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ABSTRACT 

The goal of this thesis work is to employ a chemical biology approach to derive 

structural information on the binding of polyphenolic metabolites of apocynin-like 

compounds to vascular nicotinamide adenine dinucleotide phosphate oxidase (NADPH 

oxidase) subunits, which has been shown the main source of reactive oxygen species 

(ROS) generation in the vascular wall. 

Using principles of biocatalysis, we have synthesized a library of phenolics using 

soybean peroxidase (SBP) catalysis in solution phase.  The apocynin oxidation products 

(AOP) obtained mainly ranged from dimers to pentamers, and included phenolic coupled 

products as well as oxidized analogs (quinones), hydroxylated compounds, and o-

demethylated variants.  Resveratrol metabolites (ROP) obtained were two main dimers 

with different couplings.   

The in vitro study showed that the apocynin metabolites highly inhibited NADPH 

oxidase activity in a dose – response way.  Some of the components obtained from the 

precipitate fraction, demethylated tetramer quinone, hydoxylated tetramer phenol, 

tetramer phenol, and dimer from the soluble extraction might be the potential effective 

compounds. 

We have set up a moderate – throughput in vitro screening platform for identifying 

active metabolites of phenols that can disrupt critical interactions between p22phox and 

p47phox subunit, which are important in NADPH oxidase assembly and activation.  

Interestingly, instead of inhibition of the interaction between p22phox peptide and p47phox 

protein, the phenol metabolites increased their interaction.  The tetramer and tetramer 

quinone metabolites of apocynin might be functional in this process.  Although the 

oligophenols can bind to the proline residues on p22phox peptide, their binding to p47phox 

seems more essential to induce p47phox further binding to p22phox proline - rich peptide.  

Since proper conformation of p47phox is required for the activation of NADPH oxidase 

complex, it is likely that p47phox was stimulated by oligophenols through conformational 

change, leading to the interaction with proline residues on p22phox peptide.  However, 

which compounds of oligophenols actually work, where and how these oligophenols 

interact with p47phox will need more work to determine.  
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In addition, we confirmed that the quinone compounds of the apocynin metabolites 

inhibited the binding of p47phox to p22phox peptide. This result contrasted the mechanism 

proposed in the above paragraph, in which we speculate that the tetramers and tetramer 

quinones might stimulate the interaction between p22phox peptide and p47phox protein.  

Decisive results will require MALDI – TOF analysis of AOP and p47phox interaction. 

The overall studies of this thesis further enhance our understanding of the molecular 

processes by which peroxidase – generated polyphenols inhibit the assembly and 

activation of the NADPH oxidase complex, and perhaps other multi-component signal 

transduction proteins.  Such information will provide additional insight into how 

phenols, such as apocynin and resveratrol, found in natural products (e.g. green tea and 

red wine) and their bio-inspired counterparts, may act therapeutically to inhibit the 

development of vascular diseases.  
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1. Introduction 

The goal of our research work is to employ a chemical biology approach to derive 

structural information on the binding of polyphenolic metabolites of apocynin-like 

compounds to vascular nicotinamide adenine dinucleotide phosphate oxidase (NADPH 

oxidase) subunits, which has been shown the main source of reactive oxygen species 

(ROS) generation in the vascular wall.  This will further enhance our understanding of 

the molecular processes by which polyphenols inhibit the assembly and activation of the 

NADPH oxidase complex, and perhaps other multi-component signal transduction 

proteins.  Such information will provide additional insight into how phenols, such as 

apocynin, found in natural products (e.g. green tea and red wine) and their bio-inspired 

counterparts, may act therapeutically to inhibit the development of vascular diseases.  

The mechanism of inhibition is not completely understood but apocynin appears to be a 

pro-drug that can be metabolized to the corresponding dimer or bigger oligomers via the 

action of peroxidases.  Due to its high oral bioavailability, low toxicity and high efficacy 

in vivo the compound seems to have a promising potential even for clinical therapeutics. 

In the first part of this thesis work we exploited peroxidase (using soybean 

peroxidase in solution phase) to synthesize a library of active metabolites of phenols, 

such as apocynin and resveratrol, and isolated them using preparative HPLC.  

We further performed an in vitro study to confirm that these metabolites inhibit 

ROS generation by NADPH oxidase in human endothelial cells.  

Finally we set up a moderate-thoughput platform to screen the phenol metabolites 

and determined the specific nature of the polyphenol-protein interaction(s) that leads to 

the ability of polyphenolic compounds to prevent effective assembly of the oxidase 

complex.  Two mechanisms for the inhibition of NADPH oxidase assembly by the active 

metabolites of phenols were examined in this research.   

� Published reports indicate that oligomeric phenols in their reduced form are able 

to bind to proline-rich regions (PRR) on proteins [1, 2] and thereby disrupt 

critical SH3-proline-rich interactions needed for protein-protein interactions, 

such as in NADPH oxidase.  Based on the mechanism of NADPH oxidase 

assembly and activation, we expect that the N-terminal SH3 domain of p47phox 

will bind to the C – terminal PRR of p22phox.  We also expect that p47phox will 
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bind to the PRR on p67phox and that the C-terminal SH3 domain of p67phox will 

bind to the PRR in the C-terminal of p47phox.  We hypothesize that the phenol 

metabolites will disrupt these interactions.  

� Our preliminary results also suggest that oligomeric phenols in the oxidized (e.g. 

quinone) forms bind to critical thiol residues on proteins and that this may also 

disrupt assembly of the NADPH oxidase. For example, peroxidase-catalyzed 

oxidation of apocynin leads to quinone metabolites that bind to a thiol-containing 

peptide from the C-terminal of p47phox (residues 373-387).  Importantly, our 

recent work also shows that a non - thiol containing peptide (a p22phox - derived 

peptide) is unable to react with the apocynin metabolites.  Upon binding, we 

hypothesize that the quinone - modified p47phox protein is unable to interact 

effectively with the membrane-bound components of NADPH oxidase (e.g., 

p22phox) and/or cytosolic components (e.g., p67phox), thereby resulting in an 

inhibition of NADPH oxidase assembly.   

Two subunits of NADPH oxidase, which are key factors in the complex assembly 

and activation, namely p22phox and p47phox, were studied in this work.   To test these 

hypotheses, we performed a series of experiments involving protein – protein and 

protein - polyphenols interactions.  We demonstrated that some specific peroxidase - 

generated polyphenolic products were biologically active and identified possible specific 

locations on key protein subunits of the enzyme where such effects were exerted.  This 

will set the stage for more detailed biochemical, and subsequent biological, studies 

involving the inhibition of NADPH oxidase assembly by phenolic oxidation products. 

The overall studies of this thesis provide information on the molecular basis of 

NADPH oxidase inhibition by peroxidase-generated phenol metabolites.  Such 

information may begin to provide a theoretical basis as to why certain nutraceutical 

preparations, or beverages like teas and red wine (knowing their constituents), may be 

more effective at preventing cardiovascular diseases. 
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2. Scientific Background and Significance 

2.1 Oxidative Stress and ROS 

2.1.1 Oxidative Stress 

All forms of life maintain a reducing environment within their cells.  Oxygen 

metabolism, although essential for life, imposes a potential threat to cells because of the 

formation of ROS, such as superoxide anion (.O2
-), hydrogen peroxide (H2O2), hydroxyl 

radical (.OH), hypochlorous acid (HOCl) and a variety of other oxygenated products [3].  

The metabolic formation of peroxides and free radicals can oxidatively damage all 

components of the cell, such as DNA, proteins, lipids and carbohydrates.  To avoid this 

damage, organisms have developed antioxidant defense system that is composed mainly 

of two classes of molecules, ROS metabolizing enzymes and low-molecular-weight 

antioxidants.  The low-molecular-weight antioxidants include ascorbic acid and the 

tocopherols, which maintain the reduced state through a constant input of metabolic 

energy.  

Oxidative stress can be defined as an imbalance between the production of ROS and 

a biological system's ability to readily detoxify the reactive intermediates or easily repair 

the resulting damage.  In chemical terms, oxidative stress is a large increase (becoming 

less negative) in the cellular reduction potential, or a large decrease in the reducing 

capacity of the cellular redox couples, such as glutathione [4].  The effects of oxidative 

stress depend upon the size of these changes, with a cell being able to overcome small 

perturbations and regain its original state.  However, more severe oxidative stress can 

cause cell death and even moderate oxidation can trigger apoptosis, while more intense 

stresses may cause necrosis [5].  Severe levels of oxidative stress cause necrosis and 

ATP depletion, preventing controlled apoptotic death, thereby causing cell degradation 

[6, 7].  Oxidative stress has been linked to the origin and progression of chronic 

degenerative diseases (e.g. cancer, diabetes, atherosclerosis, as well as 

neurodegenerative diseases like Alzheimer’s and Parkinson’s disease) and it may also be 

important in aging [8].   
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Table 2.1.1.1 Common oxidants and their properties 

Oxidant Property 

•O2
-, superoxide 

anion 

One-electron reduced state of O2, formed in many autoxidation 

reactions via the electron transport chain. Rather unreactive but can 

release Fe2+ from iron-sulphur proteins and ferritin. Undergoes 

dismutation to form H2O2 spontaneously or by enzymatic catalysis 

and is a precursor for metal-catalyzed •OH formation. 

H2O2, hydrogen 

peroxide 

Two-electron reduced state, formed by dismutation of •O2
- or by 

direct reduction of O2. Lipid soluble and thus able to diffuse across 

membranes. 

•OH, hydroxyl 

radical 

Three-electron reduction state, formed by Fenton reaction and 

decomposition of peroxynitrite. Extremely reactive and will easily 

attack most cellular components. 

ROOH, organic 

hydroperoxide 

Formed by radical reactions with cellular components such as lipids 

and nucleotides. 

RO•, alkoxy and 

ROO•, peroxy 

radicals 

Oxygen-entered organic radicals. Lipid forms participate in lipid 

peroxidation reactions. Produced in the presence of oxygen by 

radical addition to double bonds or hydrogen abstraction. 

HOCl, 

hypochlorous 

acid 

Formed from H2O2 by myeloperoxidase. Lipid soluble and highly 

reactive. Will readily oxidize protein constituents, including thiols, 

methionine, and amino groups. 

OONO-, 

peroxynitrite 

Formed in a rapid reaction between •O2
- and NO•. Lipid soluble and 

similar in reactivity to HOCl. Protonation forms peroxynitrous acid, 

which can undergo homolytic cleavage to form hydroxyl radical and 

nitrogen dioxide. 

Singlet oxygen Generated in a photosensitized process by energy transfer from dye 

molecules such as rose bengal, methylene blue or porphyrins, or by 

chemical processes such as spontaneous decomposition of hydrogen 

trioxide in water or the reaction of hydrogen peroxide with 

hypochlorite. 

                                                                                                           (adapted from [9, 10]) 
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However, ROS can be beneficial, as they are used by the immune system to attack 

and kill pathogens. Furthermore, moderate physiological concentrations of ROS are 

implicated in signal transduction of biological processes including cell growth, 

apoptosis, and cell migration [11].  This suggests that normal cellular homeostasis is an 

outcome of a delicate balance between the rate of ROS formation and elimination. 

 

2.1.2 Production of ROS 

The one-electron reduction of oxygen to •O2
- is catalyzed by a variety of enzyme 

systems such as the mitochondrial respiratory chain, cytochromes P450, xanthine 

oxidases (XOD), lipoxygenases, and NADPH oxidases. This process is known as the 

respiratory or oxidative burst in phagocytes [12, 13].   Production of •O2
- seems to occur 

within all aerobic cells, to an extent dependent on O2 concentration. In mitochondria, 1-

3% of electrons are thought to form •O2
-. During respiratory burst, the increase in O2 

uptake in neutrophiles can be 10 to 20 times that of resting O2 consumption [14]. 

Superoxide anion  itself exerts effects in biological tissues and also serves as the 

starting material for the production of a vast assortment of ROS, including oxidized 

halogens, free radicals, and singlet oxygen.  Most of the oxygen consumed in this way 

will not be present as •O2
-. Under physiological conditions, superoxide dismutase (SOD) 

converts •O2
- into the more stable H2O2.  The importance of SOD in antioxidant defense 

is illustrated by a study in SOD2-deficient mice that developed cardiomyopathy and 

neurodegeneration [15].  However, H2O2, which diffuses through cell membranes [16], 

is assumed to be involved in intracellular signaling pathways and at higher 

concentrations is toxic [17].  Thus, enzymatic defense against H2O2 provided by catalase 

and glutathione peroxidase is crucial. 

Hydrogen peroxide is bactericidal only at high concentrations. Because of the 

limited membrane permeability of H2O2, a variety of secondary oxidants have been 

proposed for the destructive capacity of phagocytes.  In phagocytes, most of the H2O2 is 

consumed by myeloperoxidase (MPO), an enzyme released upon cellular stimulation 

[18-20].  This heme-containing peroxidase is a major constituent of azurophilic granules 
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and is unique in using H2O2 to oxidize chloride ions to the strong non-radical oxidant 

hypochlorous acid (HOCl, Eq. 1) [21]. 

 

                       (1) 

 

Hydroxyl radicals (•OH), formed by the iron catalyzed Fenton reaction (Eq. 2), are 

extremely reactive with most biological molecules but have a limited range of action 

[22].  

 

          (2) 

 

Finally, •O2
- reacts readily with nitric oxide (NO) to form peroxynitrite (ONOO-), a 

potential cytotoxic agent produced by inflammatory cells, with a second order rate 

constant of 6.7 x 109 M−1s−1 [23, 24].  Although SOD stabilizes NO [23], its reaction is 

three times slower (2.9 x 109 M−1s−1) than that of •O2
- and NO [25].  Given the rapid rate 

of the chemical reaction, there is probably some •O2
- reacting with NO at any given time 

within the cells, suggesting a tenuous balance between these molecules that can be easily 

disturbed under pathological conditions [26].  Peroxynitrite is a potent, relatively stable, 

strong oxidant and nitrating agent with properties similar to those of hydroxyl radical 

[27-30].  
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Figure 2.1.1 ROS production and removal in biological system. (modified from 

[31]) 

 

2.1.3 Biology of ROS 

In phagocytes, ROS production is used to kill invading microorganisms and 

pathogens. But recent studies involving non-phagocytic cells, such as vascular cells, 

have demonstrated ROS plays an integral role in regulating cell signaling pathways, 

often through the modulation of kinase and phosphatase activities or through gene 

transcription [32-34].  ROS have distinct functional effects on each vascular cell type 

and can play both physiological and pathophysiological roles.  In smooth muscle cells 

and fibroblasts, ROS were found to promote cell proliferation and mediate cell migration 

[35].  In endothelial cells, ROS have been shown to induce signaling processes including 

apoptosis, expression of adhesion molecules, and angiogenesis [11].  All these processes 

are fundamental in the homeostasis of the vasculature, but oxidative stress followed by 

an over-stimulation of the pathways can lead to inflammation, hypertrophy, remodeling, 

and/or angiogenesis, which are hallmarks of many cardiovascular diseases, such as 

atherosclerosis, hypertension, diabetes, heart failure, and restenosis [36].  
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Increased production and release of ROS is considered to be the key event in the 

pathogenesis of endothelial dysfunction, which is caused by a decline in the 

bioavailability of NO [37].  This pathophysiological state is characterized by the 

impairment of the protective functions of NO leading to a loss of vasodilation, platelet 

aggregation, smooth muscle cell growth and migration, inflammation, and angiogenesis 

[26].  A loss of the NO bioavailability may be caused either by a decreased expression of 

eNOS [38], a lack of substrate or cofactors for eNOS [39], or accelerated NO scavenging 

by ROS, such as superoxide [40], lipid radicals [41], and hydroxyl radicals [42].  

