

was measured by DHE fluorescence on cryosections. DHE is membrane-permeable and 

can bind to the chromosomes and exhibits a red fluorescent signal once oxidised. High 

level of fluorescent intensity indicates a high level of O2∙- in the tissue.  At the same 

time, 10 mM tiron was used to scavenge ROS on the sections. Figure 6.4 B left panel 

showed representative images taken from DHE and DHE with tiron treated saline or 

AngII-infused WT and p47phox KO cardiac sections. AngII-infused WT cardiac sections 

displayed a comparatively high level of bright fluorescent red, indicating a higher level 

of O2∙- production than saline-infused WT cardiac sections (p < 0.05). The O2∙- did not 

display any significant change in AngII-infused p47phox KO sections, compare to saline. 

Figure 6.4 B right panel is the quantification of DHE fluorescent intensities displayed 

by different heart sections. AngII infusion had a strong effect on the O2∙- production in 

WT (p <0.05, one-way ANOVA) but not p47phox KO mice (p > 0.05, one-way ANOVA).  
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Figure 6. 4 In situ cardiac cross-sectional area and O2∙- production in AngII or saline-

infused WT and p47phox KO mice.  

A left panel: representative images of the cardiomyocyte, stained with WGA-FITC. 

Images were taken under A1R confocal microscope (Nikon, Japan) (20× magnification), 

with the filter set to excitation/emission 495 nm/519 nm (FITC) and 358 nm/461 nm 

(DAPI). A right panel: measurement of the cardiomyocyte cross-sectional area. The 

cardiomyocyte cross-sectional areas were measured by ImageJ 1.50i using 10-15 

images per slide. B left panel: representative images of oxidised DHE staining in the 

cardiac section. 10 mM Tiron was added before DHE as controls. Nuclei stained with 

oxidised DHE in red. Images were obtained under Nikon Eclipse Ti2-E inverted 

microscope with a red fluorescent filter, 10× magnification. B right panel: 

quantification of fluorescent intensity of DHE staining. The fluorescent intensity was 

calculated by measuring Mean Grey of DHE against the background using ImageJ 1.50i. 

10-15 images used per slide. n=6 per group. Data were presented as Mean ± SD. 

Statistical comparison between the two groups was made using one-way ANOVA. *p 
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<0.05, significantly different from WT 2-week saline; † p <0.05, significantly different 

from WT 2-week AngII.  

6.3.4 The effect of AngII infusion and targeting p47phox on the cardiac 

O2.- production measured by lucigenin chemiluminescence  

 To validate the result obtained from DHE assays and to understand the effect of 

AngII and KO of p47phox on the O2∙- production, NADPH-dependent O2∙- production 

was detected by lucigenin chemiluminescence assay in a kinetic manner (Figure 6.5 

A). Upon adding NADPH at 10 min, O2∙- generation climbed immediately. The O2∙- 

generation after the addition of NADPH suggested that O2∙- generation detected using 

lucigenin was NADPH-dependent. At 30 min, 10 mM Tiron, a ROS scavenger, was 

added and effectively inhibited the O2∙- generation, which confirmed the specificity of 

signal in this assay. Overall O2∙- production after adding NADPH was calculated in 

Figure 6.5 B. AngII significantly increased O2∙- production in WT but not p47phox KO 

mice. Since the possible enzymatic sources of ROS include NOS, mitochondrial 

respiratory chain, XO and Nox, the enzymatic source of O2.- generated was also 

investigated using different enzymatic inhibitors including L-NAME, rotenone, 

oxypurinol, DPI, and PEG-SOD (Figure 6.5 C). The increased signal detected in 

AngII-infused WT heart was able to be reduced by DPI, a flavoprotein inhibitor, and 

PEG-SOD, a superoxide dismutase. This result showed that Nox2, as a flavoprotein, is 

a very significant source of O2∙- in this study. 
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Figure 6. 5 O2∙- production in AngII or saline-infused WT and p47phox KO mouse heart.  

A. Representative examples of kinetic measurement of O2∙- production. 0.1mM 

NADPH was added at 10 min. 10 mM tiron was added at 30 min, n= 3 per group. B. 

O2∙- production. n=6 per group. Statistical comparison between the two groups was 

made using one-way ANOVA. *p<0.05, significantly different from saline-infused WT; 

† p <0.05, significantly different from WT 2-week AngII. C. Enzymatic source of the. 

O2∙- in AngII-infused WT heart. L-NAME: NG-nitroarginine methyl ester, 100 mM, 

NOS inhibitor; Rotenone: 50 mM, mitochondrial respiratory chain inhibitor; 

Oxypurinol: 250 mM, XO inhibitor; DPI: diphenyleneiodonium, 20mM, flavoprotein 

inhibitor; PEG-SOD: 200 U/mL, polyethylene glycol, covalently linked to superoxide 

dismutase. n = 6 per group. Data were presented as Mean ± SD. Statistical comparison 

between the two groups was made using one-way ANOVA. *p <0.05, significantly 

different from AngII-infused WT group. 
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6.3.5 The effect of AngII infusion and targeting p47phox on the cardiac 

H2O2 production measured by Amplex Red fluorescence 

 When the mammalian cells are exposed to oxidative stress, H2O2 is one of the 

major metabolic products of O2∙- by SOD (Lennicke et al., 2015) from the cellular self-

protective mechanism (Fisher, 2009). At the same time, the other isoform of Nox, 

Nox4, is constitutively active due to its high Km for oxygen (∼18%) (Nisimoto et al., 

2014) and has a significant production of H2O2 (discussed in section 1.3.3), the 

measurement of H2O2 would also contribute to the understanding of the role of Nox4 

with AngII stimulation. In this study, H2O2 production in AngII-infused WT and p47phox 

KO mice was measured by Amplex red assay. Figure 6.6 A is a representative standard 

curve of fluorescent unit displayed by different known concentrations of H2O2 from 

one Amplex Red assay. It shows that from 0.0625 M to 2 M H2O2 in the detecting 

system, good linearity between the concentration of H2O2 and the fluorescent units 

detected by the instrument was achieved. Figure 6.6 B shows a representative example 

of the kinetic readings of fluorescent units detected in the Amplex Red assay. Since 

catalase can scavenge H2O2, the gap in Figure 6.6 B represents a real-time H2O2 

production. The signal was linear in the first 12 min. Hence the data recorded in the 

first 12 min was used for calculating H2O2 production in Figure 6.6 C. The 

quantification results in Figure 6.6 C showed that the AngII infusion could enhance 

the level of H2O2 production in both WT and p47phox KO mice (p < 0.05), and this 

agrees partly with the fact that H2O2, as one of the main products from O2∙-, increases 

when there is a high level of O2∙- production. On the other hand, the H2O2 increase in 

p47phox KO (both saline and AngII-infused) could be attributed to the Nox4 functioning 

independent from p47phox, and possibly H2O2 acted as a signalling molecule in response 

to reduced functioning of Nox2. These findings are in line with previous studies on 
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microglia with stimulation of amyloid-β (Geng et al., 2020), and the WT and Nox2 KO 

aging brain (Fan et al., 2019).  

