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Abstract 

Alzheimer’s disease (AD) is the most commonly diagnosed form of dementia in the 

aged, and is characterised by a progressive decline in memory, language and other 

cognitive functions, together with deterioration in behavioural, emotional and social 

skills. The earliest clinical symptoms include episodic memory loss and dysnomia. This 

is followed by other signs of cortical impairment including apraxia, agnosia, and 

visuospatial impairment. In advanced stages, victims become mute, cannot walk and are 

incontinent; they therefore become totally dependent on carers. 

AD is the third leading cause of death in the aging population after heart disease and 

cancer. The incidence of AD doubles every 5 years in subjects between the ages of 65 

and 85 years, affecting one in three by the age of 80. 

AD is characterised by the existence of intracellular and extracellular amyloid deposits 

in the brain. Extracellular amyloid deposits consist of plaques, whereas the deposits 

within and around blood vessels are referred to as cerebral amyloid angiopathy (CAA). 

Neurofibrillary tangles (NFT) are characteristically found in AD; however, they are also 

found in some other neurodegenerative disorders such as tuberose sclerosis, 

amyotrophic lateral sclerosis, parkinson-dementia complex and dementia pugilistica. 

The overall aim of this thesis was to test the efficacy of a combination of antioxidants 

consisting of vitamin E acetate, vitamin C palmitate, grape seed extract (pycnogenol) 

and Ginkgo biloba in assessing: 

 The reduction of inclusion body numbers and apoptosis in apoE-deficient mice 

(Chapter 3). 

 The efficacy of the combination of antioxidants to reduce Aβ deposition and 

apoptosis in amyloid precursor protein (APP) transgenic mice (Chapter 4). 
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 The effect of the combination of antioxidants on memory in APP transgenic mice 

(Chapter 4). 

 The effect of cholesterol on beta (β) amyloid levels using immunohistochemistry 

on brain tissue from Wattanabe rabbits (Chapter 5). 

 The antioxidant status of various antioxidants, plasma, urine and homogenised 

mice brains utilising cyclic voltammetry and a mV/pH meter (Chapter 7 

appendix). 

Chapter 2 contains the materials and methods used during the PhD studies. For the 

specific methods for each of the studies undertaken in this study, refer also to the 

appropriate chapters. 

Chapter 3 discusses the dietary modulation of inclusion body deposition. The results 

demonstrate that the dietary supplementation of the combination of antioxidants 

reduced mean inclusion body numbers and apoptosis in apoE-deficient mice. 

Chapter 4 discusses dietary antioxidant modulation of Aβ deposition in APP transgenic 

mice. The results demonstrate that the dietary supplementation of the combination of 

antioxidants reduced Aβ deposition and apoptosis in APP transgenic mice. The memory 

study results suggest that the antioxidant combination supplementation was effective in 

improving reference memory in the APP transgenic mice compared to the same mice 

fed the other diets. However, confirmation of such results requires more experiments 

using much larger numbers of mice, and longer experimental timeframes. 

Chapter 5 examines Aβ deposition in the brains of hypercholesteraemic Watanabe 

rabbits. The results from this investigation indicate that genetically-induced 

hypercholesterolaemic Watanabe rabbits exhibit Aβ immunoreactivity in their brains; 
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this confirms the findings of previous studies where rabbits were fed high-

cholesterol/choline diets. 

In Chapter 6, the discussion and conclusion, it is summarised that this thesis has added 

to the body of evidence which supports the theory that high-cholesterol diets and 

oxidative stress exacerbate, and may in fact initiate, AD pathogenesis. The potential of 

antioxidant therapy with the aim of preventing AD, or slowing down disease 

development, has also been examined and the results suggest combination antioxidant 

treatment (CAT) supplementation may be an effective therapy in AD. The benefits of 

antioxidant therapy in the prevention of AD would be greater if widespread preventative 

therapy were adopted. Further, the use of antioxidants need not be restricted to 

individuals at high risk of AD only, as they are also likely to be useful in the prevention 

of many age-related diseases. 

Chapter 7 (Appendices) examines the cyclic voltammetry analysis of antioxidant status 

and ISFET mV pH study. The results demonstrate that: 

 Cyclic voltammetry is effective in assessing the antioxidant status of antioxidant 

solutions, herbal extracts, fruit juices, wine, biological fluids and homogenised 

tissues. 

 An ISFET pH/mV meter is effective to measure mV and pH of antioxidant 

solutions, herbal extracts, fruit juices, wine, biological fluids and homogenised 

tissues. 

 There is a close relationship between mV or ORP and pH of antioxidant solutions, 

herbal extracts, fruit juices, wine, biological fluids and homogenised tissues. 
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1. Literature review 

1.1. Introduction 

Forgetfulness used to be considered a normal consequence of aging. Since Alois 

Alzheimer reported the finding of neurofibrillary tangles (NFT) and amyloid plaques in 

the brain of a severely demented 55-year-old woman in 1906 (Alzheimer, 1907) many 

researchers have studied Alzheimer’s disease (AD). In the last 100 years, 

neuropathological, genetic and cell biology studies have been challenging what used to 

be a generally accepted notion (Mattson, et al., 2001a; Mattson, et al., 2001b; Mattson, 

et al., 2001c; Mattson & Chan, 2001). 

AD is a neurodegenerative disorder, which is the most commonly diagnosed form of 

dementia in the aged, and is characterised by a progressive decline in memory, language 

and other cognitive functions, together with deterioration in behavioural, emotional and 

social skills (Ott, et al., 1995; Hofman, et al., 1997; Sadowski & Wisniewski, 2007). 

The earliest clinical symptoms include anterograde episodic memory loss and 

dysnomia. This is followed by other signs of cortical impairment including apraxia, 

agnosia and visuospatial impairment. In advanced stages victims become mute, cannot 

walk and are incontinent, therefore they become totally dependent on carers (McKhann, 

et al.,1984). 

AD is the third leading cause of death in the aging population after heart disease and 

cancer (Hardy & Allsop, 1991). The incidence of AD doubles every 5 years in subjects 

between the ages of 65 and 85 years (Katzman & Kawas, 1994), affecting one in three 

by the age of 80 (Evans, et al., 1989). As more people are living to an old age, AD is 

turning into a very large medical and social problem (Li, 2001). 
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AD is characterised histologically and neuropathologically by the existence of 

intracellular and extracellular amyloid deposits in the brain. Extracellular amyloid 

deposits consist of diffuse and senile plaques, whereas the deposits within and around 

blood vessels are referred to as cerebral amyloid angiopathy (CAA) (refer to Chapter 2). 

CAA has also been demonstrated in cerebrovascular amyloidosis (Masters, et al., 1985; 

Wisniewski, et al., 1994; Kumar-Singh, 2008). NFT are characteristically found in AD; 

however, NFT are also found in some other neurodegenerative disorders such as 

tuberose sclerosis, amyotrophic lateral sclerosis, parkinson-dementia complex and 

dementia pugilistica (Price, et al., 1991). 

A 4kDa peptide isolated from amyloid plaques, now known as amyloid beta peptide or 

A beta (Αβ), is the major protein component of these extracellular amyloid deposits 

(Glenner & Wong, 1984; Masters, et al., 1985). Although several factors, both genetic 

and environmental, are implicated in the aetiology of AD (Heininger, 2000; Dosunmu, 

et al., 2007; Wu, et al., 2008), it is the Αβ deposition which is the common pathological 

feature in all forms of this disease (Glenner & Wong, 1984; Masters, et al., 1985). This 

is consistent with the findings of our group and other laboratories which have shown 

that the severity of AD neuropathology is positively correlated with increased total Αβ 

load (Naslund, et al., 2000; Fonte, et al., 2001; Masliah, 2008). This amyloidogenic 

peptide aggregates easily, has neurotoxic properties, and is considered to be central to 

the pathogenesis of AD. Aβ is a normal proteolytic product of a much larger 

transmembrane protein, the amyloid precursor protein (APP) (Kang, et al., 1987; see 

also Mehta, 2007). The two major forms of Aβ are Αβ1-40 and Aβ1-42, corresponding 

to 40 and 42 amino acid long peptides respectively. Aβ1-40 is synthesised in the early 

secretory and endocytic cellular pathways and Aβ1-42 is generated mainly in the 

secretory pathway (Soriano, et al., 2001; Masliah, 2008). 
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AD can be categorised into two groups. Firstly, late-onset AD cases (LOAD), with an 

onset after the age of 65, make up approximately 90-95% of cases, and are mostly non-

familial, i.e. sporadic cases. Secondly, early-onset AD (EOAD) or familial AD (FAD), 

with an age of onset before 65, make up 5-10% of cases, almost all of which are 

familial. The major known genetic risk factors of these FAD cases include specific 

mutations in the APP (Haass, et al., 1992; Chartier-Harlin, et al., 2004) and the 

presenilin-1 (PS1) and presenilin-2 (PS2) genes (Levy-Lahad, et al., 1995b; Selkoe, 

1996a; Mattson, et al., 1998; Selkoe & Wolfe, 2007). The PS1 and PS2 proteins are 

proteins involved in the trafficking/proteolytic breakdown of APP; this is discussed in 

more detail later. 

The APP gene is found on chromosome 21, and trisomy 21 or Down syndrome, a 

condition in which higher than normal levels of Aβ are produced, is associated with a 

very early age of onset of AD – around 40-45 years of age (Masters, et al., 1985; Kang, 

et al., 1987; Zigman & Lott, 2007). Studies of the EOAD-associated genetic mutations 

have shown them also to lead to increases in Aβ production, particularly the longer, 

more amyloidogenic form Aβ1-42 (Wisniewski, et al., 1985; Tanzi, et al., 1987; Citron, 

et al., 1992; Cai, et al., 1993; Teller, et al., 1996). These studies, as well as many in 

vitro and transgenic mice studies, have led to the formation of the ‘amyloid hypothesis’ 

which states that Aβ overproduction (or reduced breakdown) is central to AD 

pathogenesis (Wisniewski, et al., 1985; Tanzi, et al., 1987; Citron, et al., 1992; Cai, et 

al., 1993; Teller, et al., 1996). Although plaques and NFT are the obvious hallmarks of 

the disease, evidence suggests that plaques are large, possibly almost inert ‘tombstone’ 

accumulations, while the ‘toxic elements’ of AD correspond to the Aβ dimers or small 

soluble oligomers of Aβ (McLean, et al., 1999). 
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Another gene known to influence AD is the apolipoprotein E gene (APOE) (Poirier, et 

al., 1993; Strittmatter, et al., 1993a; Strittmatter, et al., 1993b; Martins, et al., 1995; 

Bird, 2008). Although possession of an APOE ε4 allele is predictive of 15% of the 

Caucasian population, this allele is found in 50% of LOAD cases (Czech, et al., 1994; 

Jarvik, et al., 1995). In contrast, possession of an APOE ε2 allele appears to protect 

against developing AD, as this allele is significantly under-represented in many 

populations of AD-affected individuals. ApoE is discussed in more detail later. 

Other factors which are thought to increase the risk of AD include traumatic brain 

injury (Gentleman, et al., 1991; Gentleman & Roberts, 1992), reduced cerebral 

perfusion (Crawford, 1996), cerebral infarcts (Nagy, et al., 1997), strokes (Tatemichi, et 

al., 1995), cardiovascular disease (CVD) (Sparks, et al., 2000b), hypotension (Skoog, 

1997), hypertension (Kokmen, et al., 1991), thyroid disease (Heyman, et al., 1984) and 

depression (Jorm, et al., 1991). 

Environmental risk factors associated with AD include a high-cholesterol diet (Kalmijn, 

et al., 1997; Hartmann, et al., 2007), high dietary fat intake, psychosocial stressors and 

lack of physical activity (Chandra & Pandav, 1998; Grant, 1999; Grant, 2003). Caloric 

restriction and exercise (Brinton, 1999; Mattson, 2000a; Mattson, 2003b), and diets with 

low saturated fat content and high antioxidant, trace mineral and fish content have 

already been associated with a decreased risk of AD (Grant, et al., 2002; Solfrizzi, et 

al., 2003; Wu, et al., 2008). 

Oxidative stress is thought to play an important role in the pathogenesis of AD, and 

dietary factors in particular have provided strong support for this theory (Dosunmu, et 

al., 2007). The Αβ peptide has been implicated in oxidative processes either directly or 

indirectly, and this property of the peptide is thought to play a key role in its 
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neurotoxicity (Behl, 1997; Behl & Sagara, 1997; Sayre, et al., 2008). For example, 

extensive evidence now suggests that Αβ exerts its neurotoxic effects through the 

production of oxygen free radicals. 

This Literature review focuses on the substantial evidence for Αβ-associated oxidative 

stress and neurotoxicity in AD, as well as protection afforded against oxidative stress by 

antioxidants. 

1.2. Pathology of AD 

The pathologic lesions in EOAD and LOAD are the same and have similar patterns of 

distribution, except for PS1 mutant cases which have a much higher density of senile 

plaque and Αβ load (Harman, 1996; Fonte, et al., 2001). 

1.2.1. Macroscopic features of the AD brain 

The regions of the brain which are concerned with memory processing and learning, 

which includes the frontal and temporal lobes, are decreased in size in AD-affected 

brains as a result of the death of neurons. There is also a noticeable shrinkage of the gyri 

or convolutions and frontal lobes as well as widening of the sulci; the brain is atrophied, 

especially in the frontal regions, the parietal regions and somewhat in the temporal and 

occipital regions. The white matter may be smaller and firmer and the ventricles are 

enlarged. Utilising a positron emission tomography (PET) scan, the glucose uptake is 

visible, (red and yellow indicate high levels of uptake). The AD brain reveals an 

obvious decrease in energy metabolism in the frontal cortex and the temporal lobes. 

1.2.2. Senile plaques 

Senile plaques consist of localised concentrations of degenerating and frequently 

swollen axons, neurons and glia enclosing a dense Aβ core.  



 

- 6 - 
 

Plaques are roughly spherical in shape, having a diameter ranging from 10-150nm 

(Terry & Davies, 1982; Price, 1986; Brion, 1992a; Brion, 1992b) (Figure 1.1). 

 

Figure 1.1. Comparison of AD brain and healthy brain 
Note shrinkage of tissue and the decreased glucose utilisation in AD [Mattson, 2004]. 

Senile plaques which are a characteristic hallmark of the AD brain represent a buildup 

of extracellular Aβ surrounded by abnormal neurites (Miller, et al., 1984; Trojanowski, 

et al., 1990; Fiala, et al., 2007). They are most common in the amygdala, neocortex and 

the hippocampus; however, they can be found in other regions of the brain. 

Although they have been found in normal aging, the concentration of senile plaques is 

markedly greater in AD than in other diseases (Terry et al., 1994). Senile plaques are 

also found in the brains of Down syndrome and Guam dementia affected brains 

(Joachim, et al., 1989; Schmidt, et al., 1998). 

In AD senile plaques are surrounded by propagating reactive astrocytes and microglial 

cells which have been thought to play a role in Αβ generation by processing APP to 
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produce Αβ (Terry et al.,1994). More recent studies suggest, however, that the 

astrocytes and microglia are attempting to clear the Αβ deposits, and transgenic mouse 

studies indicate that certain inflammatory mediators support the disease process 

(Meyer-Luehmann, et al., 2006; Wyss-Coray, 2006). Although aggregated Aβ peptides 

are the main components of plaques as well as CAA (see below), other proteins have 

been associated with these structures, including acetylcholinesterase (Ulrich, et al., 

1990), α-1-antichymotrypsin (Abraham, et al., 1988), lysosomal proteases (Cataldo & 

Nixon, 1990), heparan sulphate proteoglycans (Snow, et al., 1988), ferritin (Grundke-

Iqbal, et al., 1990) and ubiquitin (Perry, et al., 1987), the latter possibly as a result of 

attempts at ubiquitin-mediated degradation. Plaques also contain components of the 

immune system and complement cascade including IgG, complement C1q and C3c 

(Eikelenboom & Stam, 1982; Ishii & Haga, 1984; McGeer, et al., 1989; Kametani, et 

al., 1990), as well as advanced glycation end products (AGE), apolipoproteins E and J 

(Choi-Miura, et al., 1992; Sasaki, et al., 1998). 

1.2.3. CAA 

CAA is also known as cerebrovascular amyloidosis or congophilic angiopathy, 

congophilic because, when stained with congo red, it exhibits birefringence typical of 

amyloid when viewed under polarised light (Smith & Eichler, 2006) (Figure 1.2). It is a 

common pathologic entity in the aged, characterised by the deposition of Αβ in small- 

to medium-sized leptomeningeal and superficial cortical arteries (Greenberg & Hyman, 

1997; Greenberg, et al., 2004; Soffer, 2006). In AD, where it is seen in nearly all 

patients, CAA occurs in the cerebral blood vessels (Vinters, 1987; Olichney, et al., 

1995; Vinters, et al., 1996; Vinters & Farag, 2003; Kumar-Singh, 2008). Although 

CAA-affected microvessels are occasionally surrounded by neuritic processes, they are 

not usually associated with a local concentration of neuritic plaques (Lippa, et al., 1993; 
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Ellis, et al., 1996; Attems & Jellinger, 2004; Olichney, et al., 1995). The apoE-ε4 allele 

has been associated with increased risk of CAA, whereas the apoE-ε2 allele has been 

associated with increased risk of rupture of CAA-affected vessels (Greenberg, 1998; 

Hamel, et al., 2008). 

Although it is known that inflammation is associated with CAA, it is not understood 

whether this inflammation is caused by a reaction to the amyloid deposits or whether 

Αβ is deposited as the byproduct of chronic inflammation of the vessels (Anders, et al., 

1997; Kumar-Singh, 2008). However, it has been shown that macrophages can engulf 

Αβ fragments, strongly suggesting that inflammation is a foreign body reaction to Αβ 

deposits (Anders, et al., 1997). CAA is often discovered due to spontaneous 

intracerebral haemorrhage in aged patients (in equal numbers in both sexes) who either 

have undisguised dementia or are functioning at a borderline level mentally (Kalyan-

Raman & Kalyan-Raman, 1984; Vinters, 1987; Vinters, et al., 1996; Vinters & Farag, 

2003; Kumar-Singh, 2008). CAA, when severe, can cause lobar cerebral haemorrhage, 

transient neurologic symptoms and dementia (Greenberg, et al., 1993). 

 
Figure 1.2. CAA 
The first published photograph of CAA (A), accompanied by the author’s illustration (B). From 
the 1910 article, Die presbyophrene Demenz, deren anatomische Grundlage und klinische 
Abgrenzung (The Presbyophrenic Dementias, Anatomical Basis and Clinical Features) by 
Fischer [sourced from Smith & Eichler, 2006]. 
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1.2.4. NFT 

Various regions in the AD brain suffer massive neuronal loss; this is especially visible 

in the cortex, amygdala, and hippocampus. The NFT are fibrous masses contained in the 

neurons of these brain regions and are regarded to be a key pathological hallmark of 

AD; however, they are also found in other neurodegenerative diseases. The density of 

NFT correlates positively with the severity of dementia (Arriagada, et al., 1992) thus, 

the generation of NFT may be a key factor in cognitive impairment. 

NFT develop inside the pyramidal neuronal soma as filamentous inclusions which may 

extend into the dendrites. Their formation is gradual but progressive and they take on 

bulbous or rhomboid shapes (Vickers, et al., 1992). Subsequent to the disintegration of 

the neuron, the NFT remains as an extracellular structure known as a tombstone or 

ghost tangle (Goedert, 1993; Morrison & Hof, 1997; Morrison, et al., 1998; Morrison & 

Hof, 2002; Morrison & Hof, 2007). 

NFT are composed of highly insoluble pairs of filaments of about 10nm in diameter 

which spiral around each other with a crossover at approximately every 80nm; these 

filaments are referred to as paired helical filaments (PHF) (Trojanowski, et al., 1993). 

PHF are made up of four to eight 100µm protofilaments (Pollanen, et al., 1994) which 

contain proteins similar to normal cytoskeletal proteins. They have a left handed double 

helix structure with a maximum diameter of 20-24nm (Hue et al.,1989; Zemlan, et al., 

1994). PHF have also been demonstrated in dystrophic neurites associated with senile 

plaques and in neuropil threads (Hue et al.,1989; Zemlan, et al., 1994). 

NFT are composed of altered forms of the microtubule-associated protein tau, which is 

phosphorylated to an extraordinary high degree and is ubiquitinylated (Goedert, 1993; 
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Trojanowski, et al., 1993). However, it has been shown that the neurofilaments may be 

either in the phosphorylated or non-phosphorylated form in NFT (Vickers, et al., 1992). 

It is thought that the function of tau is to maintain the microtubular structure within 

neurons (Halliwell and Gutteridge, 1999). The enzyme glycogen synthase kinase-3β 

(GSK-3β) has been shown to be involved in the formation of NFT. Aβ activates GSK-

3β through impairment of phosphatidylinositol-3 (PI3)/Akt signalling; this activates 

GSK-3β then induces hyperphosphorylation of tau, leading to NFT formation, neuronal 

death and synaptic loss (Takashima, 2006). A recent study has also linked GSK-3β to 

PS1 (see later) (Uemura, et al., 2007). Physical interaction between PS1 and N-

cadherin/beta-catenin plays an important role in the process of cell surface expression of 

PS1/gamma-secretase, and this cell surface expression is enhanced by N-cadherin-based 

cell-cell contact (Uemura, et al., 2007) demonstrating that GSK-3β can phosphorylate 

PS1, thereby reducing N-cadherin binding. Abnormal activation of GSK-3β may 

therefore not only cause hyperphosphorylation of tau, but may also disturb PS1 cell 

surface expression and function. Aβ is thought to affect NFT formation in other ways 

too, for example Aβ triggers inflammatory responses and pro-inflammatory cytokines 

have been found to modulate tau phosphorylation indirectly (Blurton-Jones & Laferla, 

2006). 

The majority of intracellular and extracellular NFT are immunoreactive to 

Αβ antibodies (Perry, et al., 1992; Zemlan, et al., 1994); however, it has been 

hypothesised that Αβ deposition within NFT is a secondary occurrence (Yamaguchi, et 

al., 1991). 

As with plaques, the degradation signalling protein ubiquitin has been demonstrated to 

be coupled to NFT (Wrzolek, et al., 1992). Ubiquitin attaches to a variety of cellular 
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proteins marking them for various metabolic fates including enzymatic proteolysis. It 

has been suggested, however, that the proteolytic system is ineffective in degrading 

NFT and plaques, thereby resulting in the buildup of ubiquitinated proteins (Wrzolek, et 

al., 1992). It has also been suggested that Aβ may inhibit tau degradation via the 

proteasome (Blurton-Jones & Laferla, 2006). 

Pyramidal neuron cells in the entorhinal cortex, the limbic periallocortex, hippocampus, 

amygdala, neocortex and the basal forebrain cholinergic systems are preferentially 

affected by NFT formation (Pearson, et al., 1985; Arnold, et al., 1991; Goedert, 1993). 

This distribution suggests a consistent pattern of susceptibility to NFT formation 

(Arnold, et al., 1991; Arriagada, et al., 1992). It is plausible that the stimulus for NFT 

development spreads from neuron to neuron since there are a large number of neuronal 

connections between various cortical regions (Ulrich, 1985; Morrison, et al., 1998). 

The density of NFT in AD brains is highest in the medial temporal lobe, particularly in 

the uncus, amygdala, hippocampus and parahippocampal gyrus. There is also moderate 

dispersal in the association cortex of the frontal and parietal lobes (Terry et al.,1994). 

The greatest densities of NFT are found in regions where there is severe neuronal loss 

(Mann, 1989). 

NFT are not exclusive to AD but in fact they are associated with all forms of dementia. 

However, they exhibit different patterns as demonstrated in Down syndrome, post-

encephalitic parkinsonism, subacute sclerosing panencephalitis, amyotrophic lateral 

sclerosis, parkinson-dementia complex and dementia pugilistica (Hof, et al., 1991; Hof, 

et al., 1992). NFT have also been found in non-demented individuals between the age of 

55 and 64 years, though their density is less than that found in brains of demented 

individuals (Ulrich, 1985). Taken together, these cumulative findings indicate that while 
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NFT are not specific to AD per se, they may play a major role in the development of 

dementia. 

The deposition of proteolysis-resistant and insoluble NFT is likely to interfere with the 

cytoplasmic function of the cell, thereby culminating in their death. The loss of enough 

of these neurons would result in a disconnection of the hippocampus and neocortex, and 

neocortical association regions, ultimately causing the breakdown of intellectual 

functions (Morrison, et al., 1987; Hof & Morrison, 1990; Bouras, et al., 1993). 

1.2.5. Apoptosis 

There are two ways that cells can die, namely apoptosis and necrosis. These two ways 

of undergoing cell death can be distinguished from each other based on the differences 

in biochemical, molecular and morphological changes of dying cells. 

Absence of morphological changes in dying cells constitutes necrosis. Necrosis can be 

further subdivided into oncosis (cell swelling) and paraptosis (cytoplasmic cell death) 

(Zeiss, 2003). Necrosis involves chromatin flocculation and a successive loss of the 

cell’s membrane integrity, thereby admitting an influx of sodium, calcium and water 

into the cytoplasm. This influx ultimately results in cytoplasmic bulging until the cell 

bursts. Necrosis is associated with an inflammatory response, unlike apoptosis which 

ultimately leads to the clearance of membrane-intact cell fragments which are engulfed 

by macrophages, without the development of inflammation (Zeiss, 2003; Harwood, et 

al., 2005). 

Apoptosis is a form of cell death also known as cell suicide or programmed cell death, 

in which cells undergo a characteristic pattern of structural changes in the nucleus and 

cytoplasm. Under the microscope, blebbing of the plasma membrane is clearly visible, 

as well as nuclear disintegration. As the nucleus collapses, extensive damage occurs to 



 

- 13 - 
 

chromatin, and the deoxyribonucleic acid (DNA) cleaves into oligonucleosomal length 

DNA fragments subsequent to the activation of endogenous endonuclease (Duvall and 

Wyllie, 1986; Camins, et al., 2008) 

In AD, it is thought that most neurons die via apoptosis; however, there is also evidence 

of necrotic cell death (Mattson, 2004). However, as our knowledge of cell death has 

increased, so has our perception of how apoptotic and necrotic pathways are interrelated 

(Harwood, et al., 2005). The biochemical cascades of apoptosis are beginning to be 

understood; initial effectors include Par-4, p53, and pro-apoptotic Bcl-2 family 

members which mediate mitochondrial dysfunction and subsequent release of pro-

apoptotic proteins, such as cytochrome c or apoptosis inducing factor (AIF) (Camins, et 

al., 2008). This is followed by caspase-dependent and -independent pathways which 

finally result in degradation of proteins and nuclear DNA. Neuronal apoptosis in AD 

may be initiated by oxidative stress and related DNA damage, disruption of cellular 

calcium homeostasis, or endoplasmic reticulum (ER) stress (for a review see Culmsee & 

Landshamer, 2006; Camins, et al., 2008). 

1.2.6. APP 

The Αβ peptide is proteolytically processed from a much larger glycoprotein termed the 

amyloid β precursor protein (AβPP) (Kang, et al., 1987; Mullan & Crawford, 1993; 

Selkoe, 1994; Sisodia & Price, 1995; Postina, 2008). The AβPP protein sequence 

indicates it is a type 1 transmembrane protein having a short cytoplasmic C-terminus 

and a long extracellular N-terminus (Kang, et al., 1987; Mattson, et al., 1997). 

AβPP is synthesised in the rough ER, it then passes through the golgi complex, is N- 

and O-glycosylated, and is inserted into the plasma membrane. Although AβPP is 

expressed in almost all tissues, the highest expression is found in brain. In neurons, 
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some AβPP is transported along axons to the presynaptic terminals where it can 

accumulate (Mattson & Pedersen, 1998). Aβ can be detected in plasma, cerebrospinal 

fluid (CSF) and in cell culture media (Shoji, et al., 1992; Haass, et al., 1992). AβPP can 

be cleaved by three proteases classified as α-, β- and γ-secretases (Vassar, et al., 1999; 

Postina, 2008). AβPP can be proteolytically processed by either α- or β-secretases 

within the vesicles prior to being fused with the plasma membrane. Alternatively it may 

be incorporated in its complete form into the plasma membrane (Zhang & Xu, 2007; 

Postina, 2008). 

The protease α-secretase cleaves AβPP at a site in the middle of the Αβ domain, 

causing the release of a secreted form of AβPP (sAβPPα), and thereby precluding the 

formation of intact Αβ. This pathway can be activated by either electrical activity, by 

excitatory neurotransmitters, or by protein kinase C (Postina, 2008). The C-terminal 

fragment remaining can be further proteolysed by γ-secretase to release a small 

fragment known as p3. This fragment is also amyloidogenic, yet is not thought to be as 

relevant as Aβ in the pathogenesis of AD. 

The secreted sAβPPα is thought to have an important role in regulating neuronal 

excitability and plasticity (Milward, et al., 1992), and also in the protection of neurons 

against Αβ toxicity and against other oxidative insults (Mattson, et al., 1993; Mattson & 

Pedersen, 1998). Some studies suggest that sAβPPα is also involved in memory and 

learning processes (Mattson & Pedersen, 1998). 

Aβ is produced via a two step process involving the β-secretase or β-amyloid cleavage 

enzyme-1 (BACE-1) (Vassar, et al., 1999) and γ-secretase (Postina, 2008). Cleavage by 

β-secretase at the N-terminus of Αβ releases a slightly shorter secreted form of APP 
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(sAβPPβ), and leaves behind the longer Αβ containing C-terminal APP fragment. This 

fragment can be endocytosed into a subcellular compartment and further proteolysed by 

γ-secretase to release Αβ. Alternatively, the γ-secretase could cleave the remaining C-

terminal AβPP fragment whilst fused in the plasma membrane. Either of these two 

processes can result in the release of soluble Αβ, which has the potential to aggregate 

and form the amyloid deposits associated with AD (Zhang & Xu, 2007; Postina, 2008). 

Increased Αβ production is thought to be an early event in the pathogenesis of AD 

(Swerdlow, 2007). The major lines of evidence supporting the hypothesis that increased 

Αβ plays a causative role in the pathogenesis of AD are threefold. Firstly that the close 

association with AD and inherited mutations in the AβPP, PS1 or PS2 genes result in 

increased Αβ production (reviewed by Sandbrink, et al., 1996). The causative role of 

excess Aβ production due to APP, PS1 or PS2 mutations has been demonstrated in 

various transgenic mice, where expression of some of the EOAD mutations result in the 

production of Aβ deposits in the transgenic mice brains, together with detectable 

memory impairment in some of these animals (Games, et al., 1995; Hsiao, et al., 1996). 

Secondly, in Down syndrome patients, the extra copy of the AβPP gene results in 

increased Αβ production which in turn leads to a high risk of EOAD and severe AD 

pathology (Wisniewski, et al., 1985). Lastly, Aβ has also been shown to be neurotoxic 

and cause oxidative stress in AD (Yankner, et al., 1989; Koh, et al., 1990; Roher, et al., 

1991a; Roher, et al., 1991b; Yoshikawa, et al., 1992; Behl, et al., 1994a; Behl, et al., 

1994b; Shearman, et al., 1994; reviewed in Behl, 1997). 

1.3. Genetics of AD 

Autosomal dominant mutations cause early-onset FAD, and at least half of all these 

cases are caused by any of over 120 known mutations in the three genes AβPP, PS1 or 
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PS2, accounting for approximately 5-10% of all AD cases (Selkoe, 1996a; Selkoe, 

1996b; Lendon, et al., 1997; Camins, et al., 2008). In LOAD, the apolipoprotein ε4 

allele has been shown to be a major risk factor in at least 50% of cases (Strittmatter, et 

al., 1993a; Martins, et al., 1995; Davis, et al., 1997b) (Table 1.1). 

Table 1.1. Genetics of AD 

The table summarises the major genes involved in AD, although other expected genes remain to 
be found. There are several other genes which are associated with AD that are variable among 
different populations. 

Gene Chromosome Prevalence Age of onset Pathogenic mechanism 

Causal 

AβPP 21 1% 45-65 Increased Aβ1-42 production, 
decreased sAβPPα 

PS1 14 8% 29-68 Increased Αβ1-42 production, 
perturbed Ca++ regulation, 
apoptosis 

PS2 1 1% 40-55 Increased Aβ1-42 production, 
apoptosis 

OLR1, 
LRP-6 

12 5% 40-≥65 Altered Wnt signalling 

Risk 

ApoE 19 17% 60-85 Vascular damage, increased 
Aβ1-40 deposition 

 

1.3.1. Presenilins 

The genes which are responsible for about 50% of early-onset FAD are referred to as 

the presenilin genes, of which there are two, namely PS1 on chromosome 14 and PS2 

on chromosome 1 (Levy-Lahad, et al., 1995b; Sherrington, et al., 1995; Camins, et al., 

2008). The presenilin genes encode proteins with high homology (Mattson, 2004). High 

expression of the presenilins occurs in the neuronal dendrites and somata and low 

expression occurs in glial cells. The presenilins are localised mainly in the ER of 

neurons (Mattson, et al., 1998). 
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Mutations in the presenilin gene are transmitted in an autosomal dominant pattern with 

virtually 100% penetrance in most cases. Over 60 different AD mutations have been 

reported in PS1 in over 130 unrelated kindreds or individual cases of AD, while only 

four PS2 AD mutations have been reported (Mattson, et al., 1998; Camins, et al., 2008). 

All presenilin mutations are missense mutations (single amino acid changes), with the 

exception of two – one is an insertion/deletion mutation (owing to the activation of a 

cryptic splice donor) in the N-terminus of PS1 and the other consists of a missense 

mutation resulting from the deletion of exon 10. With only two exceptions, all 

pathogenic missense mutations in the presenilins occur in residues that are conserved 

between the two proteins. Since so many mutations have already been discovered, it is 

expected that more mutations are yet to be found (Mattson, et al., 1998; Camins, et al., 

2008). 

It is now known that PS1 is part of the γ-secretase complex that cleaves the C-terminus 

of the Aβ peptide from the C-terminal fragment of APP. Other components of the γ-

secretase complex include Nicastrin, APH-1, and Pen-2; these are needed for formation 

of the stable γ-secretase complex and for PS1 maturation (Kimberly et al., 2003). 

Recent studies have shown that in cells with EOAD linked mutations in the PS1 gene 

there can be an increase in calcium ion transients which serve in many signalling 

functions. Therefore it appears that PS1 mutations can not only affect the cleavage of 

the AβPP, but also elevate levels of specific ion transients which can disrupt 

responsiveness to certain synaptic signals (Stutzmann, et al., 2004). 

1.3.2. AβPP mutations 

Eight different pathogenetic mutations have been identified in AβPP, and all are 

missense mutations lying within or close to the domain encoding the Aβ peptide. 



 

- 18 - 
 

Although AD-causing mutations were first identified in the AβPP gene, the AβPP 

mutations account for less than 0.1% of AD cases, and carry severe biological 

consequences. The age of onset of AD reported for individuals harbouring pathogenic 

mutations in the AβPP gene ranges from 39-67, with some variation in mean age at 

onset for the different specific mutations. AβPP mutations are 100% penetrant in the 

vast majority of carriers. As mentioned in Table 1.1, the common pathogenic change 

resulting from the mutations in AβPP (as well as the PS proteins) is an increase in total 

Aβ production, or an increase in the production of the more amyloidogenic Aβ1-42 

(Citron, et al., 1992; Selkoe, 1998; Camins, et al., 2008). 

1.3.3. APOE 

Another gene known to influence AD is the APOE (Poirier, et al., 1993; Strittmatter, et 

al., 1993a; Martins, et al., 1995; Mahley, et al., 2007). Isoelectric focusing-based 

studies have revealed three main isoforms of apoE in humans (Mahley, 1988); these 

arise from single amino acid substitutions with arginine or cysteine at residues 112 and 

158, resulting in certain functional differences (Martins, et al., 1995). The most 

common allele in the human population is APOE ε3, followed by APOE ε4, then APOE 

ε2 (Zannis, et al., 2008); for example in the Australian population the ε3, ε4 and ε2 

allele frequencies are 78%, 14%, and 8% respectively (Martins, et al., 1995). In 1993 a 

locus within an apolipoprotein gene cluster on chromosome 19 was shown to be a risk 

factor for AD. ApoE was implicated, based on the knowledge that apoE is found in 

plaques and NFT, it binds the Aβ peptide, and the fact that apoE is also the most 

common brain apolipoprotein. A strong allelic association between AD and the APOE 

ε4 allele was subsequently demonstrated; in fact, APOE ε4 is associated with 50% of 

LOAD cases (Schellenberg, 1995; Strittmatter & Roses, 1996; Camins, et al., 2008).  
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In contrast, the APOE ε2 allele appears to protect against developing AD, as this allele 

is significantly under-represented in many populations of AD-affected individuals. 

ApoE is a polypeptide of 299 amino acids with a molecular weight of 34kDa (Rall, et 

al., 1982). In the periphery, apoE aids the transport of triglyceride, phospholipid, 

cholesteryl esters and cholesterol into and out of cells by mediating the binding, 

internalisation and catabolism of lipoprotein particles (Eichner, et al., 2002). ApoE is 

also essential in the formation of chylomicrons and very-low-density lipoprotein 

(VLDL). It is the main ligand for the low-density lipoproteins (LDL) receptor found on 

the liver and other tissues, and for the specific apoE receptor (chylomicron remnant) of 

hepatic tissues (Eichner, et al., 2002). In human CSF, most of the apolipoprotein 

content is represented by apoE and apoA and these are present on astrocyte-secreted 

lipoproteins which have a density similar to plasma high-density lipoproteins (HDL) 

(Roheim, et al., 1979; Pitas, et al., 1987; Mahley, et al., 2007). ApoE is required for 

lipoprotein uptake via LDL receptors and lipoprotein-related protein 1 (LRP-1) in the 

central nervous system (CNS), most likely in order to mediate the uptake and 

redistribution of lipids and cholesterol within the CNS, as it does in the periphery (Pitas, 

et al., 1987; Holtzman, et al., 1995; Willnow, 1999; Mahley, et al., 2007). 

ApoE has been shown to be involved in the redistribution of cholesterol during 

membrane remodelling after injury to nerves and includes both the peripheral and CNS 

(Wisniewski, et al., 1997; Martins, et al., 2006; Mahley, et al., 2007). It has been shown 

that apoE is upregulated in response to various injuries in the nervous system. 

APOE allelic variation is known to influence one’s risk for CVD, particularly coronary 

artery disease, via its effect on cholesterol levels. APOE ε4 alleles are associated with 

higher total cholesterol and higher LDL cholesterol levels than average, whereas APOE 



 

- 20 - 
 

ε2 alleles are associated with lower levels of these markers (Eichner, et al., 2002; 

Camins, et al., 2008). The higher intake of saturated fat in the Western diet may be 

partly responsible for the increased risk of AD associated with APOE ε4 when 

compared with lower saturated fat intake in less developed countries (Smith, et al., 

1999; Petot, et al., 2003). 

ApoE or LDL receptor deficiencies in mice result in impaired learning and memory 

functions, implying an important role for apoE in synaptic plasticity. Recent studies 

have even found isoform differences; apoE ε4, when compared to apoE ε3, inhibits 

synaptic plasticity in the hippocampus and entorhinal cortex following environmental 

stimulation (Levi, et al., 2005a; Levi, et al., 2005b). 

ApoE/Aβ complexes are major components of AD brain amyloid deposits (Namba, et 

al., 1991) and amongst AD patients; individuals homozygous for APOE ε4 manifest 

greater extracellular amyloid plaque size and density (Schmechel, et al., 1993). It has 

also been demonstrated in our laboratory that the –491AA polymorphism in the APOE 

gene is associated with increased plasma apoE levels in AD (Laws, et al., 1999). 

This would suggest that apoE ε4 binds more avidly to Aβ than apoE ε2 or apoE ε3; 

however, it appears the opposite is true – native non-denatured apoE ε2 binds more 

avidly then apoE ε3, which in turn binds more avidly than apoE ε4 to the Αβ peptide 

(Zhou, et al., 1996; Yang, et al., 1997). Differential binding of the different apoE forms 

to the Αβ peptide and is thought to influence soluble Αβ clearance from the brain; lack 

of soluble Αβ clearance may result in aggregation of Αβ deposits (Santucci, et al., 

2008). In support of this theory, the binding of apoE to Aβ actually reduces Aβ toxicity 

in culture. LDL receptors are necessary for this effect, suggesting LRP-1-mediated 

uptake and degradation of Aβ (Jordan, et al., 1998).  



 

- 21 - 
 

This apoE-mediated Aβ binding and uptake is promoted by apoE ε2 and apoE ε3 but 

not apoE ε4 (Jordan, et al., 1998; Yang, et al., 1999a; Yang, et al., 1999b; Yang, et al., 

1998). It is now believed that apoE/Aβ complex formation promotes Aβ clearance via 

LRP-1-mediated uptake and degradation, and that apoE ε4’s weaker association with 

Aβ (when compared to apoE ε2 or apoE ε3), means a reduced capability to clear Aβ, 

thereby promoting Aβ accumulation and senile plaque formation. 

It has been suggested that Aβ/ApoE binding changes Aβ conformation; further, not only 

does it mediate cellular uptake via apoE receptors, it may reduce Aβ neurotoxicity and 

neuroinflammation in the brain (Manelli, et al., 2004). Peripheral Aβ clearance shows 

similar patterns. For example, physiological levels of Aβ reduce the binding of apoE ε3 

or apoE ε4 lipoprotein-like emulsions to liver cells, yet apoE ε2 enhances the binding 

(Hone, et al., 2005). The apoE/Aβ interaction promotes the uptake of lipoproteins via 

the LRP-1 pathway in liver cells, a pathway likely to be vital in both cholesterol and Aβ 

metabolism (Hone, et al., 2005). 

Most transport of Aβ across the blood brain barrier (BBB) appears to occur in the 

direction of brain to periphery, following the concentration gradient, and evidence 

suggests that this transport, followed by degradation in the liver, is the main mechanism 

for Aβ removal from the body as mentioned above (Hone, et al., 2003; Zlokovic, 2004; 

Mahley, et al., 2007). Further, Aβ transport across the BBB to the periphery has been 

shown to be mediated by LRP-1 and regulated by ligands such as apoE and α2-

macroglobulin (Zlokovic, 2004). ApoE’s involvement in Aβ metabolism is not 

restricted to facilitating the removal and degradation of the peptide, either via brain cells 

or via transport across the BBB. 
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The brains of aged AβPPV717F AD transgenic mice contain considerable fibrillar 

amyloid deposits. Crossing these mice onto a mouse apoE knockout background results 

in a reduction in Αβ load and almost no neuritic degeneration (Holtzman, et al., 2000). 

This suggests apoE is actually a requirement for Aβ deposition, and supports early 

studies that found apoE can accelerate Aβ fibrillisation. However, when the AD apoE 

deficient (-/-) transgenic mice carry human apoE isoforms, there is a reduction in 

amyloid load when compared to the original AD transgenic mice, with apoE ε3 being 

more effective than apoE ε4 at reducing this load (Holtzman, et al., 2000). 

1.4. Cholesterol metabolism and apolipoproteins 

Dietary cholesterol is normally incorporated into chylomicrons in the intestinal 

epithelial cells. Chylomicrons are then conveyed to the liver, where they are internalised 

by receptor-mediated endocytosis. The liver liberates this cholesterol in the form of 

VLDL which include apolipoprotein (E, C and B100), which afterward are altered to 

LDL possessing an apolipoprotein B100 protein coat (Simons, et al., 2001). 

LDL particles are the main cholesterol supplier in the body. However, cells are also 

capable of producing cholesterol by de novo synthesis in the ER. Surplus cholesterol is 

accumulated as esterified cholesterol in lipid globules inside the cell or removed by 

HDL. The mechanisms by which cells maintain a relatively constant level of cholesterol 

is through LDL uptake, de novo synthesis, cholesterol esterification and HDL efflux 

(Simons, et al., 2001). 

The brain contains more cholesterol than any other organ in the body; however, there is 

little evidence of transport of cholesterol into the brain across the BBB, most appears to 

originate from in situ synthesis (for a review see Dietschy & Turley, 2001). Indirect 

evidence suggests that large amounts of cholesterol are recycled among glial cells and 
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neurons within the CNS during brain growth, neuron repair and remodelling (Dietschy 

& Turley, 2001). CSF also has its own distinct range of lipoproteins (Roheim, et al., 

1979); ApoE and apoAI are the two major classes of lipoproteins in the CSF, and they 

form particles resembling HDL (Pitas, et al., 1987). ApoE production is induced in 

astrocytes after nerve damage, and it is delivered to sprouting axons and remyelination 

glial cells in an apoE-lipid complex. Thus, in the brain, apoE may be involved in the 

redistribution and recycling of cholesterol (Mahley, 1988). 

1.4.1. Cholesterol and AD 

A relationship between cholesterol levels and AD has been demonstrated by 

epidemiologic data. Initially, cross-sectional studies indicated an association between 

atherosclerosis and AD (Hofman, et al., 1997). A relationship has also been suggested 

between raised cholesterol levels in midlife and late-life cognitive impairment or AD 

(Notkola, et al., 1998). In support of this, retrospective clinical studies then found that 

the use of statins, cholesterol-lowering drugs, is associated with a decreased prevalence 

of AD (Jick, et al., 2000; Wolozin, et al., 2000; Camins, et al., 2008; Sagin & Sozmen, 

2008). Recent population studies have shown that not only do midlife high-serum 

cholesterol levels increase the risk of AD, but also that declines in serum cholesterol 

levels from midlife to late-life are also associated with an increased risk of cognitive 

impairment (Solomon, et al., 2007; Stewart, et al., 2007). 

An association between Αβ production and cholesterol levels has also been shown in 

animal studies (Sparks, 1996). In vitro studies have demonstrated that the processing of 

ΑβPP in cultures of rat hippocampal neurons is modulated by cholesterol (Simons, et 

al., 1998), and Αβ production can be dramatically decreased by a reduction in 

cholesterol levels (Fassbender, et al., 2001).  
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Lower cholesterol levels have also been shown to result in a marked reduction of the C-

terminal β-secretase cleaved fragment, indicating that β-secretase cleavage is influenced 

by cholesterol levels (Simons, et al., 1998; Sagin & Sozmen, 2008). 

In addition to effects on the β-secretase pathway, the non-amyloidogenic α-secretase 

pathway has been found to be promoted by reduced levels of cholesterol (Kojro, et al., 

2001). Cholesterol may also play a role in the clearance of Αβ and its aggregation. For 

example, in vitro studies have demonstrated that the aggregation of Αβ can be increased 

by cholesterol (Avdulov, et al., 1997; Sagin & Sozmen, 2008). 

Cholesterol has been demonstrated to accumulate in senile plaques of AD patients and 

in transgenic APP mice (Mori, et al., 2001). In addition, it has been shown that neurons 

which contain tangles have more free cholesterol than adjacent tangle-free neurons 

(Distl, et al., 2001). Therefore, reduced levels of cholesterol result in decreased β and γ-

secretase activity and increased α-secretase activity, thereby reducing Αβ levels (Kojro, 

et al., 2001; Sagin & Sozmen, 2008). Cholesterol levels may also be relevant to the 

production of oxidative stress, as mentioned in the section below. 

1.5. Oxidative stress in AD 

Oxidative stress is an imbalance between the generation of reactive oxygen species 

(ROS) and antioxidant levels (Halliwell, 1997a; Halliwell, 1997b). Oxidative stress can 

be caused by a variety of reasons, for example, an inadequate intake of antioxidants in 

the diet, the action of toxins such as smoking and pollution in the body, or by 

inappropriate activation of phagocytes as in chronic inflammation (Halliwell, 1997a; 

Halliwell, 1997b). Tissue injury by viral, fungal, bacterial insults, toxins and trauma is 

accompanied by inflammation, resulting in increased free radical production and 

depletion of antioxidants (Halliwell, et al., 1992; Basu, 1999). 
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Oxidative stress has been associated with numerous diseases including cancer, 

atherosclerosis, diabetes, and neurodegenerative disorders such as brain ischaemia, 

Parkinson’s disease, familial amyotrophic lateral sclerosis and AD (Multhaup, et al., 

1998; Nunomura, et al., 2007b). Tissue damage by whatever insult results in increased 

levels of free radicals and, if antioxidant levels are minimal, then oxidative stress is the 

consequence. It is therefore important to assess the significance of oxidative stress in 

the disease process. The assessment will involve determining whether oxidative stress 

contributes directly to the disease process or whether it is merely an inactive end 

product (Halliwell, 1997a; Halliwell, 1997b; Sayre, et al., 2008). 

Oxidative stress was initially proposed to be a major factor in AD in 1986 (Martins, et 

al., 1986). Since then, many other researchers have found that oxidative stress is 

implicated in AD in various processes and stages in the disease. Overwhelming 

evidence exists that the cells in the AD brain undergo abnormally high levels of 

oxidative stress, and that amyloid plaques are a focus of cellular and molecular 

oxidation (reviewed in Mattson, 1997a; Mattson, 1997b; Mattson, 2002; Mattson, 2004; 

Nunomura, et al., 2007a; Sayre, et al., 2008). 

Oxidative stress may not be the primary aetiology of AD; however, it precedes specific 

cellular and tissue damage which underlies the onset of this disease (Smith & Perry, 

1997). Since 1994 various studies have established that oxidative stress is present in 

dying neurons and not just in amyloid deposits (Smith, et al., 1994a; Smith, et al., 

1994b; Smith, et al., 1995a; Smith, et al., 1995b; Smith, et al., 1996a; Smith, et al., 

1996b; Smith & Perry, 1997a; Smith & Perry, 1997b; Sayre, et al., 1997; Nunomura, et 

al., 2007; Sayre, et al., 2008). 
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AD is associated with aging in AD cases whether or not there is a genetic aetiology 

(Smith & Perry, 1997). In the free radical theory of aging, aging is associated with an 

increase of free radicals coupled with a decreased ability to defend against free radicals, 

thereby causing an accumulation of oxidatively modified cells or tissues (Harman, 

1956). The decreased ability to defend against free radicals in aging is further 

compromised in AD with a genetic aetiology, where additional abnormal sources of free 

radicals occur such as those caused by susceptibility genes and mutations in the APP 

and PS1 genes (Smith & Perry, 1997; Nunomura, et al., 2007). 

Αβ generates oxygen-dependent free radicals which cause lipid peroxidation and 

oxidation of proteins. Membrane protein modification also can be produced directly 

either by Αβ, by lipid-derived free radicals, or by 4-hydroxy-2-trans-nonenal (4-HNE), 

a major lipid peroxidation product (Butterfield, 1997). Butterfield (1997) observed that 

although fibrillar Αβ is toxic, non-fibrillar Αβ can also be neurotoxic in certain 

circumstances. The most toxic forms of Aβ are thought to be small oligomers, possibly 

dimers of Aβ (McLean, et al., 1999). These findings are consistent with the observation 

of neuronal loss in regions of the AD brain distal from senile plaques (Butterfield, 

1997). 

The Αβ-associated free radical model of AD is consistent with other factors associated 

with AD such as aging and environmental insults which compromise antioxidant status, 

and genetic factors which lead to increased Αβ production. The main sources of 

oxidative stress which are thought to play an important role in the AD process as 

follows. Αβ has been implicated in radical formation through peptidyl radicals 

(Butterfield, et al., 1994; Hensley, et al., 1994; Sayre, et al., 1997; reviewed in 

Butterfield, 1997; Mattson, 1997b; Mattson, 2002; Mattson, 2004; Nunomura, et al., 
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2007a). Mitochondrial metabolism abnormalities, possibly induced directly by 

increased levels of toxic forms of Aβ, are an early source of free radical production in 

AD (Davis, et al., 1997b; Crouch, et al., 2007b). For example, increases in hydrogen 

peroxide levels and decreases in cytochrome oxidase activity are found in young AD 

transgenic mice prior to the appearance of Aβ plaques (Manczak, et al., 2006). In NFT 

and Αβ deposits, iron accumulates in a redox-state (Good, et al., 1992; Smith, et al., 

1997a). The formation of AGE, and the formation of the hydroxyl radical from 

hydrogen peroxide, can both be catalysed by iron (Smith, et al., 1997a). Further, 

aluminium, which also accumulates in NFT-containing neurons, stimulates iron-induced 

lipid peroxidation (Oteiza, 1994). Finally, in the presence of transition metals such as 

iron or copper, AGE can undergo redox cycling so producing free radicals (Baynes, 

1991; Yan, et al., 1994). 