 

 

Figure 2.1.2 Oxidative stress and endothelial dysfunction in cardiovascular diseases 

(modified from [26]) 
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2.2 NADPH Oxidase 

2.2.1 Phagocytic NADPH Oxidase Structure 

Human NADPH oxidase is a complex enzyme that is composed of at least six 

protein components assembled at the cell membrane to catalyze the production of •O2
- 

by the one-electron reduction of oxygen, using NADPH as the electron donor [43] (Eq. 

3).  

  

2 O2 + NADPH                 2 O2
- + NADP+ + H+            (3) 

 

The structure and function of NADPH oxidases are well characterized in phagocytic 

cells (neutrophils, macrophages, and eosinophils).  A functional phagocytic NADPH 

oxidase complex consists of the membrane-anchored flavocytochrome b558 (a 

heterodimer composed of gp91phox and p22phox), cytosolic proteins p47phox, p67phox, and 

p40phox, and the low molecular-weight GTP-binding proteins, Rac 1 or 2 [32, 44-48].   

Cytochrome b558 is anchored to the cell membrane by a series of hydrophobic 

transmembrane segments.  Both a flavin and two heme redox centers are contained 

within the cytochrome heterodimer.  The catalytic subunit gp91phox (also termed Nox2 

according to the new nomenclature) is a highly glycosylated protein with the molecular 

weight of 65.3 kD, but running at 91 kD on an SDS-PAGE gel. It possesses six 

transmembrane α-helices and contains the binding sites for FAD and NADPH (Fig 

2.2.1.1).  The small subunit p22phox associates with 91phox in a 1:1 complex and 

contributes to its maturation and stabilization.  The C-terminal cytoplasmic portion of 

p22phox has a proline-rich region (PRR) which contains a consensus PxxP around Pro156 

(Fig 2.2.1.1).  This motif is known to be a target of the SH3 domains of p47phox [49, 50].  

Studies show that p22phox is phosphorylated in a phosphatidic acid-dependent manner at 

Thr132 or Thr147 upon activation, which is close to the region that interacts with p47phox 

[51, 52]. 
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Figure 2.2.1 Model of flavocytochrome b558 [53] 

(The predicted transmembrane helices of gp91phox and p22phox are indicated. 

Glycosylation sites are indicated by dots and regions that are believed to interact with 

p47phox in the active state in oval.) 

 

P47phox contains a PX (phox homology) domain, two tandem Src homology (SH3) 

domains (N-SH3 and C-SH3), a polybasic region/autoinhibitory region (PBR / AIR) that 

is rich in arginine and lysine residues and a proline-rich region (PPR) (Fig 2.2.1.2).  The 

PX domain preferentially recognizes Phosphatidylinositol (3,4)-bisphosphate  and 

thereby contributes to membrane anchoring of p47phox after activation-induced 

translocation [54].   In the resting state, p47phox is in an autoinhibited form, where the 

PBR / AIR bundles the tandem SH3 domains and the linker between the tandem SH3 

domains forming a closed structure [55]. 
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Figure 2.2.2 Domain structure of cytosolic subunits p40
phox

, p47
phox

, and p67
phox   

[53] 

(The positions of consensus PxxP motifs in p47
phox

 (amino acids 363–368) and 

p67
phox

 (amino acids 226–236) are indicated by thick black bars. The locations of 

serine and threonine residues that become phosphorylated during activation are 

indicated by thin black bars.) 

 

2.2.2 Assembly and Activation Mechanism 

Tight regulation of NADPH oxidase activity is achieved by two mechanisms, the 

separation of the oxidase subunits into different subcellular locations during resting state 

(cytosolic and membrane-bound) and the modulation of reversible protein-protein and 

protein-lipid interactions [53].  In unstimulated, quiescent neutrophils, p47phox, p67phox, 

p40phox, and Rac all reside in the cytoplasm.  P47phox, p67phox and p40phox form a ternary 

complex with 1:1:1 stoichiometry [56].  Another report suggests that p47phox may 

actually exist separately from the p40phox-p67phox complex in resting cells, and that 

formation of the trimeric complex requires stimulation.  This would then constitute the 

first step along the activation pathway [57].  
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Figure 2.2.3 Assembly of phagocytic NADPH oxidase [58] 

 

NADPH oxidase activation can be either receptor-mediated or receptor-

independent. Typical receptor-dependent stimuli include opsonized zymosan (OPZ) 

[59], the bacterium-derived chemotactic tripeptide N-formyl-Met-Leu-Phe (fMLP) [60], 

complement components C5a, C3b and iC3b [61], and the lectin concanavalin A [62], 

while long-chain unsaturated fatty acids and phorbol 12-myristate 13-acetate (PMA) are 

receptor-independent [63].  All these substances ultimately lead to p47phox 

phosphorylation, Rac activation, and free fatty acid release that triggers the NADPH 

oxidase-derived oxidative burst [64].  

Upon cellular activation, some serine residues in p47phox PBR / AIR including 

positions 303, 304, 315, 320, and 328 are phosphorylated by protein kinase C (PKC) or 

Akt [65, 66].  Once PBR / AIR is released by phosphorylation, rearrangements of the 

SH3 domain may occur, forming an open structure that translocates and binds to the 

cytoplasmic proline-rich region of membrane - bound p22phox [55, 67, 68].  This results 

in a conformational change in the flavocytochrome b558 that allows electrons from 



 

     13 

NADPH at the cytosolic side of the membrane to be donated to molecular oxygen at the 

other side of the membrane, either at the outside of the cells or in the phagosomes 

containing ingested microorganisms that initiate •O2
- generation. The docking of p47phox 

to cytochrome b558 also facilitates the interaction between p67phox and gp91phox that is 

required for the activation of the catalytic subunit [69].  The interaction between p47phox 

and p22phox is considered to be essential for NADPH oxidase activation [67, 70].  In 

addition, three interaction sites are reported to exist between p47phox and gp91phox [71].  

Another critical step in the activation process is the translocation and binding of the 

activated GTPase Rac to cytochrome b558. Rac - GTP appears to anchor itself in the 

membrane through its prenylated tail, independent of p47phox [72]. 

Specific interactions through SH3 domains are required for the assembly and 

activation of the NADPH oxidase subunits [49, 50, 73] (Fig 2.2.1b).  SH3 domains are 

present in many signal transduction proteins and are known to mediate interactions via 

binding to proline-rich regions (PRRs) on target proteins. Both p47phox and p67phox 

contain two SH3 binding domains [74], while p47phox, p67phox, and p22phox all have a 

PRR.  In the cytosol of resting cells, p67phox is complexed with p47phox through an 

interaction between the C-terminal SH3 domain of p67phox and the C-terminal PRR of 

p47phox [56].  Assembly of the cytosolic subunit complex with the membrane subunits 

absolutely requires binding between the N-terminal SH3 domain of p47phox to a PRR on 

the cytosolic C-terminus of p22phox (residues 151-160).  A point mutation, Pro156→Gln, 

in the proline-rich region of p22phox prevents p47phox binding [75].  In mapping the 

functional domains in the p22phox subunit using pentadecapeptide sequences derived by 

“peptide walking”, p47phox has been shown to not only bind the PRR of p22phox, but also 

to a domain (residues 51-63) located on a loop exposed to the cytosol [76].   

 

2.2.3 Vascular NADPH Oxidase 

The observation that all three major vascular wall cell types, i.e. endothelial cells 

(ECs), vascular smooth muscle cells (VSMCs), and adventitial fibroblasts possess 

NADPH oxidase has led to the descriptive term, vascular NADPH oxidase.  Over the 

past few years, significant investigations have established that activation of vascular 
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NADPH oxidase is the major determinant of the generation of ROS by ECs, VSMCs, 

and fibroblasts of the arterial wall, as well as the monocytes/macrophages and 

neutrophils that invade the arteries during atherosclerosis [74, 77-80].  NADPH oxidase 

might initiate the oxidative stress at early ages of vascular disease, and then trigger itself 

and other ROS sources leading to the progression of oxidative stress and endothelial 

dysfunction [81, 82].  NADPH oxidase, together with other oxidative enzymes appear to 

act synergistically to augment ROS generation [83].  There has been growing interest in 

the vascular NADPH oxidase, largely because it is recognized that oxidative stress plays 

a critical role in the pathogenesis of vascular diseases.  

A number of studies support the presence of a functional NADPH oxidase in ECs,  

which is capable of producing ROS and similar to that of phagocytes [2, 78, 84-89].  

This oxidase was found to exist in a preassembled form, consisting of p22phox, gp91phox, 

p47phox, and p67phox [90].  The NADPH oxidase subunits expressed by ECs are identical 

to that found in phagocytes. The mRNA of EC p47phox, p67phox, p22phox, and gp91phox 

have been sequenced and shown to share a near 100% homology with their 

corresponding neutrophil counterparts [78, 86].  Cytosolic proteins, p47phox and p67phox, 

in ECs are closely homologous to their phagocytic counterparts, however as stated 

above, in ECs they may exist as a pre-formed complex prior to activation [90].  The 

close homology between the phagocytic and EC NADPH oxidase has facilitated 

mechanistic evaluation.  Fibrobloasts, like ECs, express the flavocytochrome b558 

subunits, gp91phox and p22phox, as well as the cytosolic factors p47phox and p67phox [79].  

In contrast, whereas VSMCs contain p47phox and p22phox [80], the expression of p67phox 

and gp91phox has been difficult to demonstrate [91].  But interestingly, both p67phox and 

gp91phox are found expressed in VSMCs of human resistance arteries [92-94].  

Two homologs of gp91phox, called Nox1 and Nox4, were recently identified in 

VSMCs [93].  These homologs have been shown to function in place of gp91phox.  Nox1 

is expressed in low amounts in VSMCs where its activity and expression can be 

stimulated by mitogenic substances such as angiotensin II and platelet-derived growth 

factor (PDGF) [93].  In contrast to the relatively low level of Nox1 and gp91phox, Nox4 is 

abundantly expressed in all vascular cells [72, 95, 96].  While the Nox homolog and the 

membrane-bound p22phox subunit are essential to maintain a stable unit capable of 



 

     15 

supporting electron transfer for superoxide generation [97], the role the cytosolic 

components play in the vascular NADPH oxidase remains unclear.  This has important 

implications for the action and specificity of NADPH oxidase inhibitors.  Evidence of a 

functional NADPH oxidase in VSMCs, includes the transfection of VSMCs with 

antisense to p22phox or Nox1, or the use of p47phox knockout cells, both of which result in 

a marked inhibition of NADPH-dependent •O2
- generation by stimulated cells and a 

reduction of atherosclerotic lesions [91, 93, 98, 99].   

Homologs of two cytosolic subunits, NoxO1 (homologue of p47phox) and NoxA1 

(homologue of p67phox), have also been cloned from colon epithelial cells. Both subunits 

seem to be required for Nox1 activity [100].  In contrast, Nox4 activity seems to be 

independent of the known cytosolic subunits.  Compared with its homologue p47phox, 

NoxO1 does not have an autoinhibitory loop, which together with its pre-localization in 

the membrane, suggests an increased basal activity of NoxO1-based NADPH oxidase 

[101].  The precise role of NoxO1 and NoxA1 in the vasculature still remains to be 

determined.  Recently, the expression of NoxA1 has been shown in VSMCs of mouse 

carotid artery indicating that it replaces p67phox in the media of large vessels [72, 102]. 

The small GTPase Rac1 has been shown to be expressed in all vascular cells [103].  

The exact assembly and activation of vascular NADPH oxidases is poorly 

understood.  It is assumed that vascular gp91phox-based NADPH oxidases follow a 

mechanism similar to that demonstrated for phagocytes.  It has been suggested that 

gp91phox was responsive to agonists-stimulated ROS generation, such as tumor necrosis 

factor-α (TNF- α), and angiotensin II. In ECs and fibroblasts with gp91phox -/- mice these 

stimulators failed to promote ROS formation [35, 78, 104]. 

In contrast to phagocytic cells, the vascular NADPH oxidases produce constitutively 

low levels of ROS under basal conditions, 1-10% of the rate in leucocytes [103], while 

generating much higher levels in response to cellular perturbants, such as angiotensin II, 

thrombin, atherogenic LDL levels, hypertensive levels of shear stress, diabetic 

concentrations of glucose, growth factors like vascular endothelial growth factor 

(VEGF), PDGF, and cytokines like TNF-α, and interleukin-1 (IL-1) [105].  These 

attributes are consistent with the integral role for vascular NADPH oxidase in cell 

signaling and activating events that lead to a variety of cardiovascular diseases.  The 
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observation that ROS generation occurs mainly intracellularly provides another hint for 

their role in mediating signal transduction.  

The most studied stimulus of the vascular NADPH oxidase is angiotensin II.  

Angiotensin II increases the activity of the NADPH oxidase at three or more levels.  

First, there is rapid activation of c-Src and other kinases, leading to phosphorylation of 

p47phox, which translocates to the membrane cytochrome complex [106].  A key role for 

p47phox in this process has been demonstrated by use of p47phox-/- mice. Isolated ECs and 

VSMCs of these knockout mice did not produce •O2
- in response to angiotensin II [99, 

107, 108]. In VSMCs, EGF receptor transactivation is also involved, leading to 

sequential activation of PI3 kinase and the small G-protein Rac, all of which occurs 

within minutes of angiotensin AT1 receptor activation [109].  There is also some 

evidence for the involvement of Rho family GTPases in ROS generation in VSMCs, and 

this is supported in suppression of NADPH oxidase by statins, which inhibit the 

synthesis of isoprenoids such as farnesylpyrophosphate and 

geranylgeranylpyrophosphate that are important posttranslational lipid attachments for 

intracellular signaling molecules such as the Rho GTPases [110].  A further level of 

action of angiotensin, and some other stimuli, is to increase the expression of NADPH 

oxidase subunits over hours to days [36].  All these events following stimulation with 

angiotensin serve to activate, promote and sustain electron flow through the cytochrome 

complex.  In rat VSMCs transfected with antisense Nox1 mRNA, ROS generation was 

inhibited in response to angiotensin II, but no change of basal ROS production was 

observed[93].  This indicates that Nox1 is essential for agonist-stimulated NADPH 

oxidase activity in VSMCs.  The importance of angiotensin for activation of NADPH 

oxidase is underlined by studies showing that oxidative stress, NADPH oxidase 

activation and some of the pathological features of hypertension and atherosclerosis are 

abrogated by angiotensin AT1 receptor antagonists [111, 112].  