 

Figure 6. 6 H2O2 production in saline or AngII infused WT and p47phox KO mouse heart.  

A. Representative example of a standard curve of the fluorescent unit against different 

concentrations of H2O2. relative fluorescent unit (RFU) was measured at c (H2O2) = 0, 

0.0625, 0.125, 0.250, 0.500, 1.000, 2.000 M. The curve was used to calculate H2O2 

concentrations in the samples. B. A representative example of a kinetic RFU plot with 

or without catalase from one AngII-infused WT mice. RFU was measured every three 

minutes. C. Effect of AngII infusion on H2O2 production in WT and p47phox KO mice. 

n=6 per group. Data were presented as Mean ± SD. Statistical comparisons between 

two groups were made using one-way ANOVA. * p < 0.05, significantly different from 

saline-infused WT. 
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6.3.6 The effect of AngII infusion and targeting p47phox on the cardiac 

p47phox and Nox expression examined by western blot 

 Western blot was used to examine the protein levels of p47phox, Nox1, Nox2 and 

Nox4 in the cardiac homogenates using the AngII or saline-infused WT and p47phox KO 

mice. Figure 6.7 A shows representative images on p47phox, Nox1, Nox2 and Nox4 

expression in AngII and saline-infused WT and p47phox KO murine cardiac 

homogenates. The full-gel images are included at the end of this chapter as Appendix 

VII. Quantification of 6 different hearts per group (Figure 6.7 B) showed that: 1) AngII 

significantly increased the protein expression level of p47phox, Nox1, Nox2 and Nox4 

compared to saline infusion in WT mice (p <0.05, one-way ANOVA); 2) yet AngII 

only increased the protein expression level of Nox2 in p47phox KO mice mildly (p = 

0.07, one-way ANOVA); 3) KO of p47phox significantly reduced the p47phox expression 

level in both AngII and saline-infused p47phox KO mice, but significantly increased the 

expression of Nox1 and Nox4 compared to WT mice (p <0.05, one-way ANOVA). 
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Figure 6. 7 Protein expression level of p47phox, Nox1, Nox2 and Nox4 in AngII or 

saline-infused WT and p47phox KO mice.  

A Representative images of western blot analysis of p47phox, Nox1, Nox2 and Nox4 in 

cardiac homogenates from saline or AngII-infused WT and p47phox KO mice. Actin 

detected in the same sample was used as a loading control. B the optical densities (OD) 

of p47phox, Nox1, Nox2 and Nox4 bands were quantified using ImageJ 1.50i and 

normalized to the Actin levels. Data were presented as Mean ± SD. Statistical 

comparisons between two groups were made using one-way ANOVA. * p <0.05, 

significantly different from WT 2-week saline; † p <0.05, significantly different from 

WT 2-week AngII. 
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6.3.7 The effect of AngII infusion and targeting p47phox on the 

activation of the MAPK signalling pathway examined by western blot 

 The activation of redox-sensitive MAPK signalling pathways has been 

demonstrated previously by the phosphorylation of ERK1/2, p38 and JNK in the ex vivo 

AngII incubation with WT and p47phox KO murine aortic rings compared to controls. A 

basal increased phosphorylation level of ERK1/2, p38MAPK and JNK were discovered 

in p47phox KO control aortic samples (Li et al., 2004). Therefore, to investigate the effect 

of AngII in vivo infusion on the activation of MAPK signalling pathways in WT and 

p47phox KO mice, the phosphorylation of ERK1/2, mitogen-activated protein kinase 

kinase (MKK3/6), which was reported to be specific and only activate p38MAPK 

(Derijard et al., 1995; Brancho et al., 2003) and p38MAPK were examined and 

normalised to the corresponding total protein level by western blot. Figure 6.8 shows 

the phosphorylation of ERK1/2, MKK3/6 and p38MAPK in saline or AngII-infused 

WT and p47phox KO murine cardiac homogenates. AngII significantly increased the 

phosphorylation of ERK1/2, MKK3/6 and p38MAPK in WT mice (p < 0.05 comparing 

to saline-infused WT, one-way ANOVA). Moreover, these effects can be reduced or 

abolished in the p47phox KO mice (p < 0.05, comparing to AngII-infused WT, one-way 

ANOVA). At a basal level with saline infusion, targeting p47phox by KO did not affect 

the phosphorylation of MKK3/6, p38MAPK, or ERK1/2 significantly (p > 0.05, 

comparing to saline-infused WT, one-way ANOVA). The full-gel images for the 

representatives are also included in Appendix VII. 
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Figure 6. 8 Protein phosphorylation of ERK1/2, MKK3/6 and p38MAPK in saline or 

AngII infused WT and p47phox KO mice.  

A Representative images of western blot analysis of the phosphorylation of ERK1/2, 

MKK3/6 and p38MAPK in cardiac homogenates from saline or AngII-infused WT and 

p47phox KO mice. The corresponding total protein detected in the same sample was used 

as a loading control. B the optical densities (OD) of phospho-ERK1/2, MKK3/6 and 

p38MAPK bands were quantified using ImageJ 1.50i and normalized to their total 

protein levels. Data were presented as Mean ± SD. Statistical comparisons between two 

groups were made using one-way ANOVA. * p <0.05, significantly different from WT 

2-week saline; † p <0.05, significantly different from WT 2-week AngII; # p <0.05, 

significantly different from p47phox KO 2-week saline.  
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6.3.8 The effect of AngII infusion and targeting p47phox on 

phosphorylation of H2AX and ASK1 

 The effect of AngII on DNA damage was also investigated by looking into the 

phosphorylation of H2AX, a DNA double-strand breaks marker, (Kuo & Yang, 2008; 

Kinner et al., 2008) at Ser139, which indicates the DNA double-strand breaks in 1:1 

manner, and the phosphorylation is associated with the recruiting of DNA repairing 

enzymes by oxidative stress (Gruosso et al., 2016). The observation of H2AX foci 

formation was seen as an indirect visualising of DNA damage in the cells (Kinner et 

al.2008) but many studies have used it to score the level of DSBs (Rothkamm & 

Lobrich, 2003; Riballo et al., 2004; Leatherbarrow et al., 2006). Oxidative stress-related 

phosphorylation of H2AX has been demonstrated in human spermatozoa (Li, Yang & 

Huang, 2006) and leukocytes (Tanaka et al., 2006), and the formation of H2AX foci 

caused by ionising radiation has been indicated in the heart cells (Gavrilov et al., 2006) 

and also patients undergone paediatric cardiac catheterization (Beels et al., 2009). 