The above reactions all result in cell damage which includes production of AGE (Smith 

& Perry, 1997), lipid peroxidation adduction products (Sayre, et al., 1997), 

neurofilament protein and free carbonyls (Liu, et al., 2003; Ledesma, et al., 1994; 

Vitek, et al., 1994; Yan, et al., 1994; Montine, et al., 1996; Sayre, et al., 1997). These 

oxidative products, in addition to acting as sources of further radical formation, also 

interfere with the normal functioning of the cell. For example, crosslinking of proteins 

due to oxidative reactions can make them insoluble (see review of Smith, et al., 2007) 

and resistant to proteolytic removal (Cras, et al., 1995) through competitive inhibition 

of the proteosome (Friguet, et al., 1994). The buildup of these insoluble deposits within 

the cell eventually leads to cell death (Figure 1.3). 
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Figure 1.3. Sources of oxidative stress leading to degenerative disease 
This figure depicts the effects of various agents which induce an increase in free radicals. If 
antioxidant levels are low, then a state of oxidative stress occurs, which can lead to several 
degenerative diseases. 

1.5.1. Aβ-induced oxidative stress 

Αβ is a 4kDa hydrophobic peptide which consists of 39-43 amino acids (Glenner & 

Wong, 1984). Αβ1-40 is the major β-amyloid species and is soluble, whereas Αβ1-42 is 

a minor soluble species and is fibrillogenic, as exhibited in amyloid plaques (Masters, et 

al., 1985). 

It has been demonstrated by a number of groups that different regions of the Αβ peptide 

have particular characteristics which may be of importance in elucidating the 

mechanism of its toxicity (see reviews by Behl, 1997; Butterfield, 1997; Mattson, 

1997b; Varadarajan, et al., 2000; Miranda, et al., 2000). 
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Residues 1-28 are referred to as the N-terminus and occupy an aqueous domain, whilst 

residues 29-43 are anchored in the lipid membrane (Fraser, et al., 1991), and residues 

36-42 constitute the hydrophobic region; this region is often referred to as the C-

terminus. This latter region has fusogenic properties which destabilise cellular 

membranes. The hydrophobic C-terminus region also directs folding into a beta-pleated 

sheet formation and thereby induces fibrillation and aggregation of the peptide (Pillot, et 

al., 1996). 

The neurotoxic activity of Αβ was first thought to be localised to the 25-35 amino acid 

region (Pike, et al., 1993; Mattson, et al., 1995; Varadarajan, et al., 2001). However, 

subsequent studies have demonstrated the methionine at residue 35 to be critically 

important in the neurotoxicity of the Αβ peptide (Varadarajan, et al., 1999; Varadarajan, 

et al., 2000; Butterfield & Kanski, 2002). Substitution of methionine’s sulphur atom by 

a methylene totally prevents Αβ-induced neurotoxicity, and free radical production 

(Butterfield & Kanski, 2002). However, a review of the oxidation of methionine in 

proteins has led some researchers to the conclusion that methionine, like cysteine, has a 

role in antioxidant defence through reversible oxidation and reduction by methionine 

sulfoxide reductase (Levine, et al., 2000). Interestingly, it has also been demonstrated 

that methionine sulfoxide reductase is decreased in AD (Gabbita, et al., 1999). It should 

also be noted that methionine sulfoxide can be further irreversibly oxidised to 

methionine sulfone (Butterfield & Kanski, 2002). 

Various studies have provided strong evidence that Αβ plays a key role in the 

development and progression of AD (Behl & Sagara, 1997). Initially Αβ was shown to 

be neurotoxic (reviewed by Butterfield, 1997) when primary embryonal neurons were 

incubated with Αβ (Yankner, et al., 1989).  
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This finding was confirmed by many investigators in subsequent studies (Koh, et al., 

1990; Roher, et al., 1991a; Behl, et al., 1992; Mattson, et al., 1992; Yoshikawa, et al., 

1992; Behl, et al., 1994a; Behl, et al., 1994b; Shearman, et al., 1994; Hensley, et al., 

1996; see also Rhein & Eckert, 2007). Further studies have since demonstrated that Αβ 

confers its neurotoxicity by means of the production of free radicals. 

Αβ, specifically, causes elevated levels of hydrogen peroxide due to its superoxide 

dismutase (SOD)-like activity. This activity is dose-dependent, is initiated by transition 

metal ion reduction (Behl, 1994a; Behl, 1994b; Huang, 1999a; Huang, 1999b; 

Halliwell, 1984; Sayre, et al., 2000), and results in the production of the very damaging 

hydroxyl radical via the Fenton reaction (Imlay & Linn, 1988; Behl, et al., 1994b; 

Sayre, et al., 2000; Reiter, et al., 1997; Reiter, 1997) (Figure 1.4). 

 
Figure 1.4. Intracellular Aβ-induced oxidative stress 
Diagram of interactions between different intracellular organelles under oxidative stress. 



 

- 31 - 
 

The hydroxyl radical is so reactive that it will indiscriminately damage any biomolecule 

in proximity (Pappolla, et al., 2000). However, the transformation of superoxide 

radicals and hydrogen peroxide to the extremely reactive hydroxyl radical can only 

occur in the presence of transition metals acting as catalysts (Halliwell, 1984; see also 

Capasso, et al., 2005). Transition metals, fortunately, are normally excluded from any 

free radical reactions by being sequestered as in transferrin, ferritin or ceruloplasmin 

(Halliwell & Gutteridge, 1992; Halliwell, et al., 1992; Multhaup, et al., 1998). 

As mentioned earlier, Αβ generates oxygen-dependent free radicals which cause lipid 

peroxidation and oxidation of proteins. Membrane protein modification can also be 

produced directly either by Αβ, by lipid-derived free radicals, or by 4-HNE, a major 

lipid peroxidation product (Butterfield, 1997; Butterfield, et al., 2007). Alternatively, it 

has also been suggested recently that Αβ is a redox-metal chelator and antioxidant 

(Atwood, et al., 2002). Moreover, it has even been suggested that both Αβ and tau may 

have antioxidant functions (Smith, et al., 2002). In this context it must be remembered 

that, when donating electrons, antioxidants convert into free radicals themselves, thus 

perhaps contributing to the pathogenesis of AD. 

Interestingly, it has recently been demonstrated that oxidative stress induces 

intracellular accumulation of Αβ in human neuroblastoma cells (Masonic, et al., 2000) 

and in transgenic mice it has been demonstrated that increased lipid peroxidation 

precedes the formation of Αβ plaques (Pratico, et al., 2001). These studies suggest that 

oxidative stress promotes intracellular Αβ accumulation by enhancing the 

amyloidogenic pathway. This is supported by another study which demonstrated that 

the antioxidant N-Acetyl-L-Cystein (NAC) can downregulate AβPP gene transcription 

in human neuroblastoma cells (Studer, et al., 2001).  
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Taken together, if oxidative stress can both upregulate AβPP expression and enhance 

the amyloidogenic pathway, this would contribute to a cycle of continuous production 

of oxidative stress. 

Αβ can also interact directly with membrane lipids causing lipid peroxidation 

(Butterfield, 1997; Butterfield, et al., 2007). As a consequence of lipid peroxidation, the 

production of isoprostanes is increased. Isoprostanes are very stable and have been 

employed as markers of lipid peroxidation (Halliwell, 1999; Montine, et al., 2007). 

Levels of isoprostanes have been found to be elevated in AD brains, indicating 

increased levels of lipid peroxidation (Montine, et al., 1998b), and recent studies have 

found that levels of certain isoprostanes are increased early in the AD process, 

suggesting they contribute to the progression of the disease (Markesbery, et al., 2005). 

Isoprostane levels are also increased in apoE-deficient mice, an animal model of AD, 

yet levels can be suppressed with vitamin E supplementation (Pratico, et al., 1998), 

suggesting that antioxidant treatment may be beneficial in AD (Goldberg, 2007). 

1.5.2. Mitochondrial damage induced by oxidative stress 

The mitochondria in neurons, as in other cells, are very susceptible to damage (reviewed 

by Beal, 1996; Kowaltowski & Vercesi, 1999; Albers & Beal, 2000; Crouch, et al., 

2007a) induced by free radicals which are continuously produced in the respiratory 

chain (Boveris & Chance, 1973; Crouch, et al., 2007a). The mitochondrial respiratory 

chain is a major source of free radicals due to a leakage of electrons during normal 

aerobic metabolism. Mitochondrial membrane lipid peroxidation culminates in 

irreversible loss of function of the mitochondria including respiration, oxidative 

phosphorylation and ion transport (Bacon & Britton, 1990; Crouch, et al., 2007a). It is 

well established that mitochondrial adenosine triphosphate (ATP) production is 
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essential for maintaining cellular integrity and, if this is disrupted in multiple 

mitochondria, that the cell will die (Kowaltowski & Vercesi, 1999). A number of 

studies have associated mitochondrial dysfunction to necrosis and apoptosis of the cell 

(for a review see Rego & Oliveira, 2003; Camins, et al., 2008). Αβ25-35 has been 

shown to selectively decrease cytochrome c oxidase in isolated mitochondria, which 

may indicate a contributing factor in the pathogenesis of AD (Canevari, et al., 1999; 

Crouch, et al., 2007a). It has also been demonstrated by morphometric analysis of AD 

brains that there was a significant reduction in the numbers of mitochondria in neurons 

lacking NFT. This suggests that mitochondrial abnormalities are one of the earliest 

cytopathological events in AD (Hirai, et al., 2001). Similarly, it has been posited that 

oxidative damage is the fundamental pathogenic mechanism of AD and other 

neurodegenerative diseases, since major oxidation products are most highly 

concentrated in the cytoplasm of vulnerable neurons in AD brains (Perry, et al., 2002). 

These considerations indicate that new therapeutic approaches may involve antioxidants 

to prevent mitochondrial damage as witnessed in AD (reviewed by Miquel, 2002; 

Camins, et al., 2008). 

1.5.3. ApoE, cholesterol and oxidative stress in AD 

As mentioned above, it has been observed that there is an increased frequency of the 

epsilon 4 allele of the APOE gene in LOAD cases when compared with age-matched 

controls (Strittmatter, et al., 1993a). APOE ε4 increases the risk for AD in a dose-

dependent manner, such that those individuals having two copies of the allele have an 

earlier age of onset than those with a single copy (Corder, et al., 1993). The extent of 

Αβ deposition is also positively correlated with the number of APOE ε4 alleles 

(Gearing, et al., 1996; Yamaguchi, et al., 2001). 
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It has recently been shown that apoE also has antioxidant activity. It is interesting to 

note that apoE ε2 has the most effective antioxidant activity, with apoE ε3 being less 

effective and apoE ε4 the least effective (Miyata & Smith, 1996). This order of 

effectiveness of antioxidant activity for the apoE isoforms closely parallels their ability 

to bind and mobilise the Αβ peptide (Miyata & Smith, 1996). In support of this, a recent 

study has found that the Fe2+-enhanced uptake of exogenous Aβ1-40 and its deposition, 

together with apoE in the lysosomes of myocytes, is associated with lipid peroxidation 

and protein ubiquitination. In addition, these deposits were more abundant and more 

stable in ε4/ε4 than in ε3/ε3 myocytes (Mazur-Kolecka, et al., 2006). The possibility 

that cholesterol contributes to the Αβ-induced generation of free radicals has also been 

demonstrated; for example, cholesterolaemia profoundly affects the development and 

modulation of amyloid pathology in a transgenic model of AD (Pappolla, et al., 2002). 

However, statin (simvastatin) treatment of both AD transgenic mice and their non-

transgenic littermate mice has been found to improve memory in these mice, with no 

change in brain Aβ levels. Instead, Akt and nitric oxide synthase expression levels were 

increased, and the results suggest that the simvastatin may have affected signalling 

pathways in memory formation (Li, et al., 2006). In summary, cholesterol reduction 

may reduce oxidative stress to some extent, although only partly by restraining the 

amyloidogenic pathway whilst stimulating the non-amyloidogenic pathway of AβPP 

processing. 

1.6. Free radicals – ROS and reactive nitrogen species (RNS) 

Free radicals are atoms, molecules or molecular fragments which contain one or more 

unpaired electrons in their outer orbital (Del Maestro, 1980; Harman, 1988). The 

electrons occupy space known as an orbital, and each orbital can hold two electrons 

which spin in opposite directions (Halliwell & Gutteridge, 1985; Southorn & Powis, 
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1988a; Southorn & Powis, 1988b). The existence of one or more unpaired electrons 

causes them to be paramagnetic or to be slightly attracted to a magnetic field (Halliwell, 

1994; Halliwell & Gutteridge, 1989a). 

Free radicals can be formed by either losing or gaining a single electron from a non-

radical atom or molecule (Southorn & Powis, 1988a; Southorn & Powis, 1988b; 

Halliwell, 1994; Halliwell, 1996b; Halliwell, 2001). When an electron is lost it is called 

an oxidation reaction and when an electron is gained it is called a reduction reaction. 

Free radicals are also formed by homolytic fission of a covalent bond, where a bond is 

split symmetrically and both fragments retain a single electron in the outer orbital. 

Homolytic fission can be important in initiating lipid peroxidation (Southorn & Powis, 

1988a; Southorn & Powis, 1988b) (Figure 1.5). 
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Figure 1.5. Diagram of heterolytic and homolytic covalent bond fission 
A and B donate an electron to create a double electron ‘covalent’ bond. In the top equation, 
heterolytic asymmetric cleavage of this bond results in a –ve charged A ion and +ve charged B 
ion. In the lower equation, symmetric homolytic cleavage of bond results in free radicals A and 
B, each having one unpaired electron [adapted from Southorn and Powis 1988]. 

In living tissue, free radicals or reactive species are continuously being produced 

(reviewed by Pryor, 1982; Southorn & Powis, 1988a; Southorn & Powis, 1988b; 

Halliwell, et al., 1992; Halliwell, 2001). Some free radicals are produced accidentally as 

in leakage from the mitochondrial electron transport chain (Halliwell & Gutteridge, 

1985; Halliwell & Gutteridge, 1986; Halliwell & Gutteridge, 1990; Halliwell, 2001), 
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whilst others are generated for specific purposes, such as cell signalling (Sen, 2000) or 

defending against extraneous organisms. For example, the superoxide radical generated 

by the enzyme NADPH oxidase serves as the origin for the production of a vast 

assortment of reactive oxidants, including oxidised halogens, free radicals and singlet 

oxygen. They are utilised by phagocytes to kill assaulting microorganisms (Babior, 

1999). Conversely, hydrogen peroxide is a messenger for the activation of the 

transcription nuclear factor kappa beta (NF-κβ) in a variety of cells, whereas the free 

radical nitric oxide (NOo) is a signalling molecule present in almost all human tissues. 

Free radicals and ROS, RNS and reactive chlorine species (RCS) (Table 1.2) are 

thought to contribute or be associated with several age-related diseases and to the 

process of aging itself (Halliwell & Whiteman, 2004). 
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Table 1.2. Distinguishing between free radicals and non-radicals 

ROS refers to both oxygen radicals and non-radicals which can be easily converted into 
radicals. RNS refers to both nitrogen radicals and non-radicals which can be easily converted 
into radicals. RCS refers to both chlorine radicals and non-radicals which can be easily 
converted into radicals [sourced from Halliwell & Whiteman 2004]. 

Free radicals Non-radicals 

Reactive oxygen species (ROS) 

Superoxide (O.
2

-) Hydrogen peroxide (H2O2) 

Hydroxyl (OH.) Hypobromous acid (HOBr) 

Hydroperoxyl (HO.
2) Hypochlorous acid (HOCl) 

Peroxyl (RO.
2) Ozone (O3) 

Alkoxyl (RO.) Singlet oxygen (O1
2∆g) 

Carbonate (CO.
3) Organic peroxides (ROOH) 

Carbon dioxide (CO.
2

-) Peroxynitrite (ONOO) 

 Peroxynitrous acid (OnOOH) 

Reactive chlorine species (RCS) 

Atomic chlorine (Cl.) Hypochlorous acid (HOCl) 

 Nitryl (nitronium) chloride (NO2Cl) 

 Chloramines 

 Chlorine gas (Cl2) 

Reactive nitrogen species (RNS) 

Nitric oxide (NO.) Nitrous acid (HNO2) 

Nitrogen dioxide (NO.
2) Nitrosyl cation (NO+) 

 Nitroxyl anion (NO-) 

 Dinitrogen tetroxide (N2O4) 

 Dinitrogen trioxide (N2O3) 

 Peroxynitrite (ONOO-) 

 Peroxynitrous acid (ONOOH) 

 Nitronium (nitryl) cation (NO2
+) 

 
 

Free radicals are being increasingly implicated as playing an important part in human 

diseases such as cancer, CVD and inflammatory diseases (Southorn & Powis, 1988a; 

Southorn & Powis, 1988b), since free radicals are now recognised as being 
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commonplace and important biochemical intermediates (Cheeseman & Slater, 1993). 

Some of the diverse diseases or conditions thought to be associated with, or even caused 

by, free radicals include rheumatoid arthritis, degenerative retinal damage, ionising 

radiation (skin), heavy metal nephrotoxicity, pancreatitis, Parkinson’s disease and 

multiple sclerosis and alcoholic myopathy. 

With respect to AD, it is important to assess whether free radicals are a consequence of 

the disease process, or whether they cause it. This may be determined, in part, by 

ascertaining the effects of antioxidants in alleviating the neuropathology associated with 

AD (Cheeseman & Slater, 1993). 

1.6.1. Superoxide and hydroxyl radicals 

The superoxide radical (O2.-) is not very reactive. It is generated by autoxidation 

reactions, leakage of electrons from the electron transport chain in the mitochondria and 

also by enzymes such as xanthine oxidase (Halliwell, 2001). O2.- cannot damage 

proteins, DNA or lipids directly (Halliwell, 2001). At high levels, however, O2.- can 

remove some of the iron normally sequestered in the iron-storage protein ferritin 

(Bolann & Ulvik, 1990). It can also damage the active sites of iron-sulphur containing 

enzymes such as aconitase, thereby leading to their inactivation and to the release of 

iron (Liochev, 1996). The released iron can subsequently act as catalyst for the lipid 

peroxidation reaction (Kappus, 1987). 

Dismutation of the O2.- radical produces hydrogen peroxide (H2O2) (Fridovich, 1997). 

H2O2 is also produced by enzymes such as xanthine oxidase (de Groot & Littauer, 1989) 

and glycollate oxidase (Chance, et al., 1979). Like the O2.- radical, H2O2 is not very 

reactive and it appears incapable of oxidising proteins, DNA, nor lipids directly 

(Halliwell, et al., 2000).  
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However, it can damage proteins containing a hyper-reactive thiol group or methionine 

residue (LeVine, et al., 2000). Substantial amounts of H2O2 are produced at sites of 

inflammatory reactions; it is also found in urine and expired breath (Halliwell, et al., 

2000). 

Although iron is an essential element necessary for normal brain development 

(Wasantwisut, 1997) and for oxygen transport by haemoglobin, in its unsequestered free 

state it is a powerful catalyst of free radical reactions (Halliwell & Gutteridge, 1985; 

Halliwell & Gutteridge, 1986; Ong & Halliwell, 2004). Iron can transfer single 

electrons as it is converted from the ferrous to the ferric state. In this reaction, iron 

converts H2O2 into the hydroxyl radical (OH.) (Halliwell & Gutteridge, 1985; Halliwell 

& Gutteridge, 1986; Ong & Halliwell, 2004). 

Any reducing agent capable of recycling Fe3+ back to Fe2+ can propagate the Haber-

Weiss-type free radical reaction to form the hydroxyl radical, hydroxyl ion and oxygen 

(Halliwell, 1984). Ascorbic acid (vitamin C) can act as a reducing agent in the above 

reactions (Halliwell & Gutteridge, 1990a; Halliwell & Gutteridge, 1990b). Thus, in the 

presence of transition metals, vitamin C can become pro-oxidant, thereby promoting the 

generation of the OH. radical (Halliwell, 1999). 

The OH. radical is thought to be the most reactive free radical in vivo and is capable of 

damaging any biomolecule in its vicinity, including proteins, DNA, lipids and 

carbohydrates (Halliwell, 1984). When DNA is attacked by the OH. radical, the 

pyrimidine and purine bases, as well as the deoxyribose residues may be damaged, 

resulting in a variety of degradation endproducts, including cytosine glycol, 8-

hydroxyadenine and 8-hydroxyguanine. These can be detected in urine and DNA 

extracts (Kasai, 2002). 
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Lipids are also damaged by the OH. radical, starting a chain reaction of lipid 

peroxidation (Halliwell, 1999). Lipid hydroperoxides can be degraded by the catalytic 

action of iron or copper into the alkoxyl and by peroxyl radicals capable of damaging 

membrane proteins and causing a propagation of lipid peroxidation (Halliwell, 1984; 

Halliwell & Gutteridge, 1990a; Halliwell & Gutteridge, 1990b). 

The endproducts of lipid peroxidation include the highly toxic carbonyl compounds 

malondialdehyde and 4-HNE, both used as biomarkers of lipid peroxidation (Zarkovic, 

2003). In addition, autoxidation reactions can be catalysed by the transition metals such 

as iron, copper and manganese ions, promoted by the oxidation of neurotransmitters 

such as dopamine and norepinephrine, and result in production of O2.-, H2O2 and 

reactive quinones, which may combine with glutathione (GSH) decreasing its 

concentration (Halliwell & Gutteridge, 1984a; Halliwell & Gutteridge, 1984b; 

Venarucci, et al., 1999; see also Shcherbatykh & Carpenter, 2007). 

1.6.2. Nitric oxide radical 

Nitric oxide (NO.) is a poorly-reactive free radical which has an essential role in the 

regulation of vasoconstriction and in neurotransmission (Bredt, 1999). Surplus NO., 

however, can inhibit cytochrome oxidase thus resulting in increased leakage of 

electrons and increased formation of O2.- (Forfia, et al., 1999). In addition, NO. can 

react with O2.- producing the peroxynitrite radical (ONOO-) (Beckman & Koppenol, 

1996). This radical swiftly protonates at physiological pH, thereby producing 

peroxynitrous acid (ONOOH), which in turn causes the generation of cytotoxic agents 

which have nitrating, oxidising and hydroxylating capacities (Beckman & Koppenol, 

1996; Halliwell & Gutteridge, 1999). These reactions in vivo can therefore promote the 

oxidation and nitration of lipids, proteins and DNA (Ischiropoulos, 1998). 
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The nitration of protein tyrosine residues yields 3-nitrotyrosine which has previously 

been used as an in vivo biomarker of peroxynitrite free radical production 

(Ischiropoulos, 1998). Tyrosine, alternatively, can be nitrated by other mechanisms 

which therefore may preclude its usefulness as an in vivo biomarker (Halliwell, 1999). 

Not only can ‘free’ iron be involved in these free radical reactions, haem and haem 

proteins can also contribute to them (Gutteridge, 1988; Alayash, 2000). NO. produced in 

vivo distributes into the red blood cells to be oxidised by haemoglobin. The release of 

unbound haemoglobin into the tissues can lead to swift scavenging of the NO. radical, 

thus promoting vasoconstriction which may contribute to the problems inherent in 

ischaemia (Macdonald & Weir, 1991). H2O2 can also react with the haem proteins to 

generate the ferryl species via a 2-electron oxidation reaction (Alayash, 2000). 

Combinations of haemoglobin, cytochromes, or myoglobin with H2O2 can therefore be 

very potent instigators of lipid peroxidation, and generate extensive damage to proteins 

(Evans, 1994; Alayash, 2000). 

1.6.3. Calcium in oxidative stress and AD 

Changes in intracellular sodium and calcium ion concentrations can occur under certain 

stressful situations, for example when glucose metabolism is impaired, as has been 

demonstrated in early stages of AD. Low glucose metabolism causes ATP-dependent 

membrane transport to diminish, which then results in chronic partial depolarisation and 

an impaired function of ligand and voltage-gated ion channels. Increased levels of 

calcium in turn set in motion several different pathways which are capable of causing 

oxidative stress (Markesbery, 1997). For example, activation of phospholipase A2 

(PLA2), which is calcium-dependent, releases arachidonic acid (AA). This can then be 

enzymatically converted to thromboxanes, prostaglandins and leukotrienes causing 

generation of O2
.-.  
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Excess calcium also activates calpain-1, which catalyses the conversion of xanthine 

dehydrogenase to xanthine oxidase, which catabolises purine bases to produce O2
.-. 

Lactic acid, which increases in this process, can liberate stores of Fe2+, stimulating the 

Fenton reaction, producing H2O2 and resulting ultimately in the release of OH. free 

radicals (Markesbery, 1997). Calcium also activates nitric oxide synthetase which may 

react with O2
.- to produce peroxynitrite, which can in turn form the OH. free radical. 

Therefore diminished energy metabolism and increased excitotoxicity may be 

convergent mechanisms capable of increasing the production of free radicals, which 

then leads to neuron degeneration and cell death (Markesbery, 1997). 

Neuronal Ca2+ overload and apoptosis are known to occur in AD, and Aβ is thought to 

play a role in disrupting Ca2+ homeostasis (Pereira, et al., 2004). The endoplasmic 

reticulum (ER) seems to play a role in Aβ-induced apoptotic neuronal death, the ER 

stress being mediated by the perturbation of ER Ca2+ homeostasis (Pereira, et al., 2004) 

(Table 1.3). 
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Table 1.3. Sources of free radicals 

Exogenous sources of free radicals and examples 

Atmosphere/biosphere Ozone, NO2, ethanol, tetradecanoyl phorbol acetate 

Industrial chemicals Carbon tetrachloride. SO2, SO2 + soot, smog & asbestos, Car exhaust, 
petrol fumes, HSO3 

Xenobiotics 
(substances foreign to cell) 

Benzo[a]pyrene 

Coal tar extracts Pyridine, phenol, cresols, xylenol (environmental neurotoxicants) 

Pesticides Organochlorine, DDT, TCDD, PCB, PBB 

Aromatic hydrocarbons Benzene, aromatic amines, aminoazo compounds 

Cigarette smoke 1014-1017 Free radicals per puff 

Chronic ethanol/ 
alcohol consumption 

When liver alcohol dehydrogenase capacity is surpassed 

Food preservatives SO2 and bisulfite 

Pharmaceuticals Paracetamol, halothane, paraquat, adriamycin (anthracycline 
antibiotic), mitomycin, menadione, aromatic nitro compounds, 
gentamycin, methyl chloride, chloroform, dibromoethane, lindane, 
hexachlorobenzene, clofibrate, cephaloridine, celiptium, bleomycin, 
zidovudine 

Drugs  Cocaine 

Radiation Gamma-radiation, ultraviolet radiation, Ionising radiation 

Food irradiation Water in food when irradiated, cellulose, sugars and bones result in 
increased free radicals 

Milk Bacteriostasis of bovine milk 

Diseases Viral, bacterial infections/inflammation result in excess of free 
radicals as a consequence of the primary disease process 

Endogenous sources of free radicals and examples 

Aerobic metabolism Autoxidation of reduced flavins and thiols. From enzyme activity 
such as oxidases, cyclooxygenases, lipoxygenases, dehydrogenases 
and peroxidases. Electron transport systems in mitochondria, 
lysosomes, peroxisomes, nuclear, endoplasmic reticular, plasma 
membranes and cytosol 

Immune response Phagocytes, fibroblasts, lymphocytes, neutrophils, monocytes, 
macrophages, polymorphonuclear leucocytes, eosinophils, microglia, 
astrocytes 

Electron transfer Transfer of electrons from transition metals; iron, cobalt, chromium, 
copper, nickel and titanium 

Exercise Skeletal muscles consumption increased up to 15-fold 

Trauma Bone fractures yield a remarkably high level of free radicals 

Brain peptide β-amyloid in NFT and plaques 

Cell death Apoptosis and necrosis 
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1.7. Tissue oxidation and peroxidation 

The hydroxyl radical has been implicated in the destruction of proteins, saturated lipids 

and polyunsaturated fatty acids (Pryor, 1982). The oxidation of lipids, therefore causing 

their rancidity, has been recognised as a problem in the storage of oils and fats. 

Characteristic changes associated with deterioration of vegetable oils and animal fats by 

oxidative reactions include changes in colour, solubility, specific gravity and viscosity 

(Gutteridge, 1988). Lipid peroxidation has been studied by food scientists, polymer 

chemists, and even by curators of museums who are interested in preventing the 

oxidation reactions of precious artworks. It is only since the 1950s that lipid 

peroxidation has been implicated in disease processes in medicine and biology 

(Gutteridge & Halliwell, 1990). 

The OH. radical described earlier can initiate lipid peroxidation of polyunsaturated fatty 

acids located in cell membranes. Lipid peroxidation is particularly damaging since it 

proceeds as a self-perpetuating chain reaction causing widespread destruction of tissues 

(Cheeseman & Slater, 1993). 

Schematic of lipid peroxidation 

(1) LH + R.  →  L. + RH 

(2) L. + O2
.  →  LOO . 

(3) LOO . + L′Η.  →  LOOH + L′. 

(4) LOOH.  →  LO ., LOO ., aldehydes 

Key: LH = Polyunsaturated fatty acid, L. = Initiating radical, L′ = Peroxyl radical, LOOH = 
Lipid hydroperoxides, LOO . = Fatty acid peroxyl radical) 
 



 

- 45 - 
 

The oxidation reaction of the polyunsaturated fatty acids results in the fatty acid radical 

(L.) which rapidly reacts with oxygen (O2), so forming the fatty acid peroxyl radical 

(LOO.). Peroxyl radicals can cause the chain reaction by oxidising polyunsaturated acid 

molecules further, producing lipid hydroperoxides (LOOH) which can be reduced to 

more radical species or break down into aldehydes. 

When lipid hydroperoxides break down, they form biologically active aldehydes. One 

of these compounds is 4-HNE which can diffuse to other parts of the cell, thus 

spreading the damage (Cheeseman & Slater, 1993). 4-HNE is highly reactive and can 

inhibit DNA, ribonucleic acid (RNA) and protein synthesis as well as glycolysis and 

degradation of enzymes (Markesbery, 1997). Cell culture studies have shown that 4-

HNE contributes to membrane damage and causes cell death by inducing free radical 

damage (Esterbauer, et al., 1997; Zarkovic, 2003). 

The widespread use of pesticides causes environmental pollution and appears to have 

health risks; studies have shown they can cause oxidative stress. Human serum, milk, 

urine and tissue samples show increasingly high levels of pesticide residues. Various 

pesticide groups, including organochlorines, organophosphates, carbamates and 

herbicides, have been demonstrated to induce lipid peroxidation (reviewed by Banerjee, 

et al., 2001) (Figure 1.6). 
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Figure 1.6. Pathways for singular reduction of molecular oxygen and proposed 
alternative production schema of lipid peroxidation reactions in AD 
The removal of transition metals from proteins such as ceruloplasmin, ferritin and other heme 
proteins at acidic pH, and in the presence of Αβ, may be the primary causal factor of lipid 
peroxidation reactions in AD, since in this environment they can act as catalysts for lipid 
peroxidation. 

1.7.1. The BBB and lipid peroxidation 

The BBB regulates the internal environment of the brain (Begley, 1996) and protects 

the brain from the blood milieu, thereby maintaining homeostasis (Wolburg, et al., 

1994; Desai, et al., 2007). Substances can be transported across the BBB in four ways: 

by passive diffusion through cells or the tight junctions between them (determined by 

the molecular weight and lipophilicity of the solutes; many of them enter the brain by 

dissolving in the cell membrane lipids); by facilitated carrier systems; by specific 

peptide transporters; and by endocytic mechanism. 

The permeability of the BBB can be affected by various insults such as forced swim-

induced stress in mice (Friedman, et al., 1996), RNS during infections (Shukla, et al., 
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1995), by aluminium (Begley, 1996), histamine (Begley, 1996), toxins and aging 

(Banks & Kastin, 1996), and by trauma (Mustafa, et al., 1995). Non-selective opening 

of the BBB will transiently disturb the brain environment and could conceivably cause 

long-term damage (Begley, 1996). 

Since lipid peroxidation can cause membrane deterioration, it may contribute to the 

BBB becoming more permeable, allowing substances into the brain which could cause 

further oxidative stress and/or damage the brain (Donahue & Johanson, 2008). If the 

permeability of the BBB can also be affected by oxidative stress, it should then follow 

that in those situations the use of antioxidants or antioxidant combinations may be 

helpful in reducing oxidative stress, thereby protecting/repairing the BBB. The 

permeability of the BBB needs to be considered when assessing the use of antioxidants, 

since not all antioxidants cross the BBB. 

1.7.2. Protein oxidation 

Free radical induced oxidation of proteins is thought to play a prominent role in AD. 

Free radicals can attack amino acid residues such as histidine, arginine and lysine to 

produce carbonyls (Reznick & Packer, 1994). There is an increase in protein carbonyls 

in various brain regions in subjects with AD. It has been shown that the reactive 

carbonyl 4-HNE can modify tau in the phosphorylated state, thereby contributing to the 

production of the neurofibrillary tangle conformation of tau (Liu, et al., 2005; see also 

Ballatore, et al., 2007). 

The oxidation of brain proteins can include the damage to enzymes critical to neurons. 

Glutamine synthetase and creatine kinase are both very sensitive to oxidative 

modifications, and both are markedly reduced in AD-affected brains. Oxidised 

glutamine synthetase can affect glutamate concentrations and thereby enhance 
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excitotoxicity, whereas oxidised creatine kinase can result in decreased energy 

metabolism in AD (see review by Markesbery, 1999). Evidence for oxidative damage in 

NFT is supported by the presence of protein carbonyls, nitrotyrosine, hydroxynonenal, 

acrolein, hemeoxygenase-1 and AGE (Markesbery, 1997; Markesbery & Carney, 1999). 

The presence of increased levels of these oxidative endproducts in AD brains is 

indicative of protein oxidation and may therefore be useful as biomarkers to assess 

levels of oxidation. 

1.7.3. RNA and DNA oxidation 

An increase in oxidative damage to nuclear and mitochondrial DNA has been 

demonstrated to occur in aging in comparison to young controls. In AD there is an even 

greater increase in oxidative damage to cytoplasmic RNA, nuclear and mitochondrial 

DNA (Wang, et al., 2005). This damage can also be detected in peripheral cells of AD 

patients (Mecocci, et al., 1998). 

Free radical mediated DNA damage can result in strand breaks, sister chromatid 

exchange, DNA-DNA and DNA-protein cross linking, as well as modification to the 

bases (Pratico, et al., 2000; Wang, et al., 2005). DNA damage occurs due to the 

generation of superoxide, hydrogen peroxide, the hydroxyl and the peroxynitrite 

radicals (Markesbery & Carney, 1999). Free radical attack against DNA can damage 

any of the four DNA bases. The free radical mediated C-8 hydroxylation of guanine, 8-

hydroxyguanosine (8-OHG), is one of most common occurring DNA base 

modifications. It can be produced by direct oxidation of the base in DNA by hydroxyl 

or peroxynitrite radicals or by the inclusion of oxidised triphosphate into DNA during 

production or repair (Loft & Poulsen, 1996). It has been established that 

immunocytochemical detection of 8-OHG is limited to neurons. By using pre-treatment 

with ribonuclease (RNAse), deoxyribonuclease (DNAse) or acid hydrolysis, it has been 



 

- 49 - 
 

demonstrated that 8-OHG is associated mostly with cytoplasmic RNA in addition to 

cytoplasmic and nuclear DNA. This also implicates that there is a compromise in the 

synthesis of proteins in regions of the brain affected by AD (Sayre, et al., 2001). 

It has been demonstrated that free radical mediated oxidative modification of nuclear 

and mitochondrial DNA is detectable in patients with mild cognitive impairment, 

suggesting it is an early event in the pathogenesis of AD; this is thought to be due to 

hydroxyl radical damage (Markesbery & Carney, 1999; Wang, et al., 2006a; Lovell & 

Markesbery, 2007a). 

1.7.4. Glycoxidation 

AGE are post-translational oxidative modifications to proteins which are generated 

when the amino group of proteins, especially N-terminal amino groups and side chains 

of lysine and arginine, react non-enzymatically with glucose through the Maillard 

reaction (Miranda, et al., 2000). Alternatively, monosaccharides, when catalysed by 

transition minerals, can be oxidised, thereby producing free radicals, hydrogen peroxide 

and reactive dicarbonyls (Hunt, et al., 1990). This reaction may contribute to the 

oxidative modifications of Αβ peptides and tau. AGE have been shown to be present in 

senile plaques in AD subjects, and tau and AGE are co-localised in NFT (Smith, et al., 

1994b). When glycated tau are added to cultured neuroblastoma cells, lipid peroxidation 

can be induced (Yan, et al., 1994). 

Proteins which have been modified oxidatively can also generate free radicals via an 

interaction with microglia. Αβ peptides which have been oxidatively modified are 

thought to accelerate the aggregation of soluble non-fibrillar Αβ (Markesbery, 1999). 

Oxidative modification of proteins, glycoxidation and end-products of lipid 

peroxidation may arise in a synergistic or an additive manner (Smith, et al., 1995b).  
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The above studies support the theory that oxidative stress may be a primary event in the 

pathogenesis of AD. 

1.7.5. Oxidative stress and pH decrease 

Various studies have demonstrated that free radical formation is accelerated 

substantially as pH decreases (Barber, 1966; Wills, 1966; Gardner, 1989; Hanlon & 

Seybert, 1997; Schafer & Buettner, 2000). For example, lipid peroxidation catalysed by 

transition metals such as iron is enhanced with decreasing extracellular pH (Schafer & 

Buettner, 2000). In fact, FeII and FeIII are more soluble as solutions are more acidic, 

which makes them more available for lipid peroxidation reactions (Schafer & Buettner, 

2000). 

It has also been shown that an acidic pH can release iron from proteins such as 

lactoferrin (Egan, et al., 1993; Leake, 1997) and ferritin (Wills, 1966). In addition, cell 

culture studies have found that acidosis reduces the activity of antioxidant enzymes, 

which is in turn associated with increased intracellular free iron levels and increased 

oxidative stress (Ying, et al., 1999). Hence, acidic pH releases iron from sequestered 

sites; this iron is more destructive due to enhanced solubility (Schafer & Buettner, 

2000). The problem is compounded by the fact that superoxide dismutation to hydrogen 

peroxide and oxygen occurs faster at an acidic pH (Halliwell and Gutteridge, 1989) 

which could therefore result in intensified free radical production. 

Ceruloplasmin, the main copper transport protein in plasma (Ryden & Eaker, 1983), 

contains six or seven copper atoms per molecule (Musci, et al., 1993), one or more of 

which can partake in oxidation reactions depending on the degree of acidity 

(Ehrenwald, et al., 1994). Ceruloplasmin has been demonstrated to partake in 

antioxidant defence by inhibiting superoxide- or ferritin-induced lipid peroxidation. 
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Ceruloplasmin also scavenges hydrogen peroxide (Goldstein, et al., 1979), and it can 

act as a catalyst in the conversion of FeII to FeIII (Castellani, et al., 1999). A significant 

increase in the levels of ceruloplasmin has been found in the neuropil of AD brains 

(Castellani, et al., 1999), indicating that ceruloplasmin may indeed be instrumental in 

the production of free radicals in AD. 

Decreased pH also results in the increased oxidation of lipids. For example, linoleic acid 

oxidation is increased by decreased pH (Mabrouk & Dugan, 1960), and the oxidation of 

polyunsaturated fatty acids occurred more rapidly at acidic pH (Wills, 1965; Wills, 

1966; Schafer & Buettner, 2000). In addition, homogenised liver and brain, both rich in 

lipids, oxidised more rapidly at acidic pH (Wills, 1965; Wills, 1966; Dianzani & 

Ugazio, 1978; Funahashi, et al., 1994). The above-mentioned studies provide strong 

evidence that decreased pH is intensifying the production of detrimental free radicals. 

The situation is exacerbated by the commonly held view that pH is maintained at an 

appropriate level, since blood pH is well maintained. Chronic metabolic acidosis which 

is associated with intracellular and extracellular acidosis can exist even though blood 

pH is maintained within a normal range (Alpern & Sakhaee, 1997). Whilst it is 

generally understood by most physicians that severe disorders of acid-base metabolism 

is dangerous to the patient, the dangers of mild metabolic acidosis are less appreciated 

(reviewed by Brewer, 1990; Hill, 1990; Brewer, 1997; Brewer, 1998). 

In a study on the relationship between glucose and brain lactate levels during cerebral 

ischaemia in gerbils, it was shown that intracellular pH was markedly decreased when 

brain lactate levels rose above 17µmol/g (Combs, et al., 1990). Aging and excessive 

dietary protein and meat intake are associated with chronic metabolic acidosis; 

however, these factors are often overlooked since blood pH appears normal (Kurtz, et 
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al., 1983; Abelow, et al., 1992; Alpern & Sakhaee, 1997). The association of metabolic 

acidosis with aging may also be complicated by a decreased rate of renal acid excretion 

associated with a progressive loss of nephrons, resulting in a reduced glomerular 

filtration rate (Levi & Rowe, 1992; Frassetto, et al., 1996). 

A study employing the 31P-MRS-based measurement of intracellular and interstitial pH 

in vivo has shown that neurons have a basal pH of 6.95 and astrocytes a pH of 7.05 and 

that they are capable of substantial regulation of intracellular pH, despite interstitial pH 

decreasing by 0.31pH units (Kintner, et al., 2000). Nevertheless, evidence of the 

detrimental effects of decreased pH has been substantiated in in vitro studies. Neurons 

isolated from the hippocampus of aged rats are more susceptible to lactic acid induced 

toxicity (Brewer, 1998), and brain capillary endothelial cells as well as cholinergic 

neurons were shown to be vulnerable to low pH (Pirchl, et al., 2006). It has also been 

demonstrated that astrocytes subjected to an acidic environment show rapidly increased 

glial fibrillary acidic protein (GFAP) immunoreactivity (Oh, et al., 1995). In another 

study, lymphoblasts from AD patients exhibited a lower H+-buffering capacity and a 

decreased rate of H+ removal when subjected to an acid load in comparison to control 

cells (Ibarreta, et al., 1998). Moreover, in an in vivo study it was demonstrated that 

acute acidosis elevated malonaldehyde in rats (Waterfall, et al., 1996). Acidosis-

induced swelling and intracellular acidification of glial cells have been demonstrated 

(Ringel, et al., 2000), suggesting that this may be the mechanism by which glia and 

astrocytes become reactive. 

Further evidence for a role of acidosis in AD comes from studies which have 

demonstrated that Αβ aggregates more avidly at pH6.8 than pH7.4 (Atwood, et al., 

1998) and incubation of Αβ with FeIII-Citrate or CuII-Glycine at pH6.8 resulted in the 
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production of more FeII and CuI than at pH7.4 (Huang, et al., 1999a; Huang, et 

al.,1999b). Adding to this is evidence of the formation of larger and more complex 

fibrils from Αβ at acidic pH which was demonstrated when undifferentiated rat 

pheochromocytoma (PC12) cells were subjected to a pH5.8 environment compared to 

pH7.4 (Su & Chang, 2001). Embryonic rat hippocampal neurons incubated in serum-

free neurobasal medium were shown to lead to an increase in Αβ immunoreactivity 

when subjected to lactic acid (Brewer, 1997). In vitro studies have also shown that the 

β-secretase ASP-2 cleaves the APP at pH5 but not at pH8.5 (Sidera, et al., 2002). This 

supports the theory that Αβ peptides are produced in acidic organelles; Αβ peptides 

have been found in low-pH organelles like the endosomes and lysosomes (Koo & 

Squazzo, 1994). 

Lactate is increased and pH values are decreased in human postmortem brains from 

patients who have died in an agonal state (Perry, et al., 1982; Hardy, et al., 1985). The 

assessment of AD and Down syndrome brains has also shown a decreased pH and 

increased lactate levels compared to controls (Yates, et al., 1990). Brain levels of lactic 

acid have also been demonstrated to rise sharply during ischaemia as a result of 

decreased blood flow to the brain (Lowry, et al., 1964). EOAD patients have been 

found to have a fourfold increase in lactate (Hoyer, et al., 1988), suggesting that Αβ is 

accumulating at low-pH, although it is not known if the lower pH is a result of 

accumulating Αβ in EOAD, or a precursor to Αβ accumulation. AD brains’ apoptotic 

neurons frequently display intracellular Αβ42 labelling (Chui, et al., 2001). There is 

evidence that neurons accumulating Αβ undergo lysis to form amyloid plaques 

(D’Andrea, et al., 2001). Αβ plaques may represent the redox-silencing and 

entombment of Αβ by the transition metal zinc (Cuajungco, et al., 2000). 
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Investigations with substances known to promote a more alkaline cellular environment, 

such as potassium citrate, calcium carbonate or cesium carbonate, are warranted. These 

may improve total antioxidant status through the mechanism of reduced production of 

free radicals. Indeed, recently it has been shown that long-term intake of a high-protein 

diet modulated acid-base metabolism which was neutralised by dietary supplementation 

of potassium citrate in male rats (Mardon, et al., 2008). Furthermore, in a randomised, 

prospective, controlled, double-blind trial, postmenopausal women with osteopenia 

were shown to have increased bone mass after potassium citrate treatment as well as 

decreased blood pressure; dosage was one 10mEq tablet (1080mg) three times per day 

(Jehle, et al., 2006). Aging is associated with increased free radical production, 

therefore it is conceivable that age mediates an increased sensitivity to low pH, 

triggering increases in oxidative stress. The testing of the hypothesis that a low pH is 

the primary causal factor of increased free radical production will be of importance in 

our understanding of not only AD, but also other degenerative diseases which are 

associated with inflammation and oxidative stress such as cancer, Parkinson’s disease, 

atherosclerosis and diabetes. 

1.7.6. Inflammation and AD 

Another factor commonly found in AD is inflammation, which is also linked with 

increased free radical production, leading to further oxidative stress. The induction of 

the inflammatory response requires the activation of microglia and astrocytes and 

subsequent expression of cytokines, especially interleukin-1 (IL-1) (Kalaria, et al., 

1996a; Kalaria, et al., 1996b; Rogers, et al., 2007). IL-1, interleukin-6 (IL-6), tumour 

necrosis factor α (TNF-α) and transforming growth factor beta (TGF-β) are all affected 

and likely contribute to the inflammatory activation of microglia and astroglia (Hull, et 

al., 2002).  
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There is also genetic evidence for an association between inflammation and AD, as a 

single nucleotide polymorphism in the IL-1 gene confers an almost four-fold elevated 

risk of contracting the disease (Hedley, et al., 2002). Oxidative stress and inflammation 

can be described as reciprocally linked, such that inflammatory processes lead to 

increases in ROS production (Wang, et al., 2004) and vice versa (Qin, et al., 2004). 

Therefore it is perhaps not surprising that ROS and inflammation can both be reduced 

by individually targeted treatments, i.e. antioxidant treatment or non-steroidal anti-

inflammatory drug (NSAID) treatment (Hou, et al., 2003; Godbout, et al., 2004; Wang, 

et al., 2004; Weggen, et al., 2007; Czirr, et al., 2008). The prostaglandin 13,14-dihydro 

15-keto PGF2α and the isoprostane 8-iso-PGF2α have been directly associated with 

inflammation and the production of free radicals, and a recent study has found a 

significant increase in these compounds in the hippocampal pyramidal neurons of AD 

patients when compared to control patients (Casadesus, et al., 2007). Recent studies 

have linked hyperinsulinaemia with AD, as this is known to lead to inflammatory 

responses. In a study of elderly subjects, induced hyperinsulinaemia was found to cause 

increased CSF F2-isoprostane and cytokine levels and reduced transthyretin levels. This 

occurred in conjunction with increases in CSF and plasma levels of Aβ42, supporting 

the concept that inflammatory responses are linked to increases in Aβ42 levels and 

contributing to AD pathophysiology (Fishel, et al., 2005). 

Free radicals derived from mitochondrial dysfunction and from the cyclooxygenase 

(COX) enzyme activity play a role in oxidative damage of brain. COX is also involved 

in neuroinflammation via the production of pro-inflammatory prostaglandins which 

contribute to brain injury (Mancuso, et al., 2006; Mancuso, et al., 2007). The NSAIDs 

mentioned earlier are COX inhibiting drugs, and many clinical trials are still assessing 

the value of these drugs in the treatment and/or prevention of AD (Weggen, et al., 
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2007). However, the precise involvement of COX in AD, and the various putative roles 

of COX in normal functioning of the brain, are still under dispute (Ho, et al., 2006). The 

degradation of glycerophospholipids found in neuronal membranes by PLA2 generates 

AA and docosahexaenoic acid (DHA) (Calon & Cole, 2007). The catabolism of 

glycosphingolipids, another form of lipids in neuronal membranes, generates ceramide, 

ceramide 1-phosphate, sphingosine and sphingosine 1-phosphate. These metabolites 

modulate PLA2 activity. AA in turn modulates sphingomyelinase (SMase), the enzyme 

that generates ceramide and phosphocholine. Furthermore, sphingosine 1-phosphate 

modulates COX (Farooqui, et al., 2007). The interplay between metabolites of 

glycerophospholipid and sphingolipid metabolism may play an important role in 

initiation and maintenance of oxidative stress in AD. Recent studies of inhibitors of 

PLA2 and SMase have shown these to be neuroprotective and/or inhibitors of apoptotic 

mechanisms, thereby resulting in such inhibitors being suggested for AD preventative 

therapy (Farooqui, et al., 2007). 

COX enzymes are the rate-limiting enzymes in the production of prostanoids from AA, 

and classical NSAIDs like indomethacin inhibit both the constitutive COX-1 and the 

inducible COX-2 enzymes. COX catalyses the conversion of AA to prostaglandin-H2 

(PGH2). Cell-specific synthases and isomerases can then catalyse the transformation of 

PGH2 into other prostaglandins or thromboxane that exert (possibly unwanted) effects 

by binding receptors such as G-protein coupled receptors. Alternatively, PGH2 may 

rearrange to form levuglandins, γ-ketoaldehydes that irreversibly form adducts with 

protein lysyl groups and lead to protein-protein crosslinking. PGH2 has also been 

shown capable of accelerating the aggregation of Aβ42, apparently by the formation of 

levuglandin adducts of the peptide (Boutaud, et al., 2002). 
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1.8. Markers of oxidative stress in AD 

Early and effective treatment for AD requires the development of early diagnostic 

markers that are both sensitive and specific. As oxidative stress is believed to be an 

early as well as ongoing component of AD pathogenesis, the assessment of a panel of 

oxidative stress markers may prove to be a diagnostic tool. Some well-studied markers 

of oxidative stress in the brains of AD subjects are those for lipid peroxidation (Pratico, 

et al., 2000). Polyunsaturated fatty acids, when oxidised, produce aldehydes of varying 

carbon lengths including propanal, hexanal and 4-HNE. The chemically stable end 

products of lipid peroxidation of polyunsaturated fatty acids and isomers of 

prostaglandins, collectively called isoprostanes, are considered reliable markers of lipid 

peroxidation. The above-mentioned markers can be measured using high performance 

liquid chromatography (HPLC) or gas chromatography/mass spectrometry (GC/MS) 

analysis (Pratico, et al., 2000). 

Levels of F2-isoprostanes, the isomers of prostaglandin F2-α, have been shown to be 

raised in the postmortem frontal and temporal cortex in AD patients when compared 

with patients with Parkinson’s disease, patients with schizophrenia or controls 

(reviewed by Pratico, et al., 2000). Ante mortem studies have also shown that, 

compared to controls, CSF concentrations of F2-isoprostanes, stable products of 

arachidonate peroxidation, are increased in CSF of AD patients (Montine, et al., 1998b). 

When free radicals attack amino acid residues, especially histidine, arginine and lysine, 

carbonyls are produced. These carbonyls can be measured after being reacted with 2,4-

dinitrophenylhydralazine in the ‘carbonyl assay’ which has become a common protocol 

to study protein oxidation.  
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In another assay, the activity of nitric oxide to oxidise proteins results in the generation 

of a high toxic peroxynitrite radical. Since o-tyrosine and 3-nitrotyrosine are stable and 

not normally present in proteins, they are reliable indicators of protein oxidation 

(Pratico, et al., 2000). 

Recently studies have attempted, with some success, to identify a panel of proteins in 

ante mortem CSF that could be used to differentiate between samples from AD patients 

and samples from healthy and neurological control subjects. Using 2D electrophoresis, 

one group has identified 23 spots that may collectively help identify AD patients with 

about a 90% success rate – these CSF proteins are related to the transport of Aβ, 

inflammatory responses, proteolytic inhibition and neuronal membrane proteins 

(Finehout, et al., 2007). Another group has used surface-enhanced laser 

desorption/ionisation time-of-flight mass spectrometry to identify 17 proteins in the 

CSF that also may be capable of differentiating between patients with stable mild 

cognitive impairment and those who will progress to AD (Simonsen, et al., 2007). In 

addition, the in vivo imaging of Aβ plaques has been researched extensively, in the hope 

of producing a diagnostic tool as well as a tool for monitoring the effectiveness of 

potential amyloid-reducing therapies (Montalto, et al., 2007; Nordberg, 2008). 