 

2.2.4 Pharmacology of NADPH Oxidases 

The protective effects of NADPH oxidase inhibition on diseases such as 

atherosclerosis have been confirmed with an animal model of experimental 
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atherosclerosis, e.g., the apoE-deficient mouse [113, 114].  However, the pharmacology 

of NADPH oxidase is still under intensive study. There is a long list of 

compounds/peptides that are known inhibitors of NADPH oxidase (Table 2.2.4.1).   

 

Table 2.2.4.1 Inhibitors of NADPH Oxidase [2, 32, 35, 115] 

Category                  Inhibitor Example 

Cytosolic 

subunits 

translocation 

inhibitors 

Catechols (3,4-dihydroxybenzaldehyde, caffeic acid, protocatechuic 

acid), ortho-methoxy-substituted catechols (apocynin, vanillin, and 

4-nitroguaiacol), quinones (1,4-naphthoquinone), nitrosothiols 

(RSNO), nitric oxide, PR-39, gp91ds-tat, gliotoxin, 4-(2-

aminoethyl)-benzenesulfonyl fluoride (AEBSF), resveratrol 

Flavoprotein 

inhibitors 
Diphenylene iodonium (DPI), quinacrine,  

Heme ligands Imidazole, pyridine 

Direct-acting 

thiol reagents 
Disulfiram, penicillamine, phenylarsine oxide (PAO), gliotoxin 

NADPH 

analogue 
Cibacron blue 

Redox active 

inhibitors 
Quercetin, esculetin, DPI 

Intracellular 

calcium 

antagonist 

TMB-8 

Calmodulin 

antagonists 

W-7, trifluoperazine 

 

Rac inhibitors Statins, inhibitors of geranylgeranyltransferase (GGTI-286,GGTI-

298), clostridia toxins 

Unknown Neopterin, plumbagin, S17834[6,8-diallyl 5,7-dihydroxy 2-(2-allyl 3-

hydroxy 4-methoxyphenol)1-H benzo(b)pyran-4-one], VAS2870 
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However, most compounds/peptides have major impediments, in terms of 

bioavailability, safety, toxicity, for their therapeutic use. Moreover, most inhibitors 

appear to be either non-specific or their mechanism still remains unknown.  For 

example, the proline-arginine rich peptide PR-39 blocks NADPH oxidase activity by 

binding to the SH3 domain of p47phox and, therefore, preventing its translocation to the 

cytochrome b588 [116-118].  However, non-specific effects of PR-39 have been 

observed because it also binds to SH3 domains of other proteins as well as interacting 

with membrane lipids [119, 120]. 

One of the more interesting classes of compounds with known NADPH oxidase 

inhibition activity is the phenolics. Due to their simplicity, abundance, and low toxicity, 

these compounds may prove to be highly desirable as therapeutic candidates. One of the 

more active phenolics is apocynin, whose function is described below. 

 

2.3 Phenols 

Polyphenols are common constituents in botanical extracts available in over-the-counter 

nutraceutical preparations and are found in different fruits and vegetables, olive oil, and 

beverages like red wine and tea.  Consumption of polyphenols in the diet has been 

shown to reduce the likelihood of morbidity and mortality from coronary artery disease 

(CAD) [121].  The “French Paradox” (i.e. the low incidence of CAD despite diets high 

in lipids) is purportedly due to the regular drinking of red wine [122].  One way in which 

polyphenols are thought to act is through the inhibition of lipid peroxidation of LDL 

[123].  Dietary supplements rich in polyphenols, such as black and green tea [124], olive 

oil [125], red wine [126], and licorice root extract [127], are associated with an increased 

resistance of plasma LDL oxidation.  Consumption of tea extract, red wine or licorice 

extract by hyper-cholesterolemic apoE-deficient mice caused a significant reduction in 

atherosclerosis [127-129].  The antioxidant activity of polyphenols is clearly related to 

their chemical structure.  For example, the two hydroxyl groups on the B phenol ring of 

the polyphenol, glabridin, are required for therapeutic activity that leads to a 50% 

reduction in the size of aortic lesions in apoE-deficient mice [130]. 
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Conventional wisdom has held that these polyphenoles exert their chemoprotective 

effects through antioxidative properties, e.g., direct free radical scavenging as opposed to 

specific inhibition of enzymes that generate ROS as byproducts of cell metabolism [74, 

131-133].  However, scavenging of radicals once formed is a relatively inefficient 

process, particularly given the high reactivity of ROS.  A more compelling mechanism 

of the chemoprotective effect involves the inhibition of ROS generation.  Recently, 

many investigations have shown that apocynin’s primary mode involves the inhibition of 

NADPH oxidase.  Growing evidence for the involvement of NADPH oxidase in the 

vasculature as the source for ROS production suggests that this multi-component 

signaling enzyme may be an ideal target for the design of new vascular therapeutic 

agents [80].  Inhibition of NADPH oxidase activation will suppress the sequence of 

cellular events that leads to a variety of vascular diseases, such as atherosclerosis, 

wherein NADPH oxidase is activated and is the major source for the formation of ROS 

that modulate pathophysiological changes in vascular wall cells [134, 135].   

 

2.3.1 Apocynin 

2.3.1.1 History and Structure 

Ortho-methoxyphenol apocynin (4-hydroxy-3-methoxyacetophenone or 

acetovanillone, Fig. 2.3.1.1) was first isolated from the roots of Apocynum cannabinum 

(Canadian hemp) in 1883.  Apocynin possesses a faint vanilla odor and has a melting 

point of 115° C.  It is slightly soluble in cold water, but freely soluble in hot water, 

alcohol, benzene, chloroform, and ether.  Although apocynin was first discovered in A. 

cannabinum, its occurrence is not restricted exclusively to the Apocynaceae family.  In 

fact, it is a common compound in many plant species with the quantity variance from 

species to species [136-140].  Furthermore, in the wood and paper industry, apocynin is 

known as one of the degradation products of lignin [141, 142]. 

 Canadian hemp was used as official remedies for dropsy and heart problems [143].  

The constituents of Canadian hemp were re-investigated in 1908 by Finnemore, and they 

found a new procedure to isolate apocynin on a larger, more adequate scale [144].  In 

1971, isolation of apocynin from Picrorhiza kurroa Royle ex Bebth was reported [145].  
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P. kurroa is a small, perennial plant growing at high altitudes in the western Himalaya 

region, which have been used in age-old traditional Ayurvedic medicine cultures of 

Southeast Asia, specifically in India and Sri Lanka.  Apocynin has been applied as a 

liver tonic, a cardiotonic, and for the treatment of jaundice and asthma [146, 147].  

Apocynin was considered to be an important constituent contributing to the medicinal 

potential of this herb, although no specific details on the effectiveness of P. kurroa were 

known at that time.  Extracts of this plant are currently available as over-the-counter 

preparations that are advertised as being useful for “watery fullness of cellular tissues-

oedema; puffiness of eyelids and wrinkled lids; feet full and oedematous, pitting upon 

pressure; circulation sluggish; scanty urine; skin glistening; hemoptysis; menorrhagia, 

profuse, too often and too long continued; and full, relaxed uterus, with watery 

discharges [148] .”   

 

O

HO

O

 

 

Figure 2.3.1 Chemical structure of apocynin 

         

2.3.1.2 Mode of Action 

Despite the emergence of apocynin and related compounds as potential prodrugs 

against the NADPH oxidase target, the products of peroxidase-catalyzed apocynin 

oxidation both in vitro and as metabolites of in vivo peroxidase action haven’t been fully 

characterized.  Apocynin inhibits NADPH oxidase in neutrophils [146, 147] and non-

phagocytic cells [86, 149].  This has been demonstrated in ECs and neutrophils using 

immunoblots of cell membranes, where apocynin inhibits the translocation of cytosolic 
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oxidase subunits (e.g., p47phox and p67phox) to the membrane, thus preventing the 

assembly and activation of a functional NADPH oxidase complex [149, 150].  However, 

a detailed molecular and biochemical mechanism of apocynin’s inhibitory activity 

remains unknown.  Nevertheless, information is available on some of the activities of 

apocynin, which may shed clues onto the functional role of this phenolic in inhibiting 

NADPH oxidase. 

In 1990, Simons et al. proposed that apocynin must be metabolically activated by 

means of a ROS or MPO-dependent mechanism in stimulated neutrophils [146].  A 

possible structure for this active metabolite – a quinone methide was proposed in 1992 

by Hart and Simons [151], but no scientific evidence was presented. Their hypothesis 

was later supported by Stolk et al. [147] that apocynin requires conversion by 

peroxidases and ROS to exert its inhibitory effect.  The oxygen uptake measurement 

revealed that in neutrophils there was a lag time of 2 to 3 min before the inhibitory effect 

of apocynin was observed, and it was completely inhibited at 7 min after addition serum-

treated zymosan (STZ).   The lag time appears to correspond to a sufficient conversion 

of apocynin to an active metabolite(s) catalyzed by peroxidase and ROS.  This oxidative 

requirement has been confirmed in neutrophils that lack MPO, where apocynin failed to 

inhibit NADPH oxidase activation [147, 151] and in MPO-deficient neutrophils  in 

which the lag time was about 50% longer when compared with normal cells.  

Immunoblots of neutrophil membranes demonstrated that translocation of the oxidase 

cytosolic components p47phox and p67phox to the membrane fraction at 7 min after STZ 

stimulation was markedly reduced when the neutrophils had been incubated with 

apocynin, but translocation was still normal after 2 min of stimulation. Recently, Müller 

et al. also reported the isolation of an active metabolite after incubation of apocynin with 

MPO, but again no characterization of the structure of this metabolite was provided 

[152]. 

Similarly there is a lag time of 2 min before apocynin exerts an inhibitory effect in 

ECs stimulated with arachidonic acid (AA) (Fig 2.3.1.2) [135].  In their study •O2
- 

production was quantified by measuring the SOD - inhibitive reduction of cytochrome 

C.  Immediately following this delay, superoxide production was nearly completely 

inhibited.  An apocynin metabolite, diapocynin or the related quinone, oligoquinone, or 
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oligophenol (an exact structure has not been identified) generated from apocynin through 

peroxidase catalysis, appears to act directly on NADPH oxidase to prevent enzyme 

complex assembly in the presence of AA, resulting in immediate inhibition.   

 

 

Figure 2.3.2 Superoxide production by endothelial sonicates, in response to 

arachidonic Acid (AA), and in the presence and absence of 100 µµµµM apocynin [135]. 

 

Johnson et al. (2002) demonstrated that apocynin dimer, obtained through a 

radicalar C-C ortho coupling of apocynin catalyzed by soybean peroxidase (SBP), is a 

more potent inhibitor than apocynin itself [153]. However, whether the dimers actually 

exist, how they act, as well as their precise chemical structures still require further 

investigation.  Recently, Ximenes et al. (2007) reported the oxidative coupling of 

apocynin catalyzed by MPO [154].  They obtained selectively the corresponding dimer 

and a trimeric hydroxylated quinone that has previously been identified in the SBP - 

catalyzed reaction.  Since apocynin impedes the migration of the cytosolic component 

p47phox to the membrane and this effect could be related to its conjugation with essential 

thiol groups, they studied the reactivity of apocynin and its MPO - catalyzed oxidation 



 

     23 

products with glutathione.  They found that apocynin and its oxidation products do not 

react with glutathione.  However, this thiol compound was efficiently oxidized by the 

apocynin radical during the MPO-catalyzed oxidation.  This suggests that the reactivity 

of apocynin radical with thiol compounds could be involved in the inhibitory effect on 

NADPH oxidase complex. 

 

2.3.1.3 Cardiovascular-related Biological Activities in Connection with NADPH 

Oxidase 

Apocynin, in common with other phenolics, has multiple biological actions in 

addition to its antioxidant effects [155].  In the past decade apocynin has been 

extensively studied to help determine its disease fighting capabilities and applications.  

Apocynin proved to be a potent anti - inflammatory agent, based on the selective 

inhibition of the production of ROS by activated human polymorphonuclear neutrophils 

(PMNs).  This has led to numerous investigations on apocynin’s potential in the 

treatment of atherosclerosis and hypertension. 

 

2.3.1.3.1 Apocynin and Atherosclerosis 

Atherosclerosis is one of the most common cardiovascular diseases in developed 

countries and another disease in which ROS are thought to play an important role [156, 

157].  Increased superoxide generation in vessels has been linked to the clinical risk 

factors for atherosclerosis and impaired endothelial NO function in patients with CAD 

[158]. 

Among the main causes of the development of atherosclerosis is a high serum level 

of low-density cholesterol-containing lipoprotein (LDL) [159].  It has been suggested 

that oxidative stress and superoxide anion generation can promote the conversion of 

LDL to oxidized form (oxLDL) by cells of the arterial wall, which may be a key event in 

early atherosclerosis [80, 157, 160, 161].  The oxLDL may be internalized by ECs and 

macrophages, leading to endothelial dysfunction and foam cell formation, respectively 

[162]. 
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In the pathogenesis of atherosclerosis, the initiating event is the injury to the blood 

vessel wall resulting in endothelial dysfunction.  This disruption of the normal 

homeostatic regulatory functions of the endothelium initiates a sequence of events 

including: (a) endothelial hyper - permeability; (b) inflammatory responses; and (c) 

VSMC proliferation, finally leading to plaque formation, plaque rupture, thrombosis, 

and tissue infarction.  A causative relationship exists between these events and oxidative 

stress of the vascular wall [26].   

Atherogenic levels of LDL have been shown to lead to a significant increase in 

NADPH oxidase dependent ROS production by the endothelium [163].  A significant 

role of NADPH oxidase was demonstrated in apo - lipoprotein E and p47phox double 

knockout mice (ApoE-/-/p47phox-/-) where a marked reduction of lesions was observed in 

the descending aorta [98].  Although the immediate product of NADPH oxidase (•O2
-) is 

not sufficiently reactive to induce LDL oxidation, it can be converted into other more 

reactive species as previously described, which are able to oxidize the lipoprotein 

directly and more efficiently, resulting in the formation and release of peroxidized fatty 

acids.  