Therefore, in this study, phosphorylation of H2AX at Ser139/Tyr142 was used as an 

indication of DNA damage but the immunostaining and quantification of H2AX only 

indicated the phosphorylation of H2AX rather than the real level of DNA double-strand 

breaks. As is shown in Figure 6.9 A and Figure 6.10, AngII significantly increased 

the level of H2AX in WT mice as examined both by immunofluorescence and western 

blot (p < 0.05, compared to saline infusion with the same genetic background), 

suggesting a higher DNA damage level. However, KO p47phox could significantly 

reduce the level of H2AX (p < 0.05, compared to WT mice with the same treatment).  
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Figure 6. 9 H2AX detection in the AngII and saline-infused WT and p47phox KO mice 

by western blot.  

Upper: Representative images of western blot analysis of H2AX in cardiac 

homogenates from saline or AngII-infused WT and p47phox KO mice. The 

corresponding total protein detected in the same sample was used as a loading control. 

Lower: OD of H2AX bands were quantified using ImageJ 1.50i and normalized to 

their total H2AX levels. Data were presented as Mean ± SD. Statistical comparisons 

between two groups were made using one-way ANOVA. * p <0.05, significantly 

different from WT 2-week saline; † p <0.05, significantly different from WT 2-week 

AngII.  
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Figure 6. 10 H2AX detection in the AngII and saline-infused WT and p47phox KO mice 

by immunofluorescence.  

Upper: Representative images of immunofluorescence analysis of H2AX (Cy3 

labelled, magnification: 40×) in the cardiac sections of saline or AngII-infused WT and 

p47phox KO mice. Lower: Fluorescent density of H2AX staining was quantified using 

ImageJ 1.50i. Data were presented as Mean ± SD. Statistical comparisons between two 

groups were made using one-way ANOVA. * p <0.05, significantly different from WT 

2-week saline; † p <0.05, significantly different from WT 2-week AngII.  

 The phosphorylation of ASK1 at Thr845, as a marker for DNA damage under 

oxidative stress, was also examined. In this study, ASK1 was the link between oxidative 
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stress, and the activation of its downstream signalling molecules, including MKK3/6 

and p38 (Hayakawa et al., 2012). Figure 6.11 shows the double-immunofluorescent 

staining of phospho-ASK1 and Nox2. AngII significantly induced the phosphorylation 

of ASK1 in WT (p< 0.05, one-way ANOVA) but not p47phox KO mice. KO p47phox 

significantly reduced the phosphorylation of ASK1 with both saline and AngII-infusion 

(p <0.05). This result echoes with the other DNA damage marker H2AX. The Nox2 

expression was significantly increased in the AngII-infused WT group, but slightly in 

the p47phox KO saline and AngII infused groups (p = 0.06). This result agrees with the 

western blot analysis of Nox2 expression in the left-ventricular cardiac homogenates.  
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Figure 6. 11 Phosphorylation of ASK1 and Nox2 expression in the AngII and saline-

infused WT and p47phox KO mice, examined by immunofluorescence.  

Upper: Representative images of immunofluorescence analysis of phosphorylation of 

ASK1 (Cy3 labelled, magnification: 20×) and the expression of Nox2 (FITC labelled, 

magnification 20×) in the cardiac sections of saline or AngII-infused WT and p47phox 

KO mice. Lower: Fluorescent density of phospho-ASK1 and Nox2 staining were 

quantified using ImageJ 1.50i. Data were presented as Mean ± SD. Statistical 

comparisons between two groups were made using one-way ANOVA. * p <0.05, 

significantly different from WT 2-week saline; † p <0.05, significantly different from 

WT 2-week AngII.  
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6.4 Discussion 

 Cardiac hypertrophy especially left ventricle hypertrophy is one of the prevalent 

cardiovascular disorders that develop over a long period and can lead to life-threatening 

cardiac fibrosis and remodelling (Katholi & Couri, 2011). It is linked with a variety of 

cardiovascular conditions including ischaemia (Otterstad, 1993; Raphael et al., 2016), 

MI (Nepper-Christensen et al., 2017; Yuan & Leenen, 1999) and hypertension 

(Williams et al., 1975; Drayer, Gardin & Weber, 1983; Frohlich, 1987; Cuspidi et al., 

2020). Among these conditions, hypertension is one of the most prevalent but 

manageable (Afridi et al., 2003; Jones et al., 2020) yet was largely neglected (Cuspidi 

et al., 2019; Foti et al., 2019). Hypertension caused approximately 9.4 million deaths 

and 7% of disease burden in 2010 (World Health Organisation, WHO), and in the U.S. 

hypertension was identified as the primary or contributing cause of death in about half 

a million cases in 2017 (Coelho et al., 2019). Research has demonstrated a close 

relationship between the development of hypertension, cardiac hypertrophy and the 

release of AngII in the human body.  

 AngII delivered by osmotic mini-pump has been widely used in the 

establishment of murine hypertension models (Iulita et al., 2018; Zimmerman et al., 

2004). The effect of AngII-infusion was tested and verified by the repeated 

measurement of systolic and diastolic blood pressure since it is well-documented that 

AngII, as a vasoconstrictor, could increase the blood pressure (Catt et al., 1971; 

Fyhrquist, Metsarinne & Tikkanen, 1995; Crowley et al., 2006).  At the same time, 

preload and left ventricular end-diastolic pressure, as well as the gradient between left 

ventricular end-diastolic pressure and arterial blood pressure were increased with 

elevated AngII concentration, showing positive inotropic and chronotropic effects of 
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AngII on the heart (Acharya et al., 2011; Broome et al., 2004; Vollmer, Meyers-Schoy 

& Marinelli, 1991). The increased blood pressure in p47phox KO mice may have been a 

combined effect of AngII and the p47phox KO itself considering that AngII could 

increase the vasoconstriction, through ROS production possibly increased by an 

enhanced activity of Nox1 and Nox4 (Welch, 2008). This assumption is in line with the 

result that Nox1 and Nox4 expression increased in the p47phox KO mice with both saline 

and AngII-infusion, as examined by western blot in this study (section 5.3.5). At the 

same time, it is worth pointing out that p47phox was discovered in human VSMCs 

(Touyz, Yao, Quinn, Pagano & Schiffrin, 2005) and murine heart (Montezano & Touyz, 

2013; Patel et al., 2013) to associate with cortactin, which is responsible for the 

arrangement of actin filaments. Therefore, the impaired blood pressure might be related 

to the function of p47phox in relation to contractile functions, independently from its role 

of Nox2 subunit. The cardiac hypertrophy in this study was examined by two methods: 

the HW/BW ratio and the measurement of cardiomyocyte cross-sectional areas. 