The four DNA bases can be damaged by free radical attack, leading to modified bases 

which may be quantitatively analysed. Attack by the hydroxyl radical on 

deoxyguanosine produces the modified nucleoside 8-hydroxy-2′-deoxyguanosine (8-

OHdG) which may be measured using HPLC. Levels of 8-OHdG in AD lymphocyte 

DNA are higher and plasma levels of several antioxidants are lower in comparisons of 

AD subjects and age-matched controls (Mecocci, et al., 2002). 
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Antibodies directed against 4-HNE, protein carbonyls, nitrotyrosine, 8-OHdG, 

isoprostanes and AGE have been developed so that their reactivity can be qualitatively 

and quantitatively assessed utilising immunohistochemical methods (Pratico, et al., 

2000). Studies utilising the above-mentioned markers and assay protocols have already 

demonstrated increased levels of these biomarkers in AD subjects when compared to 

non-AD-affected subjects (Pratico, et al., 2000), supporting the theory that oxidative 

stress plays a prominent role in the pathogenesis of AD. 

1.9. Glucose utilisation and oxidative stress in AD 

The brain has high metabolic activity which is fuelled by glucose to provide cognitive 

function. The brain itself is incapable of synthesising or storing glucose and it must 

therefore rely on the systemic circulation to supply it with glucose. Systemic 

abnormalities in glucose availability and regulation have been demonstrated in AD 

patients (Craft, et al., 1992). For example, a reduced number of glucose transporter 

proteins have been reported in AD; one reason for this could be Αβ-induced membrane 

lipid peroxidation (Mark, et al., 1997b) Early studies found that increasing glucose 

utilisation improves memory in AD patients. Glucose ingestion also significantly 

correlates to memory performance in healthy young adults (Foster, et al., 1998). Later 

studies found that the secondary effect of raising insulin levels may be of greater 

relevance – patients with AD show improved memory during hyperinsulinaemia 

relative to placebo and relative to hyperglycaemia (Craft, et al., 1999). More recently, it 

has been found that insulin resistance syndrome and associated conditions such as type 

2 diabetes mellitus and hypertension are associated with age-related memory 

impairment and AD (Craft, 2006; Craft, 2007) and, in fact, raising plasma insulin to 

levels that characterise patients with insulin resistance invokes synchronous increases in 

levels of Aβ and inflammatory agents.  
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This would suggest that the correction of insulin abnormalities may benefit adults with 

age-related memory impairment and AD (Craft, 2006; Craft, 2007). Another association 

between AD and insulin levels concerns the insulin-degrading enzyme (IDE), which can 

degrade both insulin and Αβ. 

There have been suggestions that hyperinsulinaemia may elevate Αβ through insulin’s 

competition with Αβ for IDE. Genetic studies have also demonstrated the relevance of 

IDE in AD, as IDE gene variations are associated with clinical symptoms of AD as well 

as the risk of type 2 diabetes (Qiu & Folstein, 2006; Salkovic-Petrisic & Hoyer, 2007). 

IDE knockout mice have been shown to have a greater than 50% decrease in Αβ 

degradation in both brain fractions and primary neuronal cultures (Farris, et al., 2003), 

supporting the theory that IDE is a principal enzyme involved in Αβ clearance, and 

demonstrating further that the links between insulin signalling, glucose metabolism and 

Αβ metabolism may be highly relevant in AD pathogenesis (see also Rhein & Eckert, 

2007). 

Furthermore, when glucose metabolism is impaired, ATP-dependent membrane 

transport is diminished which results in chronic partial depolarisation, and an impaired 

function of ligand and voltage-gated ion channels, leading to shifts in sodium and 

calcium ions. The loss of calcium homeostasis may be instrumental in neuron 

degeneration and death. Increased levels of calcium in turn sets in motion several 

different pathways which are also capable of causing oxidative stress (Markesbery, 

1997). 
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1.10. Current therapeutic strategies for AD 

1.10.1. Anti-cholinergic drugs 

The cholinergic deficiency is the most consistent and quantifiable of the 

neurotransmitter deficits demonstrated in AD (Wilcock, 1996). Therefore, one of the 

main thrusts of therapeutic undertaking has been in the generation of effective 

cholinesterase inhibitors. N-methyl-D-aspartate (NMDA) channel blockers such as 

memantine and neramexane have also been used by moderate to severe AD cases. The 

NMDA receptor antagonists work by preventing excitotoxicity and cell death, which are 

mediated by the excessive influx of calcium during a sustained release of glutamate. 

The licensing of the anti-cholinesterase tacrine in the USA and in a number of other 

countries increased interest in this form of treatment; however, tacrine has had a high 

dropout rate due to adverse drug reactions. Second-generation cholinesterase inhibitors 

(donepezil, rivastigmine, metrifonate) have been developed and are currently used 

widely. Natural therapies that have been tried include standard Ginkgo biloba extract 

EGb 761; for example in one study it was found to be equally as effective as 

cholinesterase inhibitors in the treatment of mild to moderate AD (Wettstein, 2000). 

EGb 761 has been used in Chinese medicine for a long time – a standardised extract is 

widely prescribed for the treatment of a range of conditions including memory and 

concentration problems, confusion, depression, anxiety, dizziness, tinnitus and 

headache. EGb 761 is discussed in more detail in a later section. 

1.10.2. Drugs aimed at reducing Aβ  levels 

The problem with anti-cholinergic drugs is that they only seem to delay the progression 

of the disease to some extent, and are therefore not particularly effective. The majority 

of the current treatment approaches for AD are strategies based upon the apparent 

neurotoxicity of Αβ and the formation of NFT (reviewed by Scorer, 2001; Helmuth, 
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2002; see also Sadowski & Wisniewski, 2007). The AβPP processing enzymes β- and γ-

secretases have also been targeted as potential therapeutics by way of inhibiting the 

cleavage of AβPP (Thorsett & Latimer, 2000). However, unwanted side effects from γ-

secretase inhibition include interference with T-cell development, as discovered in a 

foetal thymus organ culture model (Hadland, et al., 2001). Other concerns include the 

possibility of accumulation of C-terminal fragments which are suggested to be toxic 

(reviewed in Scorer, 2001), and the fact that γ-secretase activity is also involved in other 

vital physiological pathways, particularly the NOTCH signalling pathway. 

Despite these issues, certain NSAIDs, including ibuprofen, appear to possess 

preferential Aβ42-lowering activity. These compounds seem to offer a window of 

modulation where Aβ42 production is potently inhibited, whereas processing of the 

NOTCH receptor and other γ-secretase substrates remain unaffected. For example, a 

drug known as (R)-flurbiprofen has shown promise in both AD transgenic mouse 

models and in clinical trials of AD patients (Geerts, 2007). This drug, which appears to 

modulate the γ-secretase enzyme, reduces brain amyloid pathology and prevents defects 

in learning and memory in AD transgenic mice, and appears to improve cognitive and 

behavioural performance in clinical trials (Geerts, 2007). The β-secretase (BACE-1) 

was thought to be an ideal target, until a second β-secretase enzyme (BACE-2) was 

discovered; however, it is now thought that BACE-1 is the authentic AβPP cleaving 

enzyme and may still prove to be a good target for reducing Aβ production (Vassar, 

2005). 

Other drugs that affect Αβ directly and that have reached phase III clinical trials include 

those that selectively target Αβ42 production (e.g. tarenflurbil), enhance the activity of 

ΑβPP α-secretase (e.g. statins), and block Αβ aggregation (e.g. transiposate) (reviewed 
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in Christensen, 2007). As the direct binding between Αβ and apoE is implicated in both 

Αβ clearance and its deposition in the brain parenchyma and the walls of 

meningoencephalic vessels as CAA, it has been suggested that targeting the binding of 

Aβ and apoE may be a good therapeutic approach for AD. Recent studies have shown 

that treatment with a BBB-permeable synthetic peptide that targets the Aβ binding 

region on apoE causes a significant reduction of Aβ plaques and CAA burden, and a 

reduction of the total brain level of Aβ in two AD transgenic mice models. Behavioural 

studies of these mice also found that treatment with the synthetic peptide prevents 

certain memory deficits (Sadowski, et al., 2006). 

The importance of Aβ clearance in AD was highlighted in a study of a microglial 

chemokine receptor Ccr2 which mediates the accumulation of mononuclear phagocytes 

at sites of inflammation. AD transgenic mice deficient in Ccr2 were found to 

accumulate Aβ earlier and to die prematurely (El Khoury, et al., 2007). It was 

concluded from this study that Ccr2-dependent microglial accumulation plays a 

protective role in the early stages of AD by promoting Aβ clearance. 

1.10.3. Anti-inflammatory drugs 

Reduction of CNS inflammation has been targeted as another therapy of AD, as 

NSAIDs such as ibuprofen have been shown to reduce plaque formation in animal 

models of AD (Lim, et al., 2000). However, as mentioned in the section above, the 

mechanism by which these drugs may be working appears to be via reduction of γ-

secretase activity. Despite this, it is still not certain whether the inflammatory 

mechanisms in AD are neuroprotective or neuropathic, thus actually causing damage in 

AD, or whether they merely mop up other pathological processes (Scorer, 2001). It is 

known that Aβ stimulates the glial and microglial production of interleukins and other 
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cytokines, leading to an ongoing inflammatory cascade and contributing to synaptic 

dysfunction and loss. Therefore the use of NSAIDS in the treatment of inflammation in 

AD is still being investigated extensively (Weisman, et al., 2006). 

1.10.4. Neurotrophic growth factors 

Another therapy option for neuroprotection is to maintain neuronal plasticity and 

growth by delivering neurotrophic growth factors such as nerve growth factor (NGF) or 

brain-derived neurotrophic factor (BDNF) which may prevent injury to neurons. The 

normal functioning of these factors has been shown to be severely disturbed in AD. 

Conversely, the (reported) induction of neurotrophic factors with drugs such as 

leteprinim (AIT-082) may also be beneficial (Scorer, 2001). The drug AIT-082 was 

found to induce metabolic changes in brain regions involved in circuits underlying 

memory, attention and executive functioning in a short-term clinical trial (Potkin, et al., 

2002). 

1.10.5. Cholesterol-reducing drugs 

As mentioned above, high midlife cholesterol levels are thought to increase the risk of 

AD (Solomon, et al., 2007; Stewart, et al., 2007). In vitro studies have shown that 

reducing cholesterol levels favours the non-amyloidogenic processing of AβPP; 

however, some of the experiments which have shown this decreased membrane 

cholesterol levels to sub-physiological levels. Nevertheless, many studies have observed 

that statins (HMG-CoA reductase inhibitors) can decrease the prevalence of AD 

(reviewed by Hartmann, 2001; Camins, et al., 2008). Statin treatment also results in 

decreased levels of Αβ in the brains of guinea pigs and AD transgenic mice 

(Fassbender, et al., 2001). However, statins also reduce inflammatory reactions, 

therefore the effectiveness of such drugs may be via other mechanisms rather than, or in 

addition to, the lowering of cholesterol levels. 
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1.10.6. Metal chelators 

Many studies have shown that Aβ aggregation is accelerated or initiated by 

physiological concentrations of certain divalent metal ions, particularly Cu2+, Zn2+ and 

Fe2+ (reviewed in Cuajungco, et al., 2005; Crouch, et al., 2007b; Castellani, et al., 

2007). The binding to such metal ions also increases the excitotoxicity of Αβ via 

increases in H2O2 production (Gnjec, et al., 2002). Therefore many researchers have 

attempted the utilisation of metal chelators such as clioquinol to prevent Aβ 

aggregation, or help improve the clearance of Αβ plaques (reviewed by Gnjec, et al., 

2002). Unfortunately, the prolonged use of clioquinol was linked with an epidemic of 

subacute myolo-optic neuropathy in Japan in the 1960s; nevertheless, analogues of this 

drug are currently being trialled for the treatment of AD (Crouch, et al., 2006). 

The major concern when contemplating metal chelation as a treatment is the fact that 

most known metal chelators function in a non-specific manner, removing metal ions 

from both a desired target as well as all other physiological sources of the metal ions, 

such as metalloenzymes etc. The utilisation of chelators such as α-lipoic acid may be 

more beneficial. This disulfide compound is produced in small quantities in cells, and 

normally functions naturally as a co-enzyme in the pyruvate dehydrogenase and α-

ketoglutarate dehydrogenase mitochondrial enzyme complexes. In pharmacological 

doses, α-lipoic acid is a metal chelator and a water- and fat-soluble antioxidant (Evans 

& Goldfine, 2000; Holmquist, et al., 2007). It has also been demonstrated to be 

effective in reducing triglyceride levels in streptozotocin-induced diabetic Sprague-

Dawley rats (Ford et al., 2001). In vitro studies on AD brain tissue in our laboratory 

have in fact demonstrated the effectiveness of solubilising Aβ with α-lipoic acid as well 

as the membrane-permeant metal chelator, N,N,N’,N-tetrakis(2-pyridylmethyl) 
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ethylenediamine (TPEN) (Fonte, et al., 2001). A more effective treatment strategy for 

diagnosed AD may be a combination of metal chelators and antioxidants in order to 

enhance Αβ clearance as well as reduce the Αβ-associated oxidative stress in the AD 

patient brain. 

1.10.7. Antioxidant supplementation and other potential therapies 

Based on the verification of the formation of free radicals and oxidative stress in AD, 

many trials of antioxidants as preventive agents have been undertaken (Maurer, et al., 

1997; Sano, et al., 1997; McKenna, et al., 2001). Particular antioxidants or 

combinations of antioxidants may have a protective effect in preventing the 

development of AD and in the management of cognitive function (reviewed by Sano, et 

al., 1997; Flynn & Ranno, 1999; Kidd, 1999; Behl & Moosmann 2002; Liu, et al., 

2007). Medicinal plant extracts or phytochemicals have been reviewed for their 

effectiveness as antioxidant treatments for dementia (Mantle, et al., 2000; Youdim & 

Joseph, 2001). Although the mechanisms of action of medicinal plant extracts have not 

been fully determined, there is evidence that mechanisms include anticholinesterase, 

anti-inflammatory, antioxidant, oestrogen and/or cholinergic receptor activation 

activity. Antioxidants and their potential value in the treatment of AD are discussed in 

more detail in the next section. 

1.11. Antioxidants and their use in the prevention or treatment of AD 

1.11.1. Understanding antioxidants 

Antioxidants (extensively reviewed by Halliwell, et al., 1992; Halliwell, 1997a; 

Halliwell, 1997b; Cuzzocrea, et al., 2001) are substances that delay or prevent oxidation 

of an oxidisable substrate (Halliwell and Gutteridge, 1989). In this definition, oxidisable 

substrate refers to almost any biomolecule, including proteins, lipids, carbohydrates, 

DNA and RNA (Halliwell, 1997a; Halliwell, 1997b).  



 

- 67 - 
 

Antioxidant action is conferred by a variety of mechanisms, including: elimination of 

oxygen; scavenging reactive species; inhibiting reactive species formation; binding 

metals by chelation to prevent catalysis of ROS production; and upregulation of 

endogenous antioxidant defence systems. 

When reactive species are produced in vivo, a variety of antioxidant defence 

mechanisms to combat free radical damage come into play. The effectiveness of the 

antioxidant depends on which reactive species is produced, as well as how and where it 

was produced (Halliwell, 1997a; Halliwell, 1997b). For example vitamin C, which is 

water-soluble, will only be effective in an aqueous environment, whereas vitamin E, 

which is lipid-soluble, will only be effective in a lipid environment. 

There are three main groups of antioxidants – primary antioxidants, secondary 

antioxidants and tertiary antioxidants. It is also possible for some to have more than one 

mechanism of action; they are then called multiple-function antioxidants (Eriksson & 

Na, 1995). 

Primary antioxidants react with lipid radicals as electron donors converting them into 

stable compounds and breaking the free radical chain reaction. The phenolic 

antioxidants belong to this group (e.g. tocopherols, propylgallate, butylated hydroxy 

toluene – BHT) (Eriksson & Na, 1995). 

Secondary antioxidants function by delaying the rate of oxidation instead of breaking 

the chain reactions. Secondary antioxidants accomplish this in a variety of ways – by 

binding the metal ions, scavenging oxyradicals, decomposing hydroperoxides to non-

radicals, absorbing UV radiation or deactivating singlet oxygen (Eriksson & Na, 1995) 

(Figure 1.7). 
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Figure 1.7. Some small molecule antioxidants structures 
 

Tertiary antioxidants are biomolecule repair mechanisms which include DNA repair 

enzymes and methionine sulphoxide reductase. Oxygen scavengers react with ROS and 

remove the oxygen from the system; examples include ascorbic acid, sulphites and 

erythorbic acid. Singlet oxygen quenchers, such as beta-carotene, convert singlet 

oxygen into the more stable triplet oxygen (Eriksson & Na, 1995). Antioxidant enzymes 

such as the dismutases can react with the superoxide radicals, converting them into 

triplet oxygens. 

The function of each antioxidant should be viewed in the context of a system since there 

is a synergistic, interdependent or additive effect between various antioxidants (Papas, 

1996). 

 



 

- 69 - 
 

1.11.2. Free radical reactions and antioxidant design 

There exists a hierarchy of free radical reactions, and this can be exploited. The 

reduction potential is the key thermodynamic property to be considered in predicting 

free radical reactions (Buettner, 1993). From a standard one-electron reduction 

potentials table predictions can be made easily. Oxidised species are capable of taking 

an electron (or hydrogen atom) from any reduced species lower down on the table or, 

conversely, any reduced species can donate an electron (hydrogen atom) above it on the 

table (Buettner, 1993). The hydroxyl radical (most reactive) is at the top of the table and 

it can therefore take an electron from every other species below it. However, the 

concentration of the reactants can shift the direction of a chemical reaction, so the levels 

of individual antioxidants are an important consideration (Buettner, 1993). 

Ideal antioxidants would likely be small or low molecular weight so that more 

antioxidants by volume could be enclosed in a capsule/tablet. They would also need to 

contain hydrogen which can most easily donate an electron since it only has one orbital. 

From a toxicity view point, an antioxidant also needs to be active in as low a 

concentration as possible, thereby minimising antioxidant radical levels (Kamal-Eldin 

& Appelqvist, 1996). Many antioxidants are already marketed to the aging population. 

Silica hydride (Microhydrin) is an example of an aggressively marketed antioxidant; it 

contains a hydride anion in a silica cage, and has been shown in vitro to have strong 

antioxidant capacity (Stephanson, 2002; Stephanson, 2003a; Stephanson, 2003b; 

Stephanson, 2004). Its value as an antioxidant combating age-related oxidative stress, 

however, is questionable (Goldfarb, et al., 2004). 

The fact that various neurodegenerative diseases are associated with oxidative stress, 

whether causal or effectual, has highlighted the need for antioxidants to be able to cross 

the BBB (Gilgun-Sherki, et al., 2001).  
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Another major concern has been the development of a pro-oxidant effect when single 

antioxidants have been employed in very large doses (Podmore, et al., 1998; Upston, et 

al., 1999). Most individual antioxidants are oxidised when donating an electron to free 

radicals and in turn become radicals themselves, causing toxicity problems at high 

doses. For this reason it makes little sense to undertake clinical trials with megadoses of 

single antioxidants. 

1.11.3. Antioxidants that may be of use in the treatment of AD 

1.11.3.1. Melatonin and melatonin derivatives 

Melatonin is secreted by the pineal gland, and may play an important role in aging and 

AD as an antioxidant and neuroprotector. Melatonin decreases during aging, and 

patients with AD have a more profound reduction in this hormone. Based on the 

evidence of in vitro and in vivo animal studies, it may be another useful antioxidant in 

the treatment and/or prevention of AD (Pappolla, et al., 1997; Reiter, 1997; Cadenas & 

Barja, 1999; Chyan, et al., 1999; Pappolla, et al., 2000; Bondy, et al., 2002). Such 

studies have shown that melatonin efficiently protects neuronal cells from Aβ-mediated 

toxicity via antioxidant and anti-amyloid properties; it not only inhibits Aβ generation, 

but also arrests the formation of amyloid fibrils by a structure-dependent interaction 

with Aβ. Clinical trials have shown that melatonin supplementation does in fact 

improve sleep in AD patients, ameliorates sundowning, and it appears to slow the 

cognitive decline in these patients (reviewed in Wang & Wang, 2006). 

1.11.3.2. Alpha-lipoic acid (ALA) 

Alpha-lipoic acid (ALA) is a likely candidate for assessment in future antioxidant 

clinical studies, based on in vitro and in vivo studies in animals and in humans which 

have demonstrated the ability of ALΑ to scavenge both hydrophilic and lipophilic free 

radicals (Devasagayam, et al., 1993; Ou, et al., 1995; Packer, et al., 1995; Packer & 
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Tritschler, 1996; Packer, et al., 1997a; Packer, et al., 1997b; Packer, 1998; Tirosh, et 

al., 1999; Hager, et al., 2001). In particular, ALA can scavenge lipid peroxidation 

products such as hydroxynonenal and acrolein, it can chelate redox-active transition 

metals such as iron and copper, thus inhibiting the formation of hydroxyl radicals, and it 

can also scavenge ROS, thereby increasing the levels of reduced GSH. In fact, ALA has 

been demonstrated to recycle vitamin C, vitamin E, GSH, thioredoxin and ubiquinol 

(Packer, et al., 1995; Packer & Tritschler, 1996; Packer, et al., 1997a; Packer, et al., 

1997b; Packer, 1998). Via the same mechanisms, downregulation of redox-sensitive 

inflammatory processes is also achieved (reviewed in Holmquist, et al., 2007). In a 

recent study, although Aβ deposition which normally occurs in an AD transgenic mouse 

model (Tg2576 mice) was not found to be reduced by ALA dietary supplementation, 

hippocampal-dependent memory deficits which also occur in these mice were found to 

be significantly less severe (Quinn, et al., 2007). 

1.11.3.3. Ascorbyl palmitate 

Oral supplementation of vitamin C may be particularly desirable in humans, since 

humans are not able to synthesise vitamin C like many other animals (Pokorski, et al., 

2003). Ascorbyl palmitate (also known as L-Ascorbyl-6-palmitate; 6-O-

Palmitoylascorbic acid or L-Ascorbic acid, 6-hexadecanoate) is a fat-soluble synthetic 

derivative or analogue of vitamin C (ascorbic acid). Ascorbyl palmitate maintains all the 

antioxidant activity of vitamin C without the problems that can be associated with 

ascorbic acid, the water-soluble form of vitamin C (Ross, et al., 1999). Tissue demand 

for vitamin C is better satisfied when it is supplied in its lipophilic rather than in its 

hydrophilic form (Pokorski, et al., 2003). Extensive use has been made of this 

antioxidant in foods, pharmaceuticals and skin care products to prevent the oxidation of 

various oils and waxes and research has established that it is an efficient hydroxyl free 
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radical scavenger (Bissett, et al., 1990; Kagan, et al., 1990; Weller, et al., 1990; Gross, 

et al., 1994; Bruun-Jensen, et al., 1994; Perricone, et al., 1999). Being amphipathic 

allows it to concentrate into the phospholipid membranes in biological systems whereby 

the fatty acid portion is intercalated into the outer layer of the bi-layered membrane and 

the inner portion (ascorbate head) is buried into the inner membrane (Smart & 

Crawford, 1991; Ross, et al., 1999). It is also stable at neutral pH. Ascorbyl palmitate 

can therefore be active inside as well as outside the cells (Pokorski, et al., 2003). 

The FDA status is GRAS (generally recognised as safe) and there is no limitation on 

levels which can be used in food or cosmetics; it therefore could prove to be an ideal 

agent for the protection of cell membranes which generally are very susceptible to free 

radical attack via lipid peroxidation (Perricone, et al., 1999). Ascorbyl palmitate is able 

to cross the BBB and thus, on average, makes more vitamin C available to neural tissue 

by an order of magnitude (Pokorski, et al., 2003). Furthermore, because it resides in the 

cell membrane, ascorbyl palmitate can regenerate the vitamin E radical continuously, 

unlike ascorbic acid which only regenerates the vitamin E radical at the interface of 

water-soluble and lipid components. Many cross-sectional large scale and long-term 

studies have tried to establish whether the use of vitamin C supplements, either alone or 

in combination with other supplements such as vitamin E, reduce the incidence of AD. 

Some studies suggest vitamin C supplementation does reduce the incidence of AD 

(Zandi, et al., 2004); however, some studies produced ambiguous results, and further 

long-term studies are required (Frank & Gupta, 2005). 

1.11.3.4. Ginkgo biloba 

Ginkgo biloba, also known as the maidenhair tree, is the only surviving species of the 

Ginkgoales and is thought to be one of the oldest thriving trees on earth. It is quite a 

common ornamental tree used to decorate city streets and parks (DeFeudis & Drieu, 
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2000). The leaves of the Ginkgo biloba tree resemble the leaves of the maidenhair fern, 

and are from 5-8cm across. A standardised extract from the leaves is EGb 761 which 

has been extensively researched in many laboratories and clinics worldwide (Christen & 

Maixent, 2002; Ramassamy, et al., 2007). These extracts contain 24% flavonol 

glycosides (part of the bioflavonoid family) including kaempferol, quercetin, 

sciadopitysin, luteolin, amentoflavone, isorhamnetin, ginkgetin, delphidenon, 

isoginkgetin, procyanidin, bilobetin and prodelphinidin and 6% terpene trilactones 

including ginkolides A, B, C, J, K, L, M and bilobalide (van Beek, 2005). 

EGb 761 extract is able to cross the BBB (without the side effects of NSAIDS) and has 

been demonstrated to be a potent antioxidant and free radical scavenger with 

neuroprotective effects (Bastianetto, et al., 2000; DeFeudis & Drieu, 2000; Christen & 

Maixent, 2002; Sastre, et al., 2002; DeFeudis, 2003; Smith & Luo, 2003). No 

mutagenic, carcinogenic, teratogenic or embryogenic side effects have been shown for 

the EGb 761 extract and the oral LD50 in mice is 2100 times the recommended daily 

dose (Smith & Luo, 2003). EGb 761 extract has been demonstrated to have anti-platelet 

aggregation properties, providing beneficial effects in various disease processes and it is 

capable of scavenging free radicals in both cytosolic (hydrophilic) as well as membrane 

(hydrophobic) cellular domains (Maitra, et al., 1995; Smith & Luo, 2003). 

As a result of intense pharmacological and clinical interest in the pharmaceutical 

properties of various Ginkgo biloba extracts, they are now among the most sold in 

France and Germany. Total estimated sales of these were worth half a billion US dollars 

in 2000 (Smith & Luo, 2003). In various European countries EGb 761 is being 

prescribed for peripheral and cerebral insufficiency and it has had some success in AD, 

multi-infarct type dementia and decreases the incidence of thromboses (Le Bars, et al., 
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1997; Le Bars, et al., 2000; DeFeudis & Drieu, 2000) (refer to Discussion for further 

information). 

One area of concern is whether the Ginkgo biloba extracts offered to the general public 

and for clinical treatment are genuine standardised extracts since there are considerable 

differences in biological activity of Ginkgo extracts (van Beek, 2000). Moreover, in 

United States Patent 5,637,302, it is claimed that previously known extraction 

procedures failed to produce extracts which satisfied the dual criteria of firstly ensuring 

that desired ginkgo flavoneglucosides, proanthocyanidins, ginkgolides and bilobalide 

were retained and, secondly, that inactive lipophilic substances were eliminated 

(Bombardelli, 1997). It is therefore imperative that more research is undertaken to 

ascertain which extract or which components are the most effective in various diseases, 

to identify dosing regimens, and to ascertain the effects of long-term usage and the 

interactions with other medicinal drugs. 

The efficacy of EGb 761 has been assessed in numerous scientific studies, including 

clinical trials, and it has been shown to be an effective antioxidant and an aid to memory 

enhancement (Kanowski, et al., 1996; Maurer, et al., 1997; Oken, et al., 1998; Winther, 

et al., 1998; Lugasi, et al., 1999; Diamond, et al., 2000; Le Bars, et al., 2000; Wettstein, 

2000; Dodge, et al., 2008). A recent trial has also found EGb 761 to be just as effective 

as a second-generation cholinesterase inhibitor, donepezil, in slowing down the 

progression of cognitive impairment in mild to moderate AD patients (Mazza, et al., 

2006). 

1.11.3.5. Alpha tocopherol (vitamin E) 

Vitamin E is a low molecular weight lipid-soluble monophenolic chain breaking, free 

radical scavenger, antioxidant vitamin. It is procured from the diet, is fat-soluble and is 
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usually concentrated in the cell membrane. It acts as a scavenger by donating a 

hydrogen atom electron (from the hydroxyl component) to peroxyl radicals, thereby 

preventing the propagation of lipid peroxidation (Shohami, et al., 1997; Vaya, et al., 

1997; Moosmann & Behl, 2002). The unreactive tocopheroxyl radical thus formed can 

be stabilised either by donating a second electron to form a quinone derivative or by 

recycling it back to tocopherol by vitamin C and GSH (Vaya, et al., 1997; Butterfield, et 

al., 1999). 

Vitamin E is the major chain breaking antioxidant (Burton & Ingold, 1989) and exists 

naturally in eight different forms including alpha, beta, delta and gamma tocopherols 

and alpha, beta, delta and gamma tocotrienols. In cellular membranes, the levels of 

vitamin E are relatively low i.e. less than 0.1nmol per milligram of membrane protein (1 

molecule per 1000 to 2000 membrane phospholipid molecules, which are the main 

targets of oxidation in membranes) (Kagan, et al., 1990). The tocotrienols are similar in 

structure to the tocopherols except they contain three double bonds in the isoprenoid 

side chain (Dutta & Dutta, 2003). Vitamin E is only synthesised naturally by plants and 

it is therefore a dietary requirement in animals since it is needed to prevent lipid 

peroxidation reactions in their systems (see review by Aruoma, et al., 1991; Kamal-

Eldin & Appelqvist, 1996). Synthetic isomers of α-tocopherol and α-tocopherol acetate 

are the primary forms of vitamin E in supplements; they retain their antioxidant activity 

in vivo and are preferred since they are more stable than natural α-tocopherol (Dutta & 

Dutta, 2003). They are fat-soluble electron-donating (phenolic hydrogen) antioxidants 

and so factors necessary for their intestinal absorption are also needed for the absorption 

of dietary fats (Carey & Small, 1970; reviewed by Kamal-Eldin & Appelqvist, 1996). 
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Vitamin E is absorbed along with other lipid-soluble nutrients in the small intestine. The 

pancreatic lipases as well as bile salts assist in the formation of micelles and enzymatic 

hydrolysis (Hacquebard & Carpentier, 2005; Tucker & Townsend, 2005). HDL are 

important for the transport of vitamin E to most tissues, including the brain 

(Hacquebard & Carpentier, 2005). Dietary vitamin E is obtained from sunflower seeds, 

almonds, peanuts and safflower seeds or their respective oils; some of the richest 

sources are wheatgerm and soya oil (Butterfield & Kanski, 2002; Tucker & Townsend, 

2005; see also Ricciarelli, et al., 2007). Since vitamin E is absorbed along with other 

lipid nutrients, it is likely that a low-fat diet could result in vitamin E deficiency. 

Conversely, it has been suggested vitamin E levels might be increased by concurrent 

supplementation with lipid nutrients such as extra virgin olive oil. Clinical trials have 

already shown some promise, for example in a double-blind placebo-controlled clinical 

trial, vitamin E taken at 1000 IU twice daily was found to delay the advent of death, 

institutionalisation or significant functional decline in patients with moderate AD (Sano, 

et al., 1997). 

The potentially beneficial mechanisms of action of vitamin E are currently being 

characterised. Studies of the AD transgenic mouse model (Tg2576) crossed with an α-

tocopherol transfer protein knockout mouse have demonstrated that vitamin E 

deficiency-induced chronic lipid peroxidation causes earlier and greater Aβ deposition, 

together with more severe cognitive dysfunction (Nishida, et al., 2006). Vitamin E 

supplementation to young (but not old) AD transgenic mice (Tg2576) has also been 

found to decrease Aβ levels and Aβ deposition in these mice when compared to mice 

not given vitamin E supplements (Sung, et al., 2004). 
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1.11.3.6. Flavonoids 

The flavonoids make up a large class of compounds which are ubiquitous in plants 

Table 1.4). Flavonoids contain various phenolic hydroxyl groups attached to a ring 

structure which confers antioxidant activity to these compounds. Although they donate 

a hydrogen electron to free radicals, they can also have additional functions. The free 

radical scavenging activity is dependent on the reduction potential of each flavonoid 

which is lower than that of the peroxyl and the superoxide radical. Carboxylate groups 

(CO2-) on a phenolic ring structure also have antioxidant activity but are not as effective 

as the hydroxyl groups (OH). Other groups having some antioxidant activity are the 

methoxy (OCH3) and the sulfhydryl groups (SH) (Rice-Evans, et al., 1996; The Merck 

Index 10th edition). 
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Table 1.4. Some dietary sources of flavonoids 

Source: Rice-Evans et al., Free Radicals in Biology & Medicine. Vol. 20/7:933-956, 1996. 

Flavonoid Dietary sources 

Flavanol 

Epicatechin 
Catechin 
Epigallocatechin 
Epicatechin gallate 
Epigallocatechin gallate 

 
Green and black teas 
 
Red wine 

Flavanone 

Naringin 
Taxifolin 

Peel of citrus fruits 
Citrus fruits 

Flavonol 

Kaempferol 
Quercetin 
 
Myricetin 

Endive, leek, broccoli, radish, grapefruit, black tea 
Onion, lettuce, broccoli, cranberry, apple skin, berries, olive, 
tea, red wine 
Cranberry, grapes, red wine 

Flavone 

Chrysin 
Apigenin 

Fruit skin 
Celery, parsley 

Anthocyanidins 

Malvidin 
Cyanidin 
Apigenidin 

Red grapes, red wine 
Cherry, raspberry, strawberry, grapes 
Coloured fruit and peels 

Phenyl propanoids 

Ferulic acid 
Caffeic acid 
ρ-Coumaric acid 
Chlorogenic acid 

Wheat, corn, rice, tomatoes, spinach, cabbage 
Asparagus, white grapes, white wine, olives, olive oil, spinach 
Asparagus, coffee, white grapes, white wine, tomatoes, spinach 
Cabbage, asparagus, apples, pears, cherries, plums, peaches, 
apricots, blueberries, tomatoes, anis 

Proanthocyanidins 

Proanthocyanidins Maritime pine bark, red grapes skins and seeds, red wine, red 
cabbage 

 

Some flavonoids which have received attention in research recently are those found in 

green tea, black tea and coffee. An epidemiological study by Dutch researchers found 

that coronary heart disease is inversely correlated with their intake of flavonoids which 

were derived from tea (48% of the flavonoid intake), onions (29%), apples (7%) and red 

wine (1%) (Hertog, et al., 1993).  
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Adding milk to tea, however, may affect the absorption of tea polyphenols, since both 

black and green tea drunk without milk induce increased plasma antioxidant capacity, 

whereas black tea which is drunk with milk has no significant effect (Serafini, et al., 

1996). 

1.11.3.7. Pycnogenol 

Pycnogenol is a collective term for a group of flavonoids called procyanidins and 

phenolic acids which are found in the bark of the maritime pine tree and in the seeds 

and skins of grapes, the richest sources known to date (Passwater, 1998; Rohdewald, 

2002; Morin, et al., 2008). Pycnogenol is one of the most researched ingredients in the 

natural product marketplace and has been attributed to have a variety of useful 

properties, including antioxidant and anti-inflammatory effects. For example, 

pycnogenol can regenerate the ascorbyl radical and has been found to protect 

endogenous vitamin E and GSH from oxidative stress (Packer, et al., 1999; Enginar, et 

al., 2007). Pycnogenol has been proposed to be a prime candidate in the treatment of 

disorders associated with oxidative damage (Rong, et al., 1994). It has been shown to be 

a more potent scavenger of free radicals when compared to vitamin E and ascorbic acid 

(Bagchi, et al., 1997; Enginar, et al., 2007). In fact, pycnogenol regenerates the ascorbyl 

radical and protects vitamin E and GSH from oxidative stress (Packer, et al., 1999). 

Pycnogenol contains simple bioflavonoids such as catechins and epicatechins. It also 

contains dimers and oligomers of catechins and epicatechins, as well as organic acids. 

In combination, they are well-balanced bioflavonoids and long-lasting, potent 

oligomers. The most potent fractions of pycnogenol are the dimeric proanthocyanidins. 

However, even the epicatechins, catechins and organic acids such as caffeic are much 

more effective than vitamin C in inhibiting the formation of many free radicals (Bagchi, 

et al., 1997; Enginar, et al., 2007).  
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The phenolic acids are derivatives of benzoic and cinnamic acids. Pycnogenol has been 

extensively studied in France and Germany and the LD50 has been found to be 3 grams 

per kilogram of bodyweight, far above the recommended dose of 1mg/kg body weight 

(Yu & Swaminathan, 1987). 

Pycnogenol has been shown to have a wide range of biological effects (Jovanovic et 

al.,1997; reviewed in Kolodziej, et al., 2001; Rohdewald, 2002). It has been observed 

that proanthocyanidins are non-toxic and, if absorbed and biologically active in vivo, 

may prevent free radical mediated lipid peroxidation and oxidation of LDL (Frankel, et 

al., 1993a; Frankel, et al., 1993b; Packer, et al., 1999; Xu, et al., 2008). 

Proanthocyanidins have also been shown to prevent the growth of breast cancer cells 

and inhibit the enzyme involved in the replication of the rhinoviruses and human 

immunodeficiency virus (HIV) (Hocman, 1989). Pycnogenol protects against oxidative 

stress in several cell systems by doubling the intracellular synthesis of antioxidative 

enzymes, and by acting as a potent scavenger of free radicals. It antagonises the 

vasoconstriction caused by epinephrine and norepinephrine by increasing the activity of 

endothelial nitric oxide synthase (reviewed in Rohdewald, 2002). It has also been 

reported to have cardiovascular benefits, such as a vasorelaxant activity, angiotensin-

converting enzyme (ACE) inhibiting activity, and the ability to enhance the 

microcirculation by increasing capillary permeability (Packer, et al., 1999). An 

improvement in cognitive function has been observed in controlled animal experiments. 

These findings also support anecdotal reports of improvement in attention deficit 

hyperactivity disorder (ADHD) patients taking pycnogenol supplements (reviewed in 

Rohdewald, 2002). 
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1.11.3.8. Combined antioxidants therapy for AD 

Different antioxidants have different mechanisms of action, varied environments at the 

cellular and organ level in which they scavenge radicals, and are effective against 

different free radicals (Prasad, et al., 2000). For example, vitamin C is effective for 

protecting cellular components in an aqueous environment, whilst vitamin E and 

carotenoids protect cellular components in lipid environments. Since both lipophilic and 

hydrophilic phases occur in biological systems, it is perhaps prudent to use antioxidants 

which are effective in each phase or in combinations which can act synergistically. No 

single antioxidant is likely to be capable of scavenging the variety of free radicals 

formed in AD, therefore, the utilisation of multiple antioxidants as a preventative 

measure or as a treatment for neurodegenerative disease has been postulated to be more 

beneficial than the use of single antioxidants. A combination of antioxidants is likely to 

have a synergistic effect, as well as regenerate other antioxidants (reviewed by Prasad, 

et al., 1999; Prasad, et al., 2000). For example, various studies have shown that ascorbic 

acid recycles α-tocopherol (Wen, et al., 1997; see also review by Bode, 1997). It has 

also been shown that consumption of whole fruits and vegetables or their juices is 

superior to an ascorbic acid supplement for antioxidant effectiveness (Leonard, et al., 

2002). It is likely that the combination of antioxidant ingredients in fruits and 

vegetables have a synergistic effect. 

The fact that various antioxidants protect neurons in vitro and in vivo from Αβ-induced 

oxidative stress lends further support for the use of a combination of antioxidants as an 

adjunct to other therapies in the treatment of AD. Clinical studies have already found 

that vitamin E taken at 1000 IU twice daily delays the advent of death, 

institutionalisation or significant functional decline in patients with moderate AD (Sano, 

et al., 1997).  
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However, vitamin E in combination with vitamin C may prove to be even more 

beneficial to AD patients as vitamin C recycles vitamin E to its active form (McCay, 

1985) and, more recently, a study of vitamin intake has in fact found a reduced 

incidence of AD follows the combined intake of vitamins C and E, but not vitamin C or 

E alone (Zandi, et al., 2004). Recent reviews of such clinical studies of vitamin C and E 

intake in elderly patients have also concluded that it is likely that the combined intake of 

these vitamins may reduce the risk of AD, although the studies admit that further 

clinical studies are required to confirm these findings and to determine optimal dosages 

(Kontush & Schekatolina, 2004; Landmark, 2006). Not all studies agree, however; for 

example, one study of the intake of carotenes (vitamin A) and vitamins C and E from 

both dietary and supplemental sources did not find a reduced incidence of AD in a 4 

year follow-up of the elderly patients in the study (Luchsinger, et al., 2003). 

Nevertheless, this study may have had problems estimating dietary intake of vitamins as 

these were calculated from food frequency questionnaires and the vitamin content of the 

foods would have been rough estimates only. In vitro studies have shown a significant 

benefit of vitamin E intake is a reduction in the oxidation of CSF lipoproteins, providing 

a biochemical basis for the antioxidant benefit (Kontush, et al., 2001b; Kontush & 

Schekatolina, 2004). 

Since epidemiological studies have revealed a variety of dietary interventions which 

may slow down or prevent the onset of AD, more fresh fruit and vegetables in a calorie-

restricted healthy diet low in saturated fats, possibly supplemented with a combination 

of antioxidants, may prove to be a beneficial preventative measure. However, although 

radical dietary intervention and supplementation could be the most cost effective 

method for the prevention of AD (Tucker, 2001), it would be almost impossible to 

implement and/or monitor. 
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In other studies, quite specific pharmacological agents including peroxynitrite 

decomposition catalysts and superoxide dismustase mimetics (Melov, et al., 2000) have 

been used in the treatment of shock, ischaemia/reperfusion and inflammation studies. 

These may warrant further investigation as part of a combined antioxidant therapy for 

AD. Such agents have been demonstrated to have several advantages over native SODs 

(reviewed by (Cuzzocrea, et al., 2001). 

1.12. Other aspects of nutrition and AD 

Researchers have found that African-Americans (Hendrie, et al., 1995) and Japanese 

(Graves, et al., 1996) living in the United States have a much higher incidence of AD 

(6.24% and 4.1% respectively) than their counterparts (<2%) living in their homelands. 

This suggests that environmental factors are also important players that interact with 

genetic susceptibility factors, or may play independent roles in the pathogenesis of AD 

(Grant, 1997). This study also found that levels of fat intake had the highest correlation 

with both AD and the prevalence of senile dementia (Grant, 1997), and that a high 

correlation existed between total caloric supply and the prevalence of AD. Similar 

findings on the deleterious effect of high fat consumption on cognitive function in aged 

men have been independently reported (Kalmijn, et al., 1997). 

Cancer, coronary heart disease and AD become increasingly prevalent with age. 

Decreased fat intake has been linked to a reduced risk of coronary heart disease 

(Geddes, 1997). In coronary heart disease as well as AD the APOE ε4 allele confers 

increased risk. Furthermore, individuals with coronary heart disease also have an 

increased density of senile plaques in their brains (Geddes, 1997). Many studies have 

found a large overlap in risk factors for these two diseases (reviewed in Martins, et al., 
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2006). Such studies also give credence to the notion that environmental factors are 

important agents in AD. 

Transgenic mouse studies employing dietary restriction have demonstrated it to be 

effective in reducing oxidative stress and reducing the detrimental effects of an AD-

linked PS1 mutation (Zhu, et al., 1999). It has also been shown that there is a 

connection between cholesterol levels and the rate of plaque formation (Haley & 

Dietschy, 2000). Conversely, animal and cell culture studies have shown that the use of 

cholesterol/lipid-lowering drugs has been associated with reduced levels of Αβ 

(Howland, et al., 1998; Simons, et al., 1998; Buxbaum, et al., 2001; Fassbender, et al., 

2001). These studies provide strong evidence that inappropriate diets may contribute to 

the pathogenesis of AD as well as heart disease via an increased occurrence of oxidative 

stress or impaired cholesterol metabolism (see review by Calabrese, et al., 2001; 

Burgener, et al., 2008). 

The concept that diet can affect mental ability and susceptibility to neurological 

disorders is not new. Several thousand soldiers held as prisoners of war in Japanese 

camps were made prematurely senile by almost four years of malnutrition. 

Supplementation with megadoses of nicotinic acid (3 grams per day) restored mental 

capacity. This led to the conclusion that “senility is due to chronic malnutrition and that 

it is a vitamin-dependent condition which comes from many years of mild or moderate 

chronic vitamin deficiencies” (Hoffer 1974). 

A variety of other nutritional factors have also been integrally linked with AD (see 

reviews by Reynish, et al., 2001; Lau, et al., 2007; Burgener, et al., 2008). For example, 

it has been shown that dysregulation of energy balance, vitamin B12, folate and 

homocysteine levels play a role in the pathogenesis of AD. 
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It has been suggested that an integrated medicine approach combining evidence-based 

treatments from the literature on dietary intervention, a reduction in stress, an increase 

in exercise, and dietary supplementation with pharmaceuticals and/or vitamins and 

antioxidants into an all-embracing complementary treatment strategy would benefit the 

elderly in many health aspects, and possibly reduce the risk of age-related conditions 

including AD (Khalsa, 1998; Lau, et al., 2007; Burgener, et al., 2008). 

1.12.1. Mineral and antioxidant deficiencies in foods 

1.12.1.1. Agricultural methods 

The nutritional value of crop plants is determined by a number of factors including 

genetic makeup, the type of soil in which the plants are grown, seasonal effects, stage of 

maturity at harvest, and the quantity and type of fertilisers used in the production of the 

plants (Food and Nutrition Board, 1976). Hundreds of years of agriculture using the 

same surface soil in many countries have slowly drained soils of minerals. In addition, 

pesticides and herbicides have been sprayed on most soils, inadvertently destroying the 

microorganisms which are needed to release many of these minerals and to maintain 

soil fertility (Kozdroj & van Elsas, 2001). 

In Western Australia it is common practice to test soils for nitrogen, phosphorous and 

potassium (NPK) levels; other macro and trace elements are rarely tested, and thus 

depletion of many essential minerals has not been documented carefully, or even 

measured, in many areas. The continuous yearly application of NPK fertiliser has 

resulted in a high phosphate status of soils, and two thirds of high phosphate status soils 

have been found to be deficient in sulphur and a quarter deficient in potassium (Weaver 

& Reed, 1998). Problems are compounded by the fact that high phosphate soils greatly 

diminish the uptake of copper, zinc and manganese by plants, probably owing to the 

formation of complex phosphate salts (Dolar and Keeney, 1971).  
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Essential minerals and trace elements are not replenished with the addition of NPK 

fertiliser and the resulting food crops are severely deficient in them. 

Low zinc levels in soils have been found in many regions throughout the world, this 

may directly impact on antioxidant status since zinc has a direct antioxidant action by 

occupying iron or copper binding sites in lipids, proteins and DNA (Bray & Bettger, 

1990; Powell, 2000; Zago & Oteiza, 2001). Interestingly, it has also recently been 

reported that zinc binding to Αβ inhibits neurotoxicity by suppressing the generation of 

H2O2 (Cuajungco, et al., 2000). These studies and many others suggest there is a need 

for mineral replenishment of soils, since depleted soils cause deficiencies in plants 

which may have a detrimental impact on the entire food chain. For example, studies 

comparing the antioxidant status of fruits such as plums, pears and peaches have found 

that levels of vitamins C and E and polyphenols are significantly higher in these fruits 

when grown using organic practices instead of conventional methods (Carbonaro, et al., 

2002; Lombardi-Boccia, et al., 2004). It has also been demonstrated that increased soil 

organic matter content increases the uptake of copper, zinc and manganese in oat crops 

(Dolar and Keeney, 1971). 

The agricultural problems are further aggravated by the common harvesting procedure 

of picking fruits and vegetables before they reach maturity, despite the fact that most 

fruits and vegetables reach their maximum vitamin content at maturity. This practice 

also impacts upon the phytonutrient and antioxidant content (Goldman, et al., 1999). 

1.12.1.2.  Food processing and storage methods 

Extensive research needs to be undertaken on the effects of storage on vitamin and 

phytonutrient levels in fruits and vegetables, since some studies have demonstrated their 

reduction during storage (Rodriguez-Amaya, 1999).  
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Processing and preservation of foods increases the problem further; for example, 

nutrient losses following the refining of flour and sugar have been demonstrated 

(Schroeder, 1971). Similarly, a marked decrease of all trace elements with the exception 

of copper occurs when rice is polished (Schroeder, 1971). 

Large losses of nutrients also occur due to the canning of fruits and vegetables. 

Although the snap-freezing of vegetables is thought to preserve many of the vitamin 

content of such foods, it has been found for example that the freezing of vegetables 

results in a loss of 37- 56% of vitamin B6 levels (Schroeder, 1971). Levels of vitamin B6 

and pantothenic acid are also decreased as a result of freezing and canning of fruits or 

fruit juices, with losses ranging from 7% to 50% (Schroeder, 1971). 

Wholegrain foods on the other hand are valuable sources of nutrients which are low in 

the diet, including dietary fibre, the B-group vitamins, vitamin E, selenium, zinc, 

copper, magnesium and phytonutrients, including the phenolic antioxidants (Slavin, et 

al., 2001). Wholegrains are also a source of β-sitosterol, a cholesterol-lowering plant 

sterol (Jones, et al., 1997). These data demonstrate the dietary needs for the use of 

wholegrains and unprocessed foods. 

Recently, some strategies have been developed to combat zinc and iron deficiencies by 

the fortification of these compounds in bread flour (reviewed by Salgueiro, et al., 2002). 

Another approach is to grow plants such as the Brassica juncea (Indian mustard), an 

edible crop species which accumulates metals in their stems and leaves at 

concentrations higher than 2% of their dry weight by hydroponic cultivation in a 

nutrient-rich solution. Subsequent processing of these enriched plants into capsules or 

tablets can supply 100% of the recommended daily intake of chromium, iron, 
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manganese, selenium and zinc in a form which is readily bioavailable (Elless et al., 

2000). 

Around 40 micronutrients including vitamins, essential minerals and trace elements are 

required in the human diet. Recommended dietary allowance of micronutrients is 

mostly based on information on acute effects of dietary deficiencies. However, for long-

term health, the optimum intake of dietary micronutrient quantities is largely unknown, 

and a substantial percentage of the population is deficient in many of the micronutrients 

(Ames, 1999). Many individual essential minerals have been found to be lacking in 

Western diets despite the availability of a huge range of foods, and supplementation of 

such minerals may prove to restore antioxidant balance in the body, or improve 

resistance to AD via other mechanisms. For example, magnesium has been studied 

extensively by researchers and has been demonstrated to lower serum total cholesterol, 

decrease serum LDL and insulin-stimulated glucose uptake in type 1 diabetic subjects 

(Djurhuus, et al., 2001). A more recent study of aged mice has found that a diet 

moderately deficient in magnesium, compared to a magnesium-supplemented diet, 

results in increased levels of oxidised lipids, and increased oxidative stress which was 

associated with inflammation (Blache, et al., 2006). 

1.12.2. Low-carbohydrate diets 

In developing countries diets are increasingly becoming higher in animal fats and 

refined foods and carbohydrates; however, levels of fibre have decreased. These dietary 

factors are contributing to a rapidly increasing prevalence of obesity and type 2 diabetes 

and a decline in health, particularly in the aged (Tucker, 2001; Tucker & Buranapin, 

2001). Alterations in dietary lipids have been posited as playing a role in cognitive 

defects in AD (Reynish, et al., 2001). It may be likely that high-carbohydrate and high-

fat, high-cholesterol (HFHC) diets, together with declining levels of vitamin B12 and 
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folate and with declines in trace minerals, may play a role in the pathogenesis of AD 

(Reynish, et al., 2001). 