Many studies have investigated the role of apocynin on the pathogenesis of 

atherosclerosis.  NADPH oxidase activation and concomitant ROS production has been 

reported to be required for macrophage - mediated oxidation of LDL which increases 

atherogenicity [156, 164].  An animal macrophage model showed that inhibition of the 

macrophage NADPH oxidase with apocynin (600 µM) inhibited macrophage-mediated 

oxidation of LDL by 89 % compared with the control group [77].  

Experiments with apocynin in endothelial cells showed similar results.  Holland et 

al. reported that apocynin significantly impaired ROS production of EC NADPH 

oxidase stimulated by phospholipase A2 activator thrombin [85].  Apocynin also blocks 

increased ROS generation by ECs in response to elevated LDL levels [134].  The 

likelihood that NADPH oxidase plays an integral role in the atherogenic process is 

supported by in vitro inhibitory studies using apocynin.  At apocynin concentrations that 

inhibit NADPH oxidase the permeability of ECs exposed to high LDL concentrations is 

reduced to levels seen in quiescent cells [134], EC - surface expression of cell adhesion 

molecules (e.g. E - selectin and VCAM - 1) and subsequent monocyte binding is greatly 
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impaired [149], monocyte - mediated LDL oxidation is markedly reduced [36], and 

VSMC proliferation in response to growth factors is largely diminished [165]. 

The effect of NADPH oxidase inhibition on atherosclerosis has been tested in the 

hyper - cholesterolemic rabbit model by Holland et al. [135].  In these studies, New 

Zealand white male rabbits were fed a 1 % cholesterol diet, and randomly divided into 

five groups with apocynin added to drinking water (0, 1, 10, 15, and 45 mg / kg / day).   

Following animal sacrifice at 3 months, analysis of the aortas from rabbits fed a 1 % 

cholesterol diet in the absence of apocynin treatment showed typical diffuse 

atherosclerotic lesions covering 60% of the aortic surface area.  By contrast, the aortas 

from hyper - cholesterolemic rabbits treated with apocynin (10 - 45 mg / kg / day) had 

markedly less atherosclerotic disease, covering less than 10 % of the aortic surface.  The 

total serum cholesterol levels of hyper - cholesterolemic rabbits with and without 

apocynin treatment were comparable, indicating that the protective effect of apocynin 

treatment was not dependent on lipid lowering. 

In summary, animal data is consistent with the in vitro inhibitory studies indicating 

that inhibition of NADPH oxidase activation suppresses the sequence of cellular events 

leading to atherosclerosis.  Apocynin has been revealed a new strategy for the treatment 

of atherosclerosis, and future treatments should focus on NADPH oxidase inhibition as 

an effective way of preventing the endothelium from initiating the events of leading to 

atherosclerosis. 

 

2.3.1.3.2 Apocynin and Hypertension 

Many studies have indicated that essential hypertensive humans have excessive 

amounts of ROS, such as superoxide anion, hydrogen peroxide or hydroxyl radical [166, 

167], and also a decrease in antioxidant enzymes, such as SOD [168, 169].  Recent 

results suggest that oxidative stress plays an important role in the pathogenesis of renal 

damage in hypertension with different hypertension animal models.  For example, in 

deoxycorticosterone acetate (DOCA) - salt hypertension rats, greater aortic NADPH 

oxidase activity and lower aortic Cu / Zn SOD activity were found, which could be 

responsible for the increased •O2
- release and possibly contribute to increased blood 
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pressure [170, 171].  Reverse transcriptase-polymerase chain reaction (RT - PCR) 

analysis demonstrated that DOCA - salt rats have significantly higher mRNA expression 

of p22phox [170].  In a spontaneously hypertensive rat model, p47phox expression was 

increased in the kidney, suggesting a role of ROS derived from NADPH oxidase in the 

development of high blood pressure [172].  Interestingly, administration with apocynin 

significantly decreased .O2
- production in aortic rings. Moreover, long-term treatment of 

apocynin significantly decreased aortic .O2
- production and systolic blood pressure [170]. 

Administration of apocynin to mice resulted in a similar effect [173].  Although the 

effect of apocynin on kidney function has not been fully investigated, it is a possible 

drug target that directly regulates NADPH oxidase activity. 

 

2.3.1.4 Pharmacokenetics 

Little is known about the kinetics of apocynin in vivo, but interesting metabolic 

aspects of apocynin were described by Daly [174] and Gjertsen [175].  They showed that 

after a period of 20 hours upon i.p. administration of 120 mg / kg apocynin to rats, 80 % 

of the apocynin was recovered unchanged in the urine of the animals.  Approximately 

0.5 % was converted into the para-isomer, acetoisovanillone.  Also traces of 3’, 4’-

dihydroxy-acetophenone were excreted.  A further pathway of apocynin metabolism, 

although of minor quantitative importance, was ketone reduction to the 1-phenylethanol 

derivatives 1-(4’-hydroxy-3’-methoxyphenyl)-ethanol and 1-(3’-, 4’- dihydroxyphenyl)-

ethanol. This pathway had not previously been reported for acetophenone derivatives 

possessing hydroxyl substituents.  This raises the question as to whether one of these 

compounds may be a candidate for an active metabolite of apocynin. 

 

2.3.1.5 Toxicity 

Apocynin has a very good safety profile (LD50: 9 g / kg upon oral administration in 

mice) [176].  Interestingly, it does not interfere with the killing capacities of PMNs 

[147].  Side effects of apocynin are not known. Even when treated with apocynin for a 

three-month period, rabbits do not show any signs of ill-health and other parameters 
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compared to control-treated animals [135].  Furthermore, when tested in the Salmonella 

typhimurium mutagenicity assay (Ames test) and the sister chromatid exchange (SCE) 

test, which tests for DNA damaging properties, apocynin showed no genotoxic effects at 

concentrations up to 600 µM [177]. 

Much of this good safety profile may be because apocynin, in its native form, is 

inert and inactive, and requires an enzymatic reaction catalyzed by extracellular 

peroxidase / ROS to be converted to an active form.   

 

2.3.1.6 Apocynin as a therapeutic target for cardiovascular diseases 

The aforementioned studies provide evidence for a metabolic activation of 

apocynin; however, the exact mode of action of apocynin is still unclear.  Currently, the 

extracts of P. kurroa are used as a complementary and alternative medicine.  A 

representative sample extract of P. kurroa available over the internet is a 10 mg capsule.  

The suggested dosage in adults is one capsule daily.  Each capsule is standardized to 

another constituent, Kutkin, at 5 - 10 %. If the apocynin component of the extract is 

about 25 % of Kutkin, that would be 0.125 to 0.25 mg apocynin per 10 mg capsule.  But 

if a potentially therapeutic human dose was based on Phase I clinical trial of apocynin in 

humans by Leiden University Medical Center [178], at least 5-10 mg / day of apocynin 

would be needed. This would require about 20 - 40 extract capsules per day.  Thus, a 

greater understanding of apocynin’s mode of action would greatly benefit the 

development of an effective therapeutic dose for this nutraceutical product.  

In the past decades, animal as well as human studies have indicated a fundamental 

role of ROS in the pathogenesis of cardiovascular diseases, while NADPH oxidase has 

been shown to be the major source of ROS production in the vascular wall.  In 1990, 

Simons et al. eventually established the pharmacological potential of apocynin through 

activity-guided isolation from the roots of P. kurroa [146, 179].  A variety of in vivo and 

in vitro studies have demonstrated apocynin’s pharmacological value in cardiovascular 

diseases as an inhibitor of NADPH oxidase.  Although apocynin’s mode of action is not 

fully understood, its high oral bioavailability, selectivity, and low toxicity make this 



 

     28 

phenolic a promising lead compound in the development of new therapeutic drugs for 

cardiovascular diseases.  

 

2.3.2 Resveratrol 

2.3.2.1 History 

Resveratrol (3, 5, 4’ – trihydroxystilbene, RSV) is a naturally occurring polyphenol, 

and was first isolated from the roots of white hellebore (Veratrum grandiflorum O. Loes) 

in 1940 [180], and later, in 1963, from the roots of Polygonum cuspidatum (popularly 

known as Ko-jo-kon), a plant which has been used for many therapeutic indications 

including heart diseases in traditional Chinese and Japanese medicine [181].  Attention 

to RSV was drawn in 1992, when Seimann and Creasy reported the presence of trans-

RSV in red wine [182].  It was suggested that RSV is responsible for the cardiovascular 

benefits associated with mild - to - moderate wine consumption and that the presence of 

RSV in red wine may explain the so-called “French paradox” [182-184] . 

 

2.3.2.2 Sources 

Nowadays RSV is sold as a nutritional supplement.  It is found in at least 72 plant 

species [185].  However, its presence in edible plants is rare.  The richest source of RSV 

is the roots of Polygonum cuspidatum (Ko-jo-kon), mainly cultivated in China and 

Japan.  The skins of grapes are believed to be responsible for the cardioprotective 

properties of red wine, which contains about 0.2 - 7 mg RSV per liter of wine.  In 

addition to grapes, a large variety of fruits, flowers and leaves all contain a certain 

amount of RSV (Table 2.3.2.2.1).  The primary dietary sources in the human diet are 

peanuts, peanut butter, grapes, and red wine. 
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Table 2.3.2.1 Diet sources of RSV (modified from [186]) 
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2.3.2.3 Chemistry 

RSV is a member of the stilbene family, a group of compounds that consist of 2 

aromatic rings joined by a methylene bridge [187].  It is the parent molecule of 

viniferins, a family of phytoalexin polymers that prevent the progression of fungal 

infections. RSV exists in cis- and trans-isomeric forms (Fig. 2.3.2.3.1).  The trans to cis 

isomerization is induced by UV exposure.  In wines the trans- form is by far the most 

abundant [188].  It has been indicated that the trans-RSV has greater anticancer and 

cardioprotective activities than the cis isomer.  The difference in the maximum UV 

absorption of the two RSV isomers (trans-: 307 nm and cis-: 288 nm) allows their 

separation.   

 

 

                      cis-RSV                                                              trans-RSV 

Figure 2.3.3 Chemical Structure of cis and trans RSV 

 

Generally extracted from botanical sources, trans-RSV can now be efficiently 

obtained by means of chemical or biotechnological approaches [189, 190].  RSV is 

formed via a condensation reaction between 3 molecules of malonyl CoA and 1 

molecule of 4-coumaroyl CoA, with 4 molecules of CO2 produced as well (Fig. 

2.3.2.3.2).  RSV synthase facilitates this condensation reaction.  RSV is synthesized in 

response to environmental stressors that include water deprivation, UV irradiation, and, 

especially, fungal infection.  Thus, the production of RSV in plants can be considered 

part of the defense mechanism [187]. 
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Figure 2.3.4 Synthesis of RSV 

 

2.3.2.4 Biological Activities 

After RSV was found in red wine, many reports have shown that RSV can prevent 

or slow the progression of a wide varieties of illness, including cancer [191], 

cardiovascular disease [192], and ischaemic injuries [193], as well as enhance stress 

resistance and extend the lifespan of various organisms[194, 195] (Table 2.3.2.4.1).  In 

the current work, we aim to study RSV as a potential therapeutic for cardiovascular 

disease.  Therefore, only the cardioprotective effects of RSV are addressed in the 

following. 
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Table 2.3.2.2 Major biological activities of RSV [196] 

 

 

2.3.2.5 Cardiovascular Protection 

A variety of in vitro studies and experiments on animal models have suggested the 

cardioprotective abilities of RSV (Fig. 2.3.2.5.1).  The protection against cardiovascular 

diseases may work by a number of mechanisms and some of them have been 

investigated extensively.  Although in the absence of clinical studies, the 

cardioprotective effect of RSV in humans has yet to be demonstrated.   
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Figure 2.3.5 Cardioprotective effects of RSV [197] 

 

2.3.2.5.1 Inhibit LDL Peroxidation 

It appears that RSV is an effective scavenger of hydroxyl, superoxide, and metal-

induced radicals.  RSV exhibits a protective effect against lipid peroxidation in cell 

membranes and DNA damage caused by ROS [198].  However, the cardiovascular 

benefit of RSV may not simply due to its antioxidant effect.  RSV prevents LDL 

oxidation in vitro by chelating copper, as well as by directly scavenging free radicals.  It 

has become clear that RSV possesses pleiotropic properties, including the activation or 

suppression of signaling pathways [199], regulation of enzyme activities through 

allosteric interaction [194], and gene expression [200].  RSV can be detected in LDL 

particles from humans after consumption of red wine [201], and the pure compound 

prevents increases in lipid peroxidation in addition to blocking gentamicin-induced 

nephrotoxicity [202]. It has also been reported that RSV is an efficient lipoxygenase 

inhibitor [203], and thus may prevent the subendothelial oxidative modification of LDL 

[204]. 
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Recently, trans- and cis-isomers of RSV have been shown to reduce NADPH 

oxidase activity in rat aortic homogenate and macrophages, respectively [205, 206].  A 

recently study by Chow et al. (2006) have indicated that the oxLDL - elevated NADPH 

oxidase activity and cellular ROS generation are effectively suppressed by RSV. RSV 

treatment appears to suppress NADPH oxidase activity by reducing the membrane 

association of gp91phox and Rac1, two protein species required for the assembly of active 

NADPH oxidase complex.  Exposure to RSV protects ECs from oxidative functional 

damages, including antiplatelet activity and mononucleocyte adhesion.  In addition, 

angiotensin II induced NADPH oxidase activation is also attenuated.  These results 

suggest that RSV protects ECs from oxLDL-induced oxidative stress by both direct ROS 

scavenging and inhibition of NADPH oxidase activity [207]. 

 

2.3.2.5.2 Inhibit Platelet Aggregation 

It has been demonstrated that RSV interferes with two prominent features of the 

atherogenesis: apoptosis and thrombosis. Apoptosis contributes to plaque instability, 

rupture and thrombus formation [208].  RSV (50 µM) has been shown to block apoptosis 

induced by oxidized VLDL and LDL in PC12 cells [209] by direct inhibition of the main 

arachidonate metabolizing enzymes [210]. 

Excessive or inappropriate aggregation of platelets can lead to thrombus formation 

and subsequent blockages in blood vessels that result in transient ischaemia, myocardial 

infarction or stroke.  Since in vitro experiments demonstrated inhibition of platelet 

function and of endothelial tissue factors by RSV [211], it is conceivable that RSV may 

decrease blood coagulation and thrombus formation.  Systemic administration of RSV 

blocks the increase in platelet aggregation that is induced in rabbits by a 

hypercholesterolaemic diet [212], and reduces the atherosclerotic area and the size of the 

thrombus generated by laser-induced damage to the endothelium in mice that are 

genetically hypercholesterolaemic [213].  It is likely that RSV preferentially inhibits 

COX1 over COX2 which regulates vascular homeostasis by balancing prostaglandins 

[191].  The antiplatelet activity of RSV was also evaluated in platelet-rich plasma from 

healthy humans [214].  The collagen - induced platelet aggregation was half reduced in 
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the presence of 3.6 µg / L trans-RSV.  A synergetic interaction between RSV and other 

components in the red wine was also reported by the same authors. 