Hypertrophy induced in WT group was believed to be a response from hypertension 

and the activation of oxidative-stress sensitive signalling pathways. However, in p47phox 

KO mice, although there was a mild increase in the blood pressure, it could be due to 

the complex role of p47phox in the heart. 

 In this study, I have investigated the effect of AngII on causing cardiac oxidative 

stress, and if targeting p47phox, the regulatory subunit of Nox2 would reduce the 

oxidative stress. By looking into the O2∙- production, the expression of NADPH 

oxidase, the activation of MAPK signaling pathways, and the phosphorylation of 

H2AX, this study showed that AngII infusion, which induced hypertension in both 

middle-age WT and p47phox KO murine models, contributed to the pathophysiological 

conditions in the heart through increasing the cardiac oxidative stress. In addition, 
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targeting p47phox affected AngII-induced cardiovascular disorders and cardiac oxidative 

stress. 

  Results of ROS production (O2∙- and H2O2) by AngII or saline-infused WT and 

p47phoxKO hearts demonstrated that KO of p47phox was effective in reducing the O2∙- 

production upon AngII-infusion. This result is in line with (Li et al., 2004), yet KO 

p47phox alone at basal conditions did not have a significant effect. This intriguing result 

was previously discussed in the p47phoxKO in vitro system (Li et al., 2002) and isolated 

endothelial cells from the KO mice (Li et al., 2004), in which the basal NADPH-

dependent O2∙- production significantly increased in comparison to WT mice. In this 

study, it was believed that the O2∙- production in p47phox KO mice might come from the 

impairment of Nox functioning and might be related to the deficiency of p47phox.  

 At the same time, H2O2 production significantly increased by AngII infusion in 

WT mice as measured by Amplex Red assay, and this is very likely to be linked with 

the elevated O2∙- production (Fukai & Ushio-Fukai, 2011; Zafari et al., 1998). In p47phox 

KO mice, the H2O2 increase observed from both saline and AngII-infused mice might 

have come from the increased activities of Nox4 (as was shown by western blot in this 

study) (Dikalov & Nazarewicz, 2013), as a compensatory mechanism, since previous 

studies observed that in the VSMCs, the AngII did not change the activities of SOD or 

catalase (Zafari et al., 1998). Research had shown that inhibiting Nox2 using apocynin 

or PKC (involving in the activation of Nox2) inhibitor could reduce mitochondrial ROS 

production and retard mitochondrial dysfunction (Doughan, Harrison & Dikalov, 

2008). Therefore, it was expected that H2O2 production in the p47phox KO did not 

change as significantly as in the WT. However, since the expression of Nox4 was 
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increased, it could, in turn, activate the ROS production in the mitochondria (Doughan, 

Harrison & Dikalov, 2008).  

 ERK1/2 and p38 signalling pathways were reported to be activated by AngII 

(Berk, 1999; Griendling & Ushio-Fukai, 2000; Sano et al., 2001; Ushio-Fukai, 

Alexander, Akers & Griendling, 1998; Xie et al., 2001). In this study, the activation of 

ERK1/2, MKK 3/6 and p38 MAPK were examined. Studies have shown that there was 

a slight but significant increase in the level of phosphorylation of MKK3/6, p38 MAPK 

and ERK1/2 in the WT AngII-infused hearts in comparison to WT saline group, but in 

the p47phox KO group, only the phosphorylation of p38 MAPK significantly increased. 

This could be because MAPK signaling did not dependent on Nox2 solely for its 

activation by AngII, as previously described by (Ushio-Fukai et al., 1998) in the 

VSMCs. Since MKK3/6 was involved in the apoptosis signal-regulating kinase (ASK)-

MKK3/6-p38 MAPK pathway (Kim et al., 2005), further studies are needed to explain 

the activation of MAPK signaling in the AngII-induced p47phox KO mice. Despite the 

report on the activation of MKK3/6 by a low level of oxidative stress that did not induce 

the apoptosis (0.02 mM H2O2) in the U937 cells (Kurata, 2000), this study showed a 

more complex role of p47phox in the cardiac MAPK/ERK signaling pathways. Li et al. 

(Li et al., 2004) identified the role pf p47phox in activating the MAPK signaling 

pathways in vascular endothelium, and this study expanded this effect to the hearts. 

Nonetheless, the effects AngII on the activation of MAPK signaling pathways were still 

significantly inhibited in the p47phox KO mice, which demonstrated the role of p47phox 

under pathophysiological conditions and the therapeutic potential of targeting p47phox 

under diseased conditions.  

 H2AX was also used as a DNA damage marker. AngII significantly induced the 

phosphorylation of H2AX on both WT and p47phox KO mice. However, H2AX in the 
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p47phox KO mice were not as high as in the WT. The reduced level of H2AX 

phosphorylation suggests that the DNA damage induced by AngII partly involve the 

functioning of p47phox. This study shows, for the first time, a link among AngII-induced 

oxidative stress, p47phox, phosphorylation of H2AX and DNA damage in the heart. 

Previous studies on H2AX have mainly been focused on radiation (Gavrilov et al., 

2006; Beels et al., 2009; Gruosso et al., 2016). Recently studies from our group showed 

the DNA damage using H2AX and p53 in aging WT mice, middle-age Nox2-

overexpressed mice and elderly humans (Fan et al., 2019), linking the phosphorylation 

of H2AX to the Nox2 functioning and the oxidative stress. Therefore, taken together, it 

suggests that AngII-induced O2∙- might have been playing a role in inducing DNA 

damage in heart, although might be in part.  

However, one of the major limitations of this study is that the effect induced by 

AngII, such as the increased cardiac oxidative stress and the activation of p38 MAPK 

and ERK1 signalling, could be a result of hypertension rather than a direct result of 

hypertrophy. To overcome this, a lower dose AngII (not enough to induce cardiac 

hypertrophy) could be used as a new group in this study. At the same time, since 

previous studies revealed a more complex role a p47phox than just activating of Nox2, 

over-expressed p47phox mouse model with the treatment of AngII could also facilitate a 

more comprehensive understanding of p47phox.  