The common advocacy of low-fat and high-carbohydrate diets is contradicted by 

various studies (Farquhar, et al., 1966; Coulston, et al., 1983; Garg, et al., 1992; Parillo, 

et al., 1992; Muoio, et al., 1994; Racette, et al., 1995). In fact, studies of glucose 

metabolism suggest this sort of diet is actually detrimental to human health. For 

example, in a dietary intervention study in which patients were subjected to either a 

high-fat or high-carbohydrate diet, it was demonstrated that triglyceride, glucose and 

insulin levels were higher on the high-carbohydrate diet (Farquhar, et al., 1966). In 

another dietary intervention study, it was shown that a high-carbohydrate diet lead to 

increased insulin, and triglycerides but to significantly lower levels of HDL (Coulston, 

et al., 1983). Similar results were seen in non-insulin-dependent diabetes mellitus 

subjects when fed high- and low-carbohydrate diets; the conclusion suggested that high-

carbohydrate diets did not improve glycaemic control nor insulin sensitivity but 

contributed to raised plasma triglycerides and VLDL concentrations yet reduced HDL 

levels (Garg, et al., 1992). Moreover, it has been demonstrated that a high-

monounsaturated-fat, low-carbohydrate diet improves insulin sensitivity peripherally in 

non-insulin-dependent diabetes mellitus subjects (Parillo, et al., 1992). 

The effect of high dietary fat on endurance performance in athletes has also been 

assessed, and a significantly improved performance was demonstrated when compared 

to a diet with high carbohydrate intake (Muoio, et al., 1994). Studies of aerobic exercise 

and diet on obese women have also demonstrated that a greater loss of weight occurs 

when subjects are on a low-carbohydrate diet than when consuming a low-fat diet 

(Racette, et al., 1995). The use of a low-fat, high-carbohydrate diet has also been found 
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to accentuate hyperglycaemia and hyperinsulinaemia, therefore leading to upper-body 

obesity, glucose intolerance, hypertension and hypertriglyceridaemia (reviewed by 

Kaplan, 1989). For example, a cross-sectional study of subjects in India revealed that 

central obesity was associated with higher postprandial plasma levels of insulin, 

glucose, serum iron and oxidative stress. This study also found that vitamin C, vitamin 

E, serum zinc/insulin ratio and serum magnesium/insulin ratio had an inverse 

association with high body fat (Singh, et al., 1998). 

In addition, when a diet consisting of 17 snacks per day was compared to the common 

three meals per day, a reduction of fasting serum cholesterol, LDL, apolipoprotein B 

and mean serum insulin levels were demonstrated. These results suggest that the 

frequency of meals is an important determinant of fasting serum lipid levels, probably 

due to the changes in insulin secretion (Jenkins, et al., 1989). 

As mentioned in an earlier section, insulin resistance syndrome and associated 

conditions such as type 2 diabetes mellitus and hypertension are associated with age-

related memory impairment and AD (Craft, 2006; Ronnemaa, et al., 2008). As the 

evidence of links between insulin resistance, impaired glucose metabolism and AD 

increases, it would appear that diets appropriate for the prevention of diabetes and 

obesity may also be appropriate for the prevention of AD. A meta-analysis of a number 

of studies has also revealed that high-mono-unsaturated-fat diets can improve 

lipoprotein profiles and glycaemic control in patients with type 2 diabetes (Garg, 1998). 

Therefore, a diet rich in mono-unsaturated fatty acids and low in carbohydrates may be 

useful for the elderly and also for AD patients. 

1.12.3. Benefits of olive oil 
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HDL, which carry cholesterol from the body’s tissues to the liver, are considered to be 

the ‘good’ form of cholesterol. LDL, often classed as the ‘bad’ form of cholesterol, 

contain greater amounts of cholesterol than HDL, carry cholesterol and fatty acids from 

the digestive tract to tissues, and have been linked to the formation of atheromas, 

atherosclerosis and heart disease. Various studies have demonstrated positive health 

effects, including raising HDL/LDL ratios, following the replacement of saturated fatty 

acids with monounsaturated fatty acids in the diet, such as those present in extra virgin 

olive oil. For example, in patients who consumed a liquid diet in which high levels of 

mono-unsaturated fatty acids were incorporated, LDL levels were lowered and the 

levels of HDL were maintained (Mattson & Grundy, 1985). The effects of an oleate-rich 

versus a linoleate-rich diet have also been assessed in humans, resulting in the finding 

that mono-unsaturated fat alters LDL fatty acid composition and that LDL become less 

susceptible to oxidation (Reaven, et al., 1993). It has since been demonstrated in vitro 

that LDL oxidation is inhibited to some extent by the naturally occurring polyphenolic 

antioxidant compounds in extra virgin olive oil (Visioli, et al., 1995). In fact, extra 

virgin olive oil phenolic compounds have been shown to be more potent in preventing 

the oxidation of human LDL than their pure components and probucol (Caruso, et al., 

1999). 

In support of this, another study has found that the phenolic compounds in olive oil 

protect LDL against the peroxyl radical dependent and metal-induced oxidation in vitro, 

although olive oil lacking phenolic compounds also protect against LDL oxidation 

(Fito, et al., 2000). The antioxidant properties of olive oil are still being debated. Some 

studies suggest olive oil proper can reduce the oxidation of DNA, based on the 

excretion of 8-oxo-deoxyguanosine following a diet of olive oil with or without 

phenolic compounds (Machowetz, et al., 2007), whereas other studies suggest that 
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tyrosol and hydroxytyrosol, the phenolics in olive oil, can dose-dependently reduce 

LDL oxidation which follows a 40ml dietary dose of olive oil proper (Covas, et al., 

2006). 

Various mechanisms have been proposed for the antioxidant effects of olive oil. In a 

randomised and strictly controlled crossover study, it has been demonstrated that a diet 

enriched with olive oil (but not rapeseed or sunflower oil) beneficially affects 

postprandial blood coagulation factor VII by lowering its concentration (Larsen, et al., 

1999). This study was carried out to investigate the lower than expected ischaemic heart 

disease found in Crete, given the blood lipid profiles of the population, and supports the 

concept that the high olive oil intake of these people protects against thrombogenesis. It 

has also been reported that olive oil has anti-inflammatory effects due to the oleic acid 

content of these oils (reviewed in Alarcon de la Lastra, et al., 2001). The polyphenolic 

antioxidant hydroxytyrosol is thought to exert its antioxidant affect via the chelation of 

free metal ions and by scavenging free radicals (reviewed by Visioli & Galli, 1998). 

Studies of the individual purported anti-cancer and antioxidant components of olive oil, 

for example studies of hydroxytyrosol, have not always found significant beneficial 

effects. However, there are substantial amounts of other compounds deemed to be anti-

cancer agents (e.g. squalene and terpenoids) as well as the secoiridoids and lignans 

antioxidants and the peroxidation-resistant lipid oleic acid (reviewed by Owen, et al., 

2004). 

1.13. Assays for assessing antioxidant activity or oxidative damage 

A variety of specific biomarker assays exist for the measurement of oxidative damage, 

oxidative stress and antioxidant status in biological tissues and samples. For example, 

the detection of ROS and RNS production by skeletal muscle cells is fundamental to the 
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problem of differentiating between physiological and pathological levels, and assay 

systems that have been used to detect ROS and RNS in skeletal muscle include electron 

spin resonance, fluorescent assays, cytochrome C reduction, chemiluminescence, 

hydroxylation of salicylate, and nitration of phenylalanine (Murrant & Reid, 2001). 

Oxidative stress and oxidative damage is believed to play a key part in the pathogenesis 

of AD, and many researchers have tried to measure and compare potential biomarkers 

of oxidative stress in AD and age-matched control subjects in order to develop a 

diagnostic assay for AD. Such a biomarker may also be useful in the monitoring of 

potential treatments of AD. The only in vivo oxidative stress biomarkers currently 

available are the F2-isoprostanes (Montine, et al., 2005; De Jong, et al., 2007). 

Consistent and reproducible cross-sectional data for increased F2-isoprostanes in AD 

and mild cognitive impairment have been obtained from CSF samples. Unfortunately, 

similar assays for blood or urine samples have not provided consistent results (Montine, 

et al., 2005). 

For an example of a specific assay, the measurement of 8-oxo-7,8-dihydroguanine (8-

OHG), a mutagenic product of oxidative DNA damage, is one of the more commonly 

measured indices of oxidative damage to DNA. However, as with most assays of 

oxidative changes, this assay is subject to artifacts which can impact on the accuracy of 

the assay. Measurement of normal background levels in human cells can vary by as 

much as 3 orders of magnitude, depending on the method used (for a review see Collins, 

2005). Generally, methods employing GC/MS have reported the highest amounts of 8-

OHG. However, chromatography methods are prone to produce artifacts due to the 

oxidation of guanine in the process of isolation and hydrolysis of the DNA. In an 

attempt to minimise such artifacts, antioxidants and chelators are added but the results 
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have still yielded wide variations in the levels of 8-OHG, as measured by various 

participating laboratories (see review by Collins, 2005).  

HPLC usually yields lower levels than chromatographic methods. Enzymatic assays 

which determine the levels of DNA breaks with a comet assay, alkaline elution or 

alkaline unwinding, report the lowest levels of 8-OHG (Collins, 2005). 

1.13.1. Fluorescence assays 

Fluorescent assays have been developed to try to detect the total antioxidant capacity of 

biological samples including serum and plasma. Fluorescent probes for the detection of 

ROS are also promising tools with which to enhance our understanding of the 

physiological roles of ROS, because they can provide spatial and temporal information 

about target biomolecules in in vivo cellular systems. In a fluorescent assay, reactive 

oxygen production is assessed by incubation with a fluorescent probe (fluorimetric 

technique). In this assay the fluorescence of the compound is increased by superoxide 

and other ROS (Murrant & Reid, 2001). Originally, fluorescent assays used B-

phycoerythrin as the fluorescent probe. However, it was found that B-phycoerythrin 

becomes photobleached after exposure to excitation light, and that there was variation in 

reactivity from batch to batch, so results were inconsistent (see review by Prior, et al., 

2005). An improved assay uses 2’,7’-dichlorofluorescein diacetate, this probe is more 

stable and less reactive (Ishige, et al., 2001). Long analysis time of up to 1 hour has also 

been a criticism of this assay, although this has been overcome to some extent by high-

throughput assay development (Huang, et al., 2002). Some fluorescent probes that 

exhibit a high degree of selectivity toward specific ROS have recently been reported; 

for example, specific fluoroprobes are currently being developed that can detect singlet 

oxygen, hydrogen peroxide, hydroxyl radicals or superoxide anions (Soh, 2006). 
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1.13.2. The TRAP assay 

The total peroxyl radical trapping parameter assay (TRAP) was a common assay used to 

measure antioxidant capacity during the 1980s (Prior & Cao, 2000). In the TRAP assay, 

the ability of various antioxidants to interfere with the reaction between peroxyl radicals 

and a target reaction probe are measured (Prior, et al., 2005). The oxidation of the target 

reaction probe is assessed optically or by fluorescence. This method has received some 

criticism due to the use of unphysiological initiators of lipid peroxidation; however, it 

could be modified to use lipid-soluble initiators. The TRAP method is quite complex 

and time-consuming, requiring expert knowledge and experience (Prior, et al., 2005). 

1.13.3. The FRAP assay 

The ferric reducing antioxidant power (FRAP) assay employs ferric 2,4,6-tripridyl-s-

triazine (TPTZ) which produces a coloured product upon reduction. The influence of 

antioxidants on the colour production is assessed spectrometrically. However, the redox 

potential of TPTZ is less than 0.7 volts and therefore can only detect radicals having a 

lower redox potential. Moreover, the FRAP assay cannot detect compounds which by 

hydrogen transfer quenches the free radical, and so cannot detect thiols and proteins in 

serum samples (Prior, et al., 2005; Ou, et al., 2002). 

1.13.4. The TEAC assay 

In the Trolox equivalent antioxidant capacity (TEAC) assay first reported by Miller and 

Rice-Evans (1993) 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) is used 

as reaction probe. ABTS is oxidised by peroxyl radicals or other oxidants to the radical 

ABTS.+, which is intensely coloured, and assessed spectrometrically. Addition of 

antioxidants to the reagents reduce this colour and so is measured and reported as the 



 

- 96 - 
 

Total Antioxidant Capacity (Miller, et al., 1993; Prior, et al., 2005). Some modifications 

of this assay have been developed since it was reported that the ABTS radical can be 

generated by using manganese dioxide, potassium persulfate or enzyme reactions (e.g. 

metmyoglobin, haemoglobin or horseradish peroxidase) (Miller, et al., 1993; Miller, et 

al., 1996; Arnao, et al., 1996; Cano, et al., 2002). The TEAC assay has been criticised 

for using a non-physiological source of radical production. Moreover, the endpoint of 

short duration (4 or 6 minutes) may result in misinterpretation of results since the 

reaction times of some antioxidants are considerably slower, therefore leading to 

lowered TEAC values (Prior, et al., 2005). By employing an area under the curve 

analysis until the reaction is completed might improve the accuracy of this assay. 

1.13.5. The TBARS assay 

Biological specimens contain a mixture of thiobarbituric acid reactive substances 

(TBARS) including hydroperoxides and aldehydes (e.g. malondialdehyde), which 

increase as a result of oxidative stress. Thiobarbituric acid and malondialdehyde are 

conjugated in the TBARS assay, which is used to measure lipid peroxidation. Although 

levels of malondialdehyde present in plasma are an indication of the amount of lipid 

peroxidation in the samples, there are still serious concerns about the validity of the 

TBARS assay since extra malondialdehyde can be produced during the assay procedure; 

moreover, malondialdehyde is not very stable (Halliwell & Whiteman, 2004; Collins, 

2005). 

1.13.6. The total phenolic assay 

The Folin-Ciocalteu (F-C) or the total phenolics assay has been used for many years to 

measure total phenolics. The assay consists of an oxidation/reduction reaction, 

involving the transfer of electrons in alkaline medium from phenolic compounds to 

phosphomolybdic/phosphotungstic acid complexes, resulting in coloured products 
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measured spectroscopically at 765nm (see review Prior, et al., 2005). Although the 

reaction is not specific for phenolic compounds, extraction procedures can eliminate 

approximately 85% of ascorbic acid and other potentially interfering compounds. This 

assay is still used widely in studies of food samples, for example teas, plant extracts 

(Ainsworth & Gillespie, 2007), and fruit juices (Mullen, et al., 2007), and individual 

phenolic compounds can then be identified by other methods including HPLC and mass 

spectrometry. 

1.13.7. Combinations of assays and future directions 

In June 2004, the First International Congress on Antioxidant Methods was held in 

Orlando for the sole purpose of dealing with issues relating to assessing antioxidant 

capacity in foods, botanicals, nutraceuticals and other dietary supplements, and for 

proposing a standardised method for assessing antioxidant capacity (Prior, et al., 2005). 

It was concluded that no single assay could be considered as a ‘total antioxidant 

capacity assay’ since none of them can measure all the free radicals or antioxidants. 

However, the oxygen radical absorbance capacity assay (ORAC), F-C phenolics and 

TEAC assays were considered the most suitable, and it was suggested that these three 

assays be standardised (Prior, et al., 2005). 

With the production of more accurate micro gas chromatography-mass spectrometers 

which do not require sample purification, it may be that assays currently being 

developed will yield more precise measurements than the above reviewed assays. This 

would allow, for example, the simultaneous and accurate measurement of ethane, 

malondialdehyde and isoprostane levels (all byproducts of lipid peroxidation) and other 

oxidative damage byproducts in expired breath (Leung, et al., 2006). Alternatively, 

another technique for assessing antioxidants which has recently gained greater 

popularity is cyclic voltammetry (Huang, et al., 2004) as described below. 
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1.13.8. Cyclic voltammetry for assessing antioxidants and antioxidant status 

A unique technique for the electrochemical assessment of antioxidants and antioxidant 

status by providing oxidation reduction potentials is cyclic voltammetry. This technique 

has been widely used in evaluating antioxidants in the oil, food, diagnostic and 

agricultural industries and has been recommended for the rapid screening of 

antioxidants in pharmaceutical formulations (Huang, et al., 2004). The technique has 

also been shown to be valid in the quantitation of antioxidant capacity in blood plasma, 

tissue homogenates and plant extracts (Chevion & Chevion, 2000; Chevion, et al., 

2000; Kohen, et al., 2000). Moreover, good correlations have been demonstrated 

between the above recommended assays (TEAC, ORAC, FRAP) for antioxidant studies 

and cyclic voltammetry (Huang, et al., 2004; Campanella, et al., 2004a; Campanella, et 

al., 2004b; Firuzi, et al., 2005). Generally a low volume cell is used in which up to 

2.0ml of a sample is tested electrochemically. Three electrodes are used in the tests 

including a reference electrode (Ag/AgCl), the working electrode (glassy carbon) and a 

counterelectrode (platinum wire). Cyclic voltammetry tracings, referred to as 

voltammograms, are generally recorded from –0.5 Volts to +1.5 Volts versus the 

Ag/AgCl reference electrode at a 100 mV/S or 400 mV/s scan rate (Chevion & 

Chevion, 2000) (Figure 1.8). 
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Figure 1.8. A cyclic voltammogram of a healthy human’s plasma 
The anodic current (E, in mV) at each peak (1 & 2) is indicative of the reducing activity of the 
antioxidant in the solution and the intensity of the AC current (I, in µAmps) is indicative of the 
amount of the antioxidant/s (concentration) present in the solution [sourced from Chevion et al., 
2000]. 

Compounds in solution having the lowest oxidation potential (mV) are shown to be the 

most potent antioxidants and vice versa (Huang, et al., 2004). However, with 

polyphenolic antioxidants from plant extracts, bioavailability must also be considered. 

Cyclic voltammetry appears to be a very effective and relatively simple procedure to 

assess antioxidant activity. In conjunction with other methods, it is used widely in the 

assessment of redox properties and functions of biological solutions/samples. For 

example, cyclic voltammetry has been used in the assessment of cytochrome c’s 

electron donor/acceptor capabilities in different lipid membranes (Basova, et al., 2007) 
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and has been used to validate nanoparticle-based assays of antioxidant activity 

(Scampicchio, et al., 2006). 

1.14. Transgenic mouse models used in studies of AD 

1.14.1. AD transgenic mice animal models 

Attempts to produce AD-like pathology in transgenic mice were based on the 

observation that Down syndrome patients could develop AD-like neuropathology as 

early as 30 years of age and up to 2 decades before the onset of symptoms, which was 

also about 3 decades earlier than symptom onset in sporadic AD patients. This implied a 

role for the overexpression of chromosome 21-encoded AβPP in AD (Lai & Williams, 

1989). Since there was a lack of a suitable animal model of AD, an attempt to generate 

one was made by first employing a 4.5 kb DNA fragment from the 5′ end of the human 

APP gene, which mediated gene expression specifically in neurons, using E. coli lacZ 

as the reporter gene (Wirak, et al., 1991a; Wirak, et al., 1991b). The expression pattern 

was reportedly similar to the distribution of endogenous AβPP mRNA in the CNS of 

both humans and mice (Wirak, et al., 1991a; Wirak, et al., 1991b). Accumulation of Αβ 

in the dendrites of some hippocampal neurons in 12-month-old transgenic mice AE101 

and AE301 which express human Αβ mRNA were reported (Wirak, et al., 1991b). 

Quon (Quon, et al., 1991) were the first to report amyloid deposition in a transgenic 

mouse, produced by expressing wild-type AβPP751 under control of the NSE promoter. 

In 1996, Hsiao et al. developed transgenic mice that use the hamster prion promoter to 

express the AD-associated AβPP ‘Swedish’ mutation (K670N/M671L) which results in 

increased total Aβ production. These mice, often referred to as the Tg2576 mice, have 

been widely used in research, and display many cognitive deficits and pathological 

features resembling AD (Hsiao, et al., 1996; Radde, et al., 2008). 
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Two transgenic mouse lines expressing human AβPP751 expressing the Swedish 

double mutation and the V717I mutation, or the V717I mutation alone (known as the 

APP23 mice), have been generated. These mice develop AD-like neuropathology 

appearing at 18 months or at 6 months respectively. In the CA1 region of the 

hippocampus a reduction of neurons occurs, accompanied by plaques and dystrophic 

cholinergic fibres. A massive glial reaction also develops in the mice with the V717I 

mutation alone, indicating extensive inflammatory responses (Sommer, et al., 2000). At 

14-18 months these mice have vigorous and dense plaque deposition throughout the 

entire neocortex and hippocampus (Calhoun, et al., 1998). 

Interestingly, age-associated spatial learning deficits have been demonstrated in 

AβPP751 transgenic mice bearing diffuse Αβ deposits but without forming Αβ plaques 

(Koistinaho, et al., 2001; Radde, et al., 2008). These findings suggest that memory 

impairment may be caused solely by overexpression of AβPP or increased Αβ load. 

In order to study Αβ production and aggregation, transgenic mice expressing the C-

terminal 100 amino acid of human AβPP (Tg C100.V717F) have been produced. 

Extracellular Αβ plaques were not found in these mice up to 20 months of age, although 

there is extensive intracellular immunoreactivity with a monoclonal antibody directed 

against the Αβ 5-8 region (Li, et al., 1999). The Αβ found in these animals is 

completely sodium dodecyl sulphate (SDS) detergent-soluble which suggests that Αβ is 

associated with membranous structures. These mice may therefore be a useful model to 

assess potential drugs directed at γ-secretase, a major target for the control of Αβ42 

production (Li, et al., 1999). 

Transgenic mice bearing a CA-SβC transgene had substantial levels of circulating Αβ in 

the peripheral circulation; however, they did not develop Αβ deposits nor degeneration 
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of neurons in the brain. This may suggest that cerebral metabolism of AβPP is 

necessary for cerebral amyloidosis in these mice (Fukuchi, et al., 1996; Radde, et al., 

2008). 

An interesting development in AD animal models was realised when doubly transgenic 

mice (PS/AβPP) overexpressing both mutant AβPP and PS1 were generated. These 

mice have extensive deposition throughout the hippocampus and cortex by 6 months of 

age (McGowan, et al., 1999). Unlike singly transgenic AβPP littermate control mice, 

the doubly transgenic mice by 59 weeks of age no longer revealed GFAP 

immunoreactivity around the compact Αβ plaques. This was thought to imply that the 

mutant PS1 transgene contributes to accelerated Αβ accumulation (McGowan, et al., 

1999). A comparison of the chemical structure of Αβ molecules and amyloid plaques 

from human AD patients and APP23 transgenic mice (APPV717I mice) was made; 

there was not a complete equivalence between the APP23 transgenic mice plaques and 

the human AD plaques (Kuo, et al., 2001). The implication of this finding is that 

assessment of any therapies relating to amyloid deposition need to be judged in the 

context of this lack of complete equivalence (Kuo, et al., 2001; Radde, et al., 2008). 

In another study of the Tg2576 transgenic mice, it was demonstrated that there is a 

distinction between the Αβ peptides in the transgenic mice and the chemically modified 

and insoluble peptides deposited in AD. The Tg2576 mouse Αβ peptides lacked the N-

terminal degradation commonly found in AD patients; moreover, they also lacked post-

translational modifications and extensive crosslinking (Kalback, et al., 2002). The 

authors also confirmed the findings of Kuo et al., (2001), namely that the transgenic 

mice peptides were SDS-soluble (Kalback, et al., 2002). 
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In other studies, it was determined that intraneuronal Αβ accumulation preceded plaque 

formation and astrogliosis in AβPP/PS1 transgenic mice, as also seen in early AD 

patients (Wirths, et al., 2001). A further interesting discovery was the finding that 

neuroinflammation induces an acceleration of Αβ deposition in the AβPPV717F 

transgenic mouse, and that this process requires apoE expression (Qiao, et al., 2001). 

This supports the theory that Αβ deposition is a self-perpetuating event, resulting in 

ever increasing levels of inflammation and further Αβ deposition. 

It has also been shown that microglia are in an activated state when they are closely 

associated with Αβ plaques (Bornemann, et al., 2001). Quantitative analysis of 

microglia numbers as a function of distance from the central plaque cores has 

demonstrated a highly significant increase in activated microglial numbers within 

plaques when compared with surrounding regions (Frautschy, et al., 1998). This study 

supports the contention that microglial activation is an inflammatory response to Αβ 

deposition. 

Supplementation with ibuprofen to 10-month-old Tg2576 transgenic mice for 6 months’ 

duration results in suppression of plaque pathology and inflammation (Lim, et al., 

2000). These results support the theory that inflammation is a key factor in AD 

neuropathology. 

Interestingly, the yellow curry pigment curcumin which has antioxidant and anti-

inflammatory activities has been shown capable of crossing the BBB following 

peripheral injection and, when fed to aged Tg2576 mice with advanced amyloid 

accumulation, curcumin labelled plaques and reduced amyloid levels and plaque burden 

(Yang, et al., 2005; see also Mancuso, et al., 2007; Goel, et al., 2008). This lends 

further support to the value of antioxidant therapy in the prevention and treatment of 
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AD. Further evidence for the detrimental effects of oxidative stress has been established 

by the demonstration that dietary supplementation with aluminium modulated 

amyloidosis and increased isoprostane levels in Tg2576 mice (and not in littermate 

controls) (Pratico, et al., 2002). The fact that these results were reversed by vitamin E 

supplementation again provides a strong rationale for employing antioxidant therapy as 

a major treatment in AD. More recently, cell cultures of neurons from AβPP/PS-1 

double mutant mice have been found to be more sensitive than control neurons to 

oxidative agents such as kainic acid, H2O2 and Aβ1-42 (Mohmmad Abdul, et al., 2006). 

Many other AD model transgenic mouse studies have provided evidence that oxidative 

stress is involved in AD pathology and pathogenesis. For example, it has been 

demonstrated that AβPP/PS-1 transgenic mice have significantly decreased activity of 

the antioxidant enzymes copper and zinc SOD and GSH reductase (Leutner, et al., 

2000; Radde, et al., 2008). In another study, 3-month-old PS1 knock-in mice displayed 

increased levels of oxidative stress (LaFontaine, et al., 2002). Increased lipid 

peroxidation has also been shown to precede Αβ plaque formation in Tg2576 transgenic 

mice, suggesting that oxidative stress contributes to AD neuropathology prior to Αβ 

accumulation (Pratico, et al., 2001). Furthermore, the Αβ deposition in AD transgenic 

mice is associated with a 100% overlap with oxidative stress markers, suggesting a very 

close association between Αβ deposits and oxidative stress (Smith, et al., 1998). Other 

degenerative changes that have been reported in AD transgenic mice include 

deficiencies in long-term potentiation as well as other measures of synaptic 

transmission, detrimental changes to the cholinergic system, and disturbances in sleep 

and circadian rhythms (for a review see Games, et al., 2006). 
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Diabetes type 2 has been linked to an increased risk of AD, and AD transgenic mice 

have provided some evidence for this link; diet-induced insulin resistance in Tg2576 

mice increases Aβ accumulation, increases AD-type amyloid plaque burden in the brain 

and impairs performance in a spatial water maze task (Ho, et al., 2004). Impaired 

insulin signalling was found in these mice when compared to Tg2576 mice fed a normal 

diet. The IDE is thought to degrade the Aβ peptide and, in aged TG2576 mice, protein 

levels of IDE increase significantly, particularly around Aβ fibrillar deposits and near 

reactive astrocytes (Leal, et al., 2006); however, this does not occur in AD brains. 

Due to the development of various kinds of non-transgenic and transgenic animal 

models of AD, considerable advancement has been made in understanding the 

mechanism of the biochemical and cellular abnormalities comprising the 

neuropathology of AD (Games, et al., 2006; Jucker & Ingram, 1997; Rockenstein, et 

al., 2007; Radde, et al., 2008). Behavioural abnormalities have also been recorded in 

many of the AD transgenic mice, many of which worsen with level of plaque 

deposition, yet some even appear before the appearance of Aβ deposits (for a review see 

Games, et al., 2006; Radde, et al., 2008). The majority of AD transgenic mouse models 

have abnormalities in hippocampus-mediated spatial memory tasks, as shown in 

experiments using the water maze, the radial arm water maze, the circular hole-board 

maze, contextual fear conditioning, passive avoidance tests, and the T- and Y-maze 

(Games, et al., 2006; Radde, et al., 2008). The fact that the behavioural changes 

correlate with level of Aβ deposition supports the concept that excess Aβ production 

can drive cognitive loss. 

In many single and double transgenic mouse models of AD, Aβ plaque deposition and 

neuronal loss mirroring that of human AD was developed; however, NFT were not 
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found. The more recent production of a triple transgenic mouse with a PS1 mutation 

(M146V), the AβPP Swedish mutations, together with a tau (P301L) mutation, finally 

resulted in the deposition of NFT in the brain. This 3XTg-AD mouse model 

accumulates tau in the hippocampal and cortical regions which then becomes 

hyperphosphorylated. It is important to note that in this mouse, Aβ accumulation 

precedes tau pathology. Studies of this mouse have shown that clearance of Aβ using 

Aβ-based immunotherapy has led to a concomitant reduction in intraneuronal tau, 

suggesting that treating Aβ pathology will reduce tau pathology too (Games, et al., 

2006). 

The imaging of Αβ deposits in living AD transgenic mice employing multi-photon 

microscopy (Bacskai, et al., 2001; Skoch, et al., 2006; Clark, et al., 2008) is proving to 

be a powerful approach to monitor the effectiveness of putative therapeutic treatments. 

This optical imaging technique has allowed the characterisation of the natural history of 

individual senile plaques, the evaluation of plaque clearance during immunotherapy, 

and the distribution of specific fluorescent probes which may prove useful in studies of 

AD. 

1.14.2. ApoE-deficient mice animal model 

ApoE-deficient mice have been generated by homologous recombination in embryonic 

murine stem cells on a C57BL/6 background (Plump, et al., 1992). These knockout 

mice have been shown to be a model of lipoprotein oxidation in atherogenesis (Palinski, 

et al., 1994), and oxidised plasma LDL results in LDL aggregation leading to 

atherosclerosis (Maor, et al., 1997). The progression of atherogenesis has also been 

demonstrated to be associated with increased lipid peroxidation (Letters, et al., 1999), 

which is in agreement with the oxidation theory. 
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In a dietary intervention study it was demonstrated that 17β-estradiol prevented the 

formation of fatty streaks in the aorta of apoE-deficient mice fed a low-fat chow diet 

(Elhage, et al., 1997). In other studies, high-fat (10%), low-cholesterol diets fed to 

apoE-deficient mice were demonstrated to reduce hepatic lipid peroxidation, reduce 

aortic lesion size and improved antioxidant vitamin E levels, suggesting that a diet rich 

in mono-unsaturated fatty acids and antioxidants may be beneficial in the treatment of 

atherosclerosis (Ferre, et al., 2001). 

Other research on the apoE-deficient mice has revealed that they generate granular 

structures that can be stained with antibodies which are specific for Αβ (Robertson, et 

al., 1998). These same authors had previously observed Αβ protein-containing 

inclusions in skeletal muscle of these apoE-deficient mice (Robertson, et al., 1997) and 

subsequently they demonstrated that the neurological and neuromuscular inclusions 

were reduced when apoE protein was replaced by bone marrow transplantation or by 

gene therapy with the apoE gene (Robertson, et al., 2000), implying that apoE is 

intimately involved in the production and deposition of these inclusions. 

ApoE-deficient mice have also been thought to be useful models for studying the effect 

of apoE on neuronal function, maintenance, repair and degeneration (Genis, et al., 1995; 

Chapman & Michaelson, 1998). Neurodegeneration in the CNS of apoE-deficient mice 

has been extensively studied, revealing that there is a loss of nerve terminals and 

dendrites in the neocortex and hippocampus associated with memory deficits when 

compared to control mice (Masliah, et al., 1995; Veinbergs, et al., 1999a; Veinbergs, et 

al., 1999b; Veinbergs & Masliah, 1999). An impairment of the blood-nerve and BBBs 

has also been demonstrated in these mice, adding further support to the notion that apoE 

has a role in maintaining the integrity of these barriers (Fullerton, et al., 2001).  
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In another study it was demonstrated that apoE deficiency also resulted in specific 

synaptic derangements of neuronal pathways depending on the distance of nerve 

terminals from their cell bodies (Chapman & Michaelson, 1998). 

Certain findings in apoE-deficient mice are similar to what has been described in the 

AD brain (Francis & Bowen, 1994), suggesting that these mice may also be a useful 

model for assessing the maintenance and repair of neurons. 19-month-old apoE-

deficient mice fed a HFHC diet for 7 weeks have been shown to develop xanthomatous 

lipid deposits in the brain. The lesions comprised mostly of foamy macrophages 

scattered among the crystalline cholesterol clefts and lipid globules (Walker, et al., 

1997). In another study of aged apoE-deficient mice, significant reduction in cerebral 

cortical phospholipids and their constituent fatty acids was observed, as well as 

increased lipid peroxidation (Montine, et al., 1999b). Similarly, increased levels of F2-

isoprostanes an in vivo marker of lipid peroxidation are found in the brains of these 

mice (Pratico, et al., 1999). These findings indicate that absence of apoE may induce an 

age-dependent increase in brain lipid peroxidation. Interestingly, supplementation with 

vitamin E at 2000IU/kg feed suppresses the generation of isoprostanes and reduces 

atherosclerosis in these mice (Pratico, et al., 1998). Increased levels of interleukin-6 in 

atherosclerotic lesions have also been shown to be inhibited by 17β-estradiol in apoE-

deficient mice (Sukovich, et al., 1998), suggesting that supplementation with 

antioxidants may ameliorate proinflammatory cytokines. 

Contrapsin-2 (EB22/5), a murine homologue of human α-1-antichymotrypsin and one of 

the serine protease inhibitors shown to be increased in AD (Turgeon & Houenou, 1997), 

was also demonstrated to be increased in apoE-deficient mice in comparison to control 

mice (Licastro, et al., 1999).  
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This suggests that apoE may have a role in regulating α-1-antichymotrypsin which 

binds to Αβ and is a component of neuritic plaques (Abraham, et al., 1988). 

A role for apoE in synaptic plasticity and synaptic homeostasis has been suggested as a 

result of an investigation into the effects of Αβ1-40 on synaptosomes from apoE-

deficient mice. This study demonstrated increased oxidative stress, mitochondrial 

dysfunction and caspase activation in comparison with C57BL/6J wild-type mice 

(Keller, et al., 2000). It has also been demonstrated that female gender significantly 

increases the susceptibility to apoE-dependent spatial learning deficits (Raber, et al., 

1998). 

Dietary supplementation with a combination of vitamin E and coenzyme Q10 was shown 

to inhibit atherosclerosis in apoE-deficient mice (Thomas, et al., 2001). A significant 

reduction in atherosclerosis was also demonstrated in a study employing the antioxidant 

N,N′-diphenyl 1,4-phenylenediamine in a high-fat diet (Tangirala, et al., 1995). 

Similarly, dietary supplementation with novel tocotrienol antioxidants derived from rice 

bran inhibits atherosclerotic lesions in these mice (Qureshi, et al., 2001). However, the 

combination of vitamin E and beta-carotene at moderate levels failed to significantly 

inhibit atherogenesis in apoE-deficient mice (Shaish, et al., 1999), although it may be 

that the concentrations of these antioxidants may have been too low in that study. In 

another study, a combination of vitamin E, sodium pyruvate and phosphatidyl choline 

improved the survival and neuritic sprouting of murine embryonic cortical neurons in 

culture. Furthermore, the same combination of dietary supplements provided improved 

neuroprotection over vitamin E alone in situ (Shea, et al., 2002) and, in a more recent 

study, the cell-permeant NAC alleviated oxidative damage and cognitive decline, and 

restored GSH synthase and reduced GSH levels in apoE-deficient mice deprived of 
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folate (Tchantchou, et al., 2005). Neprilysin is another Aβ-degrading enzyme, and 

comparisons of the effect of neprilysin inhibition in apoE-deficient mice, mice carrying 

human apoE ε3 and mice carrying human apoE ε4 have shown that apoE ε4 specifically 

enhances the nucleation and aggregation of immunopositive Aβ deposits (Dolev & 

Michaelson, 2004). 

It has been suggested that APOE genotype may influence oxidative stress in diabetes, 

arthritis, atherosclerosis and now also AD. As increased susceptibility to AD is 

associated with the presence of the APOε4 genotype and oxidative stress, the dietary 

supplementation with antioxidants in subjects with one or more APOε4 alleles may 

reduce the incidence or delay the onset of AD in these subjects (Brown, et al., 2002). 

When apoE-deficient mice were crossed with AβPP V717F transgenic mice, the 

deficiency of aPOE resulted in a drastic reduction in Αβ deposition, with no deposits 

visible in these animals at 22 months of age (Bales, et al., 1997). However, aged apoE-

deficient mice have periodic acid-Schiff (PAS)-positive granules in the hippocampal 

area which stain positive with Aβ-specific antibodies (Robertson, et al., 1998). Despite 

these apparently conflicting studies, it is now thought that one possible mechanism 

whereby the known genetic risk factor APOE ε4 exerts its effects in AD may be via the 

diminished ability of its protein, apoE ε4, to bind and clear the Αβ peptide from the 

extracellular space (Yang, et al., 1997; Robertson, et al., 1998; Yang, et al., 1999). 

The development of murine models having the human APOE constructs ε2, ε3 or ε4 

may prove to be very useful in assessing antioxidant therapeutics and understanding the 

molecular neuropathology associated with APOE ε4 in AD. Murine models need to be 

developed further in order that the neurodegenerative process may be visualised in a 

short timeframe.  
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Although current models are not perfect, they have nevertheless proved very useful in 

studying neurodegeneration. With further development of transgenic animals and select 

breeding of mice, more murine models for AD may be produced in the not too distant 

future. 
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2. Materials and methods 

2.1. Animals 

ApoE-deficient mice (generated by homologous recombination in embryonic murine 

stem cells on a C57Black/6J background) (Plump, et al., 1992) were obtained from the 

Animal Resources Centre [Murdoch University, WA]. The C57Black/6J mice were 

sourced from the Animal Resources Centre [Murdoch University, WA] and from the A 

block animal house at QEII Hospital [Hollywood, WA]. Female transgenic mice 

expressing human APP695 were kindly donated by Dr Karen Hsiao [Department of 

Neurology, University of Minnesota, Minneapolis, Minnesota, USA] (Hsiao, et al., 

1996). The animals were maintained in an air-conditioned environment at 21o C and a 

mean humidity of 49%, under the conditions of 12 hours light and 12 hours dark (light 

period from 6:00AM to 6:00PM). Watanabe rabbits, a breed that suffers from a rare 

genetic defect which causes high levels of blood cholesterol, were obtained from 

Animal Resources Centre [Murdoch University, WA]. Watanabe homozygous and 

heterozygous rabbits, as well as control New Zealand White rabbits, were housed at the 

BSAU large animal facility at the University of Western Australia in an air-conditioned 

environment at 21oC and a mean humidity of 50% under the conditions of 12 hours light 

and 12 hours dark and were fed a standard chow (Std Chow) diet. Dr John Mamo kindly 

donated the rabbit brain tissue. The mice experiments were in accordance with the 

Australian code of practice for the care and use of animals for scientific purposes and 

were approved in advance by The University of Western Australia Animal 

Experimentation Ethics Committee approval code 251/97 and 01/100/098. 

2.2. Materials 

The alpha tocopherol acetate and the ascorbyl palmitate were sourced from Roche 

Products Pty Ltd [Frenchs Forest NSW].  
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Mediherb Pty Ltd [Warwick, QLD] kindly donated the Ginkgo biloba extract (leaf 

extracted in 50% ethanol, providing 9mg of ginkgo flavone glycosides per ml). 

Pycnogenol (grape seed extract) was purchased from Colhaven Pty Ltd [Carlingford 

NSW]. A subsequent batch of standardised pycnogenol and another standardised 

Ginkgo biloba extract, EGb 761, were sourced from Laboratorios Dr Vinyals [Spain]. 

10% buffered formalin was obtained from Sigma [Castle Hill, NSW]. PVA mounting 

medium was obtained from Sigma [Castle Hill, NSW]. The In Situ Cell Death Detection 

kit 1684809 was obtained from Roche [Germany]. Aqueous mounting medium was 

obtained from Aquatex [Merck, Germany]. Triton X-100 was obtained from Sigma 

[Castle Hill, NSW]. 

Std Chow pellets were supplemented with 1% cholesterol, 1% cholic acid and 15% lard 

in order to modify it into a HFHC diet, and were purchased from M.J. Hoxey & 

Associates Pty Ltd [Ferndale, WA]. Antioxidants (various concentrations, as described 

in results) were added to the HFHC diet, which was then repelletised. Bovine serum 

albumin (BSA) was obtained from Sigma [Castle Hill, NSW]. Tween 20 was obtained 

from BDH. The avidin-biotin horseradish peroxidase / 3,3’-diaminobenzidine (DAB) 

DAKO LSAB®+ kit, HRP and Dako Envision Plus kit liquid DAB solution were 

obtained from DAKO [Carpinteria, CA, USA]. The Zymed Histomouse SP Bulk kit was 

purchased from Zymed [South San Francisco, USA]. All other reagents were of 

analytical grade and were obtained locally. 

2.2.1. Antibodies 

Primary antibodies include rabbit polyclonal 3340 (Aβ40 specific) [kindly donated by 

Dr F Checler, Institute of Pathology, France], mouse monoclonal Aβ4G8 (Aβ17-24 

specific) [purchased from Senetek, Maryland Heights USA, also from IBRDD, Staten 
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Island, NY, USA], and monoclonal 2F9AF (Aβ17-24 specific) [kindly donated by Dr K 

S Kim from Staten Island, New York USA] were used. The R208 (specific for Aβ40) 

and R306 (specific for Aβ42) antibodies were kindly provided by Dr Pankaj Mehta 

[NYS Institute for Basic Research, New York, USA]. The 21F12 antibody (specific for 

Aβ ending at Aβ42) was provided by Athena Neurosciences [South San Francisco, CA, 

USA]. The mouse monoclonal 1E8 antibody (raised to the 13-27 fragment of β 

amyloid) was kindly provided by Professor Colin Masters [University of Melbourne, 

VIC]. The mouse monoclonal 6E10 antibody was sourced from Novus Biologicals 

[Littleton, CO, USA]. 

The monoclonal antibody to GFAP produced by DAKO [Carpinteria CA USA], was 

kindly provided by Prof. Alan Harvey [Department of Anatomy, UWA, WA]. Anti-

synaptophysin antibody produced by Boehringer Mannheim [Mannheim, Germany] was 

kindly provided by Tom Jones [Department of Neuropathology, Royal Perth Hospital, 

WA]. Fluorescent oregon green secondary antibody was produced by Molecular Probes 

[Portland, Oregon USA], and was kindly donated by Dr Allan Everett [Department of 

Physiology, UWA, WA]. 

2.3. Dietary experiments using apoE-deficient mice 

The effects of HFHC diets, with or without various levels of antioxidants, on the 

deposition of PAS inclusion bodies and Aβ peptides in mouse brains were studied. 

ApoE-deficient (Plump et al., 1992) mice were used in these experiments. For 3 

months, the animals were kept on HFHC diets and HFHC diets supplemented with 

antioxidants at various concentrations, as described in individual experiments listed in 

Chapter 3. ApoE-deficient mice were randomly allocated to the different groups. 

Increased numbers were necessarily allocated to some of the groups to ensure that 
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sufficient animals would remain alive at the conclusion of the experiment since natural 

attrition in these animals is high. 

2.3.1. Preparation of brain tissue for analysis 

Following the 3-6 month period on a specified diet, each animal was anaesthetised with 

Halothane. The brain was carefully removed and cut to separate the two hemispheres. 

The right hemisphere was fixed by immersion in 10% Buffered formalin. Left 

hemispheres were frozen in liquid nitrogen for later biochemical analysis. 

An hour after the right hemisphere was immersed in the fixative, it was sliced into 2mm 

slices in a coronal mouse brain matrix with double-edged razor blades. Each slice was 

then re-immersed in the same fixative for another 24 hours. The brain slices were then 

conventionally processed (see later). 

Three alternative methods of fixation were trialled in order to preserve tissue without 

causing the crosslinking of proteins commonly found with 10% Buffered formalin 

fixation, namely microwave fixation in phosphate buffered saline (PBS) (pH7.4), 100% 

ethanol fixation and 100% isopropanol fixation. These three methods allow subsequent 

analysis of proteins to be done even after paraffin embedding of tissues. Microwave 

fixation in PBS (pH7.4) gave the best results. 
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2.3.2. Tissue processing 

The neuropathology processing schedule is shown in Table 2.1. 

Table 2.1. Neuropathology processing schedule 

 
Solutions Time 

1 Buffered formalin 30 minutes 

2 70% ethanol 30 minutes 

3 70% ethanol 30 minutes 

4 95% ethanol 30 minutes 

5 100% ethanol 45 minutes 

6 100% ethanol 60 minutes 

7 100% ethanol 60 minutes 

8 Ethanol/chloroform 50:50 60 minutes 

9 Chloroform 1.5 hours 

10 Chloroform 2 hours 

11 Wax @ 56oC 8 hours 

12 Wax @ 56oC 8 hours 

13 Wax @ 56oC 8 hours 
 

After the processing was completed, the slices were embedded into paraffin wax blocks 

for subsequent cutting. 5µm thick paraffin sections were cut with a disposable steel 

blade on a ‘Reichert-Jung 2035’ rotary microtome. The sections were mounted onto 

silanated glass slides. 

2.3.3. Haematoxylin and eosin (H&E) staining 

Paraffin embedded sections were de-waxed by immersing in xylene using three baths 

for 3 minutes each. The sections were hydrated through two changes of 100% ethanol 

for 3 minutes each. Hydration was continued by immersion through changes of 95% 

ethanol, then 70% ethanol for 3 minutes each. Slides were then washed in gently 

flowing tap water also for 3 minutes.  
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One section of each mouse brain was then stained in Gill’s haematoxylin for 3 minutes 

to demonstrate morphology. Excess stain was removed by rinsing in tap water, and then 

the sections were immersed for 30 seconds in Scott’s tap water. Blued sections were 

washed in running tap water for 2 minutes. Stained sections were dehydrated through 

one change of 70%, then 95% ethanol for 3 minutes each. Counterstaining was done by 

immersion in 1% alcoholic eosin for 1 minute. The sections were rinsed in two changes 

of 100% ethanol for 3 minutes and were cleared in three changes of 100% xylene for a 

duration of 3 minutes each. They were then mounted with coverslips using DPX as the 

mounting medium (Table 2.2). 

Table 2.2. Procedure for H&E staining 

Step Procedure Incubation time 

1 Paraffin embedded sections were de-waxed by sequential 
immersion in xylene baths 

3 x 3 minutes each 

2 Start hydration through two changes of 100% ethyl alcohol 3 minutes each 

3 Rehydration in 95% and 70% ethyl alcohol 3 minutes each 

4 Slides were then washed in gently flowing tap water 3 minutes 

5 Slides were immersed in Gill’s haematoxylin 3 minutes 

6 Slides washed to remove excess stain  ~1 minute 

7 Slides were immersed in Scott’s tap water to blue the sections ~1 minute 

8 Slides were washed in gently flowing tap water again 2 minutes 

9 Dehydration in 70% and 95% ethanol 3 minutes each 

10 Counterstaining with 1% alcoholic eosin 1 minute 

11 Slides were dehydrated further, through 100% ethanol and 
xylene baths 

3 minutes each 

12 Slides were mounted in DPX (coverslipped)  
 

2.3.4. PAS staining 

PAS was used to stain some sections to visualise the amyloid granular deposits 

(inclusion bodies). Sections were then examined using a Nikon Eclipse E600 light 

microscope or an Olympus Vanox light microscope.  
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Digital images were taken using a Nikon DXM 1200 digital camera [Nikon Corporation 

Instruments Company, Kanagawa 210-0005, Japan] (Table 2.3). 

Table 2.3. Procedure for PAS stain 

 
Step Procedure Incubation time 

1 Paraffin embedded sections were de-waxed by immersing in 
xylene baths 

3 x 3 minutes each 

2 Start hydration through two changes of 100% ethanol 3 minutes each 

3 Rehydration in 95% and 70% ethanol 3 minutes each 

4 Slides were then washed in gently flowing tap water 3 minutes 

5 Slides placed on staining racks and oxidised with 2% periodic 
acid 

12 minutes 

6 Slides were washed in gently flowing tap water 2 minutes 

7 Slides were washed in DDH2O 1 minute 

8 Slides were treated with Schiff’s reagent 10 minutes 

9 Slides were again washed in gently flowing tap water 5 minutes 

10 Slides were immersed in Gill’s haematoxylin 2 minutes 

11 Slides washed to remove excess stain  ~2 minutes 

12 Slides were immersed in Scott’s tap water to blue the sections ~1 minute 

13 Slides were washed in gently flowing tap water again 2 minutes 

14 Slides were dehydrated, through alcohols and xylene baths 3 minutes each 

15 Slides were mounted in DPX (coverslipped)  
 

PAS was used to stain the granules since it gave the most prominent staining. This 

allowed the results to be compared to previously published results by other researchers. 

Distinct PAS-positive granular clusters were counted in 5µm coronal sections of the 

hippocampal region in the right hemisphere of the apoE-deficient mice brains. The 

numbers of clusters in the hippocampus region of each section were counted. Statistical 

analysis of the results were performed which included the analysis of variance to test for 

significant differences in the numbers of clusters found in the brains of the various mice 

groups. The counting was done blind using the codes from QEII Hospital Pathology 

Department codes (e.g. U98-185a; U98-185b; U98-185c; where U98 = 1998, 185 = Job 
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number and a,b,c = slide number) so individual mice could not be identified without 

decoding. 

2.4. Immunohistochemistry methodology and comparison 

In order to optimise immunohistochemistry reactivity and to reduce non-specific and 

background staining, a variety of methods, such as antigen retrieval (AR) solutions, 

blocking solutions, washing buffers and chromogen solutions were investigated and 

compared. 

2.4.1. AR solutions 

AR incorporating microwave heating of four different AR solutions was done on 

control apoE-deficient slides. AR of tissue sections before immunostaining is a 

revolutionary technique which unmasks the antigens that were crosslinked by formalin 

fixation (Evers & Uylings, 1994). Since different AR solutions have been described to 

optimise the enhancement of antigens with diverse antibodies (Taylor, et al., 1994; 

Reynolds, et al., 1994), experimentation was undertaken to determine the optimal AR 

protocol. A cocktail of common AR solutions [kindly donated by Keith Cole, 

Department of Pathology, University of Western Australia, WA] was compared to 

citrate buffer (pH6), 10mm Tris-hydrochloric acid (HCl) buffer (pH8), and 1mm 

ethylenediaminetetraacetic acid (EDTA) buffer (pH8). Different microwave settings 

were investigated to optimise AR without the tissue detaching from the microscope 

slide. It was important to microwave in the same plastic container and plastic rack with 

the same number of slides in solution each time. 

AR was accomplished by immersing the sections to be stained in buffer followed by 

microwave treatment. A plastic beaker containing 600ml of water and the coplin jar 

containing the slides were placed in the centre of the microwave.  
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A 500 watt microwave (Toshiba ER 539) was set on high until boiling (approx. 6 

minutes) then changed to the low setting for another 10 minutes, thus maintaining a 

high temperature as well as exposing the tissues to adequate microwaves. The low 

microwave setting caused the solution to boil in cycles of 10 seconds (intermittently 10 

seconds on 10 seconds off). Slides were then allowed to cool to room temperature 

(about 30 minutes). Immunostaining was also compared to sections which were not 

subjected to AR. Since microwave-assisted AR using 1.0mm EDTA buffer (pH8) or 

citrate buffer (pH6) resulted in increased immunoreactivity (results not shown), the 

microwave procedure using these solutions was used in subsequent experiments. 

2.4.2. Blocking solutions 

One of the fundamental measures to reduce background due to hydrophobic interaction 

between tissue proteins and the antibody molecules is the use of blocking solutions. It is 

imperative, however, that the blocking protein is of a type which can compete 

effectively with immunoglobulins (Igs) and their aggregates or conjugates for the 

hydrophobic binding sites in the tissue. In order to prevent non-specific staining, the 

blocking solution must also contain proteins identical to those in the link or labelled 

antibody. In order to ensure optimum immunoreactivity, minimise background and non-

specific staining and to achieve strong signal amplification, a variety of blocking 

solutions were tested. These included the following: 

 5% (w/v) BSA in PBS. 

 5% (w/v) horse serum in PBS. 

 5% (w/v) swine serum in PBS. 

 0.5% (w/v) casein in PBS. 

 5% (w/v) non-fat dry milk in PBS. 

 Zymed Histomouse kit blocking solutions A & B. 
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Incubations of the blocking solutions were at room temperature for 30 minutes. The last 

two solutions on the list provided the best results (results not shown). However, 

although the blocking with 5% non-fat dry milk in PBS gave adequate results in terms 

of blocking, the intensity of staining was not as good as using Zymed Histomouse kit 

blocking solutions A & B. Therefore the non-fat dry milk blocking solution was used to 

optimise each antibody reaction in terms of testing for the dilution necessary for each 

antibody used in the experiments, and the Zymed blocking reagents were used once 

optimum antibody dilutions had been determined. 