 

2.3.2.5.3 Induced Vasorelaxation and Upregulation of NOS 

RSV is capable of relaxing isolated arteries and rat aortic rings [215].  Naderali et 

al. [216] indicated that RSV has a greater effect on resistance than conductance arteries 

In guinea pigs  RSV - induced vascular relaxation may be endothelium - dependent 

(attenuated by NG-nitro-L-arginine methyl ester, L - NAME) or endothelium - 

independent: vasodilating prostanoids were apparently not involved.   

The vasorelaxant activity of RSV has been attributed to its ability to stimulate Ca2+-

activated K+ channels [217].  Recently, more reports indicated that the endothelium-

dependent vasorelaxant effect of trans-RSV in rat aorta seems to be attributed to the 

enhancement of NO signaling through the inhibition of vascular NADH/NADPH 

oxidase activity, leading to a reduction in basal superoxide production, and 

consequently, decreased inactivation of nitric oxide [206].  A direct role for NO in 

vasorelaxation was identified when increased NOS activity was found in cultured 

pulmonary artery endothelial cells treated with RSV, suggesting that RSV could afford 

cardioprotection by affecting the expression of NOS [218].  It has been demonstrated 

that RSV upregulates endothelial NOS (eNOS) mRNA and protein expression in 

endothelial cells incubated for 24 to 72 h in a concentration - dependent manner [219].  

The eNOS protein expression and eNOS - derived NO production also increased, 

suggesting that an increase in active eNOS levels with subsequent endothelial NO 

release may antagonize the development of endothelial dysfunction, supporting long-

term cardiovascular protective effects of RSV or polyphenols [219, 220].   

The analogous results were obtained by in vivo study, showing that RSV increased 

inducible NOS (iNOS) mRNA [221]and protein expression of both eNOS and in iNOS 

[222].  RSV also failed to provide cardioprotection in iNOS knockout mice [223].  The 

first experimental evidence of cardioprotective ability of RSV was apparent from studies 

showing that RSV (10 µM) could directly protect isolated rat hearts from ischemia - 

reperfusion (I –R) injury [224].  The RSV - treated group showed a significant reduction 
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in malonaldehyde (MDA) formation and infarct size in comparison with the control 

group [224].  In a model of transient regional ischemia in anesthetized rats, infusion of 

RSV effectively prevented I - R - induced arrhythmias and cardiac cell damage due to a 

significant upregulation of NO production by RSV [225]. 

Activation of adenosine receptors is a pharmacological preconditioning that can 

elicit late-phase protection (12 to 24 h after the stimulus) [226, 227].  In addition, NO 

has been shown as a trigger and mediator of late preconditioning [228].  Bradamante et 

al. (2004) indicated that an increase in adenosine and NO availability is involved in the 

cardioprotective activity of RSV using low-flow ischemia rat hearts.  The RSV (10 µM) 

- treated hearts showed greater postischemic functional recovery, with reduced 

myocardial infarction and cardiomyocyte apoptosis.  These effects were almost 

completely abolished by the adenosine receptor antagonist 8-p-sulfophenyltheophylline 

(SPT) and NO agonist L - NAME [229].   

There is evidence that oxidative stress (produced by stimulation of VSMCs by 

H2O2) increases endothelin – 1 (ET - 1, a 21 amino acid peptide) generation and 

autocrine ET-1 activity in VSMCs, a mechanism that might contribute to endothelial 

dysfunction in atherosclerosis.  This effect is inhibited by RSV (100 µM) [230].  In 

hypercholesteremic rabbits RSV (3 mg / kg / day for 12 weeks) decreased plasma ET - 1 

levels and significantly increased NO levels [231]. These results show that RSV (and red 

wine) improves endothelial function, which may be one of the mechanisms by which it 

exerts alcohol-independent cardioprotective effects. 

 

2.3.2.5.4 Phytooestrogenic effects 

Estrogen replacement therapy has been shown to reduce the risk of cardiovascular 

disease and osteoporosis in postmenopausal women [232].   

Phytoestrogens are nonsteroidal dietary compounds that, like estrogen, are able to 

bind to estrogen receptors (ER) resulting in the transcription of estrogen-responsive 

genes.  RSV has been recognized as a phytoestrogen based on its structural similarities 

to a synthetic estrogen, diethylstilbesterol (DES), and it has been suggested that this 

property might mediate its cardioprotective effects [233].  RSV can bind to the ER, 
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thereby activating transcription of estrogen - responsive reporter genes [218, 234].  RSV 

possesses estrogenic properties in stroke - prone spontaneously hypertensive rats by 

attenuating the increase in systolic blood pressure, enhancing endothelin-dependent 

vascular relaxation in response to acetylcholine and, preventing ovariectomy-induced 

decreases in femoral bone strength in a manner similar to estradiol [235]. 

However, several in vitro studies showed conflicting results. Basly et al. (2000) 

found that both isomers of RSV possessed antiestrogenic effects at lower concentrations 

(< 1 µM), whereas superestrogenic activity was present only at moderate concentration 

(> 10 µM) [236].  Furthermore, most of the in vivo studies have failed to confirm the 

estrogenic potential of RSV.  As long as the controversy continues to persist, the 

oestrogenic behavior of RSV is still the subject of debate. 

The estrogenic activity of RSV may also help prevent bone loss in post-menopausal 

women.  RSV was shown to increase the proliferation of osteoblastic MC3T3-E1 cells 

and induce alkaline phosphatase activity, an enzyme involved in bone mineralization 

[237]. 

 

2.3.2.6 Pharmacokenetics and Toxicity 

RSV has a short initial half-life (8 - 14 min for the primary molecule) and is 

metabolized extensively in the body [238].  The peak concentration of trans-RSV in rat 

blood serum is reached very rapidly, at 10 to 15 min after oral administration [239].  

Marier et al. (2002) determined the pharmacokinetics of trans-RSV in its aglycone and 

glucuronide forms following i.v. or p.o. administration to rats [238].  Walle et al. (2004) 

found that the half-life of total RSV metabolites in human serum was ~9.2 hr, indicating 

that exposure to modified forms was much higher than that for unchanged RSV.  RSV 

sulfate was the major metabolite found in human plasma, converted within ~30 min in 

humans.  Five distinct metabolites were present in the urine - RSV monosulphate, two 

isomeric forms of RSV monoglucuronide, dihydroresveratrol monosulphate and 

dihydroresveratrol in relatively large amount, while free RSV only in trace amount 

[240]. 
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Recently, several studies have examined RSV absorption in vivo.  RSV absorption 

and bioavailability varied between subjects, but was not affected by meal type or 

quantity of lipids in the meal.  The food matrix in which RSV is consumed may have an 

effect on absorption and bioavailability.  Vitrac et al. (2003) have clearly shown that 

RSV is absorbed, metabolized and distributed to various tissues in mouse.  Radioactivity 

derived from [14C] trans-RSV was found in various organs, such as liver and kidney, 

with peak concentrations in the duodenum and to a lesser extent in brain, heart, lung and 

testis, and was eliminated primarily by renal excretion [241].  In rats at least 50% of 

orally administered [3H] trans-RSV is absorbed by the digestive tract based on the 

amount of radioactivity excreted in feces and urine over 24 h [239].  High absorption of 

RSV, at least 70%, has been observed in human subjects after oral doses, although only 

trace amounts of the parent compound were found in subjects’ plasma [240] .   

The bioavailability of luminally administered RSV was 20.5% in a perfused rat 

small intestine, using an intestinal absorption model. At a vascular site, most was 

conjugated to give RSV glucuronide together with RSV sulphate [181].  Using the same 

model, Kuhnle et al. (2000) found that almost all of the absorbed RSV is conjugated as 

glucuronide, the reaction being mediated by UDP-glucuronosyltransferase 1A1 [242].  

The maximum tolerated dose of resveratrol has not been thoroughly determined, but 

300 mg / kg (body weight) showed no detrimental effects in rats [243]. 
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3. Peroxidase-catalyzed Oxidation of Phenols 

3.1 Introduction 

Peroxidases can induce the oxidative polymerization of phenol derivatives under 

mild reaction conditions to produce a mixture of oligophenols. Different peroxidases 

have been used as catalyst in the presence of a stoechiometric amount of an oxidant 

(H2O2) to promote the polymerization of phenolic derivatives. Horseradish peroxidase 

(HRP) [244], SBP [245] and MPO [154] have been used to produce oligophenolic 

mixtures from a wide variety of phenol derivatives.  SBP, which is nearly identical to 

HRP, is quite similar to MPO in its mode of action [146].  Hence, SBP is an appropriate 

mimic of human MPO and the in vivo mechanism of formation of the active metabolites. 

In 2004, Antoniotti et al. studied the SBP catalyzed oxidation of apocynin and some 

related o-methoxyphenols, in the presence of H2O2 as co - oxidant (Fig. 3.1.1) [245].  A 

complex mixture of dimers to pentamers was obtained via both ortho-ortho and ortho-

meta C - C coupling reactions and in some cases contained hydroxylated, demethylated 

and/or quinones forms. The oxidative oligomerization was strongly influenced by the 

reaction pH. Slightly acidic conditions favored the formation of the dimer. The reaction 

at pH 7 shifted the product spectrum to a nearly equal fraction of trimers and tetramers, 

containing a large fraction of hydroxylated compounds. Products of the pH 8 reaction 

consisted of a major trimeric hydroxylated quinone (40 % yield). 
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Figure 3.1.1 Peroxidase-catalyzed polymerization of apocynin [245] 

 

        In 2005, Dordick and Antoniotti also demonstrated that SBP-catalyzed 

oligomerization of apocynin can be performed on solid support [245]. This represent the 

first enzyme catalyzed C-C coupling reaction on solid-supported substrates. They 

studied the oligomerization of apocynin with resin-bound substrates and identified the 

key parameters that influence SBP catalysis on the solid phase. Hydroquinone was first 

immobilized on different tentagel resins, via an adipate spacer. The reaction conditions 

were modified, compared to the solution phase reaction, and five cycles of H2O2 and 

apocynin addition over 6 h were used to achieve a good conversion. Using these 

conditions, a hydroxylated trimer (HQ-apocynin-apocynin)-OH was selectively obtained 

after acid-cleavage. This trimer is similar to what was obtained in the solution phase 

reaction in the absence of HQ.  

        In the current work, we developed the first parallel synthesis approach involving 

SBP catalysis to generate oxidative metabolites of a range of phenols.  

        The work described in this chapter was in collaboration with Dr. Michel Weiwer. 
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3.2 Materials 

Apocynin, 30% hydrogen peroxide (H2O2), and SBP (108 purpurogallin units / mg 

solid) were obtained from Sigma-Aldrich (St. Louis, MO).  RSV was purchased from 

Tokyo chemial industry.  All solvents were obtained from Acros Organics (Morris 

Plains, NJ) and were of the purest quality available. All other chemicals were purchased 

from Sigma-Aldrich and used as obtained.  

 

3.3 Methods 

Apocynin (1 g) was dissolved in 5 ml dimethyl sulfoxide (DMF) and transferred to 

490 ml phosphate buffer (50 mM, pH 7) to obtain a concentration of 12 mM apocynin in 

reaction.  To this solution, 5 ml of a 1 mg / ml SBP solution in aqueous buffer were 

added.  The reaction was initiated upon the introduction of H2O2 (30%, added via syringe 

pump at 0.1 ml / hr for 12 hr).  The resulting precipitate was removed by centrifugation, 

washed three times with deionized water, and dried under vacuum.  Ethyl acetate was 

added to the super-natant to extract organic-soluble products.  The ethyl acetate fraction 

was isolated by removing the solvent in a rotary evaporator, while the water soluble 

portion was isolated by freeze drying.  The yield was above 90 %.  The masses of the 

products were identified using a Q - TOF 2 electrospray tandem mass spectrometer 

(Micromass UK Ltd, Manchester, UK). The samples were diluted (1000 - fold) with 

methanol and infused directly to the Q - TOF 2 mass spectrometry through an 

electrosprayer with an infusion pump (Harvard Apparatus) at a flow rate of 0.5 µL / min.  

The mass spectra were acquired for 5 min in ESI negative mode.  Electrospray ionization 

was performed at - 3.5 kV.  In addition, the products were also analyzed by LC / MS.  

The oligophenolic products obtained after centrifugation were further fractionated by 

silica gel column chromatography using a gradient of hexane / ethyl acetate (9 / 1 to 0 / 

10) to simplify the complex mixture for subsequent screening of the bioactive 

compounds.  Eight fractions were collected and analyzed by LC / MS using a C18 

column after optimization of the conditions (Fig. 3.3.1).  
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Figure 3.3.1  Scheme for enzyme – catalyzed apocynin reaction 

 

RSV (500 mg) was treated under the same procedure.  But there was no precipitate 

formed in the products. Ethyl acetate was added to extract organic-soluble products.  The 

ethyl acetate fraction was isolated by removing the solvent in a rotary evaporator.  The 

yield was over 90 %.   

 

3.4 Results and Discussions 

3.4.1 Apocynin 

Apocynin metabolites were prepared using peroxidase catalysis in the presence of 

H2O2 as the stoichiometric oxidative reagent. The oligomers obtained mainly ranged 

from dimers to pentamers, and included phenolic coupled products as well as oxidized 

analogs (quinones), hydroxylated compounds, and o-demethylated variants (Table 

3.4.1.1).  The extracted soluble part (# 30) was mainly dimmer (Fig. 3.4.1.1), which was 

about 85 - 90% of the whole products, while the precipitate (# 20) was a complex 

mixture (Fig. 3.4.1.2).  
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Table 3.4.1.1 Q - TOF analysis of oxidation products of apocynin reveals oligomers 

and demethylated oligomers in both oxidized (quinone) and reduced forms 
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Figure 3.4.1 HPLC analysis of apocynin oxidation products: extracted supernatant 

(column C18, acetonitrile / water 30 / 70 to 75 / 25 over 45 min, flow rate 1 ml/min, 

sample 1 mg/ml, detection at 260 nm. The predominant peak at 9.5 minutes 

represents the dimer. ) 

 

 

Figure 3.4.2 HPLC analysis of apocynin oxidation products: precipitate  

(column C18, acetonitrile / water 30 / 70 to 75 / 25 over 45 min, flow rate 1ml/min, 

sample 1 mg / ml, detection at 260 nm) 
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We simplified the complex mixture of precipitate for subsequent screening of 

bioactive compounds, by separating the mixture into eight major fractions (each being a 

mixture of compounds), namely # 21 to # 28.  A wide number of oligophenolic products 

have been identified and fraction number # 23 is presented as an example (Fig. 3.4.1.3). 