 In conclusion, this study looked at the role of p47phox in the AngII-induced high 

blood pressure and cardiac hypertrophy. Targeting p47phox by KO could significantly 

reduce the cardiac O2∙- production, the activation of the p38 MAPK/ERK signalling 

pathway and reduce the DNA damage examined by the phosphorylation of H2AX and 

ASK1. However, p47phox in the heart showed a more complicated role than just 

facilitating Nox2 to produce O2∙-, which should not be overlooked by future research.  
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Chapter 7  

General Discussion and Future Work 

7.1 General Discussion 

 Up till now, many different Nox2 inhibitors have been developed. However, 

most of the studies have been only focusing on their effects (Sorce et al., 2017), and 

their PK or PK/PD relations have been potentially ignored. As an example, the 

invention of DPI dates back to the early 1990s (Stuehr et al., 1991), and new studies 

are still emerging now (Yeware et al., 2019). However, shockingly, no results on its PK 

parameters or PK/PD relations are available. Another example is apocynin. It was first 

described in 1883 by Schmiedeberg (Stefanska & Pawliczak, 2008), but it was not until 

recently (after 2010) that its PK properties and PK/PD relations were examined 

(Chandasana et al., 2015), which then boosted the improvement of its structures (Wang 

et al., 2013) and the research on its new derivatives (Dranka et al., 2014; Langley et al., 

2017).     

 In the recent years, there is increasing emphasis on the involvement of 

preclinical PK/PD in the very early stage of the drug development (Goto et al., 2019; 

Lave et al., 2016). Preclinical PK/PD can facilitate the drug development process by 

ruling out drug candidates and solving the emerging problems as early as possible, thus 

reducing the cost, time and effort in this decade-lasting, $2.8 billion (on average) 

process (Lindsley, 2014; Wouters, McKee & Luyten, 2020). This study examined the 

PK characters of apocynin (as a known control compound) as well as a novel Nox2 

inhibitor (LMH001) using simulation and modelling, and their effects on reducing 

organ oxidative stress in a time-dependent manner. Further KO of the targeted subunit, 

p47phox, provided insights into the signalling pathways involved in the AngII-induced 
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cardiac oxidative stress and hypertrophy. Nox2-mediated and related oxidative stress 

in AngII-induced hypertrophic heart in WT and p47phox KO hearts were measured, and 

the AngII-induced, p47phox-involved MAPK and apoptotic signalling were examined. 

The findings reinforce the understanding of the effect/side effect of Nox2 inhibitors 

targeting p47phox on oxidative-stress related cardiovascular disorders.  

 As small-molecule Nox2 inhibitors, both apocynin and LMH001 share the 

similarities including short half-life, high clearance, and rapid distribution to different 

organs post iv bolus dosing in vivo. As an index for blood-brain barrier permeability, 

Log BB calculated for apocynin is between -0.04 to 1.0 from 1 min to 30 min. Log BB 

was also calculated by using the Clark’s and Rishton’s equations (details in section 

4.3.1), Log BB of apocynin was predicted to be -0.36 (Clark’s) and -0.10 (Rishton’s). 

The calculated Log BB of apocynin is slightly lower than the observed data. The 

possible glycosylation might have facilitated this process (Wang et al., 2008). 

Glycosylation was used in the drug development for a better membrane permeability 

(Moradi et al., 2016). The Log BB of LMH001 was predicted to be -1.23 (Clark’s) and 

-0.69 (Rishton’s), suggesting as a small molecule, LMH001 could, to an extent, 

penetrate the blood-brain barrier and have access to the CNS.  

 Despite the investigations on the LMH001 chemical property and PK 

characterisation, the short half-life of LMH001 has not been addressed enough or 

solved. There could be interspecies differences that affect PK properties of LMH001 

(Andes & Craig, 2002; Gerber et al., 1986; Vogelman et al., 1988). However, in 

comparison to the existent drugs, as was demonstrated by a study on how the mouse 

strain differences could affect the PK parameters using on eight commercial medicines, 

the iv half-life in the mice ranged from 1.4 – 12.0 h (Barr et al., 2020), the t1/2 = 0.04 h 

of LMH001 is still relatively short. The similar arisen problem of apocynin has 
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encouraged the studies in its derivatives, structural modification, and formulation 

change, and this could also be applied to LMH001. In fact, in the patent (Patent No. 

WO 2013/038136 Al), there are 39 molecules, and LMH036 was also synthesised for 

future studies. 

 Concerns on the pitfalls during the development of Nox2 inhibitors have been 

raised (Liochev & Fridovich, 1997; Zielonka, Lambeth & Kalyanaraman, 2013; 

Augsburger et al., 2019; Reis et al., 2020). Therefore, using multiples methods for the 

measurement of PD, and evaluating the appropriate biomarker for PD analysis are 

essential (Goto et al., 2019; Griendling et al., 2016). O2.- production measured by 

lucigenin chemiluminescence in the CD1 mice after iv bolus of apocynin, along with 

DHE and MDA assays showed it is effective in reducing brain, liver and heart oxidative 

stress. Moreover, the detection of LMH001 in H9C2 cells after 30 min incubation 

confirmed its ability to cross the cellular membrane. in vitro O2.- and H2O2 production 

in AngII-stimulated H9C2 cells treated with different Nox2 inhibitors showed that 

among the treatment of 10 M of different inhibitors (2900.7 ng/ml for LMH001, 

1661.70 ng/ml for apocynin, and 1345.5 ng/ml for DPI), only LMH001 and DPI had a 

significant effect in reducing the O2.-. This result is in line with (Augsburger et al., 

2019), in which it suggested that 10 M DPI but not 300 M apocynin was able to 

reduce the oxygen consumption in human neutrophils stimulated by PMA. For the first 

time, this study investigated a novel Nox2 inhibitor, LMH001 using a wide range of 

analytical chemistry, PK/PD and biochemistry method, and compared its effect with 

existing inhibitors. The process (including literature search, the selection of ‘control’ 

inhibitor, the establishment of the extraction method for the compound, HPLC-MS/MS 

detection method, characterisation of the chemical property, and PK/PD analysis) can 

be applied for future characterisation of small-molecule inhibitors.   
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 In recent years, the interactions of p47phox and p22phox have emerged as a 

potential target for the inhibition of Nox2 activation (Hahn et al., 2011; Solbak et al., 

2020). Solbak et al. identified eight hits targeting the SH3A and SH3B grove on the 

p47phox, such as preventing the association of p47phox to p22phox (Solbak et al., 2020).  