2.4.3. Washing buffers 

A variety of washing buffers were used to determine whether non-specific staining and 

artifacts could be minimised. The following washing buffers were assessed: 

 PBS (100mm sodium phosphate, 50mm NaCl, pH7.4). 

 Phosphate buffered saline/0.1% Tween (PBST) (pH7.4). 

 Tris buffered saline (TBS) (10mm Tris pH7.4, 150mm NaCl). 

 Tris buffered saline/0.1% Tween (TBST). 

 Tris buffered saline/high salt (50mm Tris pH7.4, 0.3 M NaCl, SSS buffer). 

The best results were achieved using TBST in washes prior to the addition of the 

primary antibody and using the SSS buffer to assist in quenching background after the 

primary antibody incubations, in certain cases (results not shown) and as described in 

individual methods. 

The author developed the following recipe in order to soften the paraffin embedded 

tissues sufficiently to allow cutting – Huggy fabric softener (5ml) plus glycerol (1ml) 

plus PBS (94ml). 

 



 

- 123 - 
 

2.4.4. DAB chromogen solutions 

In order to ensure that the maximum intensity of staining was reached and to minimise 

background staining, various DAB chromogen solutions were tested: 

 Zymed Metal Enhanced Liquid DAB-Black Substrate kit (00-2013). 

 Dako Envision Plus kit liquid DAB solution. 

 Pierce Metal Enhanced DAB Substrate kit. 

These three kits were trialled and results were compared. The greatest reactivity and the 

cleanest background were accomplished using the Pierce Metal Enhanced DAB 

Substrate kit (results not shown). Therefore the Pierce substrate solution was used in 

experiments when the results were to be photographed for publishing. To minimise 

costs in other experiments, the Zymed kit DAB was used. 

2.4.5. Formalin/formaldehyde artifact removal solution 

Artifacts can sometimes be removed by treating slide sections with a 1% sodium 

hydroxide (NaOH) in ethanol alcohol (EtOH) solution before staining sections. 

Therefore, this solution was used where tissue had been stored in fixative for more than 

6 months if artifacts were encountered. 

2.4.6. Antibodies 

Various primary antibodies, including 3340 (Aβ1-40 specific) [kindly donated by Dr F 

Checler, Institute of Pathology, France], monoclonal 4G8 (recognises Aβ17-24), and 

monoclonal 2F9AF (Aβ17-24 specific) [kindly donated by Dr K S Kim from Staten 

Island, New York USA] were used for immunohistochemistry on positive control 

sections to determine optimal dilutions in TBS containing 1% BSA and 0.1% Tween 20. 

The monoclonal antibody 4G8 diluted at 1:100 was used to demonstrate Aβ in the 

inclusion bodies. 
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To demonstrate antibody specificity, a serial section was stained with the antibody 4G8 

(anti-Aβ17-24) which had been pre-incubated with the synthetic peptide corresponding 

to residues 17-24 of Aβ (at 2µg/ml) for 24 hours at 4°C. The monoclonal antibody to 

GFAP diluted at 1:200 was used to identify reactive astrocytes. The anti-synaptophysin 

antibody was used to visualise synapses in the brain sections. 

2.4.6.1. Dako Envision Plus kit protocol 

Paraffin embedded sections were de-waxed by immersing microscope slides in xylene 

using three baths of 3 minutes each. The sections were hydrated through two changes of 

100% ethyl alcohol of 3 minutes each. Hydration was continued by immersion through 

one change of 95% and 70% ethyl alcohol for 3 minutes each. Slides were then washed 

in gently flowing tap water also for 3 minutes. After the AR procedure as described 

above, the slides were thoroughly rinsed with TBST. Excess TBST was tapped off and 

the slides were wiped with extra low lint tissues (Kimwipes), being careful not to touch 

the tissue sections. The sections were then encircled using a Dako Pen (S2002) to 

prevent the reagents from spreading unnecessarily on the microscope slides. One or two 

drops of peroxidase block (bottle 1) were applied to each section and incubated at room 

temperature for 5 minutes. Slides were then rinsed with DDH2O and washed in TBST 

for 5 minutes in glass coplin jars. 

Blocking solution was applied to each section as per method described above, and 

incubated for 30 minutes at room temperature. The sections were rinsed quickly with 

TBST and again washed for 5 minutes in TBST in glass coplin jars. Excess buffer was 

tapped off and the slides were dried again using Kimwipes. A primary antibody was 

then applied to the sections and incubated for 1-2 hours at room temperature in a 

humidified perspex box.  
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The slides were rinsed in TBST, and then washed for 15 minutes in the SSS buffer 

mentioned above to help remove any unattached primary antibody, thereby reducing 

non-specific background staining. The slides were rinsed again and washed for 5 

minutes in TBST in glass coplin jars. Excess buffer was tapped off and the slides were 

wiped again with Kimwipes. One or two drops of labelled polymer buffer (bottle 2) 

were applied to each section, and slides were incubated for 1 hour at room temperature 

in the humidified box. 

Once again the slides were rinsed and washed with TBST in glass coplin jars for 5 

minutes. The excess buffer was tapped off and the slides were wiped with Kimwipes. 

One or two drops of DAB chromogen solution were applied to each section and 

incubated for 2-10 minutes (until appropriately stained). The sections were rinsed with 

DDH2O, and then washed in DDH2O in glass coplin jars for 5 minutes. 

For computer-assisted counting of Aβ reactive plaques, no counterstain was used. For 

other immunohistochemistry reactions, counterstaining was done on the slides by 

incubating in Mayer’s haematoxylin for 1 minute. Excess stain was removed by rinsing 

in tap water, and then the sections were immersed for 30 seconds in Scott’s tap water. 

Blued sections were then washed in running tap water for 2 minutes. Stained sections 

were dehydrated through one change of 70% and 95% ethanol of 3 minutes each. The 

sections were rinsed in two changes of 100% ethanol for 3 minutes and were cleared in 

3 x 3 minute changes of 100% xylene. Sections were then mounted with coverslips 

using DPX as the mounting medium (Table 2.4). 
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Table 2.4. Summary of Dako Envision Plus protocol 

Step Procedure Incubation time 

1 De-wax slides as described in steps 1-4 of Table 2.2 3 minutes/step 

2 AR: Immerse slides in 1.0mm EDTA buffer (pH8), microwave 
in on high setting until boiling, follow with 10 minutes 
microwaving on the lowest setting (intermittently 10 seconds on 
10 seconds off). Cool 30 minutes 

 

3 Rinse in TBST ~3 minutes wash 

4 Tap off excess buffer, wipe around specimen, circle specimen 
with DAKO pen 

 

5 Apply 1 or 2 drops of peroxidase block from bottle 1, incubate 5 minutes 

6 Rinse with DDH2O and wash in TBST 5 minutes 

7 Apply blocking solution (BSA etc) and incubate in humidified 
container 

30 minutes at  
room temperature 

8 Rinse and wash in TBST 5 minutes 

9 Tap off excess buffer, wipe around specimen 5 minutes 

10 Apply first antibody in blocking buffer and incubate in 
humidified container 

1-2 hours at  
room temperature 

11 Rinse and wash in TBST 5 minutes 

12 Wash in SSS buffer 15 minutes 

13 Rinse and wash in TBST 5 minutes  

14 Tap off excess buffer, wipe around specimen 5 minutes 

15 Apply 1-2 drops of labelled polymer from bottle 2 and incubate 
in humidified box 

1 hour at  
room temperature 

16 Rinse and wash in TBST 5 minutes 

17 Tap off excess buffer, wipe around specimen  

18 Apply 1 or 2 drops of DAB chromogen to cover specimen 2-10 minutes 

19 Rinse and wash in DDH20 5 minutes 

20 At this stage, dehydrate through alcohols and xylene and mount 
slides if counting plaques; otherwise carry on with counterstain 

3 minutes each step 

21 Counterstain with Mayer’s haematoxylin 1 minute 

22 Rinse in tap water 1 minute 

23 Immerse in Scott’s tap water 30 seconds 

24 Rinse in tap water 2 minutes 

25 Dehydrate through alcohols and xylene and mount slides with 
coverslips using DPX 

3 minutes/step 
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2.4.7. Immunohistochemistry on AD human brain tissue 

Immunohistochemistry was performed on confirmed AD patients’ brain tissue using 

serial sections. Sections were rehydrated to water as described in Table 2.2, parts 1-4. 

Sections were then blocked in 1% BSA in TBST for 1 hour, following which they were 

incubated with primary antibody diluted in blocking solution for 1 hour at 37oC. Three 

antibodies were used to visualise the Aβ deposits – monoclonal 4G8 (anti-Aβ17-24) 

used at 1:50, the R208 (specific for Aβ40) and R306 (specific for Aβ42) antibodies 

[kindly provided by Dr Pankaj Mehta, NYS Institute for Basic Research, New York, 

USA] and diluted to 1:50 in blocking buffer. 

A DAKO LSAB-2 Peroxidase kit was used for antibody detection in these experiments. 

The links in the DAKO LSAB-2 Peroxidase kit were biotinylated anti-mouse and anti-

rabbit immunoglobulins. A 100µl aliquot of appropriate link antibody (kit solution 1) 

was added to the sections, and sections were incubated for 30 minutes at 37oC. Sections 

were then rinsed briefly, and washed for 3 x 5 minutes in TBST. The sections were then 

incubated in 100µl/section of streptavidin conjugated to horseradish peroxidase (kit 

solution 2) for 30 minutes at 37oC. Sections were again rinsed briefly, and washed for 3 

x 5 minutes in TBST. 

The Zymed Liquid DAB-Black Substrate kit (chromogen) was then used to visualise the 

specific immunoreactivity by the formation of a brownish black product. The 

preparation of the substrate chromogen mixture consisted of the sequential addition of 

50µl of reagents A-D from the kit to 1ml of DDH2O, with mixing on addition of each 

reagent. Incubation of the slides in the chromogen substrate for 30 seconds was 

followed by a rinse and then a wash in DDH2O for 10 minutes. 
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Counterstaining was done by immersion in Gill’s haematoxylin for 10 seconds. Excess 

stain was removed by rinsing in tap water for 2 minutes, and then the sections were 

immersed for 30 seconds in a bath containing Scott’s tap water. Blued sections were 

again washed in running tap water for 2 minutes. Stained sections were dehydrated 

through one change of 70% ethanol, then 95% ethanol for 3 minutes each, followed by 

one change of 50% ethanol/50% xylene and three changes of 100% xylene, all for 3 

minutes each. Sections were then mounted with glass coverslips using DPX as the 

mounting medium. 

2.4.8. Immunohistochemistry on mouse tissue 

Sections were de-waxed as outlined above in Table 2.2, sections 1-4. All procedures 

were carried out at room temperature and incubations were done in a humidified 

perspex container. Antibody incubations of 1 hour at room temperature were compared 

with incubations conducted overnight, for 24 hours, 48 hours or 72 hours at 4oC, in 

order to establish optimal incubation conditions. Best results were achieved by 

incubation overnight at 4oC (results not shown). 

To remove endogenous peroxidases, slides were immersed in a coplin jar containing a 

3% hydrogen peroxide (H2O2) solution either in absolute methanol or in PBS. Since at 

times the 3% H2O2 in absolute methanol solution resulted in the tissue lifting away from 

the microscope slides, the remaining assessments were done in the 3% H2O2/PBS 

solution. In order to block non-specific binding of the primary antibodies, various 

blocking solutions were also tested (see above). 

A Zymed Histomouse SP Bulk kit purchased from Zymed [South San Francisco, USA], 

was used for the detection of antigens in the tissue sections. AR was accomplished by 

immersing the sections to be stained in citrate buffer at pH6 followed by microwave 
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treatment. A plastic beaker containing 600ml of water and the coplin jar containing the 

slides were placed in the centre of the microwave. The 500 watt microwave (Toshiba 

ER 539) was set on high until boiling (approx. 6 minutes) then changed to the low 

setting for another 10 minutes, thus maintaining a high temperature as well as exposing 

the tissues to adequate microwaves. This microwave setting caused the solution to boil 

in cycles of 10 seconds. Slides were allowed to cool to room temperature (about 30 

minutes). A rinse with TBST was followed by a wash in TBST for 15 minutes. 

Blocking endogenous antibody technology (BEAT) blocking solution 1A was added 

two drops per slide and incubated for 30 minutes to further prevent non-specific 

background staining. A number of different specific antibodies to the Aβ sequence 

including 4G8, 2F9AF, 1E8, and 6E10 were trialled initially. Other antibodies to 

visualise astrocytes (GFAP) were employed to ascertain AD-like neuropathology. 

Ultimately, the primary antibody used to detect Aβ amyloid was 4G8 used at 1:100 (1% 

BSA/TBST) incubated at 4o C for 48 hours. Sections were washed in TBST three times 

15 minutes each. A 100µl aliquot of the biotinylated secondary antibody solution 1C 

was added to each slide and incubated at room temperature for 30 minutes in order to 

serve as a link between the primary antibody and the streptavidin-peroxidase conjugate. 

The slides were washed in TBST twice for 15 minutes each. Two drops of enzyme 

conjugate solution 2 (streptavidin-peroxidase) was added, binding to the biotin residue 

on the linked antibody. The slides were again washed twice in TBST for 15 minutes 

each. 

Zymed Liquid DAB-Black Substrate kit was used to visualise the specific 

immunoreactivity by the formation of a brownish black product. The preparation of the 

substrate chromogen mixture involved the addition of 50µl of reagents A-D made up to 
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1ml with DDH2O and mixing on addition of each reagent. A summary of this protocol 

is in Table 2.5. 

In another assay, GFAP was used as the primary antibody to detect activated astrocytes. 

The protocol used was similar to the conditions of the assay described above with the 

following changes. The Zymed Histomouse kit was replaced at some stage with the 

DAKO LSAB-2 Peroxidase kit consisting of labelled streptavidin biotin solutions. The 

link in the DAKO LSAB-2 Peroxidase kit was biotinylated anti-mouse 

immunoglobulins and biotinylated anti-rabbit immunoglobulins. A 100µl aliquot of the 

link antibody (kit solution 1) was added to the sections and incubated for 30 minutes at 

37oC. Incubation of the link antibody was followed by a rinse and then a 15 minute 

wash in TBST. The sections were then incubated with 100µl of streptavidin conjugated 

to horseradish peroxidase (kit solution 2) for 30 minutes at 37oC. This step was again 

followed by a rinse and then a 15 minute wash in TBST, followed by development of 

the chromogen as described in the above assay. Slides were counterstained in 

haematoxylin before being mounted, as described Table 2.5. 
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Table 2.5. Summary of mouse brain immunohistochemistry procedure 

Step Procedure Incubation time 

1 De-wax slides as described in steps 1-4 of Table 2.2 3 minutes/step 

2 Immerse slides in 3% H2O2 in absolute methanol (or 3% 
H2O2 in PBS to reduce loss of sections) 

30 minutes at 
room temperature 

3 Add 100µl of 2:10 swine serum in TBST to each slide 30 minutes at 
room temperature 

4 AR: Microwave in citrate buffer pH6. Cool ~30 minutes High until boiling then 
low setting 10 minutes. 
Cool 30 minutes 

5 Rinse and wash in TBST 15 minutes 

6 Add 100µl histomouse blocking solution 1A to each slide. 
Rinse well with DDH2O water 

60 minutes at 
room temperature 

7 Rinse well with DDH2O water 2 minutes 

8 Add 100µl histomouse blocking solution 1B to each slide. 
Rinse as in step 4. Wash in TBST 3 x 2 minutes 

10 minutes at 
room temperature 

9 Wash in TBST 3 times 2 minutes/wash 

10 Add 100µl primary antibody to each slide and incubate in 
humidified box 

48 hours at 4oC 

11 Rinse and wash in TBST 5 minutes/wash 

12 Add 100µl biotinylated second antibody 1C to each slide 
and incubate. Wash as in step 7 

30 minutes at 
room temperature 

13 Rinse and wash in TBST 5 minutes/wash 

14 Add 100µl streptavidin-peroxidase conjugate solution 2 
and incubate. Wash as in step 7 

30 minutes at 
room temperature 

15 Rinse and wash in TBST 5 minutes/wash 

16 Add 100µl Zymed Liquid DAB-Black Substrate / 
chromogen mixture to each slide and incubate 

30 seconds – 3 minutes 
at room temperature 

17 Rinse well in DDH2O 5 minutes 

18 Counterstain in Gill’s haematoxylin to desired intensity 1 second – 3 minutes at 
room temperature 

19 Wash in gently flowing tap water 1 minute 

20 Immerse sections in Scott’s tap water 30 seconds 

21 Wash in gently flowing tap water 2 minutes 

22 Dehydrate through alcohol and xylene and mount 
coverslips using DPX 

3 minutes each wash 
at room temperature 

 

In order to obtain sections of similar regions, the fixed brains of the APP transgenic 

mice were cut in a mouse matrix using an online mouse atlas – 
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www.mbl.org/atlas165/atlas165_frame.html – to enable the same regions to be assessed 

and for counts to be made (Figures 2.1 & 2.2). Coronal slices (3mm) were cut starting 

from the midline apex point (near line 3), then cutting distally. All four slices were then 

placed in the same paraffin block. Counts of diffuse plaques and dense plaques were 

than undertaken from two serial sections from the beginning, middle and end regions of 

the hippocampus (six microscope slides). The counts were from these slides were 

summed and the means calculated. 

 

 

 

 

 

 
Figure 2.1. Mouse brain matrix diagram 
3mm coronal slices were cut starting from the midline apex point (near line 3) then cutting 
distally [source: www.mbl.org/atlas165/atlas165_frame.html]. 
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Figure 2.2. Coronal section mouse brain 
This includes the hippocampus cut near layer 3, as shown in Figure 2.1. 

Samples which were more than 2 standard deviations away from the mean were 

discarded in order to remove outliers. Slides from 19 APP transgenic mice brains were 

assessed for plaque numbers. Statistical analysis of the data was undertaken using 

GraphPad InStat version 3.00 for Windows 95 [Windows Copyright (c) 1994-1999 by 

GraphPad Software, San Diego California USA, www.graphpad.com]. Means, standard 

deviations and standard errors were calculated where applicable using conventional 

statistical methods. Differences between means were analysed using either Student’s t 

test or ANOVA utilising either standard or non-parametric methods including Kruskal-

Wallis test with Dunn’s or Bonferroni comparison of all pairs of columns post-tests. 

2.5. Anti-synaptophysin immunocytochemistry and quantitation – 
measuring synaptic connectivity in mouse brains 

To determine whether antioxidant treatment in the apoE-deficient mice would result in 

altered synaptic connectivity in the hippocampus, levels of synaptophysin in the 

hippocampus were determined by quantitation of anti-synaptophysin immunoreactivity. 



 

- 134 - 
 

Briefly, mouse brain sections were de-waxed as in Table 2.2, steps 1-4, following which 

microwave AR was carried out as described above (Table 2.5). Non-specific binding 

was blocked by incubating sections in 30% swine serum in TBST for 30 minutes at 

37oC. Following a TBST wash, the anti-synaptophysin antibody (Boehringer 

Mannheim) was applied to the slides diluted at 1:20 in 30% swine serum in TBST and 

slides were incubated overnight at 4oC in a humidified box. The sections were then 

washed in TBST for 3 x 10 minutes at room temperature. 

Fluorescent oregon green secondary antibody [Molecular Probes, Portland, Oregon 

USA; kindly donated by Dr Allan Everett Department of Physiology UWA] was then 

added to the sections at a dilution of 1:500 in TBST and incubated for 30 minutes at 

37oC. The sections were washed in TBST for 3 x 10 minutes at room temperature. An 

ethidium bromide nuclear stain [Molecular Probes, Portland, Oregon USA; kindly 

donated by Dr Allan Everett] diluted at 1:1000 in TBST was then added to the slides, 

and sections were incubated in stain for 30 minutes at 37oC to provide double labelling. 

Following this step, sections were washed in TBST for 3 x 10 minutes at room 

temperature, then the slides were mounted with coverslips using PVA mounting 

medium (to help preserve fluorescence) and the edges sealed with clear nail polish to 

prevent drying out of the brain tissue. The slides were stored in cardboard microscope 

slide holders, wrapped in aluminium foil and stored at 4oC until examination. 

The anti-synaptophysin stained sections were examined using a BioRad-MRC 1000 

confocal laser scanning system attached to a Nikon Optiphot 2 upright microscope. A 

Krypton-Argon laser was used to incur fluorescence activity. A Nikon 10X Plan Apo 

objective was used during the entire experiment. A 488nm laser line and a 522±16nm 

emission filter were used for the recording of Oregon green fluorescence, which 
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resulted in the visualisation of the synaptophysin immunoreactivity. Image pixel size 

was 1.8µm2. The Iris setting was 3.4mm. A Kalman filter (3-5 scans) was incorporated 

to reduce background staining. The black level was altered to give an average dark-

current signal of 2-5 pixel intensities. The 568nm laser line and the 605±16nm emission 

filter were used for the recording of the ethidium bromide stain in order to demonstrate 

cell nuclei. Settings of gain and laser power were chosen using the most intensely 

stained specimen, and were kept constant on this setting in order to ensure accurate 

intensity comparison. 

Images were saved onto a cd-rom and were analysed using NIH-image 1.60 [National 

Institute of Health, Bethesda, Maryland, USA]. A threshold of 20 was used to exclude 

pixels with an intensity of less than 20. A second threshold was set to exclude particles 

smaller than 25 pixels. The analysis yielded three parameters – the ‘area’ of the stained 

particles (expressed in number of pixels for each particle), the standard deviation and 

the average intensity of the fluorescence (arbitrarily scaled from 0-255). Statistical 

analysis was performed in order to ascertain different fluorescence intensities in the 

treated sections by using analysis of variance (ANOVA) with a Tukey post test to show 

significant differences. 

2.6. Methods for apoptosis studies 

2.6.1. Detecting DNA fragmentation by TUNEL method 

For the evaluation and comparison of hippocampal apoptotic cell death across the three 

dietary groups, the TUNEL method was used to measure cell death in paraffin 

hippocampal sections of the mice. The In Situ Cell Death Detection kit, AP [1684809, 

Roche, Germany] was used according to the manufacturer’s specifications to detect 

DNA fragmentation by the TUNEL method. 
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Following rehydration, as described in Table 2.2 steps 1-4, the slides were rinsed in 

PBS (pH7.4) and incubated in a permeabilisation solution consisting of 0.1% Triton X-

100 and 0.1% sodium citrate for 2 minutes on ice. The slides were washed twice in PBS 

and the area around the tissue was dried. A 50µl aliquot of TUNEL reaction mixture 

was added to each section, then sections were incubated in a humidified chamber at 

37oC for 1 hour. Slides were washed again in PBS for 3 x 5 minutes, and mounted with 

coverslips using Aquatex aqueous mounting medium. Slides were then analysed on an 

upright confocal microscope [Optiphot-2, Nikon Corporation, Kanagawa, Japan] using 

10X magnification. The microscope was equipped for epi-fluorescence microscopy 

(fluorescein filter-block). Confocal images from each section were photographed and 

stored on a Kodak CD-R Ultima 80 [Eastman Kodak Co, Rochester, NY, USA]. 

2.6.2. Computer-assisted quantitation of apoptosis 

The stored images were analysed for apoptosis-associated fluorescence using Scion 

Image for Windows, Beta 3b, (an almost exact equivalent of NIH Image 1.62 for 

Macintosh only) distributed by Scion Corp, Frederick MD, on a PC computer and an 

adaptation of a previously established method (Yang, et al., 1999). Firstly, a 3 x 3 

median filter was applied to reduce noise, then a threshold of 10 was set to exclude 

pixels with an intensity unit of less than 10. In addition, a particle size restriction of 8 

was also set. Analysis of images resulted in ‘mean fluorescence intensity’ and ‘area’ in 

arbitrary units. These two values were multiplied to provide the total fluorescence 

intensity. The number of fluorescent particles was counted in each image and the total 

fluorescence intensity of the image divided by this number to yield an average number 

of fluorescent pixels per field of view. Background subtraction was accomplished using 

the standard procedures in NIH image analysis software. All quantitation was 

performed blinded by two independent investigators.  
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The data were analysed statistically using a non-parametric ANOVA (Kruskal-Wallis) 

test using Graphpad Prism 3 [Graphpad Prism Version 3-00 for Windows 95/98]. 

2.7. F2- isoprostane levels in plasma and brain 

Since it has been shown that a variety of oxidative markers associated with Aβ are 

elevated in AD brains (refer to Literature review), isoprostane levels in plasma and the 

brains of apoE-deficient mice were analysed to ascertain the extent of lipid 

peroxidation. The analysis of F2-isoprostanes was undertaken by Emma Waddington 

[laboratory of Assoc. Prof. Kevin Croft] using GC/MS according to the procedure of 

Morrow and Roberts (1994). 

2.7.1. Plasma sample F2-isoprostane determination 

Pooled mice plasma samples were thawed out in a 37oC water bath and 1ml was 

pipetted into the glass collection tubes, and 2ng of 8-iso-PGF2α-d4 (8-iso Prostaglandin 

F2α-d4) (20µl of stock) purchased from Amersham [Buckinghamshire, UK] was added. 

Next 1ml of 1M potassium hydroxide (KOH) in methanol was added and the resultant 

liquid was flushed with nitrogen gas; samples were then sealed. The glass collection 

tubes were vortexed vigorously for 30 seconds and incubated at 40oC for 30 minutes. 

They were then kept at 4oC for 5 minutes to cool the samples down. A 1ml aliquot of 

methanol was added to each tube; the solutions were vortexed then centrifuged at 

3000rpm for 20 minutes in order to produce a pellet of precipitated proteins. The 

supernatant from each tube was collected and transferred to a polypropylene tube and 

0.1M phosphate buffer (pH4) was added to make up to a total sample volume of 10ml. 

The samples were again vortexed; the pH was then brought down to between 3 and 4 

using 2M HCl. The acidified samples were then centrifuged again at 3000rpm for 10 

minutes in order to remove any remaining precipitate, and the supernatant was 
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transferred to another clean polypropylene tube. Sample pH was assessed again to make 

certain that the pH was still between 3 and 4. 

The acidified samples were then applied to activated C18 Sep-Pak cartridges which had 

been pre-conditioned with 5ml of 100% methanol, followed by 5ml of DDH2O which 

had been acidified to pH3. After the addition of the samples to the Sep-Paks, 10ml of 

acidified DDH2O (pH3) was added to each sample tube and then applied to the column. 

The Sep-Paks were washed with 10ml of acetonitrile/DDH2O (15:85 v/v) and 10ml of 

light petroleum spirit under vacuum, at 40-60oC. The isoprostanes were eluted with 

10ml of ethyl acetate/petroleum spirit (50:50 v/v) and were dried over anhydrous 

magnesium sulphate. 

The resultant extract was then applied to silica Sep-Pak cartridges. The cartridges were 

then washed with 5ml of ethyl acetate, and the isoprostanes were eluted using ethyl 

acetate/methanol (50:50 v/v). The eluate was evaporated by vacuum centrifugation for 2 

hours under high heat. In case any residual solvent remained after this time, samples 

were dried using N2. The isoprostanes were then reconstituted in methanol (40µl) and 

centrifuged at 2000rpm for 3 minutes. Samples were then transferred into Target DPTM 

vials containing inserts with self-centred polypropylene springs [Alltech, Baulkham 

Hills, NSW] and purified using HPLC on a LiChrospher 100 RP-18, 125 x 4mm 

column [Hewlett Packard] employing a Hewlett Packard Series 1100 HPLC System 

connected to a Gilson FC-205 Fraction Collector [Gilson, Inc., USA]. The mobile phase 

(A) was acetonitrile and 0.05% acetic acid in DDH2O (B) (5:95 v/v). 

The samples were separated out using a flow rate of 1ml/minute and a linear gradient 

starting with 10% A and ramping to 50% A at 20 minutes, then to 100% A at 25 

minutes, which was sustained for another 5 minutes.  
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The F2- isoprostanes eluted between 14.5 and 15.5 minutes and this fraction was 

collected into glass collection tubes. The mobile phase was removed by using vacuum 

centrifugation and the samples were then treated with 40µl of a 10% solution of 

pentafluorobenzylbromide in acetonitrile and 20µl of a 10% solution of N,N-

diisopropylethylamine in acetonitrile. After incubating for 30 minutes at room 

temperature, samples were dried under a steady stream of nitrogen gas and then treated 

with 20µl of BSTFA + 1% TMCS (N, O-bis(trimethyl-silyl) trifluroacetamide, 

catalysed with trimethyl chlorosilane 99:1 v/v) and 10µl of anhydrous pyridine at 45oC 

for 30 minutes. Any remaining excess reagents were again dried under a steady stream 

of nitrogen gas. 

The samples were reconstituted in 25ml of iso-octane and analysed using a Hewlett-

Packard HP 5890 Series II Plus Gas Chromatograph coupled to a HP-5MS column 

(30m x 0.25mm x –0.25µm, Hewlett-Packard) using helium as the carrier gas. Negative 

ion chemical ionisation (NCI) using methane as the reagent gas was undertaken at an 

ion source pressure of 1.8 torr. The initial column temperature of 160oC was maintained 

for 1 minute, then programmed to rise from 160oC to 300oC at 20oC/min; the 

temperature was then sustained at 300oC for 17 minutes. The HP 5989 B Hewlett-

Packard Mass Spectrometer was operated in the selective ion monitoring mode, and the 

F2-isoprostanes were detected by monitoring the peak which corresponded to a 

molecular weight of the F2-isoprostanes (mwt=569) and a peak corresponding to the 

molecular weight of the 8-iso-prostaglandin F2αd4 standard (mwt=573). The levels of 

isoprostanes (pmol/L) in each sample were calculated using the following formula. 

 

 

Area under the isoprostane peak X ng of standard X 1000  X 1000 
 
Area under internal Std peak  vol. of sample        mwt of isoprostane                  1 
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2.7.2. Brain F2-isoprostane determination 

The procedure for the purification of F2-isoprostane containing lipids was outlined by 

Morrow and Roberts (1994), with minor modifications. The snap-frozen left 

hemispheres of the mouse brains were rapidly thawed out in a 37oC water bath. Half the 

hemisphere was used for isoprostane analysis whilst the other half was used to ascertain 

protein levels using the Markwell Modification to the Lowry Protein Assay (Markwell, 

et al., 1978). 

Brain tissue samples were placed in 3ml of ice cold Folch (chloroform/methanol 2:1 

v/v) and 10µl of BHT in order to prevent oxidation reactions. Brain samples were then 

homogenised using an Ultra-Turrax T8 blade homogeniser [IKA Labortechnik, 

Germany] for 30 seconds. The homogenates were sealed under nitrogen and allowed to 

stand for 1 hour at room temperature. Then 1ml of 0.9% saline was added to each 

homogenate, following which they were vortexed vigorously. Samples were then 

centrifuged at 800g for 10 minutes at room temperature. The supernatants were 

removed and the remaining intermediate semi-solid proteinaceous layers were carefully 

separated from the lower isoprostane containing organic layers. The remaining organic 

phase of each sample was transferred to a glass flask and evaporated to dryness with a 

continuous stream of nitrogen gas. A 1ml aliquot of 1M KOH in methanol was then 

added, samples were allowed to cool for 5 minutes at 40C, after which 1ml of methanol 

was added to each sample. The solutions were centrifuged at 3000rpm for 10 minutes in 

order to precipitate the protein. Phosphate buffer at pH4 was added to the resultant 

supernatant to a final volume of 11ml. Samples were then acidified to pH3 with 2M 

HCl. The sample was then applied to C18 reverse phase and silica Sep-Paks as per the 

above plasma isoprostane purification. 
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2.8. Memory study experiment 

In collaboration with A/Prof Mathew T Martin-Iverson [Pharmacology Unit, School of 

Medicine and Pharmacology, Faculty of Medicine and Dentistry, University of Western 

Australia, WA, and Centre for Clinical Research in Neuropsychiatry, Graylands 

Hospital, WA], a memory study experiment was undertaken by Patrick Wong. 

A radial arm maze specifically designed for mice was used in the memory study. The 

maze consisted of eight arms (40cm x 8cm) which extended at 45-degree angles from a 

central octagonal platform (Figure 2.3). The wall and the base of the maze were made 

from 8mm thick grey perspex, whereas the lids which covered the arms were made from 

clear perspex. The lids for each arm were removable for easy access by the 

experimenter. Over the central octagonal platform there was another removable perspex 

lid for the insertion of each mouse in the memory study. This perspex lid could be 

moved in a circular fashion, thereby allowing access to all the arms or alternatively 

blocking access to all arms. At the end of each arm in the maze the floor had holes 

which would allow olfactory stimulation for the mice. The radial arm maze was raised 

about 1.5 m above the floor. The room where the memory testing was undertaken was 

well-lit, and had visual cues hanging on the wall (Figure 2.3). 
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Figure 2.3. Diagram of the radial arm maze used in the memory study 
The maze was purposely made for testing long-term (reference) memory and short-term 
(working) memory. 

2.8.1. Memory study procedure 

All of the memory tests were started at 10.30am and ended at 5.00pm. Prior to the 

memory tests, the mice were all subjected to water restriction to just 30 minutes per day 

for 3 days so that they would be motivated to drink when given access to the baits in the 

radial arm maze. In order to acquaint the mice with the radial arm maze, pre-testing was 

undertaken for 3 days. Pre-testing consisted of allowing each of the mice to explore the 

whole radial arm maze. In this phase all the arms were baited with a drop of distilled 

water in 1.5cm plastic containers which were firmly attached to the base in each of the 

arms. One at a time, each of the mice was placed in the octagonal central platform with 

open access to all the baits. Each of the mice was kept in the maze until it had consumed 

all of the water in each bait. 
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During the testing phase, five of the eight arms of the maze were baited randomly and 

consistently for each of the mice. At the end of each maze arm, distilled water-soaked 

cotton wool was attached distally to prevent olfactory determination of which arms 

were baited. All of the mice were tested using the same procedure, i.e. they were placed 

on the central octagonal platform whilst each of the arms was blocked off. The lid was 

then turned round, thereby giving access to all of the mazes arms simultaneously. 

Whenever a mouse completely entered an arm, it was then closed off with the central 

platform lid, thus restricting access to the central octagonal platform. Each mouse was 

permitted to go to the end of the arm where they could drink water only if the arm was 

baited. They were then placed on the central octagonal platform again, and the 

procedure was carried out five times per day. After having consumed the water in the 

baits, baits were not replenished in order that the working memory could thus be 

assessed. 

Following this procedure, each mouse performed 50 trials during the test period. To 

prevent errors, each arm was wiped thoroughly with alcohol to remove olfactory cues 

left by the previously tested mouse. At the completion of each day of testing, all the 

mice were given free access to drinking water for 30 minutes to prevent dehydration. 

Memory testing was continued for 5 consecutive days, after which they were allowed 

free access to drinking water overnight. Access to water was again restricted for a 30 

minute period. The following day, memory testing was started again and undertaken for 

another 5 consecutive days. 
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For this memory study, the three groups of Tg2576 mice being compared were: 

 Mice fed Std Chow diet with no supplements. 

 Mice supplemented with large doses of vitamin E. 

 Mice supplemented with large doses of an antioxidant combination (combination 

and dosage as described in Chapter 4). 

In this manner, 10 days of trials were completed and the data were analysed in blocks of 

2 days. 

2.8.2. Memory study data analysis 

For each mouse, records were kept of arms that were actually entered, and the order in 

which the maze arms were entered. The time taken before a mouse was completely 

inside an arm was also recorded (timed from when arms were opened till all four paws 

were inside the arm), as well as the time to reach the baited or unbaited plastic 

containers (measured from entry till destination was reached). From this it was 

determined that there were three possible outcomes that could arise upon entry into the 

arm – a mouse enters a baited arm (correct entry); a mouse enters an unbaited arm 

(reference memory error); or a mouse re-enters a previously baited arm, from which it 

has already drunk the water (working memory error). 

2.9. Watanabe rabbit studies 

2.9.1. Animals and tissue preparation 

Five homozygous and one heterozygous Watanabe hereditary hyperlipidaemic (WHHL) 

rabbits (3 months to 3 years old) and six normal rabbits (6-9 months old) were used in 

this study. Animals had an average weight of 3.5-4kg and were fed a Std Chow diet 

before sacrifice. 
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Rabbits were anaesthetised with a mixture of Ketapex and Ilium Xylazil-20. After the 

animals reached a deep plane of anaesthesia, the descending aorta was dissected free 

and clipped. Perfusion was then performed transcardially with two solutions – a 

vascular flush was initially performed with 0.9% saline containing heparin (15 I.U./ml) 

followed by a flush with 4% paraformaldehyde in PBS, pH7.4. The brain was then 

removed and the hippocampus including adjacent cortex was sliced coronally and 

immersed in 4% paraformaldehyde overnight at 40C. After several washes in PBS, the 

tissue was processed for paraffin embedding, following the method outlined above. 

Serial coronal sections were cut at 6µm and mounted on silane-coated slides. 

2.9.2. Immunocytochemistry 

Paraffin sections were de-waxed and rehydrated to water as outlined in parts 1-4 of 

Table 2.2, and placed in Coplin jars containing 10mm citrate buffer, pH6.0, heated in a 

microwave oven for AR (Shi, et al., 1994) and cooled at room temperature for 30 

minutes. After washing in TBS for 2 x 5 minutes, the sections were treated with 80mm 

ammonium chloride for 10 minutes to remove cross linking, then washed for 10 minutes 

in TBS. Endogenous peroxidases were blocked by incubating tissue in 3% H2O2 in 

TBS, and then sections were washed thoroughly in TBS. 

The sections were incubated in a blocking buffer of 1% BSA in TBST at room 

temperature for 2 hours and then processed immunocytochemically by the avidin-biotin 

horseradish peroxidase/DAB method [DAKO LSAB®+ kit, HRP; DAKO, Carpinteria, 

CA, USA]. Two mouse monoclonal antibodies were used to detect different epitopes of 

the Aβ peptide – antibody 4G8, recognising Aβ17-24 [IBRDD, Staten Island, NY, 

USA], diluted at 1:100 in blocking buffer, and 21F12, an antibody specific for Aβ 

ending at Aβ42 [Athena Neurosciences, South San Francisco, CA, USA], diluted at 
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1:150. The sections were incubated with primary antibody at room temperature for 1 

hour and then at 40C overnight. After washing thoroughly in TBST, sections were 

incubated with biotinylated secondary antibody (1:4 in the blocking buffer) at room 

temperature for 20 minutes, washed well in TBST, and then incubated in 

streptavidin/horseradish peroxidase solution (diluted at 1:4) for 20 minutes at room 

temperature. Finally, the sections were reacted with the staining solution (0.1% DAB, 

0.01% H2O2 in TBS). The staining was terminated by washing sections in TBS. 

Sections stained with the antibody 4G8 were then counterstained with haematoxylin, 

dehydrated and mounted in DePeX (Gurr) (Table 2.3, steps 10-15). Samples stained 

with the antibody 21F12 were similarly processed, without counterstain. 

Sections from all the animals were immunocytochemically processed simultaneously 

and immunocytochemistry was performed at least three times for each animal. Control 

studies for the specificity of the primary antibodies were carried out by using antibodies 

4G8 or 21F12 which had been pre-absorbed overnight at 4oC with Aβ1-40 or Aβ1-42 

peptide respectively. A further control for the specificity of immunoreactivity was 

obtained by including a section for each animal processed in the absence of primary 

antibody. A suitable section from human brain with proven AD was also included as a 

positive control. 
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2.10. DNA extraction and quantitation methods 

Two simple DNA extraction and estimation methods were used – 6M NaCl and 10M 

LiCl. 

2.10.1. 6M NaCl 

The method is as follows: 

 Homogenise Corpus lutea (CL) with the Ultraturrax homogeniser in 400µl lysis 

buffer (10mm Tris-HCl pH8.2, containing 0.4 M NaCl and 10mm EDTA), in 2ml 

eppendorf tubes. 

 Digest lysates by adding 30µl 10% SDS and 50µl Proteinase K (25mg/ml). 

Vortex and incubate at 37oC for 2 hours on a rotating mixer. 

 Add 135µl 6M NaCl, shake vigorously for 15 seconds, centrifuge at 13000rpm for 

15 minutes at 4oC. 

 Transfer supernatant to another 2ml eppendorf tube. 

 Add 2 volumes 100% ethanol (-20oC), invert tubes several times until DNA 

precipitates. 

 Centrifuge at maximum speed in a microfuge (15000g) for 30 minutes at 4oC. 

Pipette off ethanol (first use 1000µl tips then gel loading tips) and air dry. 

 Add 400µl lysis buffer and 2µl RNAse solution (20µg/2µl) incubate at 37oC for 1 

hour. 

 Add 135µl 6M NaCl solution, shake vigorously for 15 seconds, centrifuge at 

15000g for 15 minutes at 4oC. 

 Transfer supernatant to another 2ml eppendorf tube. 
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 Add 2 volumes 100% ethanol (-20oC), invert tubes several times until DNA 

precipitates. 

 Centrifuge at maximum speed (15000g) for 30 minutes at 4oC. Pipette off ethanol 

(first use 1000µl tips then gel loading tips) and air dry. 

 Dissolve DNA in 50µl of TE buffer (10mm Tris-HCl, pH7.5, 1mm EDTA) for 2 

hours at 37oC before quantitating DNA using spectrophotometer readings at 

260nm and 280nm. Store at –20oC. Note: 260nm/280nm ratio should consistently 

be between 1.8-2.0. 

2.10.2. 10M LiCl 

The method is as follows: 

 Homogenise CL in 400µl lysis buffer (10mm Tris pH8.2, containing 0.4 M NaCl 

and 10mm EDTA), transfer into 2ml eppendorf tubes. 

 Digest lysates by adding 30µl 10% SDS & 50µl Proteinase K (25mg/ml), vortex 

and incubate at 40oC overnight on rotating mixer, incubate at 80oC for 2 hours (or 

99oC for 10 minutes, allow to cool to approx 37oC add 2µl RNAse solution 

(20µg/2µl) incubate at 37oC for 1 hour. 

 Add 135µl 10M LiCl solution, shake vigorously for 15 seconds, centrifuge at 

15000g for 15 minutes at 4oC. 

 Carefully decant supernatant into another 2ml eppendorf tube. 

 Add 2 volumes 100% ethanol (-20oC), invert tubes several times until DNA 

precipitates (for maximum recovery of DNA, leave at –80oC for 1-2 hours or 

overnight). 
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 Centrifuge at maximum speed in a microfuge (15000g) for 30 minutes at 4oC. 

Pipette off ethanol (first use 1000µl tips then gel loading tips) and air dry. 

 Dissolve DNA in 50µl of TE buffer for 2 hours at 37oC before quantitating DNA 

using spectrophotometer readings at 260nm and 280nm. Note: 260nm/280nm 

ratio should be between 1.8-2.0 consistently. Store at –20oC 

2.11. Cyclic voltammetry 

2.11.1. Equipment materials and methods 

All the equipment, including electrodes and analysis software, was very kindly loaned 

to us by AD Instruments Pty Ltd [Unit 13, 22 Lexington Drive, Bella Vista, NSW]. The 

equipment used was a PowerLab/4SP and the data analysis software was Echem vs 

1.5.2. The electrodes used were a Ag/AgCl reference electrode, a 2mm carbon electrode 

and the auxiliary was a platinum wire. The settings used for the staircase cyclic 

voltammetry mode are outlined in Table 2.6. 

Table 2.6. Cyclic voltammetry settings 

Settings 

Initial E –300mV 

Final E –300mV 

Scan rate 100mV/Sec 

Step width 20mS 

Height 2mV 

Steps 2000 

Number of cycles 1 

Range  2000mV 

Speed 10kHz 

Upper E 1500mV 

Lower E  –500mV 
 



 

- 150 - 
 

The electrodes were cleaned after each voltammogram, that is: three changes of 

DDH2O; two changes of 100% methanol; two changes of 100% ethanol; and three 

changes of DDH2O. 

To ensure that the electrodes were clean, a cyclic voltammogram of a PBS solution was 

performed after each cleaning procedure. This resulted in identical voltammograms 

after each cleaning cycle, and produced identical results in the vitamin C antioxidant 

solutions for each of three runs (Figure 6.1). 

2.11.2. Cyclic voltammetry samples 

The mice plasma and brain samples obtained from other experiments in this thesis were 

used in these experiments (refer to Results for details). Antioxidant solutions that were 

tested are described in the studies below. Confirmed AD and non-AD plasma samples 

were obtained from the Memory Study undertaken by The McCusker Foundation for 

Alzheimers Disease Research Laboratory. The samples were assessed and then returned 

to their appropriate storage fridge. The AD and non-AD samples were from age-

matched subjects. 
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3. Dietary modulation of inclusion body deposition 

3.1. Introduction 

In 1986 researchers showed that PAS-positive staining of granular structures occurred 

in the brains of the senescence accelerated mice SAMP-8. These are mice that develop 

early-onset, irreversible, severe deficits related to learning and memory (passive 

avoidance responses). The structures were originally thought to be deposits similar to 

the Aβ deposits in AD brains (Akiyama, et al., 1986). With advancing age, clusters of 

unusual granules also appear in the brains of C57BL/6 (B6) mice. 

At the light, confocal laser and electron microscopic levels, the granules represent 

aggregations of fibrillar material, often associated with astrocytes. Immunolabelling 

with monoclonal antibodies to heparan sulfate proteoglycan core protein, and to 

laminin, suggest these are components of the fibrillar material. Deposition of these 

granular structures mimics the age-related deposition of extracellular matrix molecules 

which occurs in AD plaque formation and cerebral amyloidosis. The clusters of granular 

deposits also occur predominantly in the hippocampus region, a region known to be 

severely affected in AD (Jucker et al., 1994; Kuo et al., 1996; Robertson et al., 1998). 

As a result of these similarities with early Aβ deposits, it was postulated that the PAS-

positive granular deposition in the brains of certain aged mice could be used as a model 

to assess factors that may affect the pathogenesis of Aβ plaques. 

ApoE-deficient mice have been generated by homologous recombination in embryonic 

murine stem cells on a C57BL/6 background (Plump et al., 1992). Research on these 

apoE-deficient mice has revealed that they also generate PAS-positive granular 

structures, and that these can be stained with antibodies which are specific for Aβ 

(Robertson et al., 1998).  
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These same authors had previously observed Aβ protein-containing inclusions in 

skeletal muscle of these apoE-deficient mice (Robertson et al., 1997); subsequently they 

demonstrated that the neurological and neuromuscular inclusions were reduced when 

apoE protein was replaced by bone marrow transplantation or by gene therapy with the 

apoE gene (Robertson et al., 2000), implying that apoE is intimately involved in the 

production and deposition of these inclusion bodies. Interestingly, this is in direct 

contrast to the deposition of amyloid in AD transgenic mice – the deletion of the apoE 

gene in these mice results in a huge reduction in amyloid deposition, showing that apoE 

is necessary for the formation or deposition of amyloid plaques in AD (Holtzman, et al., 

2000). 

Although immunocytochemical studies have shown that PAS-positive inclusion bodies 

contain some Aβ protein (Robertson et al., 1998), the deposits do not represent classical 

senile plaques. Human AD plaques show characteristic red/green birefringence when 

stained with congo red, a result of the high percentage of aggregated Aβ fibrils in 

plaques, whereas the mouse granules deposits do not. Therefore, it is unlikely that Aβ is 

a major constituent of these deposits. This is not so surprising as the mouse Aβ 

sequence is not the same as the human Aβ sequence, and as such does not aggregate 

readily. Human Aβ does aggregate readily, especially the longer Aβ1-42 sequence, and 

Aβ is thought likely to initiate plaque formation. At this stage it is unknown which 

protein or agent is responsible for initiating inclusion body deposition. 

Nevertheless, many findings in apoE-deficient mice are similar to many 

neurodegenerative characteristics that have been described in AD brain (Francis & 

Bowen, 1994), suggesting that these mice may be a useful model for assessing the 

effects of different agents on the general health of neurological tissue. 
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Neurodegeneration in the CNS of apoE-deficient mice has been extensively studied, 

revealing that there is an age-associated loss of nerve terminals and dendrites in the 

neocortex and hippocampus when compared to control mice, and that this loss is 

associated with memory deficits (Masliah, et al., 1995; Veinbergs, et al., 1999a; 

Veinbergs, et al., 1999b; Veinbergs & Masliah, 1999). ApoE-deficient mice have 

therefore been thought to be useful models for studying the effect of apoE on neuronal 

function, maintenance, repair and degeneration (Genis, et al., 1995; Chapman & 

Michaelson, 1998). An impairment of the blood-nerve and BBBs has been demonstrated 

in these mice, adding support to the notion that apoE has a role in maintaining the 

integrity of these barriers (Fullerton, et al., 2001). Aβ transport across the BBB to the 

periphery has also been shown to be mediated by LRP-1 and regulated by ligands such 

as apoE and α2-macroglobulin (Zlokovic, 2004). 

In other studies of aged apoE-deficient mice, significant reductions in cerebral cortical 

phospholipids and their constituent fatty acids has been observed, as well as increased 

lipid peroxidation (Montine et al., 1999b). Similarly, increased levels of F2-

isoprostanes, in vivo markers of lipid peroxidation, are found in the brains of these mice 

(Pratico et al., 1999). Interestingly, supplementation with vitamin E at 2000IU/kg feed 

suppresses the generation of isoprostanes and reduces atherosclerosis in these mice 

(Pratico et al., 1998). These findings indicate that absence of apoE, or perhaps a 

reduction in normal function of apoE, may induce an age-dependent increase in brain 

lipid peroxidation. 

In other studies, it has been found that contrapsin-2 (EB22/5) a murine homologue of 

human α-1-antichymotrypsin and one of the serine protease inhibitors shown to be 

increased in AD (Turgeon & Houenou, 1997), was also demonstrated to be increased in 
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apoE-deficient mice in comparison to control mice (Licastro et al.,1999). This suggests 

that apoE may have a role in regulating α-1-antichymotrypsin which binds to Aβ and is 

a component of neuritic plaques (Abraham, et al., 1988). 

Many studies of apoE-deficient mice have assessed effects of various dietary 

components, antioxidant supplements and drugs on the morphology of vascular plaque 

lesions in the mice as part of studies of atherosclerosis (for a review see Meir & 

Leitersdorf, 2004). Dietary changes which have significantly reduced size or number of 

lesions in these mice include dietary restriction (Guo, et al., 2002), supplementation 

with polyunsaturated oils and low-cholesterol/high-fat diets (Calleja, et al., 1999). 

Antioxidant studies have shown that vitamin E deficiency increases lesion size, whereas 

vitamin C deficiency changes plaque morphology, yet does not affect size (for a review 

see Meir & Leitersdorf, 2004). Perhaps not surprisingly, drugs known to reduce serum 

lipids, including potent cholesterol absorption inhibitors, also dramatically reduce lesion 

size in these mice. 

Both oxidative stress and high-cholesterol diets have been linked to the development of 

atherosclerosis in humans, and experiments in apoE-knockout mice support this 

concept. For example, high-fat (10%), low-cholesterol diets fed to apoE-deficient mice 

have been demonstrated to reduce hepatic lipid peroxidation, reduce aortic lesion size 

and improve antioxidant vitamin E levels, suggesting that a diet rich in mono-

unsaturated fatty acids and antioxidants may be beneficial in the treatment of 

atherosclerosis (Ferre, et al., 2001). In addition, dietary supplementation with a 

combination of vitamin E and coenzyme Q10 was shown to inhibit atherosclerosis in 

apoE-deficient mice (Thomas, et al., 2001). A significant reduction in atherosclerosis 

was also demonstrated in a study employing the antioxidant N,N′-diphenyl 1,4-
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phenylenediamine in a high-fat diet (Tangirala, et al., 1995). Similarly, dietary 

supplementation with novel tocotrienol antioxidants derived from rice bran, inhibited 

atherosclerotic lesions in these mice (Qureshi, et al., 2001). However, the combination 

of vitamin E and beta-carotene at moderate levels failed to significantly inhibit 

atherogenesis in apoE-deficient mice (Shaish, et al., 1999), although it could be that the 

concentrations of these antioxidants may have been too low in that study. 

Dietary factors, in particular cholesterol intake, have been linked to AD-like 

morphology in rabbits (Sparks et al., 1994; Sparks, 1997). It has also been shown that 

cholesterol depletion inhibits the generation of Aβ in cultured neurons (Simons, et al., 

1998). Evidence is mounting that dietary factors may play a large role in AD 

pathogenesis and risk (Grant, 1997). Studies have found that non-demented heart 

disease patients have extensive AD-like pathology in the brain as well as intraneuronal 

Aβ deposits (Sparks et al., 2000). Cerebral atherosclerosis has also been associated with 

increased neuritic AD plaque frequency (Honig, et al., 2005; Honig & Scarmeas, 2005). 