Three distinct tetrameric species (the first one is the tetramer, the second is a twice 

hydroxylated tetramer, and the third is a demethylated quinone) and one pentamer were 

present in this fraction and the optimized separation conditions will allow the isolation of 

these four oligomers using preparative HPLC. 

 

 

Figure 3.4.3  HPLC analysis after fractionation on silica gel (fraction #23) of the 

precipitate mixture of SBP / H2O2 catalyzed apocynin oxidation products  

(IV = tetramer, V = pentamer, Hy = hydroxylated, Q = quinone, -Me = 

demethylated) 

 

3.4.2 Resveratrol 

RSV metabolites were prepared using peroxidase catalysis in the presence of H2O2.  

The oxidation products obtained were two main dimers with different couplings, 

possibly ortho – ortho and ortho – meta reactions (Fig. 3.4.2.1).  We will use these 

metabolites to probe their potential effect on NADPH oxidase. 
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Figure 3.4.4 HPLC analysis of SBP/H2O2 catalyzed oxidation of RSV 

 

3.5 Conclusions 

We have generated potentially bioactive phenolic oxidation products with SBP – 

catalyzed reaction and partially purified the complex mixtures of oligophenolics 

obtained.  SBP-catalyzed apocynin oxidation products (AOP) were isolated, including 

dimer, trimer, tetramer and some oligomer materials, which are likely in both the 

reduced phenolic form and the oxidized quinone form.  RSV oxidation products (ROP) 

obtained mainly were two dimers, possibly with ortho – ortho and ortho – meta 

couplings. 
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4. Apocynin Oxidation Products (AOP) Inhibit Endothelial NADPH 

Oxidase Activity 

4.1 NADPH Oxidase Activity - Cytochrome C Reduction Assay 

Preliminary results by Holland and coworkers [134, 135] some in conjunction with us 

[153],  indicate that apocynin oxidation products inhibit ROS generation by endothelial 

NADPH oxidase.  However, no work has been done on identifying the actual 

metabolites of apocynin that result in the inhibition of NADPH oxidase.  To that end, we 

examined the partially purified apocynin metabolites obtained in chapter 3 for their 

ability to inhibit ROS production by live endothelial cells. This was the first attempt to 

identify specific peroxidase - generated oxidation products that inhibit the activity of 

NADPH oxidase.  

As described in chapter 2, NADPH oxidase is the main source of superoxide / ROS 

generation in the vasculature.  Therefore, O2
- level can represent the activity level of the 

enzyme complex.  Atherogenic level of LDL has been shown to induce a marked 

increase in NADPH oxidase - generated ROS by the endothelium [200]. 

There are several assays to detect O2
- production by NADPH oxidase, e.g. to 

measure lucigen-enhanced chemiluminescence [246], cytochrome c reduction assay 

[247], CDCHF assay [248].  In the current study, we used cytochrome c reduction assay 

to observe the NADPH oxidase activity and screen the potential effect of phenol 

metabolits from chapter 3 on endothelial cells (Fig. 4.1.1).   

 

 

Figure 4.1.1 Cytochrome c reduction assay 
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These experiments were performed using endothelial cell (EC) suspensions.  EC 

were resuspended in DMEM without phenol red, and incubated in 96-well flat-bottom 

cell culture plates (105 cells / well) for 10 min at 37 oC in a humidified CO2 incubator.  

Cytochrome C (250 µM final concentration) and NADPH (100 uM) were added to the 

cells in the presence or absence of SOD (200 U / mL) and were allowed to incubate for 

30 min at room temperature.  For the inhibition study with AOP, a series of each AOP 

fraction from concentration 10 nM to 200 µM were added to the cell suspension and 

incubated for 20 min.  Two parallel control groups were performed: apocynin itself and 

sucrose. LDL was used as an NADPH Oxidase stimulator.  Cytochrome c reduction was 

measured by reading absorbance at 550 nm on the microplate reader (Perkin Elmer, HTS 

7000, Bio Assay reader).  O2
- production of nmol / 105 cells was calculated from the 

difference between absorbance of samples with or without SOD and the extinction 

coefficient for change of ferricytochrome c to ferrocytochrome c is 18.7 cm-1mM-1. 

 

4.2 Materials 

Human Umbilical Vein Endothelial Cells (HUVEC) and F-12K medium were obtained 

from ATCC. Fetal bovine serum (FBS), heparin, endothelial cell growth supplement 

(ECGS), low density lipoprotein, superoxide dismutase (SOD), cytochrome C, β-

nicotinamide adenine dinucleotide phosphate reduced form (NADPH), phosphate 

buffered saline (PBS) were purchased from Sigma.  Dulbecco's modified eagle media 

(DMEM) without phenol red and antibiotics penicillin-streptomycin (P / S) were 

obtained from Gibco.  The F - 12K culture medium was supplemented with 0.1 mg / mL 

heparin, 0.03 mg / mL ECGS, 10 % FBS, 100 U / mL P / S.  All the cells used for the 

experiments were from passage 3 to 7.  The absorbance was detected by plate reader 

from Perkin Elmer (HTS 7000). 

 

4.3 Results and Discussions 

Endothelial cells have a low NADPH oxidase activity in the absence of any stimulators, 

with superoxide generation 4 nmol / 105 cells.  In our preliminary experiments we found 
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that with 100 mg / L LDL, the enzyme activity was highly induced by 2 – 3 times.  

Therefore, in the following apocynin and AOP interference study, we all used 100 mg / 

L LDL as a stimulator. 

Both AOP precipitates (Fig. 4.3.1) and soluble extraction (Fig. 4.3.2) inhibited 

endothelial NADPH oxidase activity in a dose – response model.  When AOP 

concentration is above 10 µM, the enzyme activity is even lower than the basal level.  At 

concentration of 100 – 200 µM, the oxidase activity was totally inhibited.  This is to say, 

at high concentration, AOP can inhibit not only the stimulated but the basal oxidase 

activity.  Therefore, when AOP is administered to the body, we should pay attention to 

the concentration to make sure that the basal activity of NADPH oxidase was not 

interfered.  As a control, apocynin itself did not show any of the inhibitory effect as AOP 

(Fig. 4.3.3).  Another control with sucrose did not give any influence to the enzyme 

activity, indicating that the oxidase activity change was caused by the added chemical 

instead of any addition operation in the procedures (data not shown). 

 

AOP Precipitate Effect on Endothelial NADPH Oxidase Activity
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Figure 4.3.1 AOP precipitate effect on endothelial NADPH oxidase activity 
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AOP Soluble Extracton Effect on Endothelial NADPH Oxidase 

Activity
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Figure 4.3.2 AOP soluble extraction effect on endothelial NADPH oxidase activity 
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Figure 4.3.3 Apocynin effect on endothelial NADPH oxidase activity 

 

The screening of each AOP precipitate fraction from # 21 to # 28 showed some 

difference compared with their mixture (Fig. 4.3.4 - 4.3.11, Table 4.3.1).  Fraction # 21 

(Fig. 4.3.4), # 22 (Fig. 4.3.5), and # 23 (Fig. 4.3.6) all inhibited the oxidase activity at 

the range of 100 nM to 100 µM, but there was no such dose – response trend.   
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Fraction # 24 (Fig. 4.3.7) seems to have the dose - response curve during the range 

10 nM to 10 µM, but lower inhibition compared with the precipitate whole mixture (Fig. 

4.3.1).  Fraction #25 only had inhibitory effect at 10 µM (Fig. 4.3.8).  From the MS we 

can see, the mainly components of fraction # 24 were tetramer phenol (IV) and 

demethylated pentamer quinone (VQ-3Me), while there was mostly tetramer phenol in 

fraction # 25, indicating that VQ-3Me might be the effective component, and IV worked 

slightly.  

There was another quinone, demethylated quinone tetramer (IVQ-3Me) in fraction # 

22 and # 23, which was possible to be the key factor in these fractions.  Besides the 

quinones, a common component in fraction # 21, # 22 and # 23, hydroxylated tetramer 

(IV2Hy) was also a candidate to have such inhibitory effect. 

 Fraction # 26 (Fig. 4.3.9) and # 27 (Fig. 4.3.10) only showed inhibition at very high 

concentration of 200 µM.  Fraction # 28 (Fig. 4.3.11) appeared to have high inhibitory 

effect, but the bad HPLC analysis of its component gave no clue to determine the 

functional factors inside it.  

Preparative HPLC will then be used to purify the active precipitate fractions, # 21,# 

22, # 23,  # 24, and soluble extraction # 30, further to identify and characterize the 

compounds or mixtures of compounds that show inhibition of the NADPH oxidase.  
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Figure 4.3.4 AOP # 21 effect on endothelial NADPH oxidase activity 
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AOP #22 Effect on Endothelial NADPH Oxidase Activity
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Figure 4.3.5 AOP # 22 effect on endothelial NADPH oxidase activity 

 

AOP #23 Effect on Endothelial NADPH Oxidase Activity

0.00

2.00

4.00

6.00

8.00

10.00

12.00

O
2
-  n

m
o

l/
1
0

5
 c

e
ll

s

no LDL

LDL/no AOP

LDL/AOP#23 10nM

LDL/AOP#23 100nM

LDL/AOP#23 1uM

LDL/AOP#23 10uM

LDL/AOP#23 100uM

LDL/AOP#23 200uM

 

Figure 4.3.6 AOP # 23 effect on endothelial NADPH oxidase activity 
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AOP #24 Effect on Endothelial NADPH Oxidase Activity
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Figure 4.3.7 AOP # 24 effect on endothelial NADPH oxidase activity 

 

 

AOP #25 Effect on Endothelial NADPH Oxidase Activity
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Figure 4.3.8 AOP # 25 effect on endothelial NADPH oxidase activity 
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AOP #26 Effect on Endothelial NADPH Oxidase Activity
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Figure 4.3.9 AOP # 26 effect on endothelial NADPH oxidase activity 

 

AOP #27 Effect on Endothelial NADPH Oxidase Activity
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Figure 4.3.10 AOP # 27 effect on endothelial NADPH oxidase activity 
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AOP #28 Effect on Endothelial NADPH Oxidase Activity
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Figure 4.3.11 AOP # 28 effect on endothelial NADPH oxidase activity 

 

 

Table 3.4.2.1 Summary of each fraction of AOP effect on Endothelial NADPH 

Oxidase activity 

 

(“-” means decrease of O2
-
 nmol / 10

5
 cells: “-” 1; “- -” 2; “- - -” 3; “- - - -” 4; “- - - - 

-” 5; “- - - - - -” 6; “- - - - - - -” 7) 
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4.4 Conclusions 

In this chapter, we screened AOP mixture and each HPLC/MS fraction on endothelial 

cells to see their effect on NADPH oxidase activity.  The superoxide generated by this 

enzyme was detected by an in vitro cytochrome c reduction assay.  We found that the 

main components from the precipitate fraction # 21, # 22, # 23, # 24, demethylated 

tetramer quinone, hydoxylated tetramer phenol, tetramer phenol and dimer from the 

soluble extraction (# 30) might be the potential effective components that can inhibit the 

enzyme complex.  Preparative HPLC will then be used to purify the active fractions to 

identify and characterize the compounds that show inhibition of the NADPH oxidase. 
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5. Polyphenolic Disruption of Non-covalent p22
phox

 / p47
phox

 Interaction 

via SH3 – PRR Binding  

5.1 Introduction 

The PPR on p22phox
 are known to interact with the SH3 domains [249] on p47phox, 

thereby leading to the assembly and activation of NADPH oxidase [67].  A variety of 

published reports have described the interaction of polyphenols with PRR of salivary 

proteins [250-252].  

 In the current work, we have developed a moderate - throughput microplate assay 

to probe the non-covalent interaction between oligophenols (AOP and ROP) and 

NADPH oxidase.  We use the oxidation products of apocynin and RSV generated in 

chapter 3, and probe the influence of these oligophenols on disrupting the interaction 

between two critical subunits of NADPH oxidase, namely p22phox and p47phox for 

potential inhibition of the enzyme assembly and activation.  Ultimately, this screening 

platform would provide insight into the mechanism of polyphenolic inhibition of 

NADPH oxidase.  

 

5.2 Materials 

5.2.1 P22
phox

 Peptide Preparation 

A PRR p22phox peptide N’ - 151PPSNPPPRPPAEARK165 - C’ was obtained from 

Genemed Synthesis Inc. (South San Francisco, CA), which was biotinalyted at N 

terminus and amidated at C terminus.  The biotin group was attached by the intermediary 

of a 4-residue spacer consisting of SGSG.  The purity of the peptide is 99.99%.  Peptide 

was dissolved in a mixture of 75 parts DMF and 25 parts water (v/v), to a concentration 

of 1.5 mM, divided in 50 µL aliquots, and kept frozen at – 70.C. 

 

5.2.2 P47
phox

 Protein Preparation 

EC - derived p47phox
 DNA (6 His-tagged) was obtained from U. Albany and Stratton 

VA Medical Center and confirmed by DNA sequence analysis (U. of Maine).  P47phox 
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protein was expressed in BL21 (DE3) cells (Invitrogen) under the optimized condition: 

0.5 mM isopropyl – beta – D - thiogalactopyranoside (IPTG, Invitrogen), room 

temperature for10hr.  The protein was purified using a nickel affinity column (proBond 

system from Invitrogen) and confirmed by western blot analysis with anti - p47phox 

antibody (Santa Cruz Biotech Inc., CA; Fig. 5.2.2.1).  The blots were visualized by 

Supersignal West Femto Maximum Sensitivity Substrate (Pierce). The images were 

captured using ChemiImager (Alpha Innotech Corp., CA).  The purity was 80%. 

 

 

Figure 5.2.1 Western blot analysis of His - p47
phox

 

(lane 1 - protein marker; lane 2 - cell control; lane 3 - plasmid control; lane 4 - 
purified His - tagged p47

phox
) 

 

5.2.3 Other Materials 

Sodium caseinate, polyoxyethylene sorbitan monolaureate (Tween 20), 3,3,5,5-

tetramethylbenzidine (TMB) liquid substrate system, arachidonic acid (AA), polyproline 

(1 - 10kd, 10 - 30kd), phosphate buffered saline were from Sigma - Aldrich.  High - 

affinity streptavidin (SA) 96 - well plate with flat bottom and round corner (pre - 

blocked with super blocking buffer from Sigma - Aldrich), horseradish peroxidase 

(HRP) - conjugated goat anti - rabbit IgG were purchased from Pierce.  
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5.3 Interference Screen Platform for p22
phox

 Peptide - p47
phox

 Protein 

Interaction 

The approach involves a strategy similar to that of Dahan et al. (2002) who have 

demonstrated that p47phox binds to surface-immobilized p22phox peptides with an enzyme-

linked immunosorbent assay (ELISA) [76].  We modified this technique to determine 

whether AOP or ROP interferes with p47phox SH3 domain binding. 