Different from other existing Nox inhibitors, the action of these molecules is 

mechanism driven, therefore are predicted to have high specificity and efficacy that 

blocks agonist (such as AngII, result not shown in this study) induced p47phox binding 

to p22phox, a key mechanism required for Nox2 activation without effect on Nox4 or 

Nox5-derived ROS production. However, as discussed in chapter 5, more experiments 

on the LMH001 binding affinity are needed to confirm its specificity.  

LMH001 showed inhibition on AngII-induced ROS production in H9C2 cells. 

The ROS production might also come from Nox1 as p47phox is also partially involved 

in the regulation of Nox1 activity, and p47phox also shares the structural similarity to 

NoxO1. This could be an added advantage of LMH001 to treat oxidative stress in the 

cardiovascular system, where Nox1 activation in the VSMCs is also involved in AngII-

induced hypertension. However, one concern here is that without target-specific 

formulation or therapy, whether LMH001 would adversely target the O2.- in the 

neutrophils. Previous experiments had shown no oxidative burst response from 

peripheral leukocytes (result not shown here), which might be because that larger scale 

of Nox2 activation was involved in the leukocyte functioning compared to the 

cardiovascular system. But to test this hypothesis, future experiments on determining 

the therapeutic window are still needed.  

The research interest of this study specially lies in LMH001 treating 

cardiovascular diseases. Since Nox2 is globally expressed, it is essential to consider 

LMH001 for cardiovascular system-specific targeting formulations. One challenge here 
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is that, many CVDs are complex and involve multiple genes. Therefore, combining 

LMH001 with other medications in the formulation might be a more realistic therapy 

in the clinical settings, provided that there is well-informed quantification of the degree 

of poly-pharmacological effects of cardiovascular drugs (Li et al., 2014). On the other 

hand, Ebselen, a selenium with antioxidant activity, entered clinical trials for ischemic 

stroke (Yamaguchi et al., 1998), and recently for bipolar disorder and hypomania, 

affecting impulsivity and emotional processing (Kil et al., 2017; Masaki et al., 2016; 

Sharpley et al., 2020). LMH001, as a small molecular, has a good potential in BBB 

penetration as predicted by Log P and tPSA. Therefore, with in vitro BBB penetration 

models available (as discussed in chapter 4), it is worth considering the potential of 

LMH001 in treating neurological disorders.  

Equally, since LMH compounds were also developed based on the association 

of p47phox to p22phox, looking into the p47phox signalling and targeting p47phox by KO in 

the development of AngII-induced cardiac hypertrophy could shed light on 

understanding the organ-specific role of p47phox and side effects of targeting p47phox. 

The p47phox KO mouse model of CGD was first established by (Jackson, Gallin & 

Holland, 1995), disrupted by a 1.15 kb neomycin resistance cassette inserted in the 

sense direction into the exon 7 of Ncf1 gene. In this study, the blood pressure, 

heart/body weight ratio and the cross-sectional areas of cardiomyocyte size confirmed 

improved cardiovascular functions in the AngII-infused p47phox KO mice in comparison 

to AngII-infused WT, and the AngII-infused p47phox KO mice also had a reduced ROS 

production in the hearts. The investigation on p47phox-signalling showed that AngII-

infusion affected the activation of MAPK signalling pathways, as demonstrated by the 

phosphorylation of ERK1/2, p38 and MKK3/6, and the phosphorylation of ASK1 and 

H2AX (a marker for apoptosis), but this effect can be reduced by KO of p47phox. 
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Previous research has shown in the neutrophils that activation of ERK1/2 and p38 

MAPK could lead to the phosphorylation of p47phox-Ser345 at primary inflammatory 

sites (Dang et al., 2006; Yang et al., 2008), at the same time, the generation of ROS 

from Nox (which involves the phosphorylation of p47phox) and mitochondria being able 

to act as a signalling molecule to activate ERK1/2 and p38 MAPK (Yang et al., 2007; 

Teng et al., 2012). In this study, we promote more evidence that targeting p47phox by 

KO can affect the activation of MAPK signalling pathways. Based on these results, 

LMH molecules could also be used in the saline and AngII-infused WT murine models, 

to study the effect of LMH on the AngII-induced cardiac hypertrophy. 

 On the other hand, p47phox has other binding partners and functions, including 

mediating contractions in SMCs and cardiomyocytes. These mechanisms have not been 

explained/clarified fully due to a gap in the development of appropriate and effective 

p47phox inhibitors. LMH molecules seem to be able to fill this gap if proven an effective 

inhibitor of p47phox.   

 In conclusion, this study evaluated the preclinical in vivo PK/PD characters of 

a novel Nox2 inhibitor, LMH001, in comparison to apocynin (as a control inhibitor) 

and explored its mechanism by using AngII-infused cardiac hypertrophic WT and 

p47phox KO murine models. This study provided evidence on the suitability of LMH001 

as a Nox2 inhibitor and shed light on improvements that could be done for the future 

improvement of LMH molecules. The information on the function of p47phox in 

mediating cardiac oxidative stress and the effect of targeting p47phox under 

pathophysiological conditions are also valuable in understanding the functions of 

LMH001. More importantly, LMH molecules stand a bright future as a class of Nox2 

inhibitors targeting the association of p47phox and p22phox, both in the research and 

clinical settings.  
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7.2 Future Work 

 This study set out to characterise the PK/PD parameters of LMH001 and to 

investigate the targeted p47phox in AngII-infused cardiac oxidative stress. As discussed 

throughout the thesis, based on the results and the limitations identified, there are still 

many different future experiments that need to be done: 

I.  To investigate the possible hydrolysis and change of LMH001 in vivo; 

 The stability of LMH001 was not yet confirmed. Experiments using different 

simulated body fluids showed that there was a significant decrease in the detection of 

LMH001 in neutral and alkaline solutions. However, the exact cause is yet to be 

determined. In order to understand in-depth how LMH001 changes in the body, the next 

step could be radiolabelling of LMH001 and carrying out the PK study, thus its 

behaviour and distribution could be traced (Isin et al., 2012).   

II. To explore the possibilities of improving the half-life of LMH001; 

 Like apocynin, as a small phenolic compound, LMH001 has a relatively short 

half-life. Addressing a problem as early as possible during drug development is crucial 

in terms of saving the cost and pushing it forward to reach clinical trials (Baillie, 2008). 

On the one hand, since LMH036 is a larger molecule, and has not got an ester group, 

which is a group observed in increased propensity in short half-life compounds 

(Gunaydin et al., 2018), and was recently synthesised, it worth exploring its chemical 

and PK characters in comparison to LMH001. On the other hand, as discussed in section 

4.4, several ways should be used to modify the compound, with proper consultation 

with professional chemists.  