Lipoprotein profiles are also different in AD patients, with higher than normal LDL-

cholesterol (Kuo et al., 1998) and reductions in HDL-cholesterol (Merched, et al., 

2000). Aβ has been shown to bind to HDL (Koudinov, et al., 1998; Wilson, et al., 

2006), and these studies together support the theory that lipoprotein profiles may be 

relevant to AD pathogenesis too. It is well accepted that overweight and obesity 

increase the risk of heart disease and type 2 diabetes, recent evidence is now also 

providing strong links between ‘metabolic syndrome’ risk factors – including insulin 

resistance, abnormal glucose and lipoprotein metabolism, hypertension and midlife 

abdominal obesity – and the risk of AD (Gustafson, et al., 2003; Kivipelto, et al., 2005; 

Martins, et al., 2006; Vanhanen, et al., 2006).  
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For example, a recent study has found that total body fat, as well as body mass index, 

correlates with plasma Aβ1-42 levels in otherwise healthy young individuals 

(Balakrishnan, et al., 2005). 

Certain dietary components affect the levels of oxidative stress in the body; this is of 

great relevance as it has been shown that there is a 100% overlap between Aβ 

deposition and oxidative markers (Smith et al., 1998). Strong evidence has been 

provided that oxidative stress associated in particular with Aβ is a fundamental process 

in AD pathogenesis (Butterfield et al., 1996; Behl 1997; Butterfield 1997; Mattson 

1997; Markesbery 1997; Smith et al., 1997; Smith et al., 1998). As an example of the 

overlap between dietary factors, oxidative stress, and also the metabolic syndrome, the 

excessive consumption of processed white sugar (sucrose) can cause free radical 

formation, lead to decreased glucose tolerance, insulin insensitivity, and thus may 

increase the risk of AD (Keen et al., 1977; Pamplona et al., 1990; Busserolles, et al., 

2002; Cao, et al., 2007). 

With the convergence of risk factors for AD and CVD, it seems appropriate to study 

factors that are thought to affect the development of CVD in models of AD. For the 

purposes of this study, the development of PAS-positive inclusion bodies in apoE-

deficient mice was used as a model of AD plaque pathogenesis. Modifications to the 

diet of apoE-deficient mice have been studied extensively and diet composition has 

been found to affect greatly the development of atherotic lesions, as mentioned above. 

The experiments in this chapter were carried out to determine whether dietary 

modifications could also affect the development of PAS-positive inclusion bodies in 

brains of apoE-deficient mice. The mice were initially fed a HFHC diet in an attempt to 

exacerbate PAS-positive inclusion body deposition in the brain.  
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This animal model was used to evaluate the efficacy of different diets and antioxidant 

supplementation on animal survival rate and on retardation of hippocampal granular 

deposit formation. 

3.2. Survival rate of apoE-deficient mice fed a HFHC diet 

3.2.1. Study group and method 

Female apoE-deficient mice on a C57Bl/6J background were sourced from the Animal 

Resources Centre [Murdoch University, WA] and from the A block animal house at 

QEII Sir Charles Gairdner Hospital [Perth, WA]. The animals were maintained as 

described above. Female apoE knockout mice (4-6 weeks old) were randomly assigned 

to the different feeding groups, kept in separate cages and were clearly labelled to 

ensure identification of the individual groups. The experiments were approved in 

advance by The University of Western Australia Animal Experimentation Ethics 

Committee approval code 251/97. 

The animals had free access to water and to the special combination antioxidant 

treatment (CAT) diets. The normal Std Chow diet includes 4.6% total fat, which 

consists of mixed vegetable oils, canola oil, and oil contained in included soya meal and 

fish meal. In order to modify into a HFHC diet, Std Chow pellets were supplemented 

with 1% cholesterol, 1% cholic acid and 15% lard [purchased from M.J. Hoxey & 

Associates Pty Ltd Ferndale, WA]. For many experiments, antioxidants were also added 

to the HFHC or Std Chow diets. Antioxidants already in the Std Chow diet consist of 

vitamin A (Retinol) 10,000IU/kg, vitamin E (alpha tocopherol acetate) 100mg/kg, zinc 

at 60mg/kg, and selenium 0.1mg/kg. Following addition to the Std Chow powder of 

fatty acid components and/or antioxidants, diets were then re-pelletised. 
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There were two groups: 

 Group 1: ApoE-deficient mice (n=9) fed the HFHC diet without added 

antioxidants. 

 Group 2: ApoE-deficient mice (n=9) fed the HFHC diet supplemented with a 

CAT (HFHC+CAT). The CAT consisted of: vitamin E acetate (0.567g/15kg feed 

– additional); Ginkgo biloba (0.057g/15kg feed); pycnogenol (grape seed extract) 

(0.057g/15kg feed); and ascorbyl palmitate (0.567g/15kg feed). 

The amounts of antioxidants used in the diet were equivalent to the recommended 

dosages for use in humans based on current perceptions. Daily doses of Ginkgo biloba 

and pycnogenol corresponded to 200mg of each antioxidant in humans. The dosage 

used for the vitamin E acetate and ascorbyl palmitate was based on the vitamin E levels 

(2000IU/per day) used in a human study (Sano et al., 1997). The mice were kept on the 

above diets for 3 months, after which they were kept on the Std Chow diet for 3 months 

before again being placed on the HFHC or HFHC+CAT diets for the remaining 3 

months. This method was chosen in order to reduce the high mortality rate of the mice 

that was becoming apparent when on the HFHC or HFHC+CAT diets. 

Statistical analysis of the mean survival age for each group was performed using 

Graphpad Prism version 3.00 for Windows 95/98 [Graphpad Software, Inc., San Diego, 

CA, USA]. It should be noted that for these experiments, there was no statistically 

significant difference between the groups in mice weight, nor feed intake. Mean intake 

of feed was around 5g of feed per day per mouse. 

3.2.2. Results 

ApoE-deficient mice fed a Std Chow diet develop PAS-positive inclusion bodies within 

12 months of age that are immunopositive to Aß specific antibodies.  
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We have subsequently found that animals fed a HFHC diet (15% saturated fat, 1% 

cholesterol, 1% cholic acid) develop earlier, more uniform distribution of the PAS-

positive inclusion bodies compared with Std Chow fed mice (Veurink and Martins, 

unpublished data – Table 3.0). 

Table 3.0. Mean inclusion bodies in apoE-deficient mice fed with or without cholesterol 
and probucol 

Mice  Groups Diets Mean inclusion body numbers 

ApoE-deficient G1M1 Std Chow 14 

ApoE-deficient G1M2 Std Chow 14 

ApoE-deficient G1M3 Std Chow 26 

ApoE-deficient G1M4 Std Chow 66 

ApoE-deficient G1M5 Std Chow 0 

ApoE-deficient G2M1 Probucol-supplemented 14 

ApoE-deficient G2M2 Probucol-supplemented 0 

ApoE-deficient G2M3 Probucol-supplemented 0 

ApoE-deficient G2M4 Probucol-supplemented 29 

ApoE-deficient G3M1 Added cholesterol 0 

ApoE-deficient G3M2 Added cholesterol 0 

ApoE-deficient G3M3 Added cholesterol 28 

ApoE-deficient G3M4 Added cholesterol 15 

ApoE-deficient G4M1 Cholesterol and probucol 0 

ApoE-deficient G4M2 Cholesterol and probucol 0 

ApoE-deficient G4M3 Cholesterol and probucol 0 
 

In the previous experiments with apoE-deficient mice, we also noted a marked increase 

in their mortality when fed an HFHC diet for more than 3 months’ duration. Therefore, 

in order to examine the long-term effects of CAT in this animal model, we employed 

the feeding regimen outlined above. In this way, we were able to provide maximum 

exposure of the mice to the HFHC diet without greatly compromising their viability, 

while at the same time examining the effects of the CAT. Since researchers have 

demonstrated that antioxidants can affect longevity (Kitani, et al., 1998; Melov, et al., 
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2000; Melov, et al., 2001), we determined the effect CAT on lifespan in the HFHC-fed 

animals and found that at 100, 200 and 270 days percentage survival was 100%, 89% 

and 55% respectively for the antioxidant treated animals, compared to 66%, 55% and 

22% respectively in the untreated animals during the corresponding period (Figure 3.1). 

None of the Std Chow fed apoE-deficient mice, nor the C57BL/6J mice (controls), died 

during this period (data not shown). Interestingly, the mean survival age of mice given 

the HFHC+CAT (240±8 days) was significantly greater than that of mice fed HFHC 

alone (140±15 days P<0.01) (Figure 3.1). 
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Figure 3.1. Effect of antioxidant supplementation on the survival of the two apoE-
deficient mice groups – HFHC and HFHC+CAT 
Group HFHC represents apoE-deficient mice fed the HFHC diet (n=9). Group HFHC+CAT 
represents apoE-deficient mice (n=9) fed the HFHC diet + CAT. The mice were kept on the 
above diets for 3 months, after which they were kept on the Std Chow diet for 3 months before 
again being placed on the HFHC or HFHC+CAT diets for the remaining 3 months. Statistical 
analysis of the mean survival age for each group indicated that mice given the CAT survived 
significantly longer than mice fed the HFHC diet alone (n=9, X2=16.56, (p<0.0001); Chi square 
test was performed using Graphpad Prism version 3.00 for Windows 95/98. 
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3.3. Effect of a dietary CAT on granular deposit cluster numbers in 
aged apoE-deficient mice fed a HFHC diet 

3.3.1. Study group and method 

Seventeen 12-month-old apoE-deficient female mice were randomly allocated to one of 

three groups: 

 Group 1: ApoE-deficient female mice fed the HFHC control diet without added 

antioxidants. 

 Group 2: ApoE-deficient female mice fed the HFHC+CAT as in the previous 

survival rate study. 

 Group 3: ApoE-deficient female mice fed the Std Chow. 

All three groups had free access to their specific diets and to water. As done previously, 

the mice were kept on the above diets for 3 months, after which they were kept on the 

Std Chow diet for 3 months before again being placed on the HFHC or HFHC+CAT 

diets for the remaining 3 months. 

At the end of treatment time, animals were anaesthetised and sacrificed before brain 

removal, as described in Chapter 2 above. The right hemisphere was then processed for 

histology as described, and brain slices were conventionally processed in a Tissue-Tek 

VIP 3000 vacuum infiltration processor, also described above. 

In order to ascertain that similar regions of the hippocampus were assessed for numbers 

of inclusion bodies and apoptosis assessment, H&E staining was first done on various 

serial sections of each animal, as described in Chapter 2 above. 



 

- 162 - 
 

PAS was used to stain the sections and visualise the amyloid granular deposits 

(inclusion bodies). Staining was carried out as described above; examples of PAS 

staining can be seen in Figure 3.2. 

 

Figure 3.2. PAS-positive reactivity in coronal sections through the dorsal hippocampus 
of 15-month-old mice fed HFHC or HFHC+CAT 
(a, b, and c) 4X, 10X, and 20X magnification of the same section reveals PAS-positive 
inclusion bodies in mice fed HFHC. 
(d, e, and f) 4X, 10X and 20X magnification of the same section in a corresponding region of 
the hippocampus from mice fed HFHC+CAT reveals a lack of PAS-positive staining. 

Paraffin sections of the mice hippocampi were examined under the light microscope 

(Olympus Vanox) and the PAS-positive clusters were counted in each section.  
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Sections were de-waxed as outlined in Table 2.2, following which standard 

immunohistochemical staining was carried out, following methods described above. 

Various primary antibodies, including 3340 (Aβ1-40 specific), 4G8 (Aβ17-24 specific) 

and 2F9AF (Aβ17-24 specific) were trialled for immunohistochemistry on positive 

control sections to determine optimal dilutions in TBS containing 1% BSA and 0.1% 

Tween 20. Ultimately, the monoclonal antibody 4G8 diluted at 1:100 was used to 

demonstrate Aβ in the inclusion bodies. A serial section for which the synthetic peptide 

(at 2µg/ml) corresponding to residues 17-24 of Aβ was pre-incubated with 4G8 for 24 

hours at 4°C was included to demonstrate specificity – no reactivity was seen in section 

stained with 4G8 that had been pre-incubated with Aβ peptide 17-24 (results not 

shown). 

3.3.2. Results 

The results indicate that there is a significantly lower number of clusters in the group on 

the HFHC+CAT compared to the group on the Std Chow diet (P<0.05), as well as 

compared to the group on the HFHC diet alone (Figure 3.3). Unexpectedly, the HFHC 

group appear to have a reduced number of PAS-positive clusters compared to the mouse 

group fed the Std Chow diet. Although not significant in this particular experiment, this 

trend of lower levels of inclusion bodies in the hippocampi of mice fed the HFHC diet 

compared to the Std Chow diet is seen in subsequent experiments, and is often 

significantly different (see later in Figure 3.5). It may be that the HFHC diet provides 

some essential fatty nutrients that counteract the deficits caused by lack of apoE. 

Membrane structure and integrity, and transport of fat-soluble vitamins and nutrients, 

are factors that would be affected to some extent by lack of apoE, and a HFHC diet, 

while exacerbating some aspects of neurodegenerative damage brought on by lack of 
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apoE, may in fact ameliorate some deficits caused by the lack of apoE protein. As the 

main aim of this project was to assess the protective effect that antioxidants may have 

on neurodegeneration, as assessed by formation of Aβ-containing PAS-positive 

inclusion bodies, the reason(s) for a HFHC diet reducing levels of PAS-positive 

inclusion bodies in apoE-deficient mice were not explored. 

 

Figure 3.3. Mean cluster counts in hippocampal sections of aged apoE-deficient mice 
following diets of Std Chow, HFHC or HFHC+CAT 
The Std Chow group (n=5) were apoE-deficient mice fed a Std Chow diet. The HFHC group 
represents apoE-deficient mice fed the HFHC diet (n=9). Group HFHC+CAT represents apoE-
deficient mice (n=9) fed the HFHC diet + CAT. Counts were carried out on 5-6 slides per 
group. Non-parametric ANOVA (Kruskal-Wallis Test) was performed using Graphpad Prism 
version 3.0 for Windows 95/98. Error bars represent SEM. The Std Chow diet was significantly 
different to HFHC+CAT (P<0.01), and HFHC was significantly different to HFHC+CAT 
(P<0.05). 

3.4. Effect of CAT on apoptosis 

3.4.1. Study group and method 

To determine whether antioxidant treatment of oxidative stress in apoE-deficient mice 

would result in altered apoptotic cell death, paraffin embedded brain sections were 

analysed for apoptosis using a TUNEL assay as described above. 
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The stored confocal images were analysed for apoptosis-associated fluorescence using 

NIH Image 1.62, and an adaptation of a previously established method (Yang et al., 

1999), as described above. Statistical analysis was performed in order to ascertain 

different fluorescence intensities in the treated sections by using analysis of variance 

(ANOVA) with a Tukey post test to show significant differences (Figure 3.4). 

 

 

Figure 3.4. Density of apoptosis signal per field of view in apoE-deficient mice brain 
hippocampal sections 
The Std Chow group (n=5) were apoE-deficient mice fed a Std Chow diet. The HFHC group 
represents apoE-deficient mice fed the HFHC diet (n=5). Group HFHC+CAT represents apoE-
deficient mice (n=6) fed the HFHC diet + CAT. There was a significant decrease in apoptosis in 
mice fed HFHC+CAT compared to mice fed the Std Chow. HFHC was not significantly 
different from HFHC+CAT. Error bars represent standard error of the mean, Statistical analysis 
was done using Graphpad Prism version 3.0 for Windows 95/98. 

3.5. Reducing PAS-positive inclusion body deposition in apoE-
deficient mice – testing individual antioxidants 

Many studies have suggested antioxidant deficiencies may be an initiating factor in AD 

pathogenesis. Therefore it was thought that various antioxidants should be tested in 

order to evaluate their individual, as well as combined, efficiencies in reducing the 

deposition of PAS-positive inclusion bodies. 
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3.5.1. Study group and method 

As shown in previous results of this chapter, the HFHC diet unexpectedly caused a 

reduction in the formation of PAS-positive inclusion bodies. The experiments 

mentioned in this particular section were started before the results of the previous 

experiments were known, and were based on the assumption that the HFHC diet would 

increase PAS-positive inclusion body formation. Female 6-month-old apoE-deficient 

mice and suitable control (C57Bl/6J) mice were fed a HFHC diet in an attempt to 

exacerbate PAS-positive inclusion body formation, and potentially Αβ deposition in the 

brain. This study was extended to include animals fed HFHC together with a variety of 

antioxidants, in an attempt to evaluate the efficacy of the different antioxidants in 

retarding the formation of PAS-positive inclusion bodies. The antioxidants used, and 

dosages given, are described in Table 3.1. All animals were fed their respective diets for 

a period of 3 months, i.e. till 9 months old. 

Animals were then sacrificed and tissues prepared for staining as described above. PAS 

staining was carried out, also as described above. Paraffin sections of the mice 

hippocampi were examined under the light microscope and clusters of PAS-positive 

inclusion bodies were counted in each section. The counting was done blind so that 

individual mice could not be identified without decoding each slide. 
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Table 3.1. Mice groups and their dietary interventions with antioxidant 
supplementation 

Group Mouse strain 
C57Bl/6J 

Main diet Antioxidant 
if added 

Antioxidant 
level added 

Sample 
size 

1A ApoE+/+ Std Chow   6 

2A ApoE+/+ HFHC   6 

3A ApoE -/- Std Chow   8 

4A ApoE -/- HFHC   6 

5A ApoE -/- HFHC Vitamin E  76mg/kg 9 

6A ApoE -/- HFHC Pycnogenol 7.6mg/kg 9 

7A ApoE -/- HFHC Ascorbyl palmitate 76mg/kg 7 

8A ApoE -/- HFHC Ginkgo biloba 7.6mg/kg 4 

9A ApoE -/- HFHC Vitamin E 
Pycnogenol 

38mg/kg 
3.8mg/kg 

6 

10A ApoE -/- HFHC Antioxidant combination: 
Vitamin E 
Pycnogenol 
Ascorbyl palmitate 
Ginkgo biloba 

 
38mg/kg 
3.8mg/kg 
38mg/kg 
3.8mg/kg 

9 

 
 
3.5.2. Results 

Statistical analysis of the data using a Mann-Whitney non-parametric test indicated that 

there was a significant difference between mice fed a HTHC diet and mice fed a Std 

Chow diet although, as before, the difference was not in the direction expected. 

Comparing the apoE-deficient mice on a HFHC diet (4A) with apoE-deficient mice fed 

the same diet supplemented with ascorbyl palmitate (7A), and apoE-deficient mice fed 

the same diet supplemented with CAT (10A), demonstrated a very significant difference 

– (p<0.01) and (p=0.0120) respectively (Figure 3.5). This indicates that 

supplementation with the antioxidant ascorbyl palmitate, or a combination of 

antioxidants that includes ascorbyl palmitate, decreased the development of PAS-

positive inclusion bodies. 
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Figure 3.5. Effect of different diets and antioxidant supplementation for 3 months on 
mean cluster counts of PAS-positive inclusion bodies in the hippocampi of 9-month-old 
female wild-type and apoE-deficient mice 
Statistical analysis using a Mann-Whitney non-parametric test demonstrated a significant 
difference between the C57Bl/6J (wild-type) mice fed Std Chow (1A) compared to the HFHC 
diet (2A) (p<0.05), also between the apoE-deficient mice fed Std Chow (3A) compared to the 
HFHC diet (4A) (p<0.01). Statistical significance was also found when comparing the apoE-
deficient mice fed HFHC (4A) with the apoE-deficient mice fed HFHC + ascorbyl palmitate 
(7A) (p<0.01) or HFHC+CAT (10A) (p<0.012). For details of diets see Table 4.1. 

From this preliminary data, it would appear that the extra antioxidants present in the 

10A diet, apart from the ascorbyl palmitate, did not provide any further protection 

against inclusion body formation than the ascorbyl palmitate alone. This result does not 

agree with the theory that combinations of antioxidants can act synergistically to protect 

against oxidative stress. However, these are preliminary results, and many factors such 

as antioxidant dosage and more appropriate or alternative combinations of antioxidants 

have yet to be tested. 

The addition of extra vitamin E in diet 5A is only a 37% increase on what is already 

normally present in the Std Chow diet or HFHC diet, and therefore was thought to be 

less likely than other antioxidant-containing diets to significantly reduce inclusion body 

formation.  
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This is demonstrated in the results; inclusion body counts in hippocampi of mice fed 

diet 5A were in fact higher (although not significantly) than inclusion body cluster 

counts from mice fed the HFHC diet without extra vitamin E. 

3.6. Effect of low-fat/low-cholesterol diet on PAS-positive inclusion 
body deposition in apoE-deficient mice 

Since a substantial decrease in PAS-positive inclusion bodies was noticed when 

comparing the HFHC diet with the Std Chow diet, it was decided to assess the effect of 

a low-fat, low-cholesterol (LFLC) diet on the mean numbers of PAS-positive inclusion 

bodies. 

3.6.1. Study group and method 

The LFLC diet consisted of Std Chow with a 50% reduction in the fat component, that 

is from 5% to 2.5% fat. Female 6-month-old apoE-deficient mice were fed this diet for 

3 months. Animals were then sacrificed, and tissues prepared for staining as described 

above. PAS staining was carried out as described above. Paraffin sections of the mice 

hippocampi were examined under the light microscope and clusters of PAS-positive 

inclusion bodies were counted in each section. The counting was done blind so that 

individual mice could not be identified without decoding each slide. 

3.6.2. Results 

Unexpectedly, the LFLC diet also caused a substantial decrease in mean number of 

clusters found in the hippocampi of the mice when compared to mice fed on a Std Chow 

diet (Figure 3.6). This would suggest that the fat content of the Std Chow diet is 

particularly detrimental to apoE-deficient mice. The fat content in the LFLC diet is from 

mixed vegetable and canola oils which could contribute to increased lipid peroxidation 

since these oils are readily oxidised (Cheung, et al., 2007).  
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Alternatively, a lower fat diet could also contribute to a reduction in calories and thus in 

a reduction of oxidative stress (Mattson, 2003b). 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. A LFLC diet reduces mean cluster counts of PAS-positive inclusion bodies in 
the hippocampi of apoE-deficient mice 
Statistical analysis using an unpaired t test demonstrated a significant decrease (p=0.0179) in 
the levels of PAS-positive inclusion bodies in the hippocampi of 9-month-old female apoE-
deficient mice after being fed the LFLC diet for 3 months (n=12) when compared to levels 
found in mice fed the Std Chow diet for 3 months (n=10). 

3.7. Effect of dietary supplementation with polyunsaturated oil and 
an antioxidant combination on deposition of PAS-positive inclusion 
bodies in the brains of apoE-deficient mice 

Since a substantial difference in numbers of PAS-positive inclusion bodies was initially 

noted in apoE-deficient mice fed a HFHC diet compared to mice fed a Std Chow diet, a 

relatively high level of a polyunsaturated oil together with a combination of 

antioxidants (antioxidants as in Table 3.1, group 10A), instead of the saturated fat-rich 

(15% lard, 1% cholesterol and 1% cholic acid) found in the HFHC diet, was also trialled 

for comparison. 
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3.7.1. Study group and method 

Female 18-month-old apoE-deficient mice were fed Std Chow diet for 6 months, or Std 

Chow supplemented with 10% flax seed oil and the antioxidant combination consisting  

 

of ascorbyl palmitate at 76mg/kg feed, vitamin E at 76mg/kg feed, Ginkgo biloba at 

7.6mg/kg feed and pycnogenol at 7.6mg/kg feed; this was known as the FAAC diet. 

Levels of PAS-positive clusters were then assessed in the hippocampi of these mice, as 

described above. Aged mice were used in this experiment, and the different diets were 

maintained for longer, in the hope of demonstrating a more marked difference in the 

levels of hippocampal deposition of inclusion bodies in the two groups of mice. 

3.7.2. Results 

Results of these experiments are summarised in Figure 3.7. Statistical analysis 

demonstrated that there was no significant difference between the mice fed a Std Chow 

diet and the mice fed the FAAC diet. 
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Figure 3.7. Supplementing the apoE-deficient mice Std Chow diet with a FAAC diet has 
no significant effect on mean cluster counts of PAS-positive inclusion bodies in the 
hippocampi of these mice 
18-month-old female apoE-deficient mice were fed either Std Chow (n=5) or the FAAC diet 
(n=5) for a period of 6 months. Statistical analysis using an unpaired t test showed no significant 
difference between the two groups. 

3.8. Effect of a cholesterol-lowering drug (Lipitor) on deposition of 
PAS-positive inclusion bodies in the brains of apoE-deficient mice 

Since the mice fed a LFLC diet showed a decreased number of PAS-positive inclusion 

bodies, it was decided to assess the affect of a cholesterol-lowering drug (Lipitor) on the 

numbers of inclusion bodies. This would assess the effect of lowering circulating 

cholesterol only, following dietary intake, as opposed to lowering both fat and 

cholesterol intake. In order to be certain that the Lipitor drug was being assimilated by 

the apoE-deficient mice, assessment was made of cholesterol levels. 
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3.8.1. Study group and method 

Following addition to the Std Chow powder of fatty acid components, antioxidants and 

Lipitor capsule contents at 2g/kg of feed for this experiment, diets were then re-

pelletised. The Lipitor dose was added assuming an intake of 5g feed per mouse per 

day. The 12-month-old animals were fed their respective diets for a period of 1 month. 

Animals were then sacrificed, and tissues prepared for staining as described above. PAS 

staining was carried out as described above. Paraffin sections of the mice hippocampi 

were examined under the light microscope and all clusters of PAS-positive inclusion 

bodies were counted in each section. As before, the counting was done blind so that 

individual mice could not be identified without decoding each slide. 

Cholesterol levels were assessed by Simon Laws on a Bio-Rad Microplate Manager 4.0 

in plasma samples using a measurement wavelength of 490nm and a reference 

wavelength of 650nm. 

3.8.2. Results 

Figure 3.8 summarises the effects of Lipitor supplementation on the mean numbers of 

PAS-positive inclusion bodies. Statistical analysis using an unpaired t test failed to 

show a significant difference in numbers of PAS-positive inclusion bodies. 

Figure 3.9 summarises the effects of Lipitor supplementation on cholesterol levels in 

apoE-deficient mice supplemented with Lipitor compared to apoE-deficient mice fed a 

Std Chow diet. Other groups have recorded higher cholesterol levels in apoE-deficient 

mice on a Std Chow diet (as high as 434±129mg/dl) (Jawien, et al., 2004); however, our 

apoE-deficient mice do have higher cholesterol levels than their wild-type mice 

(86±20mg/dl, Jawien et al., 2004). 
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Our results also clearly show a decrease in plasma cholesterol levels in the mice fed 

Lipitor. Statistical analysis using an unpaired t test showed a very significant difference 

between the mice fed a Std Chow diet and those fed the diet supplemented with Lipitor 

(p<0.0001). Therefore the Lipitor drug was successfully reducing cholesterol, yet this 

lower level of cholesterol was not having any effect on the number of inclusion bodies 

in the hippocampi of the apoE-deficient mice. Although there was not a statistically 

significant difference between the Lipitor-supplemented versus the control mice, there 

was a slight downward trend. Therefore, supplementation with Lipitor for 1 month may 

not have been sufficiently long to impact on inclusion body pathology. Alternatively, 

Lipitor supplementation may need to be used as a prevention treatment in younger mice 

in order to prevent the formation of inclusion bodies. 

From the results, it appears that the lower fat levels were responsible for the reduction 

in levels of inclusion bodies in the mice fed the combined LFLC diet when compared to 

mice fed the Std Chow diet. These results are discussed further at the end of this 

chapter. Unfortunately, due to time constraints and animal availability, we could not 

carry out the equivalent experiment in which only fat levels of the diet are reduced (and 

not cholesterol) compared to the Std Chow diet. 
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Figure 3.8. Supplementing the apoE-deficient mice Std Chow diet with Lipitor has no 
significant effect on mean cluster counts of PAS-positive inclusion bodies in the 
hippocampi of these mice 
Female 12-month-old apoE-deficient mice were fed either Std Chow (n=5) or Std Chow 
supplemented with Lipitor (at 2g/kg of feed) for 1 month. Statistical analysis using an unpaired t 
test showed no significant difference between the two groups. 
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A 
Group Diet Mean cholesterol mg/dl levels SEM 

1 Std Chow 137.5 11.8 

2 Std Chow + Lipitor (2g/kg feed) 31.9 4.0 
 
B 

 
Figure 3.9. Tabular (A) and graphical (B) representation of the effects of 
supplementation of apoE-deficient mice Std Chow feed with Lipitor for 1 month on mean 
(table) and individual (graph) blood cholesterol levels 
Female 12-month-old apoE-deficient mice were fed either a Std Chow diet (n=6) or a Std Chow 
diet supplemented with Lipitor (n=6) for 1 month. Statistical analysis using an unpaired t test 
showed a very significant difference between the two groups (p<0.0001). 

3.9. Is there a dose-dependent effect of antioxidant supplementation 
on deposition of PAS-positive inclusion bodies in the brains of apoE-
deficient mice? 

Experiments mentioned above demonstrated that antioxidants, in particular ascorbyl 

palmitate, had a beneficial effect in reducing numbers of PAS-inclusion bodies, 

therefore further experiments testing dosage of antioxidants were performed. Although 

individual antioxidants may have beneficial effects, it is known that combinations of a 

variety of antioxidants are likely to be of greater benefit, for example providing both 

fat-soluble and water-soluble antioxidants as well as antioxidants that will regenerate 
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biologically relevant antioxidants in vivo (reviewed in Bode, 1997; Wen, et al., 1997; 

Prasad, et al., 2000; Leonard, et al., 2002). In our previous experiments, antioxidants 

were always included in diets that already had added fat and cholesterol. To provide 

confirmation that antioxidant supplementation alone can be effective in reducing PAS-

positive inclusion body formation in apoE-deficient mice, mice were fed Std Chow diets 

supplemented with a combination of antioxidants, with no added fat or cholesterol. In 

order to assess more fully the effect of antioxidant supplementation, a range of doses of 

the antioxidant combination was tested. 

3.9.1. Study group and method 

The concentrations of each of the antioxidants used in supplementing the Std Chow 

diets with antioxidant combinations are listed in Table 3.2. All animals were fed their 

respective diets for a period of 3 months. Animals of 6-12 months of age were used for 

the four different dietary antioxidant levels. Animals were then sacrificed, and tissues 

prepared for staining as described above. PAS staining was carried out as described 

above. Paraffin sections of the mice hippocampi were examined under the light 

microscope and clusters of PAS-positive inclusion bodies were counted in each section. 

As done previously, the counting was done blind so that individual mice could not be 

identified without decoding each slide. 

Table 3.2. Summary of the concentrations of antioxidants making up the antioxidant 
combinations added to the Std Chow diets (in grams per kg of feed) 

 
Antioxidants Dose 1 Dose 2 Dose 3 Dose 4 

Alpha tocopherol acetate (vitamin E) 0.0756g 0.756g 14.4g 28.8g 

Pycnogenol (standardised grape seed extract) 0.0076g 0.076g 1.8g 3.6g 

EGb 761 0.0076g 0.076g 1.8g 3.6g 

Ascorbyl palmitate (fat-soluble vitamin C) 0.0756g 0.756g 14.4g 28.8g 
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3.9.2. Results 

The results of 3 months of supplementation of the Std Chow diet with antioxidant 

combination Doses 1 and 2 are shown in Figures 3.10 and 3.11 respectively. With 

respect to Dose 1 results, statistical analysis using an unpaired t test failed to show 

significant difference between the two treatments. 

Supplementation with antioxidant combination Dose 2 resulted in a lower mean number 

of PAS-positive inclusion bodies in the hippocampi of the apoE-deficient female mice 

when compared to the group given the Std Chow diet. Statistical analysis using an 

unpaired t test, however, failed to show a significant difference between the two 

treatments (Figure 3.11). 

 

Figure 3.10. Effect of dietary supplementation with Dose 1 combination of antioxidants 
on mean cluster counts of PAS-positive inclusion bodies 
Female 9-month-old apoE-deficient mice were maintained for 3 months on a diet of Std Chow 
or Std Chow with antioxidants as per Dose 1 (Table 3.2). Statistical analysis using an unpaired t 
test failed to show significance between the Std Chow group (n=12) and the Std Chow + Dose 1 
group (n=8). 
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Figure 3.11. Effect of dietary supplementation with Dose 2 combination of antioxidants 
on mean cluster counts of PAS-positive inclusion bodies 
Female 9-month-old apoE-deficient mice were maintained for 3 months on a diet of Std Chow 
or Std Chow with antioxidants as per Dose 2 (Table 3.2). Statistical analysis using a Mann-
Whitney test failed to show significance between the Std Chow group (n=6) and the Std Chow + 
Dose 2 group (n=6) (two-tailed P value 0.234). 

Supplementation with the antioxidant combination at a higher dosage (Dose 3) resulted 

in a lower mean number of PAS-positive inclusion bodies when compared to the group 

given the Std Chow diet (Figure 3.12). Statistical analysis using an unpaired t test 

demonstrated a very significant difference between the two treatments (p<0.001). 
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Figure 3.12. Effect of dietary supplementation with Dose 3 combination of antioxidants 
on mean cluster counts of PAS-positive inclusion bodies 
Female 15-month-old apoE-deficient mice were maintained for 3 months on a diet of Std Chow 
or Std Chow as per Dose 3 (Table 3.2). Statistical analysis using an unpaired t test showed a 
significance in mean PAS-positive inclusion body counts between the Std Chow group (n=8) 
and the Std Chow + Dose 3 group (n=6) (p<0.001). 

Supplementation with antioxidant combination Dose 4 resulted in the lowest mean 

number of PAS-positive inclusion bodies when compared to the group given the Std 

Chow diet. Statistical analysis using an unpaired t test with Welch correction 

demonstrated a highly significant difference between the two treatments (p<0.0001) 

(Figure 3.13). 
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Figure 3.13. Effect of dietary supplementation with Dose 4 combination of antioxidants 
on mean cluster counts of PAS-positive inclusion bodies 
Female 16-month-old apoE-deficient mice were maintained for 3 months on a diet of Std Chow 
or Std Chow with level of antioxidants as per Dose 4 (Table 3.2). Statistical analysis using an 
unpaired t test with Welch correction showed a highly significant difference in mean PAS-
positive inclusion body counts between the Std Chow group (n=5) and the Std Chow + Dose 4 
group (n=6) (p<0.0001). 

The results in this section demonstrate a dose-dependent effect of antioxidant 

supplementation, that is supplementation with higher levels of an antioxidant 

combination can significantly reduce the number of PAS-positive inclusion bodies in 

the brains of apoE-deficient mice. 

3.10. Discussion 

ApoE-deficient mice were generated by homologous recombination in embryonic 

murine stem cells on a C57BL/6 background (Plump et al., 1992). These mice have 

been shown to be a model of lipoprotein oxidation in atherogenesis (Palinski, et al., 

1994). Wild-type mice do not develop atherosclerotic lesions on HFHC ‘Western’-type 

diets, unless challenged with such diets for extended periods of time. The apoE-

deficient mouse has been welcomed as a useful tool to study factors that can affect fatty 

plaque size and composition (Meir & Leitersdorf, 2004). Although plaque lesions in 

these mice markedly resemble human lesions, fatty acid and lipoprotein profiles are 

very different. Mice normally have high HDL levels and low LDL levels, in contrast to 

humans who are high in LDL and low in HDL.  
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In addition, mice appear to lack the cholesteryl ester transfer protein, which transfers 

cholesteryl ester from HDL to VLDL and LDL. ApoE-deficient mice have total plasma 

cholesterol levels about five times that of normal litter mates. Interestingly, compared to 

wild-type mice, apoE-deficient mice have a large shift in plasma lipoproteins from HDL 

to cholesterol enriched remnants of chylomicrons and to VLDL (for a review see Jawien 

et al., 2004). 

Links have been established between oxidative stress and numerous diseases, including 

cancer, atherosclerosis, diabetes, and neurodegenerative disorders such as brain 

ischaemia, Parkinson’s disease, familial amyotrophic lateral sclerosis and AD 

(Multhaup, et al., 1998). Oxidative stress was initially proposed to be a major factor in 

AD in 1986 (Martins et al., 1986). Since then, many other researchers have found that 

oxidative stress is implicated in AD in various processes and stages in the disease. 

Overwhelming evidence exists that the cells in the AD brain undergo abnormally high 

levels of oxidative stress, and that amyloid plaques are a focus of cellular and molecular 

oxidation (reviewed in Mattson, 1997b). Oxidative stress and the use of antioxidants 

have already been studied at length in apoE-deficient mice, primarily to establish their 

effects on atherosclerosis development and prevention respectively. 

It was considered for the purposes of these experiments that the development of Aβ-

containing inclusion bodies in the brains of apoE-deficient mice, subsequent to being 

fed diets with different fat, cholesterol and antioxidant levels, may function as an 

indicator of potential risk of AD. Many studies have already investigated the effects of 

different fats as well as antioxidant supplementation in the diet of these mice, with 

respect to examining changes in development of atherosclerotic lesions (for a review 

see Meir & Leitersdorf, 2004).  
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Oxidative stress has also been studied in these mice, for example isoprostane levels 

have been found to be increased in apoE-deficient mice, yet levels can be suppressed 

with vitamin E supplementation (Pratico et al., 1998). Isoprostanes are considered to be 

accurate markers of lipid peroxidation (refer to Literature review). 

Interestingly, it has also been demonstrated that female gender significantly increases 

the susceptibility to apoE-dependent spatial learning deficits (Raber, et al., 1998), and a 

dietary intervention study has demonstrated that 17β-estradiol can prevent the formation 

of fatty streaks in the aorta of both male and female apoE-deficient mice fed a low-fat 

chow diet (Elhage, et al., 1997). In other studies, a role for apoE in synaptic plasticity 

and synaptic homeostasis has been suggested as a result of an investigation into the 

effects of Αβ1-40 on synaptosomes from apoE-deficient mice. This study demonstrated 

increased oxidative stress, mitochondrial dysfunction and caspase activation in 

comparison with C57BL/6J wild-type mice (Keller, et al., 2000). 

Although apoE-deficient mice (and wild-type mice) do not develop classic Aβ-rich 

plaques as found in human AD brain, they do develop Aβ-containing PAS-positive 

inclusion bodies, in regions known to be severely affected in AD brain (Robertson et 

al., 1998). The use of apoE-deficient mice as a model of AD would now obviously be 

considered to be far from ideal, considering the plethora of transgenic mice models of 

AD that have been developed, in particular a triple transgenic mouse that develops both 

plaques and tangles, and demonstrates cognitive deficits (Oddo, et al., 2003a; Oddo, et 

al., 2003b). However, at the time of carrying out these experiments (1997-1998), the 

many and varied mouse models of AD were not available to our laboratory. 

Many conventional and non-conventional antioxidants have been tested in apoE-

deficient mice to see if oxidative stress or damage could be reduced with antioxidant 
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treatment. For example, the cell-permeant NAC alleviated oxidative damage and 

cognitive decline, restored GSH synthase and reduced GSH levels in apoE-deficient 

mice deprived of folate (Tchantchou, et al., 2005). Many studies support the concept 

that antioxidant combinations or antioxidant/dietary supplement combinations are more 

beneficial than high (or even very high) doses of individual antioxidants. For example, a 

combination of vitamin E, sodium pyruvate and phosphatidyl choline improved the 

survival and neuritic sprouting of murine embryonic cortical neurons in culture. 

Furthermore, the same combination of dietary supplements provided improved 

neuroprotection over vitamin E alone in situ (Shea, et al., 2002). 

In this analogous study, the effects of potent novel and well-known antioxidants on the 

prevention or reduction of Aβ-containing PAS-positive inclusion bodies were assessed. 

The effects of antioxidants on apoptosis-associated fluorescence and on life span in 

apoE-deficient mice were also assessed to some extent. Overall, our results showed that 

the inclusion of an antioxidant combination in a HFHC-supplemented diet, supposed to 

mimic a Western human diet, almost always significantly reduced the levels of PAS-

positive inclusion body deposition in the hippocampi of the mice (Figures 3.2, 3.4, 3.11 

& 3.12). 

When the Std Chow diet was supplemented with antioxidants (with no fat supplement), 

it was shown that the decrease in inclusion body deposition was not significant unless 

particularly high doses of antioxidants were used. As the effect of the antioxidant 

combination was apparently more effective at lower doses when given in combination 

with a HFHC diet, this may reflect better transport or absorption of the fat-soluble 

antioxidants in the presence of high fat levels. Future experiments could assess whether 

fat solubility was a factor in effectiveness of these antioxidants.  
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Alternatively, as the HFHC diet appeared to be beneficial in our studies, perhaps the 

presence of fat-soluble antioxidants in the diet protected the added fatty acids from 

oxidation, thus reducing oxidative stress, known to be an important factor in the 

development of abnormalities in these mice. 

Initial studies found that supplementation with HFHC was highly detrimental to mouse 

health and caused increased early mortality, which could be alleviated to a significant 

extent by antioxidant supplementation (Figure 3.1). In the next experiment, it was found 

that supplementation of the Std Chow diet by the addition of HFHC levels decreased 

the deposition of PAS-positive inclusion bodies. The inclusion of antioxidants together 

with HFHC in the diet resulted in an even lower level of inclusion body deposition, 

suggesting that oxidative stress is involved in the deposition of inclusion bodies (Figure 

3.2). In support of this, levels of apoptosis were also measured in the hippocampi of 

these mice, and were found to be significantly reduced in mice fed the HFHC diet when 

compared to the Std Chow diet. Again, the inclusion of antioxidants together with 

HFHC in the diet resulted in an even lower level of apoptosis. 

The initial results of the HFHC diet reducing levels of PAS-positive inclusion bodies 

was contrary to expectations – the HFHC diet was thought likely to increase inclusion 

body formation when compared to the Std Chow diet, if only due to the measured 

increased mortality found on such a diet in earlier experiments. However, in studies of 

atherosclerotic lesions in apoE-deficient mice, supplementation either with oils with 

high saturated fat content, or oils with high mono- and poly-unsaturated fat content, has 

uniformly shown a decrease in size of aortic lesions (Calleja, et al., 1999). As the reason 

for the higher mortality of the mice fed the HFHC diet is not known, the effect of such a 

diet on levels of PAS-positive inclusion bodies should probably not have been assumed. 



 

- 186 - 
 

In the next experiment, a LFLC diet was trialled, and again a significantly lower level of 

inclusion body deposition was measured when compared to apoE-deficient mice fed a 

Std Chow diet alone. One possible explanation for these results could be that the levels 

of antioxidants absorbed may be severely compromised in apoE-deficient mice which 

are known to show signs of significantly higher levels of oxidative stress than wild-type 

littermates – any deleterious effects of the high cholesterol level in the HFHC diet may 

have been counteracted by fat-assisted delivery of fat-soluble antioxidants present in the 

Std Chow diet in these experiments. The addition of cholic acid, a bile acid, may have 

also have had benefits. In the experiment with low fat and low cholesterol, the 

deleterious effect of cholesterol itself may have been reduced (Figure 3.6). 

The supplementation to the diet of the apoE-deficient mice with flax seed oil, a poly-

unsaturated oil, was thought likely to reduce numbers of PAS-inclusion bodies in the 

brains of the mice. Our experiment did not find such an effect, despite no added 

cholesterol, and despite the antioxidant supplementation. This is as yet unexplained, and 

many factors that have not been investigated at this stage may have played a part. One 

such factor could be the oxidative state of the individual added fatty acid supplements; 

these were not measured, and the effect of some of these added fats may have been 

severely affected due to oxidation states of the fatty acids, particularly in the apoE-

deficient mice which are more susceptible to oxidative stress. 

In the next experiment, the effect of a cholesterol-reducing drug, Lipitor, was tested. It 

was confirmed that the drug did in fact decrease plasma cholesterol levels (Figure 3.9). 

However, decreasing cholesterol levels had no effect on the deposition of PAS-positive 

inclusion bodies in the hippocampi of the mice. Again, this is hard to explain if 

cholesterol is thought to be a deleterious substance in the HFHC diets.  
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These results do not concur with effects of cholesterol-reducing drugs on development 

of atherosclerotic lesions, as such drugs have been found to decrease lesion size in 

apoE-deficient mice (for a review, see Meir & Leitersdorf, 2004). Further, the results do 

not agree with the fact that cholesterol-reducing drugs such as Simvastatin and 

Lovastatin have been found to reduce levels of Aβ both in vitro and in vivo in guinea 

pigs (Fassbender et al., 2001), and in transgenic mouse models of AD (Refolo, et al., 

2001). 

It may be that the development of PAS-positive inclusion bodies has little to do with 

dietary cholesterol levels, yet is particularly sensitive to oxidation states of ingested 

fatty acids. The effect of added ascorbyl palmitate would support this theory – ascorbic 

acid is not an essential vitamin in mice as they can produce ascorbic acid themselves. 

However, the fat-soluble ascorbyl palmitate, while not very well absorbed in the diet, is 

a widely used food additive, functioning as an effective fatty acid antioxidant (Battna, et 

al., 1982). Another possibility could be that a combination of cholesterol and high fat 

content is required for a decrease in deposition of PAS-positive inclusion bodies to 

occur. These results also suggest that there are fewer similarities than has been assumed 

in this study between the development of aortic atherosclerotic lesions and the 

deposition of inclusion bodies in the hippocampi of apoE-deficient mice. 

In many respects, the differences between PAS-positive inclusion bodies and Aβ 

plaques, the large differences in fat transport in mice lacking apoE, together with the 

large differences in quantities of, and fat distribution between, the various HDL, VLDL, 

LDL and other lipoprotein types when compared to human lipoprotein profiles, make 

certain comparisons between apoE-deficient mice and aging humans rather difficult. 

Nevertheless, the results of these experiments support the hypothesis that oxidative 
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stress is a major contributor to the neuropathology demonstrated in the brains of the 

apoE-deficient mice, and that supplementing with a high dose of a combination of 

antioxidants may result in slowing down, halting, or even reducing this disease 

processes. Further studies would be needed to determine which particular combination 

of antioxidants is the most effective for reversing neurodegenerative changes and 

extending animal survival. 

Since free radical formation has been implicated as an early event in neurodegeneration 

such as that seen in AD via several mechanisms, these experiments support the theory 

that antioxidant therapy may be a worthwhile adjunct to other drug treatments. 

Antioxidant combinations readily available in pharmacies may also be useful to help 

offset cellular degeneration seen in many other neurodegenerative illnesses. This study 

has shown for the first time that CAT can extend the life span of mice which were fed a 

HFHC diet, reduce deposition of PAS-positive inclusion bodies, and also decrease DNA 

apoptotic fragmentation. 

It has been suggested that APOE genotype may influence oxidative stress in diabetes, 

arthritis, atherosclerosis and now also AD. As increased susceptibility to AD is 

associated with the presence of the APOE ε4 genotype and oxidative stress, the dietary 

supplementation with antioxidants in subjects with one or more APOE ε4 alleles may 

reduce the incidence or delay the onset of AD in these subjects to a greater extent than 

in subjects lacking APOE ε4. 
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4. Dietary antioxidant modulation of Aβ  deposition in APP 
transgenic mice 

4.1. Introduction 

Brain cells, especially neurons, can face considerable hardship during the aging process, 

although, as can be seen in centenarians, some do age successfully. Increased free 

radical production with concurrent decreased antioxidant levels leads to an imbalance 

known as oxidative stress. Increased oxidative stress, resulting in the accrual of 

oxidatively damaged nucleic acids, proteins, enzymes and lipid molecules, promote 

dysfunction of diverse metabolic and signalling pathways. Oxidative damage to cellular 

components and molecules is considered to be a major component of brain aging and 

neurodegenerative diseases. 

Oxidative modifications to proteins include the formation of carbonyls, due to the 

covalent modification of cysteine, histidine and lysine residues by 4-HNE (an end 

product of lipid peroxidation), or nitration of tyrosine residues and glycation reactions 

(Esterbauer, et al., 1991; Markesbery, 1997; Markesbery, 1999). RNA and DNA bases 

may also be subjected to oxidative modification, for instance the formation of the well-

characterised 8-OHG (Loft & Poulsen, 1996; Sayre, et al., 2001; Wang, et al., 2006). 

Recent studies suggest that mitochondrial dysfunction is a crucial part of oxidative 

stress-associated neurodegeneration. Dysfunctional mitochondria in aged rodents are 

characterised by an increased content of oxidation products of phospholipids, proteins 

and DNA, decreased membrane potential, and increased size and fragility. The activities 

of mitochondrial inner membrane enzymes, such as those of complexes I and IV and 

mitochondrial nitric oxide synthase, decrease upon aging and, importantly, the activities 

of these enzymes in mice brain correlate linearly with neurological performance, as 
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determined by the tightrope and the T-maze tests. In one of many studies of dietary 

modification and aging in mice, it has been found that vitamin E supplementation, 

caloric restriction and moderate physical exercise ameliorate such mitochondrial 

dysfunction in the aged brain and liver (Navarro, et al., 2005; Navarro & Boveris, 

2007a; Navarro & Boveris, 2007b). Many studies such as these support the concept of 

preventative medicine in the form of healthy lifestyles and healthy diets supplemented 

with antioxidants. 

Increasing evidence has implicated Aβ in the induction of oxidative processes either 

directly or indirectly and this induced oxidative stress is thought to play a key role in the 

neurotoxicity of the peptide (Behl, 1997). The Aβ peptide of AD, as it aggregates, 

produces hydrogen peroxide through transition metal catalysed oxidation of methionine 

(Huang, et al., 1999a; Butterfield & Kanski, 2002). It generates ROS which can induce 

lipid peroxidation (reviewed in Behl, 1997). Butterfield (Butterfield, 1997) has also 

demonstrated that Aβ itself causes lipid peroxidation, which in turn increases 

production of isoprostanes. Accordingly, levels of isoprostanes have been found to be 

elevated in the AD brain indicating increased levels of lipid peroxidation when 

compared to aged matched non-AD brains (Montine, et al., 1998b). Isoprostane levels 

could be used as markers of AD disease severity; increased 8,12-iso-iPF2α-VI may be a 

useful non-invasive index of lipid peroxidation and severity of AD (Pratico, et al., 

2000). 

Certain transgenic animal models of AD as well as models of other diseases have 

provided insight into AD (Mattson, 2002b; Games, et al., 2006). Classic senile plaques 

have been associated with memory and learning deficits in AβPP transgenic mice, 

suggesting that these mice develop behavioural and pathological features resembling 
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AD (Hsiao et al., 1996; Games et al., 2006). In AD model transgenic mice, as 

mentioned, it has been shown that there is a 100% overlap between the Aβ deposits and 

markers of oxidative stress. This suggests that the transgenic mice with Aβ deposition 

may suffer the same oxidative stress and damage response characteristic of AD in 

humans. In transgenic mice that overexpress mutated forms of the human AβPP (AβPP 

mice), increased production of Aβ occurs together with vascular oxidative stress and 

loss of vasodilatory function. The molecule thought to be the main culprit, superoxide 

(.O2-), triggers the synthesis of other ROS as well as the sequestration of nitric oxide 

(NO), thus impairing resting cerebrovascular tone and NO-dependent dilations. In fact, 

human studies have suggested that chronic cerebral hypoperfusion is a determinant 

factor in the pathogenesis and cognitive deficits of AD (de la Torre, 2000; Veurink, et 

al., 2003). Animal models of other diseases also support the concept that antioxidant 

therapy could ameliorate oxidative stress-associated degeneration; for example, apoE-

deficient mice have increased levels of isoprostanes in the brain which can be 

suppressed with vitamin E supplementation (Pratico, et al., 1998; Pratico, et al., 1999). 

Vitamin E is a lipid-soluble antioxidant which is very competent in reducing lipid 

peroxidation in cell membranes. Various studies have demonstrated that dietary 

supplementation with vitamin E can minimise the risk of CVD and many cancers. It has 

already been shown in animal studies that dietary supplementation with vitamin E does 

increase brain levels of the vitamin and, in studies of rats, vitamin E supplementation 

also causes a reduction in lipid peroxidation and lipofuscin accumulation (for a review 

see Grundman, 2000). For example, rats which had been fed vitamin E supplements 

increased hippocampal levels of vitamin E by 50-70%, and showed a reduced level of 

lipofuscin accumulation, although this difference was not visible in very old rats 

(Monji, et al., 1994). 
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Perhaps of greater interest are the studies that have shown that vitamin E improves 

cognitive performance and reduces oxidative damage in aged mice or in mouse models 

of AD. In rodents that can experience age-associated deterioration of learning and 

memory, long-term treatment with vitamin E has been found capable of preserving such 

functions. For example, Socci (Socci, et al., 1995) found that aged rats treated with 

antioxidants, including vitamin E, have greater memory retention than do placebo-

treated rats. More recent studies in mice have found that age-associated deficiencies in 

mitochondrial function can be reduced with high doses of vitamin E supplementation; in 

particular, vitamin E has been found to reduce the age-associated decrease in levels of 

NADH-cytochrome c reductase, cytochrome oxidase, Mn-SOD and nitric oxide 

synthase in old mice (Navarro, et al., 2005). Vitamin E supplementation also improved 

neurological performance in these aged mice (Navarro et al., 2005). 