The experiments were performed in high-affinity SA - coated 96 - well microplates 

(Pierce). To optimize the results, we re-blocked each well with 300 µL of a blocking 

solution, consisting of PBS supplemented with 0.1 % (v / v) Tween 20 and 1 % sodium 

caseinate, and the plate kept for 1 hr at room temperature.  The wells were washed four 

times with 300 µL / well PBS, containing 0.1 % Tween 20 (PBS - T).  To each well, 100 

µL of 2 µM biotin - p22phox peptide solution (200 pmol / well) was added, and the plate 

was incubated for 1 hr at room temperature with gentle rotary mixing to allow binding of 

the peptides to the immobilized SA.  After washing away the unbound p22phox peptide 

with four times of PBS - T, 100 µL of 2 µM  AA - activated p47phox protein (200 pmol / 

well) was added to each well and incubated for 1 hr at room temperature on a orbital 

shaker.  Unbound components were removed by four washes of 300 µL / well of PBS - 

T, and the amounts of bound component were quantified by the use of polyclonal goat 

anti - p47phox (diluted 1:2000), which was diluted in PBS-T, containing 1 % sodium 

caseinate.  100 µL / well primary antibody was added and incubated for 1 hr at room 

temperature with orbital shaking.  The wells were washed four times with PBS - T and 

incubated with 100 µL / well HRP - conjugated rabbit anti - goat IgG secondary 

antibody for 1 hr at room temperature with orbital shaking.  The second antibody was 

1:10,000 diluted in PBS-T, supplemented with 1% sodium caseinate.  The plate then was 

subjected to four washes with 300 µL / well of PBS - T and two washes with 300 µL / 

well of PBS.  Detection of peroxidase was performed with a ready – to - use TMB liquid 

substrate system from Sigma-Aldrich by adding 200 µL of solution per well and 

incubation for 30 min at room temperature.  The reaction was stopped by addition of 100 

µL / well of 0.5 M H2SO4 solution and the absorbance was read at 450 nm, against blank 

wells containing only the peroxidase assay reagent, in a microplate reader (Perkin Elmer, 

HTS 7000, Bio Assay reader).  This result acts as a positive control to demonstrate that 
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the expressed p47phox is able to function as predicted (absorbance proportional to the 

amount of p47phox bound).  Several other negative controls were performed, e.g. no 

p22phox peptide, no p47phox protein, polyproline peptide.  

We then performed these binding studies in the presence of the AOP or ROP.  AOP 

or ROP was added together with p47phox to mimic the competitive binding with p22phox 

between them. The ability of AOP or ROP to disrupt the interaction between activated 

p47phox and the proline - rich peptide fragment from p22phox was rapidly determined by 

the decrease in the bound HRP activity, reflecting a lower amount of p47phox - p22phox 

complex.  A schematic of this approach is shown in Fig 2.  Performing similar 

experiments as a function of specific AOP or ROP concentration resulted in an effective 

IC50 when different concentrations (10 nM – 1 mM) are used.  All the experiments were 

done in triplicate and repeated at least twice. 

 

 

Figure 5.3.1 Schematic of the interference of p22
phox 

- p47
phox

 interaction using a 

moderate-throughput microplate assay 
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5.4 Results and Discussions 

5.4.1 Platform for p22
phox 

- p47
phox

 Interaction 

We developed a moderate - throughput ELISA - like screening approach to screen 

the simplified fractions of oligophenol compounds to probe the inhibition of protein-

protein interactions.  His-tagged full-length p47phox
 protein was obtained in 80 % purity 

and characterized using western blot analysis (Fig. 5.2.2.1).  The biotinalyted p22phox 

was immobilized onto SA - coated 96 - well plate and the p47phox protein was added, 

which was finally probed with its antibody and HRP - conjugated secondary antibody.  

Our results indicated a much higher absorbance intensity from the bound p47phox
 than the 

rest of the controls (Fig. 5.4.1.1), hence indicating the interaction between p22phox 

peptide and p47phox
 protein.  We also found that the activation by AA is not required for 

their interaction (data now showed here).  

Among all the controls, the group with p47phox but no biotin - p22phox gave a 

relatively high absorbance because of its bigger size compared to p22phox peptide.  To 

reduce its non-specific binding, we examined the use of high salt wash buffer, high 

sodium caseinate in the dilution buffer for p47phox and its antibodies, or decreasing the 

amount of p47phox per well, but the value was still between 0.4 - 0.6.  In all of the 

following data on the absorbance resulting from p22phox – p47phox interaction, the control 

group value was subtracted.  Therefore the absorbance value represents the real 

interaction between p22phox and p47phox.  
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Figure 5.4.1 Platform for p22
phox 

- p47
phox

 interaction 

 

To confirm the interaction was between SH3 domain of p47phox and proline of 

p22phox peptide, we performed an experiment with polyproline peptide.  Our results 

showed that when p47phox was incubated with polyproline peptide, it lost its ability to 

bind to p22phox proline - rich peptide.  Bigger polyproline peptide and higher 

concentration gave the lower interaction between p47phox and p22phox peptide (Fig. 

5.4.1.2). 
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PolyProline Effect on p22
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Figure 5.4.2 Polyproline effect on p22
phox

 – p47
phox

 interaction 

 

5.4.2 Apocynin and AOP Effect on p22
phox 

- p47
phox

 Interaction 

Apocynin, AOP precipitates mixture, AOP soluble extraction and eight fractions of 

AOP precipitates after HPLC analysis, containing different oligomers, were tested using 

this platform to probe the potential inhibition of p22phox – p47phox interaction through 

SH3 domain of p47phox and PRR of p22phox.  Preparative HPLC will then be used to 

purify the active fractions further to identify and characterize the compounds or mixtures 

of compounds that show inhibition of the p22phox - p47phox interaction of the NADPH 

oxidase enzyme. 

Apocynin, as we expected, did not show any inhibitory effect on the p22phox - 

p47phox interaction (Fig. 5.4.2.1).  Interestingly, but surprisingly, instead of inhibition, 

AOP precipitates increased the interaction as the concentration went up from 100 µM to 

1 mM in a dose-response curve (Fig. 5.4.2.2), while AOP soluble extract, containing 

mainly dimers, did not show the similar effect (Fig. 5.4.2.3). 
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Apocynin Effefct on p22
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Figure 5.4.3 Apocynin effect on p22
phox 

- p47
phox

 interaction 
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Figure 5.4.4 AOP precipitates effect on p22
phox

 - p47
phox

 interaction 
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AOP Soluble Extraction Effect on p22
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Figure 5.4.5 AOP soluble extraction effect on p22
phox

 - p47
phox

 interaction 

 

Each fraction of the AOP precipitates showed the similar dose - response trend as 

the mixture, except fraction # 26 and #27, which greatly increased the interaction even at 

10 nM, the lowest concentration of the range series (Fig. 5.4.2.4 – 5.4.2.11).  The main 

components in fraction # 26 and # 27 were demethylated tetramer and tetramer quinone 

(Table 5.4.2.1).  Table 1 shows the summary of each fraction of AOP effect on p22phox - 

p47phox interaction.   A (hydroxyl) tetramer is prevalent from fraction # 21 to # 25.  

There is a common component in fraction # 22, # 23, # 26 and # 27, namely 

demethylated tetramer quinone.  From the common effect on p22phox – p47phox 

interaction, we propose that the tetramer and tetramer quinone might be effective 

compounds in this process.  Understanding how these compounds induce the 

intermolecular interaction between p22phox and p47phox should contribute to our 

understanding of assembly and activation of the enzyme complex. 
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Figure 5.4.6 AOP #21 effect on p22
phox

 - p47
phox

 interaction 
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Figure 5.4.7 AOP #22 effect on p22
phox

 - p47
phox

 interaction 
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AOP #23 Effect on p22
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Figure 5.4.8 AOP #23 effect on p22
phox

 - p47
phox

 interaction 
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Figure 5.4.9 AOP #24 effect on p22
phox

 - p47
phox

 interaction 

 



 

     68 

AOP #25 Effect on p22
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Figure 5.4.10 AOP #25 effect on p22
phox

 - p47
phox

 interaction 
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Figure 5.4.11 AOP #26 effect on p22
phox

 - p47
phox

 interaction 
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AOP #27 Effect on p22
phox

 - p47
phox

 Interaction

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

A
b

s
o

rb
a
n

c
e
 (

4
5
0
n

m
) p22phox/p47phox

AOP#27 10nM

AOP#27 100nM

AOP#27 1uM

AOP#27 10uM

AOP#27 100uM

AOP#27 200uM

AOP#27 400uM

AOP#27 1mM

 

Figure 5.4.12 AOP #27 effect on p22
phox

 - p47
phox

 interaction 
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Figure 5.4.13 AOP #28 effect on p22
phox

 - p47
phox

 interaction 
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Table 5.4.2.1 Summary of each fraction of AOP effect on p22
phox

 - p47
phox

 

interaction 

 

(“+” means increase of interaction: “+” 1 ~ 2 times; “+ +” 2 ~ 3 times; “+ + +” 3 ~ 4 

times; “+ + + +” 4 ~ 5 times) 

 

Based on the results, we can hypothesize that AOP precipitates stimulate the p22phox 

– p47phox interaction through binding to p47phox.  To confirm this hypothesis, we carried 

the following ELISA experiments using a different addition order of AOP and p47phox.   

First we incubated p47phox with AOP at room temperature for 1 hr and then added 

the mixture solution into wells with bound p22phox peptide.  The results showed an even 

higher dose-response trend (Fig. 5.4.2.12) compared with the competitive experiment 

(Fig. 5.4.2.2).  The p22phox – p47phox interaction increased from AOP 10 µM, while in the 

competitive experiment it started at AOP concentrations of 100 µM.  This indicates that 

the incubation of AOP with p47phox contributes to its further binding to p22phox peptide.  

It is possible that a conformational change is induced in p47phox, which leads to 

interaction with p22phox peptide.  However, which compounds of AOP actually function 

in this process still need to be determined. 
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Figure 5.4.14 AOP precipitates effect on p22
phox

 - p47
phox

 interaction (p47
phox

 

+AOP) 

 

Next, we incubated p22phox peptide with AOP precipitates at room temperature for 1 

hr and then loaded the mixture into SA-coated wells.  The results show that the p22phox – 

p47phox interaction is still stimulated at an AOP concentration of from10 µM to 1mM, 

but no dose-response was observed within this concentration range (Fig. 5.4.2.13).  After 

incubation of p22phox and AOP mixture in the SA - coated wells for 1 hr, the excess 

p22phox and AOP should have been washed away.  AOP might have bound to the proline 

on p22phox peptide.  If p47phox binds to the same sites on p22phox peptide, no interaction 

should be detected between p22phox and p47phox.  However, after addition of p47phox, the 

prebound p22phox - AOP interacted with p47phox and inversely stimulated its binding to 

p22phox.  In this experiment limited by the proline binding capacity of p22phox peptide, 

thus, there was only a portion of p22phox available for binding to p47phox, so the increase 

in interaction afforded a lower value compared with the competitive experiment (Fig. 

5.4.2.2). Furthermore, there was less than 200 pmol of bound p22phox per well, so even 

with higher concentration of AOP (e.g. >10 µM, >1000 pmol AOP / well), the excess of 
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AOP was already washed off before addition of p47phox, explaining why there was no 

AOP dose – response curve was observed. 
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Figure 5.4.15 AOP precipitates effect on p22
phox

 - p47
phox

 interaction (p22
phox

 

+AOP) 

 

Next, we sequentially added p47phox and AOP precipitates.  P47phox was first added 

to the wells with bound p22phox peptide and incubated at room temperature for 1 hr, then 

after washing, AOP was loaded into wells and incubated at room temperature for 1 hr.  

We found that there was an absorbance increase about 0.4 - 0.6 representing the increase 

of p22phox – p47phox interaction independent of AOP concentration (Fig. 5.4.2.14).  

According to this procedure, all the excess p47phox should have already been washed off 

before the addition of AOP.  Therefore, theoretically even if AOP can stimulate p47phox 

interaction with p22phox, as shown in Fig. 16, there is nothing AOP can do without the 

presence of additional p47phox.  However, our preliminary work indicated that p47phox 

itself caused a relatively high non-specific binding to the wells even without p22phox 

peptide, giving an absorbance around 0.4 - 0.6 (Fig. 5.4.1.1).  This might explain why 

there is an absorbance increase of 0.4 - 0.6 after addition of AOP. The p47phox non-
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specific binding to the plate was not tight, so in the presence of AOP, their conformation 

was induced leading to the further binding to the p22phox peptide.  And because the non-

specifically bound p47phox was in a small amount, even the lowest concentration of AOP 

was more than enough to stimulate them this interaction. 
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Figure 5.4.16 AOP precipitates effect on p22
phox

 - p47
phox

 interaction (p22
phox

, 

p47
phox

, AOP) 

 

Combining the results of these experiments it is obvious that AOP stimulated 

p22phox – p47phox interaction through interaction with p47phox.  Unfortunately, the 

mechanism of this stimulation is not clear based on these results.  As described in 

chapter 2, there is also PRR on the C – terminus of p47phox.  In unstimulated, quiescent 

neutrophils, p47phox, p67phox and p40phox form a ternary complex with 1:1:1 

stoichiometry, with p67phox serving as a bridge between p47phox and p40phox.   P47phox is 

complexed with p67phox through binding of the PRR to the SH3 domain of p67phox [56].  

Another study indicated that p47phox may actually exist separately from the p40phox-

p67phox complex in resting cells, and that formation of the trimeric complex requires 

stimulation [57].  It seems that the apocynin metabolites may act as stimulator or 
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stabilizer of p47phox.  They preferentially interact with p47phox as what p67phox does in the 

cytoplasm by binding to its PRR.  Through binding to AOP, p47phox changes into a ready 

– to – bind conformation, which can then bind to the proline – rich peptide of the 

membrane protein, p22phox.  We will design further experiments to study how AOP 

interacts with p47phox. 