III. To determine the tissue distribution and organ-specific effect of LMH001; 
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As discussed in chapter 4, the simple but essential experiments needed in this 

study is the measurement of LMH001 concentration in different organs in the CD1 PK 

model, alongside the organ specific NADPH-dependent O2∙- generation for a better 

understanding of the systemic effect of LMH001. 

IV. To determine the functional mechanism of LMH001; 

 Due to the mechanism of Nox2 inhibitors, the redox chemistry results (such as 

ROS level measured) are mostly used as an output or a PD biomarker (Gatto et al., 2013; 

Altenhofer et al., 2015; Reis et al., 2020). Despite previous results of the binding 

affinity studies in the cell-free system, and the results showing that LMH001 was able 

to penetrate the cell membrane and reduce the O2∙- production, it is still crucial to 

explore the functional mechanism of LMH001 in vivo. The possible experiments 

include but not limited to the binding affinity assays, ROS-scavenging assays in vitro, 

BBB penetration using MDCKII cell model and metabolic stabilities in liver 

microsomes and hepatocytes.  

V. To investigate the role of p47phox in depth;  

As discussed in chapter 6, the effect of AngII on p47phox could be due to a direct 

effect of hypertension. Therefore, different animal models, such as a lower dose of 

AngII, p47phox over-expression and possibly an AngII-independent model such as the 

deoxycorticosterone acetate (DOCA)/salt model can be used for understanding the 

complexity of p47phox functions; 

VI. To investigate the effect of LMH001 in diseased models by applying it to the AngII-

induced cardiac hypertrophic models to study the role of p47phox; 

 In chapter 6, the opposing role of p47phox in mediating O2∙- production and its 

possible binding to different proteins such as cortactin to mediate the cardiac functions 
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and muscle contraction was discussed. This raised the awareness of the undiscovered 

possible mechanism of p47phox, which might be crucial in mediating the normal 

functions of the cells. Therefore, if the acting mechanism of LMH001 is proven to be 

competitively binding to p22phox thus preventing the binding of p47phox, LMH001 would 

be able to act as an inhibitor for the in-depth study of the functions of p47phox alongside 

p47phox KO murine models in different studies looking at the function of p47phox.  
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Appendix 

Appendix I: List of Reagents 

Reagent Supplier Catalogue No. 

2′,7′-Dichlorofluorescin diacetate Sigma-Aldrich D6883 

2-mercaptoethanol Sigma-Aldrich M7154 

Acetone Fisher Scientific A/0606/17 

Acetonitrile (LC-MS grade) Fisher Scientific 10001334 

Acrylamide Fisher Scientific BPE1410-1 

Ammonium acetate Sigma-Aldrich A1542 

Ammonium persulfate (APS)  Sigma-Aldrich A3678 

Angiotensin II (AngII) Sigma-Aldrich A9525 

Apocynin Sigma-Aldrich W508454 

Bradford Reagent Sigma-Aldrich B6916  

Bovine serum albumin (BSA) Sigma-Aldrich A2153 

Bromophenol Blue Sigma-Aldrich 161-0404 

BSTFA+TMCS Sigma-Aldrich 33154-U 

Calcium chloride Fisher Scientific C5670 

Dihydroethidium (DHE) Sigma-Aldrich D11347 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2650 

Diphenyleneiodonium (DPI) Sigma-Aldrich D2926 

Diapocynin Sigma-Aldrich SML0927 

DAPI Sigma-Aldrich D9542 

DMEM (Low Glucose) Sigma-Aldrich D5546 

EDTA Sigma-Aldrich D/0700/53 

Ethanol (HPLC grade) Fisher Scientific E/0650DF/17 

Ethyl acetate (for HPLC) Sigma-Aldrich 34858 

Fetal bovine serum (FBS) Sigma-Aldrich F7524 

Formic acid (for HPLC-MS) Fisher Scientific M/4062/17 

Glacial acetic acid (HPLC grade)  Fisher Scientific A/0400/PB15 

Glycerol Sigma-Aldrich G5516 

Glycine Fisher Scientific G/0800/60 

H2O (LC-MS grade) Fisher Scientific 10505904 

Hanks’ Buffered Salt Solution (HBSS) Gibco, ThermoFisher 14175-137 

Heparin LEO Pharma BL110 

Hydrochloric acid (ACS grade) Sigma-Aldrich 320331 

Isopentane Fisher Scientific 9/1030/17 

KH2PO4 Sigma-Aldrich P9791 

L-Glutamine (200 mM) Sigma-Aldrich 59202C 

L-NAME Sigma-Aldrich N5751 

Lucigenin Sigma-Aldrich M8010 

Magnesium chloride Sigma-Aldrich M8266 

MDA assay kit Sigma-Aldrich MAK085 

Methanol (HPLC grade) Fisher Scientific M/4056/17 
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Methanol (LC-MS grade) Fisher Scientific 10653963 

Mowiol  Sigma-Aldrich 324590  

Na2PHO4 Fisher Scientific N7785 

NADPH Fisher Scientific 10337241 

Optical Cutting Temperature (OCT) Pyramid Innovation R40020-E  

Oxypurinol Sigma-Aldrich O4502 

Phosphate Buffered Saline (PBS) Sigma-Aldrich P4417 

Paraformaldehyde Sigma-Aldrich P6148 

PEG-SOD Sigma-Aldrich S9549  

Potassium chloride Sigma-Aldrich P3911 

Pierce Protease Inhibitor Tablets Thermo Scientific A32963 

PVDF Bio-Rad 1620177 

Protein marker Bio-Rad 1610374 

Rotenone Sigma-Aldrich R8875 

Skimmed milk Sigma-Aldrich 70166 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich L3771 

TEMED Sigma-Aldrich 87689 

Tiron Sigma-Aldrich 89460 

Triton X-100 Sigma-Aldrich X100PC 

Tris-base Fisher Scientific T/3710/60 

Tris-HCl Fisher Scientific T/P631/53 

Trypan Blue Solution Sigma-Aldrich T8154 

Trypsin-EDTA Solution 10× Sigma-Aldrich 59418C 

Tween-20 Fisher Scientific BPE337 

 FITC-Wheat germ agglutinin (WGA) Sigma-Aldrich L-4895 
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Appendix II: List of antibodies 

Antibodies Host Species Dilution Supplier Catalogue No. 