Clinical studies, however, have not always demonstrated a benefit in human patients 

(Boothby & Doering, 2005). The Alzheimer’s Disease Cooperative Study carried out a 

double-blind placebo-controlled study of the potential benefits of giving 2000 IU/day to 

moderate AD patients. The primary outcome measure in this 2 year study was the time 

to reach any one of the following endpoints – institutionalisation, loss of basic activities 

of daily living, severe dementia or death. The study found that the risk of reaching the 

primary outcome was significantly reduced by vitamin E treatment (P<0.001; Sano et 

al., 1997). In a large study with a mean follow-up time of 6 years, Engelhart (Engelhart, 

et al., 2002) found that high intakes of vitamin C and E were associated with lower 

incidence of AD. Zandi (Zandi, et al., 2004) similarly found that the combination of 

vitamin C and E (but not individual vitamins) reduced both the incidence and 

prevalence of AD in a study of 4740 people over the age of 65. Another study, however, 
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failed to find any correlation between intake of carotenes, vitamin C or vitamin E, 

neither in diet nor as supplements, on the incidence of AD (Luchsinger, et al., 2003). 

In other studies of diet and aging, folate deficiency has been associated with age-related 

neurodegeneration. One direct consequence of folate deficiency is a decline in the major 

methyl donor, S-adenosyl methionine (SAM). A recent study found that in normal adult 

mice, folic acid and vitamin E deficiency coupled with pro-oxidant stress induced by 

dietary iron caused increases in β-secretase activity, Aβ levels and PS1 expression 

(Chan & Shea, 2007). In this particular study, supplementing the animals with SAM 

alleviated the consequences of the oxidative stress-inducing diet, supporting the concept 

that antioxidants are important in reducing age-associated oxidative stress. 

As discussed in the Literature review, many studies have tried to establish whether the 

use of supplements of the antioxidant vitamin C, either alone or in combination with 

other supplements such as vitamin E, reduce the incidence of AD. Some studies suggest 

vitamin C supplementation does reduce the incidence of AD (Zandi et al., 2004); 

however, other studies have produced ambiguous results, and further long-term studies 

are required (Frank & Gupta, 2005). Ascorbyl palmitate maintains all the antioxidant 

activity of vitamin C without the problems that can be associated with ascorbic acid, the 

water-soluble form of vitamin C (Ross, et al., 1999). Ascorbyl palmitate is also able to 

cross the BBB and thus makes more vitamin C available to neural tissue, on average, by 

an order of magnitude (Pokorski, et al., 2003). Furthermore, because it resides in the 

cell membrane, ascorbyl palmitate can help regenerate the vitamin E radical 

continuously. Vitamin C has therefore been included as a supplement in this study, 

despite not being essential to mice. 
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Advertisements extolling the virtues of Ginkgo biloba have become quite common, 

often emphasising the health benefits on the brain. EGb 761 has been deemed effective 

in improving memory and learning in aged mice, possibly by improving synaptic 

plasticity (Wang & Wang, 2006). It has also been shown to shift degradation of AβPP 

towards α-secretase cleavage, increasing the production of the neuroprotective secreted 

AβPPα (Colciaghi, et al., 2004). In a double-blind placebo-controlled multi-centre trial 

it has also been shown to be effective in improving cognitive function in middle-aged 

patients in good health. The extract has also been found to protect cultured cortical 

neurons against iron-induced damage, and it protects PC12 cells against Aβ toxicity in 

culture (reviewed by Mattson et al., 2002). 

The antioxidant pycnogenol, either obtained as patented grape seed extract or as a 

patented combination of bioflavonoids extracted from the bark of French maritime pine 

(Pinus maritima), has received attention recently as a potentially useful antioxidant. 

Using a commonly studied model of Aβ peptide-induced apoptosis in PC12 cells, 

pycnogenol has been found not only to suppress the generation of ROS, but also to 

attenuate caspase-3 activation, DNA fragmentation, and eventually protect against Aβ-

induced apoptosis (Peng, et al., 2002). Using a model of ethanol-induced apoptosis in 

cultured rat cerebellar granule cells, both vitamin E and pycnogenol have been shown to 

reduce membrane disruption and caspase-3 activation caused by ethanol treatment of 

the cells (Siler-Marsiglio, et al., 2004). Further studies of the same model system have 

shown pycnogenol can attenuate ROS production, and counteract the ethanol-induced 

suppression of Cu/Zn SOD and GSH peroxidase/reductase activities (Siler-Marsiglio, et 

al., 2004). 
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At the time of carrying out this study, various antioxidants had been suggested as being 

beneficial in the prevention or treatment of degenerative diseases. A selection of such 

antioxidants, namely vitamin E (α-tocopherol acetate), vitamin C (in the form of lipid-

soluble ascorbyl palmitate), Ginkgo biloba and grape seed extract (pycnogenol) were 

included in this study. Since the aforementioned studies show that oxidative processes 

are important factors in neurodegeneration, it appears rational that antioxidants will be 

beneficial in the treatment of AD. As mentioned earlier, some clinical trials have shown 

vitamin E and C supplements may reduce the rate of deterioration of cognitive function 

and the risk of AD. Pycnogenol was included due to its known and recently documented 

antioxidant properties as mentioned above, and EGb 761 was included in this study as a 

double-blind placebo-controlled clinical trial; employing Ginkgo biloba extract 

demonstrated a slight improvement in cognitive function in AD patients (Le Bars, et al., 

1997). Further studies with more potent antioxidant combinations may prove to be more 

effective in treating this devastating disease. 

4.1.1. Hypothesis and aims 

Oxidative stress is thought to be a major contributor to the development of Aβ plaque 

deposits and AD neuropathology. Our hypothesis is that a combination of antioxidants 

will slow down, halt or reverse the development of AD neuropathology, including 

neuronal apoptosis. This may result in less deterioration in memory performance by 

conferring a neuroprotective effect, and may even enhance memory performance if 

some reversal of AD neuropathology is possible. 

To test this hypothesis, 12-month-old Tg2576 transgenic mice were fed diets with or 

without antioxidant supplementation in an attempt to assess the effect of large doses of 

antioxidants on the development of AD-like neuropathology and memory deficits. The 
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antioxidants included vitamin E acetate, vitamin C palmitate, Ginkgo biloba and grape 

seed extract (pycnogenol) supplemented to a Std Chow diet. Tg2576 mice use the prion 

protein promoter to express AβPP with the Swedish double mutation (K670N/M671L, 

AβPPSwe), resulting in increased total Aβ production (Hsiao et al., 1996). These mice 

deposit Aβ plaques and some vascular amyloid, and develop neuritic dystrophy and 

gliosis at 6-10 months. They also demonstrate progressive behavioural and cognitive 

deficits. 

Aβ plaque deposition, levels of apoptosis and memory performance were investigated 

in these mice following 3 months on the different diets. 

4.2. Effect of dietary antioxidant supplementation on the deposition 
of Aβ  in Tg2576 (AβPPSwe) transgenic mice 

In our previous experiments using apoE-deficient mice, it was noted that the dietary 

supplementation with a combination of antioxidants served to reduce inclusion body 

pathology. Therefore, in order to examine the effect of antioxidant supplementation in a 

more appropriate model of AD, Tg2576 transgenic mice were fed large doses of either 

vitamin E or large doses of an antioxidant combination, and were compared to mice fed 

a Std Chow diet. 

4.2.1. Study group and method 

The Tg2576 (AβPP Swedish mutation) transgenic mice used in these experiments were 

kindly donated by Dr K Hsiao to Dr T Robertson, and were housed and maintained as 

described in Chapter 2 above. Twenty-four female 12-month-old Tg2576 mice were 

given either a Std Chow diet without additives, a Std Chow diet supplemented with a 

high dose of vitamin E acetate at 64.8g/kg of feed, or a Std Chow diet supplemented 

with a combination of antioxidants that consisted of vitamin E acetate at 28.8g/kg of 
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feed, vitamin C palmitate at 28.8g/kg of feed, Ginkgo biloba at 3.6g/kg of feed and 

grape seed extract (pycnogenol) at 3.6g/kg of feed. The mice were maintained on these 

diets for a period of 3 months. 

At the conclusion of the study, the mice were sacrificed using an overdose of Halothane 

anaesthetic. The brains were carefully removed and the two hemispheres dissected. One 

hemisphere was stored in 10% buffered formalin solution; the other hemisphere was 

immediately frozen in liquid nitrogen for subsequent biochemical analysis. The fixed 

right hemisphere was cut into coronal 3mm slices as described in Chapter 2 above, 

immersed in fixative for a further 24 hours, then conventionally processed and paraffin 

embedded coronally as described above (Figures 2.1 & 2.2). 

Sections of these paraffin embedded brain slices were cut at a thickness of 7µm; these 

were then mounted onto silanated glass slides. Using the Aβ-specific monoclonal 

antibody 4G8, immunohistochemistry was carried out on the sections, followed by 

haematoxylin counterstaining, to perform plaque counts as described in Chapter 2 

above. The sections were then examined on a Nikon Eclipse E600 microscope, and 

digital images were taken using a Nikon DXM 1200 digital camera. Statistical analyses 

of the results were carried out as described in Chapter 2. 

4.2.2. Results 

The results demonstrate that supplementation with large doses of antioxidants was 

instrumental in reducing the number of plaques in the brains of Tg2576 AD transgenic 

mice (Figure 4.1). Although vitamin E supplementation showed a trend towards 

decreasing numbers of plaques, this was not significant, unlike the result obtained in the 

mice fed the combination of antioxidants. 
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Figure 4.1. Effect of 3 months of dietary antioxidant supplementation on hippocampal 
amyloid plaque counts in Tg2576 AD transgenic mice 
Female Tg2576 mice (12 months old) were fed either Std Chow (n=7), Std Chow with a high 
dose of vitamin E acetate (64.8g/kg feed) (n=6), or Std Chow with the combination high doses 
of antioxidants (antioxidant mix, n=6). Counts of diffuse plaques and dense plaques were than 
undertaken from two serial sections from the beginning, middle and end regions of the 
hippocampus (six microscope slides). The counts from these slides were summed and the means 
calculated. Statistical analysis using a Kruskal-Wallis non-parametric ANOVA in Graphpad 
Prism 3 for Windows 95/98 demonstrated statistically significant difference between the control 
(Std Chow only) group and the antioxidant mix group (p<0.01). 

4.2.3. Apoptosis study experiment 

Immunohistochemical detection and quantification of apoptosis was carried out on 

paraffin sections from the brains of the Tg2576 transgenic mice used in the antioxidant 

study. Apoptosis was detected on brain sections by performing the TUNEL assay, as 

described in Chapter 2 above. Computer-assisted quantification of apoptosis was carried 

out, also as described above. 
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The results demonstrate that supplementation with either vitamin E alone, or with 

megadoses of antioxidants, can reduce the level of apoptosis in the brains of Tg2576 

transgenic mice (Figure 4.2). Unlike the previous study, dietary supplementation with 

vitamin E alone did have a significant effect on the levels of apoptosis in the mouse 

hippocampi (p<0.05) as measured by the TUNEL assay. However, the combination of 

antioxidants resulted in an even greater decrease in levels of apoptosis (p<0.001). 

 

Figure 4.2. Effect of 3 months of dietary antioxidant supplementation on levels of 
apoptosis in the hippocampus of Tg2576 transgenic mice 
Twelve-month-old Tg2576 mice were maintained for 3 months on a diet of either Std Chow 
(n=8), Std Chow supplemented with vitamin E acetate at 64.8g/kg of feed (n=6), or Std Chow 
supplemented with the combination of antioxidants. Apoptosis was assessed by the TUNEL 
method as described in the text. Statistical analysis using non-parametric ANOVA with a 
Dunn’s multiple comparisons test in Graphpad Prism 3 for Windows 95/98 showed a 
statistically significant difference between the Std Chow (control) group vs the vitamin E group 
(p<0.05), and also between the control group and the antioxidant mix group (p<0.001). 

4.3. Memory study experiment 
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Although we have looked at Aβ deposition and apoptosis, for the purpose of testing 

antioxidants as potential preventative therapy for AD, studies of memory and certain 

cognitive behaviours can also be carried out on transgenic mice.  

The clinical studies mentioned in the introduction of this chapter provide some evidence 

that administration of vitamin E and C to elderly patients may delay the onset of AD. 

Studies in mice have also shown vitamin supplements to improve memory and learning. 

For example, researchers have demonstrated that concurrent (but not separate) 

administration of coenzyme Q10 and vitamin E improved learning in 24-month-old 

C57Bl/6 mice (McDonald, et al., 2005). These two antioxidants in combination have 

also proved to be anti-atherogenic when tested in apoE-deficient mice by reducing 

tissue lipid hydroperoxides (Thomas, et al., 2001). In a separate study, the antioxidants 

ALA and NAC were shown to reverse memory impairment and brain oxidative stress in 

aged SAMP8 mice (Farr, et al., 2003). 

Studies of transgenic mice carrying mutations in the human sequence of AβPP have 

shown many behavioural and cognitive defects (Hsiao et al., 1996; for a review see 

Games et al., 2006). For example, such mice show defects in hippocampus-mediated 

spatial memory when doing water maze tasks, passive avoidance tests, T- and Y-maze 

tasks. These mice also show defects in non-spatial memory tasks, including auditory 

startle, object recognition and eyeblink conditioning. Some (but not all) studies have 

shown a correlation between levels of Aβ deposition and severity of cognitive defects 

(for a review see Games et al., 2006). 

Specific studies of Tg2576 mice have shown that memory defects correlate with levels 

of insoluble Aβ deposition in younger mice (6-11-month mice), after which correlation 

is not present (Westerman, et al., 2002). This is hypothesised to be due to differences in 
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levels of plaque deposition in older mice not correlating with levels of circulating toxic-

soluble small Aβ oligomers, which are thought to be the cause of oxidative stress and 

memory defects, rather than the relatively inert Aβ deposits.  

This is supported by studies that have shown that small oligomers are likely to be the 

‘toxic principle’ in AD (McLean, et al., 1999). 

Using Tg2576 mice, the effects of antioxidant supplements on memory could also be 

included in this study, as memory impairments had already been well-documented for 

these AD model mice. For this memory study, the three groups of Tg2576 mice being 

compared were mice fed Std Chow diet with no supplements, mice supplemented with 

large doses of vitamin E, and mice supplemented with large doses of an antioxidant 

combination (combination and dosage as described above). 

4.3.1. Study group and method 

A radial arm maze specifically designed for mice was used in the memory study. The 

maze consisted of eight arms (40cm x 8cm) which extended at 45-degree angles from a 

central octagonal platform (Figure 2.3). At the end of each arm in the maze, the floor 

had holes which would allow olfactory stimulation for the mice. 

Prior to the memory tests, the mice were all subjected to water restriction to just 30 

minutes per day for 3 days in order that they would be motivated to drink when given 

access to the baits in the radial arm maze. In order to acquaint the mice with the radial 

arm maze, pre-testing was undertaken for 3 days, as described in Chapter 2 above. 

During the testing phase, five of the eight arms of the maze were baited randomly and 

consistently for each of the mice. All of the mice were tested using the same procedure. 

Memory testing was continued for 10 consecutive days; therefore each mouse 
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performed 50 trials during the test period. In this manner, 10 days of five trials were 

completed and the data were analysed in blocks of 2 days. 

 

4.3.2. Data analysis 

For each mouse, records were kept of arms that were actually entered, and the order in 

which the maze arms were entered. The time taken before a mouse was completely 

inside an arm was also recorded (timed from when arms were opened till all four paws 

were inside the arm), as well as the time to reach the baited or unbaited plastic 

containers (measured from entry till destination was reached). From this it was 

determined that there were three possible outcomes that could arise upon entry into the 

arm – a mouse enters a baited arm (correct entry); a mouse enters an unbaited arm 

(reference memory error); or a mouse re-enters a previously baited arm, from which it 

has already drunk the water (working memory error). 

4.3.3. Reference memory comparison 

On average, it appears that there was some degree of learning in all mice over the 

memory testing period (Figure 4.3). However, a clearer picture is obtained when the 

results are expressed differently. Figure 4.4 shows results of each learning block in a 

comparison of the transgenic mice and control mice fed the Std Chow diet only. 

Pairwise comparison of the percentage correct demonstrates that the Tg2576 transgenic 

mice differed significantly from the control C57Bl/6J mice, although only in the last 

testing block (Figure 4.4). 
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Figure 4.3. The difference in percentage correct between the first and last block of 
memory testing demonstrates that some learning has occurred 
Using the 8-arm radial maze and testing paradigm described in Chapter 2, we tested mouse 
memory of arms that contained water; the percentage correct arm entry was calculated at the 
end of the first memory test block and the end of the last memory test block. Results for all mice 
were grouped for this table (total n=24; Tg2576 mice n=18, C57Bl/6J control mice n=6). There 
was a statistically significant difference in the percentage correct for all mice between the first 
memory test block (Days 1 & 2) and the last memory test block (Days 11 & 12) (p<0.045), 
using an unpaired t test in Graphpad Prism 3. 
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Figure 4.4. Difference in learning at end of each 2 day testing period 
Using the 8-arm radial maze and testing paradigm, we tested reference memory of Tg2576 mice 
and control mice on Std Chow diet only. The average percentage correct arm entry is displayed 
above, and error bars indicate standard error. Statistical analysis using an unpaired t test 
demonstrated that there was only a statistically significant difference (p=0.045) between the 
Tg2576 mice (n=6) and the control mice (n=6) in Block 5 (last 2 days of testing). 

 

4.3.4. The effect of antioxidant supplementation on reference memory 

Tg2576 mice were fed a diet of Std Chow, Std Chow supplemented with a high dose of 

vitamin E, or Std Chow supplemented with high doses of a combination of antioxidants 

as described above. When the reference memory results of the Tg2576 individual diet 

groups are graphed, the results demonstrate a statistically significant difference between 

the C57Bl/6J mice and the antioxidant combination group, as well as a significant 

difference between the vitamin E group and the antioxidant combination group (Figure 

4.5). This difference is only seen in Block 5, the last test block of the set. From these 

results, it would appear that vitamin E alone has no beneficial effect on reference 

memory in the Tg2576 mice, yet a combination of antioxidants can improve 

performance in memory tests in these transgenic mice which display some of the 

neurological deficits seen early in AD. 

When a comparison of reference memory test performance is made between control 

mice fed a Std Chow diet and Tg2576 mice fed Std Chow supplemented with the 

antioxidant combination, the results appear quite similar (Figure 4.6). It would appear 

that the dietary supplementation with antioxidants has improved the performance of the 

Tg2576 mice to the extent that no difference can be detected between the learning 

efforts of these mice and the learning capacity of ‘normal’ control mice on a Std Chow 

diet. 
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Figure 4.5. Comparison of reference memory data between groups of Tg2576 mice 
maintained on Std Chow diet with or without antioxidants 
Using the 8-arm radial maze and testing paradigm described above, we tested reference memory 
(percentage correct memory of arms that contained water) in Tg2576 mice fed a Std Chow diet 
with or without antioxidants for the 2 week period of the experiment, at dosages described. The 
average percentage correct arm entry is displayed above; error bars indicate standard error. 
Statistical analysis using an ANOVA in Graphpad Prism 3 for Windows 95/98 showed a 
statistically significant difference in Block 5 between the Tg2576 mice on vitamin E supplement 
and the Tg2576 mice on the antioxidant combination supplement (p<0.01). An unpaired t test 
showed a statistically significant difference in Block 5 between the Tg2576 mice fed the Std 
Chow diet without supplement (control group), and the Tg2576 mice on the Std Chow diet with 
the antioxidant combination supplement (p<0.05). 
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Figure 4.6. Comparison of reference memory data for control (non-transgenic) mice on 
Std Chow diet to Tg2576 mice on Std Chow diet supplemented with antioxidant 
combination 
Using the 8-arm radial maze and testing paradigm, we tested reference memory (percentage 
correct memory of arms that contained water) of Tg2576 mice on Std Chow diet supplemented 
with high doses of an antioxidant combination and control mice fed a Std Chow diet only. 
Statistical analysis using Graphpad Prism 3 for Windows 95/98 indicated no significant 
difference between the groups for each test block. 

4.3.5. Results of working memory study of control C57Bl/6J mice and Tg2576 
mice on diets +/– antioxidant supplementation 

Using the 8-arm radial maze and testing paradigm described above, we also tested 

working memory in Tg2576 mice fed a Std Chow diet with or without antioxidants for 

the 2 week period of the experiment, at dosages described above. Working memory is 

represented in these results as the number or errors made by the mice in recollecting the 

radial maze arms from which they had already had a drink of water. Therefore, the 

lower the percentage errors, the better the memory. From the graph, however, it can be 

seen that working memory appeared to vary widely, as reflected in the large error bars 

(Figure 4.7). The only significant differences between the different dietary groups can 

be seen in Block 4 of testing, and this effect is not carried through in Block 5. If much 

larger group sizes had been used in these experiments, error bars may have been 
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smaller, and more trends in memory performances may have been detected. However, 

with the sample size restricted to six mice per group, the results did not show any 

overall effect of antioxidant supplementation on working memory as measured in this 

radial arm test. 

If working memory results of the three transgenic mice groups are pooled (this assumes 

no significant effect of antioxidant supplementation) and results are compared to 

working memory measured in the C57Bl/6J mice, then a trend towards improved 

working memory can be detected in the control mice (Figure 4.8), and no improvement 

can be detected in the pooled results of the transgenic mice. This graph provides 

evidence that the Tg2576 transgenic mice used in our experiments did have some level 

of neurological impairment, as expected. 

 

Figure 4.7. Comparison of working memory between groups of Tg2576 mice maintained 
on Std Chow diet with or without antioxidants 
Using the 8-arm radial maze and testing paradigm described, we tested working memory 
(memory of arms from which mouse had already drunk water) in Tg2576 mice fed a Std Chow 
diet with or without antioxidants for the 2 week period of the experiment, at dosages described 
above. The average percentage correct arm entry is displayed above; error bars indicate standard 
error. Statistical analysis using ANOVA in Graphpad Prism 3 for Windows 95/98 showed that 
the Tg2576 mice on Std Chow + vitamin E showed significantly more working memory errors 
in test Block 4 than the Tg2576 mice on Std Chow + antioxidant combination (p<0.05) and 
more working memory errors than control mice on Std Chow diet alone (p<0.05). Otherwise, 
there was no significant difference between groups. 
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Figure 4.8. Pooled working memory results for Tg2576 mouse groups compared to 
C57Bl/6J control mice 
Using the 8-arm radial maze and testing paradigm described, we tested working memory 
(memory of arms from which mouse had already drunk water) in Tg2576 mice fed a Std Chow 
diet with or without antioxidants for the 2 week period of the experiment, at dosages detailed 
above. The working memory results for all three Tg2576 transgenic groups were pooled 
(individual group results displayed in Figure 4.7), and are graphed above in a comparison with 
the control mouse group. Statistical analysis using ANOVA in Graphpad Prism 3 showed that a 
significant difference can be seen between the two groups in Test Block 5 (p<0.01). 

4.4. Discussion 

The aims of the studies carried out in this chapter were to provide evidence that dietary 

antioxidant supplementation could reduce the neurodegenerative damage known to 

occur in the Tg2576 mouse model of AD. This mouse produces human AβPP with the 

Swedish double mutation that is known to increase total Aβ production, under the 

control of the prion protein promoter (Hsiao et al., 1996). Tg2576 mice are known to 

accumulate Aβ deposits, develop gliosis and neuritic dystrophy from 6-10 months of 

age. Behavioural and memory tests of these mice have shown this model to demonstrate 

cognitive deficits, especially in spatial memory tasks believed to require hippocampal 

function, as described in the introduction to this chapter. 
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The experiments carried out in this chapter have provided some evidence that 

antioxidant supplementation does reduce neurodegeneration in these mice, can reduce 

Aβ deposition, and may also have some effect (maybe limited) on memory 

performance. Firstly, the results from the work described in above indicate that 

antioxidant supplementation at high doses can be effective in slowing down, stopping or 

even reversing Aβ plaque deposition in Tg2576 transgenic mice. Secondly, antioxidant 

supplementation at high doses was demonstrated to be effective in reducing apoptosis-

associated fluorescent pixel areas, again supporting the hypotheses that oxidative stress 

is of primary importance in the neuropathological pathway of Aβ-induced damage in 

the AD brain, and that antioxidant supplementation can alleviate some of the damage 

produced by excessive Aβ production. These findings are consistent with other studies 

which have demonstrated that a combination of antioxidants can be effective in 

reducing apoptosis (Veurink, et al., 2003). With respect to the initial aims of our study – 

finding out whether large doses of antioxidants can slow, halt or possibly reverse the 

deposition of Aβ and reduce associated apoptosis – it can be said that the aim of our 

study was met, and the hypothesis is accepted. 

Since carrying out this work, antioxidant therapy has been trialled by many other 

researchers using transgenic mouse models of AD. Some of the more recent studies 

have demonstrated that other antioxidants such as green tea may have neuroprotective 

or neurorescue effects (Levites, et al., 2003; Rezai-Zadeh, et al., 2005). Similarly, 

curcumin reduces oxidative damage and amyloid pathology in AβPP transgenic mice 

(Lim, et al., 2001). The antioxidant melatonin has been shown to alleviate learning and 

memory deficits in AβPP transgenic mice, increase choline acetyltransferase activity, 

and reduce apoptosis in these mice (Feng, et al., 2004a).  
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In aged AβPP mice, the cerebrovascular dysfunction believed to be induced by Aβ 

overproduction can be abrogated with antioxidant therapy (Hamel, et al., 2008). 

The effect on memory of antioxidant supplementation at high doses was also assessed in 

our experiments. The results indicate a significant improvement in reference memory in 

the transgenic animals fed Std Chow supplemented with high doses of the antioxidant 

combination when compared to the other transgenic mice fed Std Chow alone or Std 

Chow with vitamin E as the sole extra antioxidant (Figure 4.5). The results also suggest 

that high doses of the combination of antioxidants helped the transgenic mice learn 

where the water baits were placed in the maze just as well as the control, non-transgenic 

mice fed Std Chow alone. Experiments using larger numbers of mice, together with 

longer treatment times, would be required to confirm whether the antioxidant 

supplementation can in fact improve this aspect of memory in the Tg2576 mice. Trials 

of different combinations of antioxidants would also be useful, as it is likely that a more 

effective combination of antioxidants could be devised. These results provide further 

evidence that high doses of a combination of antioxidants may be able to restore, or 

reduce, the degeneration of certain aspects of memory in early stages of AD. 

The working memory results do not show any clear trend, particularly in Figure 4.7, 

where the error bars indicate that much larger numbers of mice would be needed to 

gather enough data to obtain a clearer picture of the effects, if any, of antioxidant 

supplementation on working memory in these mice. The supplementation of 

antioxidants during a period of only 2 weeks’ memory testing is also likely to have had 

very little impact on both long-term (reference) memory and short-term (working) 

memory in that timeframe. Although the above results suggest that the antioxidant 

combination supplementation was effective in improving reference memory in the 
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Tg2576 mice compared to the same mice fed the other diets, confirmation of such 

results requires more experiments using much larger numbers of mice and longer 

experimental timeframes. 

The radial maze is also just one of many different tasks that have been used extensively 

to test mice memory and other tasks such as the water maze, T and Y mazes, and object 

recognition tasks should also be used with mice groups on similar diets with or without 

antioxidant supplementation to gather more comprehensive sets of data. Memory testing 

comparing Tg2576 transgenic mice on the different antioxidant supplement diets and 

control diet would probably have been more effective if they had been undertaken at 

three life stages i.e. at a young age, middle age and old age, or alternatively if the study 

had been continued for a longer period, for example, for the duration of the 3 months’ 

antioxidant supplementation study, with the 10 day periods of testing being carried out 

both at the start of the antioxidant study and also at its completion. 

Vitamin E and C are well-known antioxidants that are requirements in the human diet. 

Ginkgo biloba and pycnogenol have been more recently accepted as potent antioxidants, 

and are only two of a vast number of potentially useful antioxidants that could be 

included in antioxidant therapy used to delay or prevent AD. As mentioned above, 

many other antioxidants such as green tea, curcumin and melatonin currently being 

trialled may prove to be effective, especially in a cocktail of antioxidants, in reducing or 

preventing AD symptom onset. 

Since carrying out this project, a study of the effect of long-term supplementation with 

either vitamin E or the cholinesterase inhibitor donepezil has found that vitamin E does 

not reduce the rate of progression from mild cognitive impairment to AD; donepezil, 

however, may have a short-term (<12 months) effect, but over the 3 years of the study 
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had no significant effect on progression to AD in the 769 subjects of the study 

(Petersen, et al., 2005). This followed an earlier smaller study of mild or 

moderate/severe AD patients given either vitamin E or donepezil supplements which 

found that the cholinesterase inhibitor donepezil was more effective than vitamin E at 

slowing progression of disease as assessed by neuropsychological tests and P300 event-

related potentials (Onofrj, et al., 2002). In these studies, and from our small study of the 

individual antioxidant vitamin E as well as vitamin E combined with other antioxidants, 

evidence is accumulating that combinations of antioxidants may be more effective, 

taking advantage of synergistic effects of appropriate antioxidant combinations. 

Transgenic mouse studies have also shown that supplementation with the lipid DHA (an 

omega-3-fatty acid, DHA) reduces Aβ42 accumulation and oxidative damage, corrects 

many synaptic deficits and can improve cognitive function (Cole & Frautschy, 2006). 

Many Western diets are typically deficient in DHA and also have low antioxidant 

intake. DHA is quite susceptible to oxidation, hence the concept of combinations of 

preventative dietary additives can be expanded to include both antioxidant combinations 

as well as fatty acids deficient in Western diets. 

More relevant transgenic mouse models of AD are now also available, for example the 

recently developed triple transgenic mouse (Oddo, et al., 2003b), a model that has the 

combination of PS1, AβPP and tau mutations. This 3X Tg-AD mouse shows better 

similarities to AD in humans than the model used in this study – Aβ plaques are 

deposited, as in other models; however, this mouse also deposits high levels of intra-

neuronal Aβ, and develops tangles, unlike most other transgenic mice (Oddo et al., 

2003b). Cognitive impairments in this model are manifested at 4 months as deficits in 

long-term retention, and notably these impairments correlate with the accumulation of 
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intra-neuronal Aβ in the hippocampus and amygdala (Billings, et al., 2005). The 3X Tg-

AD mouse model has enabled researchers to gather immunotherapy evidence which 

shows that Aβ immunisation can reduce both Aβ and NFT deposition, and thereby 

improve memory performance. Memory impairment in AD is known to correlate better 

with NFT levels and distribution than with Aβ deposition (Arriagada, et al., 1992), and 

such studies of this 3X Tg-AD mouse model have provided evidence that, although 

cognitive abnormalities correlate better with levels of NFT deposition, abnormalities in 

Aβ metabolism are a pre-requisite to NFT formation and cognitive defects (Oddo et al., 

2006). Hence further studies of antioxidant combinations and their potential 

amelioration of memory would ideally be carried out in an animal model such as this 

triple transgenic mouse model – improvements in memory, as well as reductions in both 

Aβ and NFT deposition, could be studied. 

4.4.1. Potential significance of the project 

This study has provided further insight into antioxidant effects on the neuropathology 

associated with AD, and some new information concerning the association between 

memory and antioxidant supplementation. Further studies similar to these have the 

potential to provide the basis for improved design of a therapeutic treatment, thereby 

reducing the enormous and ever increasing costs of the care for AD patients. 
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5. Aβ  deposition in the brains of hypercholesteraemic 
Watanabe rabbits 

5.1. Introduction 

The deposition of the 4kD peptide Aβ, resulting in the formation of extraneuronal 

amyloid plaques and congophilic amyloid angiopathy in the brain, is a characteristic 

pathogenic event in the development of AD (Glenner & Wong, 1984; Masters, et al., 

1985). Small aggregates of Aβ are thought to be toxic to neurons, and are thought to be 

the principle cause of neuronal death and loss of cognitive function observed in AD 

(Yankner, et al., 1989; Zhao, et al., 1993; Behl, et al., 1994a; Behl, et al., 1994b; 

Hensley, et al., 1994; Simmons, et al., 1994). 

The ε4 allele of the APOE is a major genetic determinant of AD, and the brains of 

subjects carrying an ε4 allele exhibit increased frequency and density of Aβ deposits 

(Schmechel, et al., 1993). APOE ε4 has long been recognised as a major risk factor for 

CVD and individuals possessing an ε4 allele tend to have chronically elevated 

cholesterol levels (Jarvik, et al., 1995). The association of the ε4 allele of APOE with 

both AD and CVD would suggest mediation via a common factor such as elevated 

cholesterol levels. Support for this notion comes from postmortem studies of subjects 

who suffered with critical coronary artery disease; abundant amyloid plaques were 

found in the brains of non-demented coronary artery disease subjects (75%) when 

compared to the brains of non-heart disease subjects (12%) (Sparks, et al., 1990; 

Sparks, et al., 1993). 

As coronary artery disease has been linked to changes in cholesterol profiles, studies 

have tried to characterise the relationships between cholesterol metabolism, coronary 

artery disease and AD. Comparisons of total brain cholesterol or plasma cholesterol 
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levels in AD subjects relative to controls produced conflicting results (Grant, 1999; 

Roher, et al., 1999; Sparks, et al., 2000b). However, more detailed studies found 

markedly lower plasma HDL cholesterol levels and higher LDL cholesterol levels in 

AD patients when compared to age-matched controls (Kuo, et al., 1998; Merched, et al., 

2000). Similarly, serum apo A1 levels have been found to be both significantly lower in 

AD patients and highly correlated with AD cognitive decline (Merched et al., 2000). 

It has even been suggested that cholesterol may be directly involved in Aβ aggregation: 

abnormal oxidative metabolites such as cholesterol-derived aldehydes can modify Aβ, 

firstly promoting Schiff base formation, then accelerating the early stages of 

amyloidogenesis (Hayashi, et al., 2004; Bieschke, et al., 2005). Polymorphisms in 

several genes involved in cholesterol metabolism have been linked to increased or 

decreased risk of AD. For example, the ATP binding cassette transporter (ABCA1), is a 

major regulator of plasma HDL, and individuals with a genetic polymorphism (R219K) 

in the ABCA1 gene have 30% lower cholesterol in their CSF, and a delayed age of 

onset of AD (Wollmer, et al., 2003). 

Another gene which has been linked to AD pathophysiology is the CYP46 gene 

(Chalmers, et al., 2004). This gene codes for cholesterol 24-hydroxylase, which 

converts cholesterol to 24S-hydroxycholesterol. The amount of 24S-hydroxycholesterol 

exiting the brain is thought to reflect brain cholesterol synthesis levels, and CSF 24S-

hydroxycholesterol levels have been found to be higher in AD individuals when 

compared with appropriate controls (Lutjohann, et al., 2000; Papassotiropoulos, et al., 

2002). Cholesterol is converted to 24S-hydroxycholesterol by cholesterol 24-

hydroxylase, CYP46, and one study has found an association between CYP46 gene 

polymorphisms and AD risk (Chalmers, et al., 2004). 
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To determine whether elevated cholesterol levels influence Aβ metabolism in the brain, 

Sparks fed rabbits a 2% cholesterol diet for periods up to 8 weeks (Sparks, et al., 1994). 

The authors reported increased Aβ immunoreactivity within neurons as well as the 

presence of extracellular Aβ deposits in the cortex adjacent to the hippocampus. The 

cholesterol feeding experiments included the addition of choline to the diet in the 

cholesterol fed animals but not the control animals (Sparks, et al., 1994; Sparks, et al., 

1995). More recent studies have also tested the theory that Aβ deposition could be 

modulated by diet-induced hypercholesterolemia; transgenic-mice models of AD on 

HFHC diets demonstrated that diet-induced hypercholesterolaemia resulted in 

significantly increased levels of formic acid-extractable Aβ peptides in the CNS of the 

mice. Biochemical analysis revealed that, compared with control, the 

hypercholesterolaemic mice had significantly decreased levels of secreted sAβPPα and 

increased levels of C-terminal fragments (β-CTFs), suggesting alterations in AβPP 

processing in response to hypercholesterolaemia (Refolo, et al., 2000). 

5.1.1. Hypothesis and aim 

In the cholesterol feeding experiments carried out by Sparks et al. above, it could be 

argued that the Aβ deposition observed in the brains of the test animals could possibly 

be a response to choline rather than cholesterol per se. Many other studies have changed 

lipid profiles by feeding test animals a combined HFHC diet. In this study we have used 

an alternative model, the WHHL rabbit, in which endogenous levels of cholesterol are 

markedly elevated as a result of the absence of LDL receptors due to an inherited gene 

mutation (Watanabe, 1980; Buja, et al., 1983).  

This increased cholesterol level results in symptoms very similar to those of human 

familial hypercholesteremia, including increased blood levels of LDL, pronounced 
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atherosclerosis and skin xanthoma (Aliev & Burnstock, 1998). Most plasma cholesterol 

in WHHL rabbits is first found in LDL and to a lesser degree in lipoproteins of 

intermediate density. This is contrary to diet-induced atherosclerosis in rabbits where 

the main mass of serum cholesterol is found in very-low-density β-lipoproteins. As 

mentioned earlier, researchers have found lower plasma HDL cholesterol levels and 

higher plasma LDL cholesterol levels in AD patients when compared to age-matched 

controls (Kuo et al., 1998; Roher et al., 1999, Merched et al., 2000). 

The hypothesis being tested in this work is the theory that, with age, hyperlipidaemic 

rabbits will deposit greater amounts of Aβ peptide than control rabbits, as a result of 

their heritable hyperlipidemia. To this end, control rabbits and Watanabe rabbits were 

maintained on an identical diet and sacrificed at specific time points. Brains were 

collected, processed and examined immunohistochemically to determine Aβ load. 

5.2. Results 

Five homozygous and one heterozygous WHHL rabbits (3 months to 3 years old) and 

six normal rabbits (6-9 months old) were used in this study. Animals were 

anaesthetised, sacrificed and their brains were then removed, fixed and processed for 

immunostaining as described in Chapter 2. Staining of the sections was carried out also 

as described above. Using antibody 4G8, which recognises residues 17-34 of the Aβ 

peptide, immunoreactivity was observed in the hippocampal region of all six Watanabe 

rabbits (Figure 5.1 A, D & Table 5.1). Neurons in the cornu ammonis 3 (CA3) sector 

showed strong Aβ immunoreactivity (Figure 5.1 A) and those in the CA1 showed a 

weaker reactivity. Immunostaining was also evident in the neurons of the subiculum 

(not shown). Immunoreactivity in the positive neurons appeared to be localised in the 

cytoplasm in patterns of diffuse staining (Figure 5.1 D) or intensively stained particles 
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(not shown). There was also faint staining distributed evenly throughout the whole 

section (Figure 5.1 A). In sections from Watanabe rabbits processed with 4G8 pre-

absorbed with Aβ1-40 peptide, Aβ immunoreactivity in the neurons and the faint, 

evenly distributed staining were almost completely blocked (Figure 5.1 B, E). However, 

staining in some extracellular filamentary structures was not abolished (Figure 5.1 E, 

arrowheads). 

For normal rabbits processed with 4G8, no Aβ immunoreactivity was observed in 

neurons or the neuropil of the hippocampal region and the subiculum in sections from 

four of the six normal animals (Table 5.1 and Figure 5.1 C, F). In the remaining two 

animals, there appeared to be faint Aβ immunostaining in neurons of the hippocampus 

(Table 5.1). 

Using antibody 21F12, an Aβ-42-specific antibody recognising the C-terminus of Aβ, 

immunoreactivity was observed in all the Watanabe rabbits tested (Table 5.1) in the 

following regions of the brain – in most neurons from the CA1-CA3 fields and the 

dentate gyrus, in a small number of neurons from the CA4 (Figure 5.2 A), and in 

neurons of the subiculum (not shown). Unlike Aβ staining detected with 4G8 where 

staining appeared to be localised mainly in the cytoplasm of the neurons, a remarkable 

feature of Aβ42 immunoreactivity was strong staining in the nuclei of the positive 

neurons (Figure 5.2 D). The cytoplasm of neurons only showed a weak immunostaining 

(Figure 5.2 D, arrowheads). There was also faint staining distributed evenly throughout 

the whole section (Figure 5.2 A). When sections from Watanabe rabbits were processed 

with 21F12 pre-absorbed with Aβ1-42 peptide, Aβ immunoreactivity in the neurons 

were almost completely blocked (Figure 5.2 B, E). 



 

- 220 - 
 

In normal rabbit brains treated with 21F12, no Aβ immunoreactivity was observed in 

neurons or the neuropil of the hippocampal region and the subiculum in sections from 

three of the six normal animals (Table 5.1). In the other three animals, only faint Aβ42 

immunostaining was observed in nuclei of neurons of the hippocampus and subiculum 

(Figure 5.2 C, F and Table 5.1). 

The results from all the 12 animals are summarised in Table 5.1. The intensity of Aβ 

immunostaining in the Watanabe rabbit brain sections, detected by either 4G8 or 21F12, 

was found to be much higher than that detected in the normal rabbit brain sections. In 

addition, the Aβ immunoreactivity in sections of the heterozygous Watanabe rabbit 

were not as strong as that detected in the sections obtained from the homozygous 

Watanabe rabbits. There was no immunostaining in sections of each animal when 

processed in the absence of either 4G8 or 21F12 (data not shown). 
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Figure 5.1. Aβ  immunoreactivity in rabbit hippocampi as detected with antibody 4G8 
A: A micrograph showing the CA3-CA2 sectors and a part of the CA1 sector of the 
hippocampus from a 6-month-old homozygous Watanabe rabbit, processed then stained with 
antibody 4G8. Scale bar 400µm. 
B: A section from the same brain processed with 4G8 pre-absorbed with Aβ1-40 peptide. Scale 
bar 400µm. 
C: A section from a 6-month-old normal rabbit brain stained with 4G8. All sections were 
counterstained with hematoxylin. Scale bar 400µm. 
D-F: High magnification views of A-C, respectively. Scale bar 50µm. 
Strong Aβ immunostaining is present in the Watanabe rabbit brain sections (A, D) and this 
immunoreactivity is abolished by pre-incubation of 4G8 with Aβ1-40 peptide (B, E). 
Immunostaining is hardly seen in the normal rabbit brain (C, F). 

 

Figure 5.2. Aβ  immunoreactivity in rabbit hippocampi as detected with antibody 21F12 
A: A micrograph showing the CA1-CA4 fields of the hippocampus from a 3-month-old 
homozygous Watanabe rabbit processed with antibody 21F12. Scale bar 500µm. 
B: A section from the same animal processed with 21F12 pre-absorbed with Aβ1-42 peptide. 
Scale bar 500µm. 
C: A section from a 9-month-old normal rabbit detected with 21F12. Sections were not 
counterstained with hematoxylin. Scale bar 500µm. 
D-F: High magnification views of A-C, respectively. Strong Aβ42 immunostaining is present in 
the Watanabe rabbit (A, D), and the immunoreactivity is abolished by pre-incubation of 21F12 
with Aβ1-42 peptide (B, E). Faint immunostaining is observed in the normal animal (C, F). 
Scale bar 50µm. 
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G: A micrograph of a human AD brain showing strong Aβ42 immunoreactivity in plaques and 
pyramidal neurons. Scale bar 150µm. 
H: A higher magnification view of G showing weak immunoreactivity associated with nuclei of 
neurons. Scale bar 50µm. 
I: The immunostaining is blocked by the pre-incubation of 21F12 with Aβ1-42. Scale bar 50µm. 

 

 

 

Table 5.1. Relative intensity of Aβ immunostaining in rabbit hippocampi as detected by 
two different anti-Aβ  antibodies 

W1-W6: Watanabe rabbits No. 1. to No. 6. 
C1-C6: Control rabbits No.1-No.6; one zygous Watanabe rabbit, the other five Watanabe 
rabbits were homozygous. Intensity was estimated visually by two independent investigators. 

Animals Ages 21F12 4G8 

W1 3 months ++++ +++ 

W2 6 months ++++ ++++ 

W3 1 year +++ +++ 

W4$ 3 years ++ ++ 

W5 3 years +++ +++ 

W6 6 months +++ ++ 

C1 6 months - - 

C2 6 months - - 

C3 8 months - - 

C4 8 months + - 

C5 9 months + + 

C6 9 months + + 
 

5.3. Discussion 

Reports on a link between vascular disease, particularly between CVD and AD, have 

been well documented (Sparks et al., 1990; Sparks et al., 1993). Subsequent work, 

based on the link between circulating cholesterol levels and heart disease in humans 
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which involved feeding rabbits high-cholesterol diets, have further supported the notion 

that cholesterol is a key mediator in promoting the neuropathology observed in these 

studies (Sparks et al., 1994; Sparks et al., 1995). However, the dietary regimes used in 

the rabbit studies included other compounds such as cholic acid (Sparks et al., 1994; 

Sparks et al., 1995), and mouse experiments have usually involved HFHC diets, thereby 

leading to the question whether changes in Aβ immunoreactivity or Aβ levels are due to 

the direct action of cholesterol rather than other dietary factors. We have used a 

different approach to this issue by studying Watanabe rabbits which have a genetic 

defect in their LDL receptor, thereby resulting in elevated plasma cholesterol levels in 

the absence of high-cholesterol diets. The results from this investigation indicate that 

genetically-induced hypercholesterolaemic Watanabe rabbits exhibit Aβ 

immunoreactivity in their brains; this confirms the finding of previous studies (Sparks et 

al. 1994; Sparks et al., 1995) where rabbits were fed high-cholesterol/choline diets. We 

observed increased Aβ immunoreactivity intracellularly in hippocampal neurons, with 

Aβ 1-42 reactivity apparently localised to the nucleus compared to the total Aβ 

immunoreactivity which was localised in the cytoplasm. 

Since carrying out this study, other studies have shown that the regional distribution of 

Aβ in rabbits fed a high-cholesterol diet parallel the amyloid pathology observed in AD 

brain. Significantly elevated APOE levels have also been noticed in temporal and 

frontal cortices, but not in cerebellum, in the rabbits fed a cholesterol-abundant diet 

(Wu, et al., 2003). High-cholesterol diets in rabbits have also been found to cause 

endothelial inflammation and damage to the BBB, similar to that found in AD (Sparks 

et al., 2000a). Interestingly, the hypercholesteraemic rabbit model has been used to 

show that trace amounts of copper (0.12ppm) in drinking water can induce Aβ 

accumulation, including senile plaque-like structures in the hippocampus and temporal 
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lobe, and can significantly retard the ability of rabbits to learn a difficult trace 

conditioning task (Sparks et al., 2003). It was suggested that copper may be retarding 

Aβ clearance from the brain. 

The treatment of AD patients with cholesterol-lowering drugs such as statins has been 

associated with a reduced risk of AD (Petanceska, et al., 2002; Wolozin, et al., 2004). 

Large scale studies indicated that certain cholesterol-lowering drugs (statins), already 

proven effective in the treatment of CVD, reduce the risk of AD in human subjects 

(Jick, et al., 2000; Wolozin, et al., 2000; Petanceska, et al., 2002; Wolozin, et al., 

2004), therefore they have also been tested as potential therapies for the prevention of 

AD. Statins are inhibitors of the enzyme HMG-CoA reductase, the rate-limiting enzyme 

involved in cholesterol synthesis. Statins also trigger an upregulation of LDL receptor 

levels, which in turn assists in reducing LDL levels (Jick et al., 2000; Wolozin et al., 

2000). 

The reduced risk of AD due to statins may be associated with reduced brain cholesterol 

levels and reduced Aβ production; however, improved brain oxygenation may be 

equally relevant (Ledesma & Dotti, 2005). More recent studies have suggested that 

many of the positive benefits of statin treatment may in fact be associated with 

modifications and modulations of the structure and functioning of membrane rafts, not 

only in the CNS, but possibly predominantly in the periphery. These changes induced 

by statin treatment are thought to cause the observed antioxidant and anti-inflammatory 

effects. 

Another potential pleiotropic benefit of statin therapy is the reduction in protein 

isoprenylation. Statins inhibit production of non-sterol isoprenoids such as farnesyl 

pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP). Isoprenylation, the 
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addition of FPP or GGPP to proteins, appears to play a crucial role in regulating the 

subcellular localisation of proteins, including targeting these proteins to plasma 

membranes (Reid, et al., 2007). The subunits of trimeric G proteins, protein kinases and 

the more than 150 members of the Ras GTPase superfamily, including Rac, Ral, Rap 

and Rho, are all isoprenylated. Ras has been implicated in the Aβ signalling cascade 

(Takai, et al., 2001), and neuronal Ras, Rac and RhoA may function in neuronal and 

synaptic plasticity (Lee, et al., 2002). Rab1B and Rab6 may function in the intracellular 

trafficking and processing of AβPP (Scheper, et al., 2004). Isoprenylation can regulate 

both the function and the subcellular localisation of these GTPases to some extent, 

therefore it is likely that statin-induced inhibition of isoprenylation would affect AβPP 

trafficking and processing (Cordle, et al., 2005). It has already been shown that statin 

treatment decreases the association of the active form of the γ-secretase complex with 

lipid rafts. It has been suggested that the intracellular pool of Aβ is regulated by 

isoprenoids and that the secreted pool of Aβ is regulated by cellular cholesterol levels 

(Cole, et al., 2005). 

In this chapter, the higher Aβ immunoreactivity in the WHHL rabbits when compared 

to control rabbits provides further support for the involvement of cholesterol 

metabolism in AD neuropathology. Further research is required to determine the 

complex effects of HFHC diets on cholesterol metabolism, Aβ metabolism and AD, as 

well as the potentially beneficial effects of drugs such as statins. However, research to 

date already provides wide support for the concept that changes to cholesterol and lipid 

metabolism can modulate AD risk and pathogenesis. 
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6. Discussion and conclusion 

6.1. Discussion 

AD is the most common neurodegenerative dementia disorder, affecting almost 2% of 

the population in Western countries. The incidence of AD increases with age and, with 

life expectation rising, the incidence of AD is expected to increase up to 3-fold over the 

next 50 years. 

Currently, a definite diagnosis of AD can only be made postmortem, at which stage 

histological analysis of the brain reveals Aβ plaques and NFT. Postmortem examination 

will also show that regions of the brain involved with memory and learning, including 

the hippocampus, temporal and frontal lobes, are markedly reduced in size due to the 

loss of synapses and neuron death in AD. 

Many studies have demonstrated that Aβ plaques are found in regions of increased 

oxidative stress. The Aβ peptide has also been associated with neuronal protein 

oxidation, lipid peroxidation and altered cellular transport proteins; this is thought to 

lead ultimately to increased apoptotic cell death (Butterfield, 1997; Mattson, 1997; 

Mattson, 2004). 

This thesis has added to the body of evidence which supports the theory that high-

cholesterol diets and oxidative stress exacerbate, and may in fact initiate, AD 

pathogenesis. The potential of antioxidant therapy with the aim of preventing AD, or 

slowing down disease development, has also been examined. 

Oxidative stress is thought to be involved in the pathogenesis of most 

neurodegenerative diseases. However, some diseases such as AD, Parkinson’s and 

Huntington’s diseases, amyotrophic lateral sclerosis and multiple sclerosis have 
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evidence of an initial, or primary contribution of oxidative stress in neuronal death, as 

opposed to other diseases where oxidative stress plays a secondary role or is a 

byproduct of disease (Sayre et al., 2008). Studies of AD in particular have shown 

increased levels of lipid peroxidation, protein, DNA and RNA oxidation in vulnerable 

regions of the brain in early stages of AD, suggesting oxidative damage is an early step 

in pathogenesis of the disease (for reviews see Lovell & Markesbery, 2007a; Lovell & 

Markesbery, 2007b; Gillette Guyonnet, et al., 2007). 