5.4.3 RSV and ROP Effect on p22
phox 

- p47
phox

 Interaction 

There is no literature showing the binding of RSV to PRR.  In our work, as a 

preliminary test we also explored RSV and its oxidation products using the p22phox – 

p47phox interaction platform.  Both RSV and ROP showed the similar effect on p22phox – 

p47phox interaction.  At the concentrations of higher than 200 µM, they increased the 

subunits interaction.  The only difference is that RSV itself seems to demonstrate even a 

higher activity than its oxidation products (Fig. 5.4.3.1 – 5.4.3.2).    The mechanism 

underlying this activity requires additional explanation. 
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Figure 5.4.17 RSV effect on p22
phox

 – p47
phox

 interaction 
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ROP Effect on p22
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Figure 5.4.18 ROP effect on p22
phox

 – p47
phox

 interaction 

 

5.5 Conclusions 

We have demonstrated using a moderate – throughput screening platform involving 

an in vitro assay that bioactive phenolic oxidation products that can interact with the key 

components of NADPH oxidase complex, namely p22phox and p47phox.  The ELISA – 

like screening utilizes a PRR peptide of the C-terminal portion of the p22phox subunit and 

the full – length p47phox protein.  Interestingly, instead of inhibition of the interaction 

between p22phox peptide and p47phox protein, AOP and ROP both increased their 

interaction.  The tetramer and tetramer quinone metabolites of apocynin might be 

functional in this process.  Although the oligophenols can bind to the proline residues on 

p22phox peptide, their binding to p47phox seems more essential to induce p47phox further 

binding to p22phox proline - rich peptide.  Both PRR and SH3 domains are found on 

p47phox and oligophenols appear to preferentially bind to the p47phox PRR domain. Since 

proper conformation of p47phox is required for the activation of NADPH oxidase 

complex, it is likely that p47phox is stimulated by oligophenols through conformational 

change, leading to the interaction with proline residues on p22phox peptide.  However, the 
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precise structures of the oligophenols showing activity still need to be determined as 

well as where and how these oligophenols interact with p47phox.    
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6. Polyphenolic Disruption of NADPH Oxidase Subunits Interactions 

via Covalent Modification of Critical thiol residues 

6.1 Introduction 

A variety of publications have described the interaction of polyphenols with PRR of 

salivary proteins [250, 251].  Previous work in our laboratory found that the quinone 

metabolites of apocynin selectively formed adducts with a cysteine containing 

pentadecapeptide corresponding to a C-terminal region of p47phox subunit of NADPH 

oxidase via a classic Michael addition (Fig. 6.1.1, unpublished).  Importantly, our recent 

work also shows that a non - thiol containing peptide (the p22phox-derived peptide) is 

unable to react with apocynin metabolites (unpublished).  In the last chapter, we 

demonstrated that the polyphenols increased the interaction between p22phox proline – 

rich peptide and p47phox protein through an unknown interaction with p47phox.  To 

determine whether the covalent quinone – cysteine binding was also involved on the 

p47phox protein, and how such covalent modification of p47phox interfered the interaction 

with p22phox we performed the experiments based on the ELISA – like assay. 
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Figure 6.1.1 MALDI-TOF anaylysis of apocynin oxidation products and p47
phox

 

peptide  

(L. Santhanam and M.G. Hogg) 

The work described in this chapter was in collaboration with Dr. Michel Weiwer. 

 

6.2 Materials 

Thiol resin and alcohol resin were purchased from Sigma-Aldrich.  All solvents were 

obtained from Acros Organics (Morris Plains, NJ) and were of the purest quality 

available. 

 

6.3 Methods 

AOP precipitate mixture (5 mg) collected in chapter 3 was incubated with the thiol 

resins (0.5 g, loading = 2.5 mmol / g) in 5 mL of acetonitrile for 5 hr at room 

temperature.  After 5 hr, the resins were filtered out and washed with acetonitrile (ACN).  

The ACN was removed by a rotary evaporator.  The products (AOPCT) were identified 
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using LC / MS to see whether the quinones disappeared.  As a control, alcohol resins 

were used under the same condition because it is unable to react with quinones.  The 

products eluting from the alcohol resin were called AOPCA.  The final samples AOPCT 

and AOPCA were screened with the ELISA – like assay to see their effect on the p22phox 

– p 47phox interaction.  

 

 

Figure 6.3.1 Scheme for AOP quinones removal 

 

6.4 Results and Discussions 

After incubation with thiol resin, most of the quinones were removed from the AOP 

mixture as indicated by the LC / MS (data not shown).  The remaining soluble 

compounds were screened to probe their potential effect on p22phox – p47phox interaction.  

The samples before (Fig. 6.4.1) and after the alcohol control resin (Fig. 6.4.2) were 

compared and AOP without quinone compounds increased the p22phox – p47phox 

interaction (Fig. 6.4.3).  This result indicates that the quinone compounds in the whole 

oxidation mixture inhibited the binding of p47phox to p22phox proline - rich peptide.  

Together with our preliminary work (Fig. 6.1.1), which demonstrated the quinones 

covalently bound to the cysteine of a C – terminal p47phox peptide, these data suggest an 
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inhibitory effect of the quinones present in AOP.  These quinones apparently work 

through binding to the cysteine residue of p47phox leading to the conformational change 

of p47phox, which then fails to bind to the PRR of p22phox.  Future MALDI analysis of 

AOP and p47phox protein complex will be required to further elucidate this interaction. 
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Figure 6.4.1 AOP precipitates effect on p22
phox

 – p47
phox

 Interaction 
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Figure 6.4.2 AOPCA effect on p22
phox

 – p47
phox

 Interaction 
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Figure 6.4.3 AOPCT effect on p22
phox

 – p47
phox

 Interaction 

 

6.5 Conclusions 

In the current study we demonstrate that the quinone compounds present in the AOP 

mixture inhibit the binding of p47phox to p22phox peptide.  Since our preliminary work had 

showed that the quinones could covalently bind to the cysteine residue of a C – terminal 

p47phox peptide, we propose that the inhibitory effect of quinones present in AOP work 

through binding to the cysteine of p47phox protein, leading to the conformational change 

of p47phox, which then fails to bind to the PRR of p22phox.  These results are in contrast to 

those presented in the previous chapter, in which we suggest that the tetramers and 

tetramer quinones stimulate the interaction between p22phox peptide and p47phox protein.  

Future MALDI – TOF analysis experiments directly examining the AOP and p47phox 

interaction are required for a definitive conclusion. 
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7. General Conclusions 

This thesis work represents the first chemical biology study aimed at identifying the 

structures of the active metabolites of peroxidase-catalyzed phenol oxidation.  The 

results of this study should be useful in developing strategies to combat oxidative stress 

in the body through the inhibition of endothelial NADPH oxidase.  Such a chemical 

biology approach will enable us to gain a more complete understanding of the 

mechanism of NADPH oxidase assembly and activation, which may ultimately result in 

the design of more effective therapeutics for cardiovascular diseases based on natural 

products and their bioinspired counterparts. 

Using principles of biocatalysis, we have synthesized a library of phenolics using 

SBP catalysis in solution phase.  The AOP were a crude mixture.  A preparative HPLC 

was performed and partially purified the products.  Totally nine fractions were collected.  

The oligomers obtained mainly ranged from dimers to pentamers, and included phenolic 

coupled products as well as oxidized analogs (quinones), hydroxylated compounds, and 

o-demethylated variants.  The ROP obtained were two main dimers with different 

couplings, possibly ortho – ortho and ortho – meta reactions.   

The activity of the oligophenol compounds generated above were evaluated on 

endothelial cells to confirm their inhibitory effect on superoxide generation by NADPH 

oxidase, as indicated by an in vitro cytochrome c reduction assay.  The in vitro study 

showed that the AOP exhibited dose – responsive inhibition enzyme activity.  Some of 

the components obtained from the AOP precipitate fraction, including demethylated 

tetramer quinone, hydroxylated tetramer phenol, tetramer phenol, and dimer from the 

soluble extraction might represent potentially effective compounds for the inhibition of 

the NADPH oxidase enzyme complex. 

We have developed a moderately – high throughput in vitro screening platform for 

identifying active metabolites of phenols that can disrupt critical interactions between 

p22phox and p47phox subunit, important in NADPH oxidase assembly and activation.  A 

proline - rich peptide of the C-terminal portion of the p22phox subunit and the full – 

length p47phox protein were used in this ELISA – like screening assay.  Interestingly, 

instead of inhibition of the interaction between p22phox peptide and p47phox protein, AOP 

and ROP both increased their interaction.  The tetramer and tetramer quinone 
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metabolites of apocynin appear to be functional in this process.  Although the 

oligophenols can bind to the proline residues on p22phox peptide, their binding to p47phox 

seems to induce further binding of p47phox to p22phox proline - rich peptide.  There is both 

a PRR and an SH3 domain in p47phox.  We hypothesize that the oligophenols bind to the 

PRR on p47phox.  Since proper conformation of p7phox is required for the activation of 

NADPH oxidase complex, it is likely that p47phox is stimulated by oligophenols through 

conformational change, leading to the interaction with proline residues on p22phox 

peptide.  However, where and how these oligophenols actually interact with p47phox will 

require additional studies. 

Next, to confirm our hypotheses that covalent binding results in the interaction 

between the quinone forms of apocynin metabolites and cysteine residue on p47phox and 

interferes the interaction between p22phox and p47phox, we performed an experiment to 

remove the quinones from the metabolites.  The results showed that the quinone 

compounds of the AOP mixture did inhibit the binding of p47phox to p22phox peptide.  

This result contrasted the mechanism proposed in the above paragraph, in which we 

speculate that the tetramers and tetramer quinones might stimulate the interaction 

between p22phox peptide and p47phox protein.  Decisive results will require MALDI – 

TOF analysis of AOP and p47phox interaction. 

The studies presented in this thesis provide information on the molecular basis of 

NADPH oxidase inhibition by peroxidase-generated phenol metabolites.  These data 

should ultimately throw some light on the mechanism of assembly and activation of 

NADPH oxidase in the body.  Such information will begin to provide a theoretical basis 

for understanding the efficacy of certain nutraceutical preparations, or beverages like 

green tea and red wine have in preventing cardiovascular diseases.  
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8. Suggestions for Future Work 

8.1 MALDI – TOF to Study the Covalent Binding sites for 

Oligophenols on p47
phox

 

Based on our preliminary results showing that the quinones bind to the cysteine from a C 

– terminal peptide of p47phox, we predict that the quinones will bind to the full-length 

proteins containing the same peptide sequences.  To identify these covalent binding 

sites, p47phox proteins will be examined before (controls) and after reaction with the 

AOP, by electrophoresis on SDS - polyacrylamide gels. In-gel enzymatic digestion of 

the protein samples will then be performed [253].  Recovered peptide from excised gel 

slices will be subjected to MALDI-TOF analysis to identify the specific covalent binding 

site(s).  

 

8.2 Q - TOF to Study the Non-covalent Binding Sites for Oligophenol 

on p22
phox

 and p47
phox

 

Proline rich regions (PRR) are present on both p22phox and p47phox subunits (see chapter 

2).  Published reports indicate that oligomeric phenols, in their reduced form, are able to 

bind to PRR on proteins [1, 2] and thereby disrupted critical SH3 - PRR interactions 

needed for protein-protein interactions, such as in NADPH oxidase.  Q - TOF MS/MS 

[254]can be used to identify the locations of interaction in such non - covalent 

complexes of oligophenols and p47phox
 protein. Q - TOF, which is a hybrid quadrupole 

time of flight mass spectrometer with MS/MS capability, has very high sensitivity, 

resolution and mass accuracy.  The approach that needs to be taken will follow closely 

the methods used by Sarni-Manchado and Chenyier who studied non - covalent 

interactions between catechin derivatives (which are polyphenolics) and peptides [254].  

In this approach, in-gel digestion is performed as we describe for the covalent system 

(above).  Q – TOF is then performed by adjusting the voltages on the ESI - MS system 

so that peptide - oligophenol complexes are observed.  A low orifice voltage on the MS 

enables the peptide - oligophenol complex to remain intact, which should allow us to 

identify the peptide sequences that bind non - covalently the apocynin metabolites.  The 

same procedure can be carried on the interaction between AOP and p22phox proline - rich 
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peptide.  The peptide and full-length phox protein studies will allow us to identify the 

biologically active apocynin metabolites that are important for further study, and provide 

definitive stoichiometry and specific locations of binding on key protein subunits of the 

enzyme where such effects are exerted.  This will set the stage for more detailed 

biochemical, and subsequent biological studies involving the inhibition of NADPH 

oxidase assembly by phenolic oxidation products. 

 

8.3 Determination of the Binding Constants for Phenol Metabolites on 

NADPH Oxidase Subunits: Surface Plasmon Resonance (SPR) 

The interaction of immobilized NADPH oxidase subunits with soluble phenol 

metabolites, as well as immobilized metabolites with the enzyme needs for the study. 

SPR provides a real time determination of binding events providing both on-rate and 

off-rate data from which association constants can be calculated.  In addition, it is 

possible to perform competition experiments using SPR.  The p47phox, p67phox and 

p22phox protein will have to be immobilized onto an SPR sensor chip for evaluation of 

their interaction with phenol metabolites.  Immobilization should be accomplished by 

standard amino-coupling of protein to a carboxylated CM5 chip using EDC / NHS 

activation.  As an alternative to better orient the proteins on the chip, the GST (or His) 

tagged proteins could be bound to anti - GST (or His) antibodies immobilized to the 

chip, or the biotinylated protein can be immobilized to a SA – coated chip.  The chip will 

then be cleaned by washing with repeated injections of 2M NaCl, a process that will also 

confirm the stability of the immobilized ligand (no change in response units (RU)).  

After equilibration with physiological binding buffer, the phenol metabolites will be 

injected and flowed over the cells resulting in a rising RU curve with protein binding, 

corresponding to the association step.  The chip will then be washed with physiological 

buffer, resulting in a decreasing RU curve, corresponding to dissociation step.   Finally, 

the chip will be washed with 2 M NaCl.  On - rate (kon) and off - rate (koff) measurements 

will be made at more than five ligand concentrations to calculate Ka and Kd and at 

multiple flow rates to detect mass transfer limitations.  Sensograms will be globally fit to 

multiple models to determine binding parameters.   
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While our laboratory has experience detecting the binding of small analytes, like 

apocynin oxidation products, to proteins immobilized on SPR chips, the sensitivity of 

such measurements is often quite low.  For this reason, an alternative will be to bind 

phenol metabolites via their free keto groups, using biotin hydrazide, and then bind these 

materials to SA - coated sensor chips with p47phox , p67phox and p22phox serving as the 

analytes.   

In addition, SPR can also be used for screening oligophenolics for the disruption of 

binding between the p22phox peptide and the p47phox protein.  Biotinylated proline – rich 

p22phox peptide can be chemically attached to a SA - coated functionalized gold sensor 

chip to measure the binding.  The activated p47phox protein can then be injected in the 

SPR flow system to measure the binding between the two entities.  Further, the phenol 

metabolites can be screened using this flow system for the inhibition of this binding and 

the binding kinetics can be ascertained.  
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