p47phox (D-10) Mouse 1:500 Santa Cruz sc-17845 

-Actin (13E5) Rabbit 1:2000 CST 4970 

Nox1 (H-75) Rabbit 1:500 Santa Cruz sc-25545 

Nox2 (H-60) Rabbit 1:500 Santa Cruz sc-20782 

Nox2 (C-15) Goat 1:100 (IF) Santa Cruz sc-5827 

Nox4 (H-300) Rabbit 1:500 Santa Cruz sc-30141 

ASK1 Rabbit 1:100 (IF) CST 8662 

phospho-ASK1 

(Thr845) 
Rabbit 1:100 (IF) CST 3765 

p38 MAPK (C-20) Rabbit 1:500 Santa Cruz sc-535 

phospho p38 MAPK 

(Thr180/Tyr182) 
Rabbit 1:1000 Sigma-Aldrich MABS64 

ERK1/2 (H-72) Rabbit 1:500 Santa Cruz sc-292838 

phospho ERK1/2 

(Thr202/Tyr204) 
Rabbit 1:1000 Sigma-Aldrich SAB4301578 

H2AX 
Rabbit 

1:1000 and 

1:100 (IF) 
CST 2595 

H2AX 

(Ser139/Tyr142) 
Rabbit 

1:1000 and 

1:100 (IF) 
CST 5438 

anti-rabbit, HRP 

conjugated antibody 
Goat 1:1000 Sigma-Aldrich A3687 

anti-mouse, HRP 

conjugated antibody 
Goat 1:1000 Sigma-Aldrich A9917 

anti-rabbit, biotin-

conjugated antibody 
Goat 1:1000 Sigma-Aldrich B8895 

anti-goat, biotin-

conjugated antibody 
Rabbit 1:1000 Sigma-Aldrich B7014 

ExtrAvidin-FITC - 1:1000 Sigma-Aldrich E2761 

ExtrAvidin-Cy3 - 1:1000 Sigma-Aldrich E4142 

anti-rabbit, FITC 

conjugated antibody 
Goat 1:1000 Sigma-Aldrich F0382 

anti-rabbit, Cy3 

conjugated antibody 
Sheep 1:1000 Sigma-Aldrich C2306 

IF: Immunofluorescence. Unless specified, the dilution was for western blot analysis.  
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Appendix III: List of equipment 

Name Company Model 

Centrifuge ThermoFisher   

Homogeniser Kinemetica Polytron PT 1200E  

Sonicator Branson Ultrasonics  450 Cell Disruptor #60662 

Blood pressure monitor Kent Scientific CODA-HT4 

HPLC Thermo Scientific Accela LC Systems 

Mass spectrometry (for LC-

MS) Thermo Scientific LTQ-Orbitrap XL  

Chemiluminescence plate 

reader Molecular Devices Spectramax L  

Cryostat Bright Instrument Bright 5040 Cryostat  

Water bath Grant Instruments   

Fluorescent microscope Nikon Eclipse Ti2-E 

GC Agilent Technologies 

HP6890 Series GC System 

Plus+  

Mass spectrometry (for GC-

MS) Agilent Technologies 5973 Mass Sensitive Detect  

Confocal microscope Nikon A1R 

Colourimetric plate reader Molecular Devices SpectraMax 340PC 

Western blot running system Bio-rad Mini-PROTEAN® Tetra 

Handcast System 

Semi-dry blotting system Bio-rad Trans-Blot® SD 

The western blot imaging 

system UVP BioSpectrum AC  

Orbital shaker Stuart SSM1 
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Appendix IV: R Script for NCA Analysis  

 

AUC-Calculation-with-PKNCA.R 

Fangfei Liu 

2020-06-12 

suppressPackageStartupMessages({ 
  library(PKNCA) 
  library(dplyr) 
  library(cowplot) 
  library(knitr) 
  library(ggplot2) 
}) 

## Warning: package 'dplyr' was built under R version 3.6.3 

## Warning: package 'cowplot' was built under R version 3.6.3 

## Warning: package 'knitr' was built under R version 3.6.3 

scale_colour_discrete <- scale_colour_hue 
scale_fill_discrete <- scale_fill_hue 
 
my_conc <- data.frame(conc=c(27271.79, 9630.83, 4650.75, 780.87, 29.68, 1
0.47), 
                      time=c(0.017, 0.042, 0.083, 0.167, 0.333, 0.500), 
                      subject=1) 
my_conc$BLOQ <- my_conc$conc == 10 
my_conc$measured <- TRUE 

ggplot(my_conc, 
       aes(x=time, 
           y=conc, 
           shape=BLOQ, 
           group=subject)) + 
  geom_line() + 
  geom_point(size=4) + 
  scale_x_continuous(breaks=my_conc$time) + 
  theme(legend.position=c(0.8, 0.8)) 
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my_dose <- data.frame(dose=c(1000000), 
                      time=c(0), 
                      subject=1) 

conc_obj <- PKNCAconc(my_conc, conc~time|subject) 
dose_obj <- PKNCAdose(my_dose, dose~time|subject) 
data_obj <- PKNCAdata(data.conc=conc_obj,data.dose = dose_obj, 
                      intervals=data.frame(start=0.017, 
                                           end=0.500, 
                                           aucall=TRUE, 
                                           auclast=TRUE, 
                                           aucinf.pred=TRUE, 
                                           aucinf.obs=TRUE)) 
results_obj <- pk.nca(data_obj) 
kable(as.data.frame(results_obj)) 

start end subject PPTESTCD PPORRES exclude 

0.017 0.5 1 auclast 927.5851496 NA 

0.017 0.5 1 aucall 927.5851496 NA 

0.017 0.5 1 tmax 0.001666667 NA 

0.017 0.5 1 tlast 0.4830000 NA 

0.017 0.5 1 clast.obs 10.4700000 NA 

0.017 0.5 1 lambda.z 15.6061365 NA 

0.017 0.5 1 r.squared 0.9596893 NA 
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0.017 0.5 1 adj.r.squared 0.9462523 NA 

0.017 0.5 1 lambda.z.time.first 0.0250000 NA 

0.017 0.5 1 lambda.z.n.points 5.0000000 NA 

0.017 0.5 1 clast.pred 5.5383321 NA 

0.017 0.5 1 half.life 0.0444150 NA 

0.017 0.5 1 span.ratio 10.3118222 NA 

0.017 0.5 1 aucinf.obs 928.2560395 NA 

0.017 0.5 1 aucinf.pred 927.9400313 NA 
pk.calc.c0(conc=c(27271.79, 9630.83, 4650.75, 780.87, 29.68, 10.47), 
           time=c(0.017, 0.042, 0.083, 0.167, 0.333, 0.500), time.dose = 0, c
heck = TRUE) 

## [1] 55348.72 
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Appendix V: Phase-contrast of H9C2 cells 
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Appendix VI: Full-gel Western Blot Images for H9C2 cell Analysis 
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Appendix VII: Full-gel Western Blot Images for WT and KO Cardiac 

Homogenates 
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