The amyloid cascade theory of AD hypothesises that oxidative stress, increased Aβ 

peptide production and Aβ aggregation result in a vicious cycle, with each aspect in turn 

promoting the other aspects of AD. The initiating factor(s) in this cascade may differ 

depending on the genetics, diet, and other health aspects of an individual, yet the 

eventual cascade of events is most probably the same. Many researchers have 

concentrated on identifying the initiating events in the disease, both to understand 

illness progression and to develop diagnostic tools. Early diagnosis, together with the 

identification of high risk groups, will be of paramount importance in the evaluation and 

eventual use of preventative and therapeutic medicines. The benefits from combinations 

of antioxidants in the slowing down of AD progression will be greater if diagnosis is 

achieved early in disease progression. The benefits of antioxidant therapy in the 

prevention of AD would be greater if widespread preventative therapy were adopted; 

the use of antioxidants need not be restricted to individuals at high risk of AD only as 

they are also likely to be useful in the prevention of many age-related diseases. 
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6.1.1. Chapter 3: Antioxidant-induced decrease in PAS-positive inclusion bodies 
in apoE-deficient mice 

In this study, apoE-deficient mice were maintained either on a Std Chow diet, a HFHC 

diet or on diets supplemented with a combination of antioxidants. The survival rate, 

brain levels of PAS-positive inclusion bodies, and levels of apoptosis were examined. 

The results demonstrated that the combination of water-soluble and fat-soluble 

antioxidants, namely vitamin E, Ginkgo biloba, pycnogenol and ascorbyl palmitate, was 

successful in reducing the levels of PAS-positive inclusion bodies and levels of 

apoptosis in the apoE-deficient mice. 

6.1.2. Chapter 4: Antioxidant-induced decrease in plaque numbers in APP 
transgenic mice 

In the last 10-15 years, various transgenic mice have been developed to provide models 

of AD. AβPP and PS1 genes containing AD-associated mutations as well as tau genes 

have all been used to produce a large selection of single, double and even triple 

transgenic mice models of AD. Our laboratory obtained one of these AD models, the 

K670N/M671L, AβPP Swedish, or βAPPSwe mouse, also known as the Tg2576 mouse. 

Memory deficits and elevated Aβ plaque numbers occur at around 9 months in these 

mice (Hsiao et al., 1996) and, importantly, these animals have pathological features and 

cognitive deficits that more closely resemble the neuropathology and symptoms of AD 

than the apoE-deficient mice. These animals were therefore used in the next set of 

experiments. More recent studies have found that intraneuronal Aβ accumulation and 

deposition occur in hippocampal CA1/subiculum neurons prior to extracellular plaque 

formation (Shie, et al., 2003) and, of relevance to the high-cholesterol diet studies in 

this thesis, it was also found that this intraneuronal Aβ deposition can be accelerated 

four-fold when the Tg2576 mice are maintained on a HFHC diet. 



 

- 229 - 
 

The studies in this chapter assessed the effect of a diet supplemented with a 

combination of antioxidants in the Tg2576 transgenic mice. Of specific interest in these 

secondary studies was the effect of antioxidants on the level of Aβ plaque deposition 

and on levels of apoptosis in the brains of these mice. Memory studies were also 

undertaken in these mice to determine the effect of a combination of antioxidants on 

memory. 

The results demonstrated that supplementation with high doses of antioxidants reduces 

plaque formation and apoptosis when used in combination at sufficiently high doses. 

Individual antioxidants were not as effective as combinations of antioxidants, implying 

that the antioxidants have a synergistic effect. This suggestion is supported by other 

studies which have shown that some antioxidants can regenerate others (reviewed by 

Bode, 1997; Wen, et al., 1997; Prasad, et al., 1999; Prasad, et al., 2000). 

The results suggest that, at high doses, a CAT may be beneficial in preventing, halting 

or even reversing Aβ plaque deposition. The reduction in Aβ aggregation and 

deposition, together with an assumed reduction in oxidative stress due to the high levels 

of antioxidants, would hopefully stop the amyloid cascade cycle and stop progression of 

the disease. In support of this, some memory improvement was also seen in apoE-

deficient mice and in Tg2576 transgenic mice supplemented with the CAT. However, 

the duration of the memory maze study using the Tg2576 transgenic mice was too short 

for conclusive remarks to be made. Although the memory study data suggest that there 

was some memory improvement in the animals on the diet supplemented with the high-

dose antioxidant combination, this improvement was only statistically significant in the 

fourth block of the memory maze test. Future studies in which Tg2576 transgenic mice 

would be supplemented with the high-dose CAT from a young age, and in which 
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memory testing would be carried out at various intervals throughout the study, would 

give more reliable information about the long-term effects of this treatment, on both 

short-term and long-term memory, and whether it could prevent memory decline over 

time in these animals. 

6.1.3. Chapter 5: Increased Aβ  deposition in the hypercholesteraemic Watanabe 
rabbit 

APOE ε4 has long been recognised as a major risk factor for CVD, and individuals 

possessing an ε4 allele tend to have chronically elevated cholesterol levels (Jarvik, et 

al., 1995). The association of the ε4 allele of APOE with both AD and CVD would 

suggest mediation via a common factor such as elevated cholesterol levels. Large scale 

studies indicated that certain cholesterol-lowering drugs (statins), already proven 

effective in the treatment of CVD, reduce the risk of AD in human subjects (Jick et al., 

2000; Wolozin et al., 2000; Petanceska et al., 2002; Wolozin et al., 2004). 

The WHHL rabbit was used in the studies of Chapter 5, in which control rabbits and 

Watanabe rabbits were maintained on an identical diet and sacrificed at specific time 

points. Brains were collected, processed and examined immunohistochemically to 

determine Aβ load. The hypothesis behind this study was that the high levels of 

cholesterol induced by the low levels of LDL receptors in the Watanabe rabbits 

(Watanabe, 1980; Buja et al., 1983) would be enough to induce a higher level of Aβ 

deposition when compared to normal rabbits. 

Aβ immunoreactivity was observed in all the Watanabe rabbits tested, in most neurons 

from the CA1-CA3 fields and the dentate gyrus, in a small number of neurons from the 

CA4, and in neurons of the subiculum. In normal rabbit brains, no Aβ immunoreactivity 

was observed in neurons or the neuropil of the hippocampal region and the subiculum in 
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sections from three of the six normal animals. In the other three animals, only faint 

Aβ42 immunostaining was observed in nuclei of neurons of the hippocampus and 

subiculum. The higher Aβ immunoreactivity in the WHHL rabbits when compared to 

control rabbits provides further support for the involvement of cholesterol metabolism 

in AD neuropathology. 

Since carrying out the research for this thesis, many more studies have continued to 

characterise the oxidative stress in AD using cell culture and animal models. For 

example, studies have shown in culture that neurons from APP/PS1 knock-in mice have 

increased basal levels of oxidative stress. Such cells are more vulnerable to oxidative 

stress, neurotoxicity and apoptosis induced by Aβ, hydrogen peroxide and kainic acid 

compared to wild-type neurons. Increased oxidative stress was assumed on the basis of 

a significant basal increase in 3-nitrotyrosine, protein oxidation and lipid peroxidation 

(Mohmmad Abdul, et al., 2006). 

An age-dependent increase in soluble and insoluble Aβ levels occurs in aged Tg2576 

mice, and a study has shown Aβ oligomers are associated with mitochondria in these 

mice and that there is a correlation between hydrogen peroxide and soluble Aβ levels 

(Manczak, et al., 2006). The authors suggested that soluble Aβ causes mitochondrial 

dysfunction via increased oxidative stress, and may induce hydrogen peroxide 

production in these mice. 

In studies of a different mouse model, the Thy1-APP751SL mice, it was demonstrated 

that Aβ toxicity may be caused in part by impaired activity of the antioxidant enzyme 

Cu/Zn SOD. Interestingly, the mice in this study showed reduced SOD activity, 

increased Aβ processing and increased 4-HNE levels (Schuessel, et al., 2005). 
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It has been established that isoprostane levels are increased in the brains, urine, plasma 

and CSF of patients clinically diagnosed with AD (Pratico et al., 2000). Further studies 

by the same group demonstrated that isoprostane levels increase prior to the formation 

of amyloid plaques in Tg2576 mice (Pratico et al., 2001). In yet another study of 

Tg2576 mice, traumatic brain injury has been demonstrated to accelerate Aβ deposition, 

increase lipid peroxidation and result in cognitive impairment (Uryu, et al., 2002). The 

authors argued that the increased oxidative stress due to traumatic brain injury could 

promote AβPP processing to produce more Aβ, thereby augmenting Aβ fibrillisation 

and plaque deposition. 

The accumulated knowledge from studies of animal models, cell culture models and 

human patient data suggest that oxidative stress is the early and prime cause of AD. 

Complementing the evidence from the studies of AD-linked oxidative damage listed 

above and in the Literature review, is the evidence from antioxidant supplementation 

studies. Most of these studies have been published since carrying out the work of this 

thesis. For example, improvements in human cognitive performance and animal 

cognitive and motor performance, and retarding the decline in spatial memory normally 

associated with aging, have all been reported in response to antioxidant mixtures or, for 

example, diets enriched with fruit and vegetable extracts such as blueberry and spinach 

extracts (Socci, et al., 1995; Smith, et al., 1999; Cotman, et al., 2002; Shukitt-Hale, et 

al., 2008). 

The effect of a combination of antioxidants on GSH redox status has also been studied 

in senescence-accelerated mice; the results demonstrated that the GSH redox state in 

mitochondria and tissues can be significantly altered by an antioxidant diet, however, 

this study also found that the effects were tissue- and sex-specific (Rebrin, et al., 2005). 
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In another study involving old rats, it was demonstrated that oxidative stress was 

decreased by antioxidant supplementation, but that the GSH redox state, which is a 

sensitive indicator of oxidative stress, was not improved. This may well be due to the 

low levels of antioxidants which were employed in the experiments. Later studies by the 

same group found that lipoic acid treatment of old rats restored tissue cysteine levels 

and raised cerebral levels of reduced GSH (Smith, et al., 2004; Suh, et al., 2004a; Suh, 

et al., 2004b; Suh, et al., 2004c). In the Rebrin study, the employment of many different 

antioxidants could also have resulted in a synergistic effect, whereby the antioxidants 

are recycled after electron donation to a free radical. These sorts of effects are often not 

observed in young healthy animals which suggest that the beneficial effects of 

antioxidant supplements are due to reductions in age-associated elevated oxidative 

stress for which the antioxidants provided in basic diet are not sufficient. Similarly, diet-

related cognitive declines have been demonstrated in humans, particularly when 

investigating high monounsaturated fats, vitamins and vitamin antioxidants (see reviews 

by Solfrizzi et al., 2003; Gillette-Guyonnet et al., 2007). All these results suggest that 

antioxidant supplementation will be beneficial to humans in old age. 

In apoE-deficient mice, researchers have demonstrated increased levels of GSH in 

response to dietary iron challenge. This is worthy of note since AD patients having the 

apoE ε4 allele, like the apoE-deficient mice, have increased susceptibility to lipid 

peroxidation (Shea et al., 2003). Moreover, Aβ deposition was found to increase in an 

apoE-isoform specific manner when transgenic mice were assessed quantitatively in the 

order apoE-deficient <apoE ε3-tg <apoE ε4-tg, demonstrating thereby that apoE is 

intimately involved with Aβ production and deposition (Dolev & Michaelson, 2004). 

However, not only do apoE-deficient mice have increased lipid peroxidation and Aβ 

deposition, they also have a two-fold increase in protein oxidation in comparison to 
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wild-type mice, suggesting that apoE may also be linked to an antioxidant defensive 

mechanism (Choi, et al., 2004). The above-mentioned studies on apoE-deficient mice 

have shown increased oxidative stress in these animals, and further mice studies have 

demonstrated that high-dose antioxidant supplementation (vitamin E acetate) can 

markedly decrease this oxidative stress, and enhance neurological performance and 

survival rate when supplemented at 5.0g/kg of food (Navarro, et al., 2005). Another 

group has found that NAC supplementation could also alleviate oxidative damage and 

cognitive decline in apoE-deficient mice (Tchantchou, et al., 2005). 

Supplementation of α-lipoic acid at 1g/kg of feed for 6 months has been shown to 

reduce cognitive deficits in aged Tg2576 mice; however, it did not affect measurable 

brain levels of Aβ, lipid peroxidation or nitrosative damage (Quinn, et al., 2007). It may 

well be that the levels of α-lipoic acid used in that study were too low to see an affect on 

levels of Aβ and markers of oxidative stress. The author also failed to see a statistically 

significant affect on levels of Aβ until there was a ten-fold increase in antioxidant 

levels. Moreover, since α-lipoic acid undertakes its antioxidant activity in the 

mitochondria (one of the major sites of free radical production within the cell) (Packer, 

et al., 1997a; Packer, et al., 1997b), it is unlikely to have much impact on lipid 

peroxidation which occurs largely at the cells outer membrane, perhaps unless α-lipoic 

acid levels used are much higher. 

In other studies of Tg2576 mice, vitamin E supplementation in young but not aged mice 

was stated to be effective in reducing Aβ levels and amyloid deposition (Sung, et al., 

2004). On examining the graphical representation of the data, however, it can be seen 

that there was a reduction in Aβ levels and amyloid deposition but the results did not 

reach statistical significance. In the studies detailed in this thesis, high doses of the CAT 
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did produce statistically significant decreases in amyloid deposition. Since vitamin E is 

taken up into the cell membrane, it is unlikely to have any influence on extracellular Aβ 

deposits unless the dosage is very high. The synergistic effect of the combination of 

antioxidants is also highly likely to have helped produce the positive effects of the 

antioxidants in our study. 

Another study evaluated the effects of vitamin E supplementation on plaque formation, 

lipid peroxidation and cognition in aged Tg2576 mice subjected to a repetitive 

concussive brain injury, with positive beneficial results (Conte, et al., 2004). This is of 

importance since repetitive concussive brain injury has been associated with an 

increased likelihood for developing AD (Gentleman & Roberts, 1992; Gentleman, et al., 

1993; Nemetz, et al., 1999). Unlike the previous vitamin E study mentioned above, this 

study did find significantly lower β amyloid levels and deposition in the supplemented 

group (Conte et al., 2004). This may be due to the difference in mouse ages between the 

two studies, although it may also be as a result of supplementation prior to brain injury 

which normally causes increased β amyloid formation and deposition. 

Aluminium administered chronically in the diet of Tg2576 mice increases Aβ plaque 

deposition and also increases the levels of isoprostanes. Feeding vitamin E reduces both 

isoprostane and Aβ levels in these mice (Pratico et al., 2002), providing further 

evidence that oxidative stress is a prime suspect in the neurological damage that occurs 

in AD and that aluminium may act as catalyst in lipid peroxidation. 

Prevention of age-related spatial memory deficits in Tg2576 mice by chronic Ginkgo 

biloba treatment was demonstrated in another study despite an absence of an effect on 

Aβ levels or plaque deposits (Stackman, et al., 2003). The dosage in this particular 

study was equivalent to about 70mg/kg/day in water, which is a relatively low dose. 
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Similar to this study, we did not see a significant Aβ-lowering effect at low doses; 

however, at high doses and in combined antioxidant treatment, we did detect a 

significant Aβ reducing effect. 

The yellow food spice curcumin has stirred interest recently as a possible treatment 

candidate for AD when it was shown to inhibit the formation of Aβ oligomers and 

fibrils, bind to Aβ plaques and even decrease levels of Aβ in Tg2576 mice. In the study, 

17-month-old mice were supplemented with curcumin at 500ppm which approximates 

to 0.05% for 5 months (Yang, et al., 2005). In addition to that it has also been shown to 

be a chelator of iron and copper which could be a mechanism involved in the reduction 

of β amyloid (Baum & Ng, 2004). Curcumin also has anti-inflammatory and antioxidant 

activity (Yang et al., 2005). Clinical trials in cancer patients have established that even 

at doses up to 8g/day there were no adverse effects (Cheng, et al., 2001). 

Apart from regulating circadian rhythms, melatonin also functions as a powerful 

antioxidant, and 4 months of melatonin supplementation to AβPP transgenic mice, 

starting from 4 months of age, alleviates oxidative stress, reduces levels of apoptotic-

related factors such as Bax, caspase-3 and Par-4, and reinstates GSH levels in the mice 

(Feng, et al., 2004a; Feng, et al., 2004b; Feng, et al., 2006). Nearly all the studies 

mentioned above have used transgenic mice as an AD model. There have also been 

some studies on aged dogs which have shown that an antioxidant-supplemented diet can 

improve the ability of aged (but not young) dogs to acquire progressively more difficult 

learning tasks (Cotman et al., 2002). The same research group carried out proteomics 

studies of aged dogs, and have shown that antioxidant-supplemented diets, together with 

behavioural enrichment, cause a decrease in levels of biomarkers of oxidative stress 

such as lipid peroxidation products, and protein carbonyls such as glutamate 
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dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase and alpha enolase. The 

antioxidant supplementation, together with behavioural enrichment, also causes an 

increased expression of SOD and GSH-S-transferase (Opii, et al., 2008). These results 

suggest that the combined treatment improves the antioxidant reserve systems in the 

aging canine brain, resulting in lower levels of oxidative damage. 

Many clinical and epidemiological studies have continued to try to establish the 

potential value of antioxidant therapy in the treatment or prevention of AD in subjects 

ranging from healthy controls to probable AD (reviewed by Sano, et al., 1997; Flynn & 

Ranno, 1999; Kidd, 1999; Behl & Moosmann, 2002; Liu, et al., 2007). Melatonin and 

the curcumin family of compounds mentioned above have already proven to be of 

benefit to AD patients. For example, recent clinical studies have found that mild 

cognitive impairment patients treated with melatonin (3-9mg/day) for 9-18 months 

perform significantly better in most neuropsychological tests than untreated patients 

(Furio, et al., 2007). One of the curcumins, bisdemethoxycurcumin, has been found to 

correct some immunological defects in immune system cells of AD patients (Fiala, et 

al., 2007), and pilot clinical studies are now being carried out to see if curcumin can be 

of benefit to AD patients (Baum, et al., 2008). 

Medicinal plant extracts or phytochemicals have been reviewed for their effectiveness 

as antioxidant treatments for dementia (Mantle, et al., 2000; Youdim & Joseph, 2001). 

Although the mechanisms of action of such plant extracts have not been fully 

determined, there is evidence that mechanisms include anticholinesterase, anti-

inflammatory, antioxidant, oestrogen and/or cholinergic receptor activation activity. 

Despite the evidence of oxidative stress in AD, and the evidence of reduced oxidative 

stress and AD pathology on treatment with antioxidant therapy in animals, there are, 
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however, conflicting results and opinions that have arisen from clinical studies of 

antioxidant therapy (for a review see Luchsinger, et al., 2007). For example, one study 

of aging men monitored plasma levels of homocysteine, folate, vitamin B6 and B12 and 

also estimated dietary vitamin B intake, and found that low B vitamin and high 

homocysteine concentrations predict cognitive decline (Tucker & Townsend, 2005). 

Another more recent study has found that elevated serum homocysteine and reduced 

folic acid were associated with, but not predictive of, cognitive decline (Mooijaart, et 

al., 2005). However, the subjects in this study were between 85-89 years of age, 

whereas in the previous study subjects were in the 54-81 age group. The damage due to 

lack of antioxidants may have already occurred in the older subjects, supporting the 

concept that antioxidant supplementation is required at a younger age to be effective. 

Another reason for apparent lack of effectiveness of antioxidants in some of the clinical 

studies could be that many of the clinical studies of antioxidant supplementation have 

investigated the benefits of single antioxidants, which may have limited benefits alone, 

as there are many studies, including those in this thesis, that suggest a combination of 

antioxidants will be more effective. Another major concern is possible pro-oxidant 

effects when single antioxidants have been employed in very large doses (Podmore, et 

al., 1998; Upston, et al., 1999). Most individual antioxidants are oxidised when 

donating an electron to free radicals and in turn become radicals themselves, causing 

toxicity problems at high doses. This provides a further reason not to undertake clinical 

trials with megadoses of single antioxidants. 

 

6.1.4. Importance of diet 
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There has been a profound transformation of the human diet consequent to agricultural 

development, animal husbandry and to the development of modern food production 

methods. The contemporary Western diet has an over-abundance of fat, sugar and 

sodium and a paucity of fibre, calcium and potassium (Eaton & Konner, 1985; Eaton & 

Konner, 1986; Eaton & Eaton, 2000; Eaton, 2006). Over time, this leads to an increase 

in blood acidity and a decrease in plasma bicarbonates, leading to low-grade metabolic 

acidosis. Metabolic acidosis has been demonstrated to increase protein breakdown and 

to stimulate branched chain amino acid oxidation in both humans and animals (for a 

review see Wiederkehr & Krapf, 2001). Thus metabolic acidosis could result in 

increased oxidative stress as well as protein breakdown. Although not mentioned before 

in this thesis, metabolic acidosis caused by inappropriate diet (refer to Appendices for 

further details) may contribute to risk of AD already caused by other diet-related factors 

such as high cholesterol and low antioxidant levels. For example, dietary metabolic 

acidosis by modulating cortisol output may influence risk for insulin resistance 

syndrome (see review by McCarty, 2005) and, as mentioned in the Literature review, 

insulin resistance appears to be a risk factor for AD. 

The Western diet is often lacking in essential vitamins and minerals, leading to a lack of 

antioxidant mechanisms and oxidative stress. Therefore, diet and diet-induced metabolic 

acidosis can lead to insulin resistance and oxidative stress, which in turn are thought to 

impact severely on the development and progression of AD. 
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6.2. Conclusion 

The results of my studies and the studies of other researchers suggest that AD, like other 

neurodegenerative diseases, and possibly many other age-related degenerative diseases, 

may have a common link. Oxidative stress, whether induced by diet, injury, ageing, 

insulin resistance, metabolic acidosis, heart disease, or other factors, may be the 

initiating factor of AD. Through a cyclic feedback loop, according to the amyloid 

hypothesis of AD, this leads to increased Aβ production, increased oxidative stress and 

neurotoxicity. 

There is overwhelming in vitro and animal study evidence that oxidative stress is a 

contributing factor to AD, and that increased Aβ production leads to increased risk of 

AD. This evidence supports the amyloid hypothesis, and provides a point at which 

therapy can be administered to stop the cycle, namely in the form of antioxidants to 

relieve the oxidative stress. Clinical studies of such antioxidant therapy have not proven 

unilaterally that such therapy is of use in the prevention or reduction of AD progression; 

however, as discussed above, this may be a matter of dosage or more likely a matter of 

providing suitable combinations of antioxidants that can act synergistically. A more 

holistic approach to diet and exercise, together with an antioxidant combination as 

mentioned above, would be ideal, although much harder to implement and monitor. 

This has been the necessary approach to heart disease and insulin resistance, as the 

extensive array of drugs available currently do not address all aspects of these 

conditions. The risk of these common conditions can be reduced dramatically with 

lifestyle changes, correct diet and dietary supplements such as antioxidants, and there is 

now ample evidence that a similar approach to AD would be of benefit in reducing risk 

of this devastating disease. 
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7.  Appendices 

7.1. Appendix 1: Cyclic voltammetry & ISFET pH/mV meter 
assessment of antioxidants and antioxidant status 

7.1.1. Introduction 

Another technique for assessing antioxidants which has recently gained greater 

popularity is cyclic voltammetry (Huang, et al., 2004). This technique has been widely 

used in evaluating antioxidants in the oil, food, diagnostic and agricultural industries 

and was recommended for the rapid screening of antioxidants in pharmaceutical 

formulations (Huang et al., 2004). The technique has also been shown to be valid in the 

quantitation of antioxidant capacity in blood plasma, tissue homogenates and plant 

extracts (Chevion & Chevion, 2000; Chevion, et al., 2000; Kohen, et al., 2000; 

Kilmartin, 2001; Kilmartin, et al., 2001). Moreover, good correlations have been 

demonstrated between the above recommended assays (TEAC, ORAC, FRAP) for 

antioxidant studies and cyclic voltammetry (Huang, et al., 2004; Campanella, et al., 

2004a; Campanella, et al., 2004b; Firuzi, et al., 2005). Generally a low volume cell is 

used in which up to 2.0ml of a sample is tested electrochemically. Three electrodes are 

used in the tests – a reference electrode (Ag/AgCl), the working electrode (glassy 

carbon) and a counterelectrode (platinum wire). Cyclic voltammetry tracings referred to 

as voltammograms are generally recorded from –0.5 Volts to +1.5 Volts versus the 

Ag/AgCl reference electrode at a 100mV/S or 400mV/s scan rate (Chevion, et. al., 

2000) (Figure 7.1). 
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Figure 7.1. A cyclic voltammogram of a healthy human’s plasma 
The anodic current (mV) at each peak (1 & 2) is indicative of the reducing activity of the 
antioxidant in the solution, and the intensity of the AC current (amperes) is indicative of the 
amount of the antioxidant/s (concentration) present in the solution [sourced from Chevion et. 
al., 2000]. 

Compounds in solution having the lowest oxidation potential (mV) were shown to be 

the most potent antioxidants and vice versa (Huang et al., 2004). However, with 

polyphenolic antioxidants from plant extracts, bioavailability may also need to be 

considered. 

7.1.2. Analysis of antioxidant status 

Although many methods have been proposed and developed for the testing of 

antioxidants, none of them provide quantitative data on the relative ease of oxidation, 

which is a very important factor (Kilmartin, 2001; Kilmartin, et al., 2001). Antioxidant 

compounds tend to be easily oxidised at inert electrodes by virtue of their ability to act 
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as reducing agents. Therefore, cyclic voltammetry would seem to be an ideal method of 

assessing antioxidant status and antioxidant capacity. Indeed cyclic voltammetry is the 

electrochemical equivalent of spectroscopy (Heineman & Kissinger 1989). The 

effectiveness of an antioxidant is dependent on the specific reducing power and the 

intensity of the AC current, which reflects the concentration of the antioxidant (Chevion 

et al. 2000). Cyclic voltammetry has already been applied to characterise antioxidants 

and their effectiveness not only in simple solutions but also in pharmaceutical 

formulations, edible plants, wines and in biological fluids such as urine, saliva, plasma, 

tissue homogenates and skin (Hendrickson, et al., 1994; Born, et al., 1996; Hapiot et al., 

1996; Hagerman, et al., 1998; Mannino, et al., 1998; Chevion & Berry, 1999; 

Jorgensen, et al., 1999; Chevion & Chevion, 2000; Chevion, et al., 2000; Kohen, et al., 

2000; Hotta, et al., 2001; Kilmartin, 2001; Kilmartin, et al., 2001; Psotova, et al., 2001; 

Campanella, et al., 2004a; Campanella, et al., 2004b; Huang, et al., 2004; Firuzi, et al., 

2005; Ruffien-Ciszak, et al., 2006). 

7.1.3. Equipment materials and methods 

All the equipment, including electrodes and analysis software, was very kindly loaned 

to us by AD Instruments Pty Ltd [Unit 13, 22 Lexington Drive, Bella Vista NSW 2153]. 

The equipment used was a PowerLab/4SP and the data analysis software was Echem vs 

1.5.2. The electrodes used were an Ag/AgCl reference electrode, a 2mm carbon 

electrode and the auxiliary was a platinum wire. The settings used for the staircase 

cyclic voltammetry mode were as follows: initial E (–300mV); final E (–300mV); scan 

rate (100mV/Sec); step width (20mS); height (2mV); steps (2000); number of cycles 

(1); range (2000mV); speed (10kHz); upper E (1500mV); lower E (–500mV). 

The electrodes were cleaned after each voltammogram – first in three changes of tap 

water, second in two changes of 100% methanol, third in two changes of 100% ethanol, 
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and fourth in three changes of double deionised water. To ensure that the electrodes 

were clean, a cyclic voltammogram of a PBS solution was performed after each 

cleaning procedure. This resulted in identical voltammograms after each cleaning cycle, 

and produced identical results in the vitamin C antioxidant solutions for each of three 

runs (Figure 6.1). 

The mice plasma and brain samples were from the previous chapters’ experiments (refer 

to Chapters 2-4 for more details). Antioxidant solutions are described in the studies 

below. Plasma samples for the AD and non-AD study were used from the memory 

study undertaken by The McCusker Foundation for Alzheimers Disease Research 

Laboratory. The samples were assessed and then returned to their appropriate storage 

fridge. The AD and non-AD plasma samples were aged matched. 

The aim was to assess: 

 The suitability of cyclic voltammetry to measure total antioxidant status of 

antioxidant solutions, herbal extracts, fruit juices, wine, biological fluids and 

homogenised tissues. 

 The suitability of using an ISFET pH/mV meter to measure mV and pH of 

antioxidant solutions, herbal extracts, fruit juices, wine, biological fluids and 

homogenised tissues. 

 The relationship between mV and pH of antioxidant solutions, herbal extracts, 

fruit juices, wine, biological fluids and homogenised tissues. 

The hypothesis was that cyclic voltammetry and ISFET pH/mV meter analysis are 

reliable techniques for assessing total antioxidant status of antioxidant solutions, herbal 

extracts, fruit juices, wine, biological fluids and homogenised tissues. 
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7.1.4. Results 

Results are shown below, Figures 7.2-7.18 and Tables 7.1-7.11. 

 

Figure 7.2. Cyclic voltammogram anodic current versus time of vitamin C antioxidant 
solutions 
This series of overlayed files demonstrate excellent baseline reproducibility. Area of interest is 
the first set of peaks (E=0.174V) from left to right. This indicates that the concentration of the 
vitamin C antioxidant is greater as the peak on the voltammogram is lower. 

Table 7.1. Anodic current of vitamin C solutions at different concentrations (mM) 

Vitamin C (mM) Anodic current (µA) 

0.1 0.000 

0.25 -0.630 

0.5 -1.630 

1 -4.010 

2 -7.900 
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Figure 7.3. Graphical representation of the correlation of vitamin C at different 
concentrations versus anodic current (µA) 
Statistical analysis demonstrated a statistically significant correlation (R2=0.99857) using 
GraphPad Prism version 3.00 for Windows 95/98. 

 
Figure 7.4. Cyclic voltammogram anodic current versus voltage of Ginkgo biloba 
antioxidant solutions 1 gram extracted in 50mL, 100% ethanol (top) or DdH2O (bottom) 
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Table 7.2. Ginkgo biloba reduction potentials 

The reduction potential of the Ginkgo biloba antioxidant solution of the DdH2O extract at 
0.338V indicates that this solution has a better antioxidant capacity than the ethanol extract. 

Ethanol extract (volt) DdH2O extract (volt) 

Peak 1 0.524 Peak 1 0.338 

 Peak 2 0.774 
 
 

 
Figure 7.5. Cyclic voltammogram anodic current versus voltage of grape seed 
antioxidant solutions 1 gram extracted in 50mL, 100% ethanol (top) or DdH2O (bottom) 
The absence of any peaks in the ethanol extract demonstrates low antioxidant capacity. 
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Table 7.3. Grape seed reduction potentials 

The reduction potential of the grape seed antioxidant solution of the DdH2O extract at 0.216V 
indicates that this solution has a better antioxidant capacity than the ethanol extract which is 
devoid of any peaks. 

Ethanol extract (volt) DdH2O extract (volt) 

Peaks absent Peak 1 0.216 

 Peak 2 0.774 
 
 
 
Figure 7.6. Cyclic voltammogram anodic current versus voltage of a shiraz wine 

A slight peak at 0.250 volt and a more prominent peak at 0.354 volt indicate that it has good 
antioxidant capacity. 
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Figure 7.7. Appended cyclic voltammograms of reconstituted Berri juices 
1 is Berri reconstituted dark grape juice 
2 is Berri reconstituted apple & blackcurrant juice 
3 is Berri reconstituted tomato juice 
4 is Berri reconstituted 100% orange juice 
5 is Berri reconstituted 100% pineapple juice 

 

 

 

 

 

 



 

- 251 - 
 

Table 7.4. Fruit and vegetable juices reduction potentials 

The reduction potential of dark grape (1) at 0.182V has the best antioxidant capacity. Orange (4) 
at 0.518V is also excellent; note that the concentration of the antioxidant is very high as 
indicated by the anodic current. 

Berri juice Peak Anodic current (µA) Voltage 

1 Dark grape  1 -1.162 0.182 

1 Dark grape 2 -4.236 0.462 

1 Dark grape 3 -5.613 0.784 

2 Apple & blackcurrant 1 -2.180 0.304 

2 Apple & blackcurrant 2 -5.020 0.522 

2 Apple & blackcurrant 3 -6.970 0.864 

3 Tomato 1 -7.860 0.590 

3 Tomato 2 -8.680 0.882 

4 Orange 1 -16.220 0.518 

4 Orange 2 -14.970 0.858 

5 Pineapple 1 -18.420 0.662 

5 Pineapple 2 -18.830 0.910 
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Figure 7.8. Cyclic voltammogram anodic current versus voltage of black tea (bottom) or 
black tea with milk (top) 
Fresh teas; one tea bag per cup brewed for 5 minutes. As can be seen, with the addition of milk 
almost all antioxidant activity is lost. 

Table 7.5. Black and white tea reduction potentials 

The reduction potential of black tea at 0.102V indicates that black tea without milk is an 
excellent antioxidant. The addition of milk causes almost all antioxidant activity to be lost. 

Black tea (volt)  Black tea + milk (volt) 

Peak 1 0.102  Peak 1 0.102 

Peak 2 0.308 Peak 2 0.584 (very slight) 

Peak 3 0.704  
 
 
 

Figure 7.9. Cyclic voltammogram anodic current versus voltage of fresh green tea (dark 
outline) and rooi tea (lighter outline) 
One tea bag per cup brewed for 5 minutes. 

 

Table 7.6. Green tea and rooi tea reduction potentials 
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The reduction potential of green tea at 0.064V is an excellent antioxidant, although the 
concentration is not overly high. 

Fresh green tea (volt) Fresh rooi tea (volt) 

Peak 1 0.064 (slight) Peak 1 0.294 

Peak 2 0.226 Peak 2 0.694 

Peak 3 0.708  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.10. Cyclic voltammogram anodic current versus voltage of sage, rosemary or 
black tea all extracted in DdH2O at 1gm / 50mL 
Brewed for 30 minutes. 

Table 7.7. Sage tea, rosemary tea and black tea reduction potentials 
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The reduction potential of sage tea at 0.320V is an excellent antioxidant, but the concentration is 
relatively low. 

Sage tea (volt) Rosemary tea (volt) Black tea (volt) 

Peak 1 0.320 Peak 1 0.328 Peak 1 0.362 

Peak 2 0.714 Peak 2 0.704 Peak 2 0.772 
 
 
 
 
 

 
 
Figure 7.11. A graphical representation of the reduction potentials of antioxidant 
solutions 
Note lower potentials (lowest volts) = more effective antioxidant. Statistical analysis using a 
non-parametric ANOVA (Kruskal-Wallis test) showed a significant difference between 
pineapple juice and black tea (P<0.05) and green tea (P<0.01) using Graphpad Prism 3. 
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Figure 7.12. Cyclic voltammogram of the author’s plasmas anodic current versus voltage 
Top is normal plasma, middle is after ingestion of 5gm of ascorbic acid (vitamin C) in 500mL 
of DdH2O, bottom is after ingestion of 5mL Ginkgo biloba + 500mg pycnogenol + 2gm 
ascorbic acid + 1000mg vitamin E succinate taken with 250mL of tap water. Blood samples 
were taken 30 minutes after ascorbic acid intake (middle) and 1 hour after the combination of 
antioxidant intake (bottom). There is a clearly visible difference between the three plasma 
samples which indicates that the antioxidants were absorbed and entered the blood stream 
rapidly. 
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Figure 7.13. Cyclic voltammograms anodic current versus voltage in homogenised brains 
of apoE-deficient mice and apoE-deficient mice supplemented with Lipitor 
 
 

Table 7.8. Homogenised mice brain reduction potentials 

The reduction potentials and anodic current of homogenised brains of apoE-deficient mice and 
apoE-deficient mice supplemented with Lipitor. Statistical analysis of the data showed no 
significant difference between the two groups of mice. 

 apoE control mice apoE+Lipitor mice 

 Peak 1 Peak 2 Peak 1 Peak 2 

uA -1.81 -6.05 -2.3 -6.65 

volts 0.334 0.724 0.32 0.756 

uA -2.13 -6.89 -0.92 -4.92 

volts 0.316 0.76 0.66 0.704 

uA -1.97 -5.87 -1.71 -5.56 

volts 0.316 0.75 0.318 0.724 
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Figure 7.14. Cyclic voltammograms anodic current versus voltage of apoE-deficient mice 
plasma controls in comparison with apoE-deficient mice plasma supplemented with 
Lipitor 
Most of the bottom voltammograms were from the Lipitor-supplemented group which suggests 
that the Lipitor influenced the antioxidant status of this group. 

Table 7.9. Mice plasma peak 1 voltage statistical data summary 

A summary of the statistical data comparing peak 1 voltage of apoE-deficient mice plasma 
versus apoE-deficient mice plasma supplemented with Lipitor. 

 ApoE-deficient  
control mice (Volts) 

ApoE-deficient +  
Lipitor mice (Volts) 

 Peak 1 0.256 Peak 1 0.222 

 Peak 1 0.314 Peak 1 0.220 

 No peak 1 Peak 1 0.210 

 Peak 1 0.246 Peak 1 0.214 

 Peak 1 0.220 Peak 1 0.220 

 No peak 1 Peak 1 0.212 

Mean 0.2590 0.2163 

Std deviation 0.03968 0.004967  

Std error of mean 0.01984 0.002028 
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Figure 7.15. A graphical representation of peak 1 voltage represents reduction potentials 
apoE-control (n=6) were fed a Std Chow diet. apoE-Lipitor (n=6) were supplemented with 
Lipitor added to the Std Chow diet. Statistical analysis using a Mann-Whitney test demonstrated 
that Lipitor supplementation gave significantly better reduction potentials than the Std Chow 
diet (P=0.0381). 

Table 7.10. Cyclic voltammetry apoE-mice plasma control vs Lipitor 

Summary of the statistical data comparing the Std Chow fed diet with supplementation of 
Lipitor to apoE-deficient mice. 

 ApoE-deficient 
control mice (µA) 

ApoE-deficient  
+ Lipitor mice (µA) 

 Peak 2 –3.080 Peak 2 –4.740 

 Peak 2 –3.460 Peak 2 –5.260 

 Peak 2 –1.990 Peak 2 –4.010 

 Peak 2 –3.650 Peak 2 –3.920 

 Peak 2 –3.490 Peak 2 –4.160 

 Peak 2 –1.990 Peak 2 –4.160 

Mean –2.943 –4.375 

Std deviation 0.7618 0.5195 

Std error of mean 0.3110 0.2121 
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Figure 7.16. A graphical representation of peak 2 anodic currents control vs Lipitor 
plasma samples 
ApoE-control (n=6) were fed a Std Chow diet. ApoE-Lipitor (n=6) were supplemented with 
Lipitor added to the Std Chow diet. Statistical analysis using a Mann-Whitney test demonstrated 
that Lipitor supplementation gave significantly greater anodic currents values than the Std 
Chow diet (P=0.0022). This indicates improved antioxidant status in the Lipitor-supplemented 
group. 
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Figure 7.17. Cyclic voltammograms anodic current versus voltage of AD patients versus 
non-AD aged matched controls 
Two of the bottom voltammograms were from the AD patients. 

Table 7.11. AD plasma vs non-AD plasma anodic currents 

Summary of the statistical data comparing the AD patients with non-AD. 

AD patients plasma anodic current (µA) Non-AD plasma anodic current (µA) 

Peak 2 –3.880  Peak 2 –2.860 

Peak 2 –3.970 Peak 2 –3.580 

Peak 2 –4.160 Peak 2 –3.100 
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Figure 7.18. A graphical representation of peak 2 anodic currents AD plasma (n=3) vs 
non-AD (n=3) plasma. 
Statistical analysis using an unpaired T test demonstrated that the AD plasma group had 
significantly greater anodic currents (P=0.0223) than the non-AD group using Graphpad Prism 
version 3. 

7.1.5. ISFET mV and pH study results 

Ion-selective field effect transistor (ISFET) pH electrodes have emerged as an effective 

replacement of glass electrodes. ISFET electrodes are very sturdy since they are 

mounted in either a stainless steel or chemical-resistant Kynar probe body. The benefits 

of these electrodes are that they have a very fast response time, can be used to measure 

small sample volumes, are stored dry, and have a very high level of accuracy (Bergveld, 

1972; Oelbner, et al., 2005). IQ Scientific Instruments, Inc [2075-E Corte del Nogal 

Carlsbad, CA 92011, USA] kindly loaned the author an IQ150 Handheld ISFET pH 

meter with a stainless steel micro pH probe with ISFET sensor. Samples tested were the 

same as in the cyclic voltammetry studies (see above). Results are shown in Figures 

7.19-7.24 and Tables 7.12-7.15. 
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Table 7.12. Effect of antioxidant or Lipitor supplementation on mice plasma mV 

Summary of the statistical data of mV of apoE-deficient mice plasma, with or without 
antioxidant or Lipitor supplementation. 

Mice groups Mean Std deviation Std error of mean 

ApoE control -26.35 11.606 4.738 

ApoE AOMax -48.416 7.413 3.026 

ApoE Lipitor -44.716 9.868 4.028 
 
 
 

 
 
Figure 7.19. A graphical representation of the plasma mV of apoE-deficient mice with or 
without antioxidant or Lipitor supplementation 
Statistical analysis using ANOVA with a bonferroni Multiple Comparisons test showed a 
significant difference between the apoE control (n=6) and the apoE AOMax (n=6) group 
(p<0.05) and the apoE Lipitor (n-6) group (p<0.01). This indicates that antioxidant and Lipitor 
supplementation improves antioxidant status by reducing the reduction potentials. 
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Table 7.13. Mice plasma pH with or without antioxidant or Lipitor supplementation 

Mice groups Numbers Mean Std deviation Std error of mean 

ApoE control 6 7.442 0.2019 0.08244 

ApoE AOMax 6 7.753 0.1732 0.07069 

ApoE Lipitor 6 7.830 0.1266 0.05170 
 

 

 
 
 
 

 
 
 
Figure 7.20. A graphical representation of the plasma pH of apoE-deficient mice with or 
without antioxidant or Lipitor supplementation. 
Statistical analysis using ANOVA and a Dunnett Multiple Comparisons test showed a very 
significant difference between the groups. The comparison between apoE controls (n=6) and 
AOMax (n=6) was significant (P<0.05). The comparison between apoE controls and the Lipitor 
group (n=6) was also significant (p<0.01). Statistical analysis was undertaken using Graphpad 
Prism 3. 
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Table 7.14. Homogenised mice brain mV with or without Lipitor statistical data 
summary 

Mice groups Mean Std deviation Std error of mean 

ApoE control 10.467 2.050 1.184 

ApoE Lipitor 3.633 3.612 2.085 
 
 
 
 
 
 

 
 
 
Figure 7.21. A graphical representation of brain mV of apoE-deficient mice with or 
without Lipitor supplementation 
Statistical analysis using an unpaired t test showed a significant difference in brain mV between 
apoE controls (n=3) and apoE Lipitor (n=3) (p<0.05). Statistical analysis was undertaken with 
Graphpad Prism 3 for Windows 95/98. The results indicate that supplementation with Lipitor 
lowers brain mV thereby demonstrating an improved antioxidant status. 
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Table 7.15. Homogenised mice brain pH with or without Lipitor supplementation 

Mice groups Mean Std deviation Std error of mean 

ApoE control 6.840 0.03000 0.1732 

ApoE Lipitor 6.953 0.06351 0.03667 
 
 
 
 
 
 
 
 

 
 
Figure 7.22. A graphical representation of the brain pH of apoE-deficient mice with or 
without Lipitor supplementation 
Statistical analysis using an unpaired t test showed a significant difference between the apoE 
controls (n=3) and the apoE Lipitor group (n=3) (p<0.05). Statistical analysis was undertaken 
using Graphpad Prism 3 for Windows 95/98. The results indicated that supplementation with 
Lipitor raises alkalinity. 

 
 
 
 
 
 
 
 



 

- 266 - 
 

 

 
 
 
 
 
Figure 7.23. A graphical representation of antioxidant solutions mV versus antioxidant 
pH regression analysis 
Statistical analysis using linear regression in Graphpad Prism 3 for Windows 95/98 
demonstrated a significant relationship between antioxidant mV and antioxidant pH 
(r2=0.9840). 
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Figure 7.24. A graphical representation of the correlation of mV versus pH of all 
antioxidants, plasma and brain data 
Statistical analysis using Graphpad Prism 3 for Windows 95/98 demonstrated a very strong 
relationship between mV and pH (r2=0.9822). 

7.1.6. Discussion 

The results demonstrate that cyclic voltammetry is a suitable method to assess the 

antioxidant status of antioxidant solutions, herbal extracts, fruit juices, biological fluids 

and homogenised tissues. This is in agreement with studies by other researchers which 

have assessed antioxidant status of various antioxidant solutions, biological fluids and 

homogenates (Kohen, et al., 1994; Chevion, et al., 2000; Kohen, et al., 2000; Hotta, et 

al., 2001; Kilmartin, et al., 2001; Huang, et al., 2004). Ingestion of antioxidants led to 

concomitant changes in anodic current of the cyclic voltammograms; this is in 

agreement with the research of Chevion (Chevion, et al., 2000).  
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It is interesting to note that a high dose of vitamin C (5gm in 500mL of water) when 

ingested resulted in an increased anodic current, demonstrating the concentration of the 

antioxidant in plasma. However, the impact of the high dose of vitamin C was only 

slight on the cyclic voltammogram. This suggests that very high doses of antioxidants 

are needed in order to have a greater impact on antioxidant status. It may also explain 

why many antioxidant clinical trials have failed to show a positive response to diseases 

when the antioxidant levels used were simply too low. 

The results of the ISFET pH/mV meter assessments demonstrate that there is a very 

close relationship between pH and mV or oxidation reduction potentials. This was seen 

not only in antioxidant solutions, but also in herbal extracts, fruit juices, wine, 

biological fluids and homogenised tissues. These results suggest that a simple pH/mV 

assessment of antioxidant solutions, biological fluids and tissue homogenates can be 

employed to give a relatively accurate indication of the total antioxidant capacity or 

redox potential. 

Interestingly, recently it was demonstrated in severely traumatised human patients that 

monitoring ORP may be utilised to assess the degree of oxidative stress (Rael, et al., 

2007). However, in my studies, the employment of a mV electrode instead of an 

oxidation reduction potential electrode resulted in different mV readings than what 

would be attained with a ORP electrode since they operate on a different scale. In future 

studies therefore, a ISFET ORP electrode will be used to measure ORP. Moreover, by 

employing a ORP meter and a pH meter, a variation of the Ernst equation can be used to 

measure the reduction potential more effectively and accurately (Stephanson, et al., 

2003a; Stephanson, et al., 2003b). This is basically because the reduction potential is 

strongly affected by pH, as was also demonstrated in my antioxidant status assessments. 
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Taken together, this suggests that antioxidant status of biological fluids and tissue 

homogenates may be improved just by increasing pH to a more alkaline level. Thus it is 

also conceivable that, by improving extracellular and intracellular pH, the antioxidants 

supplied by the diet are perhaps sufficient to complement the antioxidant system of the 

body in order to prevent disease. However, further research employing potassium citrate 

or potassium bicarbonate is needed to test that hypothesis. 

The data regarding the antioxidant status of the AD plasma samples in comparison to 

the non-AD plasma samples are somewhat strange. Many researchers have 

demonstrated oxidative stress to be a prime factor in AD (see reviews by Mattson, 1997; 

Markesbery, 1999; Butterfield, et al., 2007). The differences in the plasma samples 

could be attributed to a number of different reasons. First, it is possible that the non-AD 

samples, although age matched, could be from individuals who were suffering from 

another disease other than AD. Secondly, variation in the anodic currents of the samples 

can be affected by the dietary intake of food prior to sample collection. Thirdly, the 

small sample size of three in each group is not truly representative of the whole 

population and thus a large sample size may have resulted in different results. 

Furthermore, the results suggest that perhaps alternatives to plasma should be used to 

assess antioxidant status. It may be possible to assess long-term antioxidant status from 

tissues which have an accumulated status over extended time such as skin, hair or nails. 

Alternatively, if plasma samples are to be used, maybe samples should be taken after 

overnight fasting which would remove the effect of ingested meals. 

In conclusion, the results suggest that it is imperative to assess pH as well as antioxidant 

status in order to determine the level of antioxidants needed to prevent or defend against 

disease. Further studies are also needed wherein can be determined the effect of CAT 
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and potassium citrate or potassium bicarbonate on the aggregation of proteins which are 

also a common feature in the neurodegenerative diseases (Appendix 2). 
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7.2. Appendix 2: Protein aggregation and disease 

Proteins enable and control virtually every chemical process in a living system 

(Branden, 1999). More than 50,000 different proteins exist within our bodies which are 

synthesised in cells as linear polypeptide chains. These polypeptide chains generally 

consist of about 300 amino acids linked together in a specific sequence and usually 

folded up into intricate structures in order to be able to function (Dobson, 2003; Dobson 

& Doig, 2005; Dobson, 2006). A common characteristic property of incompletely 

folded or misfolded proteins is that they expose regions of their structure which are 

normally sequestered within the fully folded protein. Misfolded or incompletely folded 

proteins tend to aggregate and form deposits (Dobson, 2006). 

Various human diseases are associated with aggregation of proteins and these are 

becoming increasingly prevalent (Selkoe, 2003; Stefani & Dobson, 2003). These 

diseases – including AD, prion diseases, Parkinson’s disease, Lewy body disease, 

Creutzfeldt-Jakob disease, motor neuron diseases, Huntington’s disease, essential 

tremor, familial amyloid polyneuropathy and type 2 diabetes – are associated with 

specific proteins or protein fragments which have aggregated to form the bulk of 

proteinaceous deposits (Table 7.16). 
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Table 7.16. Major aggregation diseases and their associated proteins/peptides 

[Source ex; Dobson, 2006; Lindquist, 2006; Louis, 2006]. 

Disease Major aggregate component 

AD Αβ peptides (plaques); tau protein (tangles) 

Spongiform encephalopathies Prion proteins (full length or fragments) 

Parkinson’s disease α-Synuclein (wild-type or fragments) 

Primary systemic amyloidosis Immunoglobulin light chains (full length or 
fragments) 

Secondary systemic amyloidosis Serum amyloid A (full length or 76-residue 
fragment) 

Fronto-temporal dementias Tau (wild-type or mutant) 

Senile systemic amyloidosis Transthyretin (full length or fragments) 

Familial amyloid polyneuropathy 1 Transthyretin (45+ mutants) 

Hereditary CAA Cystatin C (minus a 10-residue fragment) 

Haemodialysis-related amyloidosis β2-Microglobulin 

Familial amyloid polyneuropathy III Apolipoprotein A1 (fragments) 

Finnish hereditary systemic amyloidosis Gelsolin (71 amino acid fragment) 

Type 2 diabetes Amylin 

Medullary carcinoma of the thyroid Calcitonin 

Atrial amyloidosis Atrial natriuretic factor 

Hereditary non-neuropathic systemic 
amyloidosis 

Lysozyme (mutants) 

Injection-localised amyloidosis Insulin 

Hereditary renal amyloidosis Various proteins 

Amyotrophic lateral sclerosis SOD 1 (wild-type or mutants) 

Huntington’s disease Huntington (intact or poly(Q) rich fragments) 

Spinal and bulbar muscular atrophy Androgen receptor (intact or poly(Q) rich 
fragments 

Spinocerebellar ataxias Ataxins (intact or poly(Q) rich fragments) 

Spinocerebellar ataxia 17 TATA box-binding protein (intact or poly(Q) rich 
fragments) 

Essential tremor α-Synuclein (in brainstem and/or cerebellar Lewy 
Bodies) 
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Dobson et al. (Dobson et al., 2006) have demonstrated in their experiments that, under 

appropriate conditions, a wide range of proteins can convert from their normally soluble 

forms into fibrillar aggregates characteristic of disease.  

It is often the case that rapid aggregation such as the formation of amyloid fibrils can be 

induced by a lowering of pH which alters the net charge on the protein or by raising the 

concentration above the physiological norm (Dobson, 2006). The relative propensity to 

aggregate has been demonstrated (Dobson, 2006) to be primarily determined by the 

physicochemical properties of the polypeptide chain, including charge, hydrophobicity 

and secondary structure preferences. Aggregation of a normally soluble protein would 

thus inevitably lead to an expected loss of function usually carried out by that protein. 

It is conceivable that since the protein has lost its normal function that it would thus not 

be actively involved in chemical reactions and therefore accumulate. In an environment 

where free radical production is high, it remains possible that the accumulated proteins 

or peptides may themselves become oxidised and thereby become toxic to nearby cells. 

Indeed it is possible that physicochemical properties of a polypeptide chain can be 

affected by free radical attack, resulting in a change of structure, charge and 

hydrophobicity of the protein or peptides, thereby perhaps leading to aggregation. 

It may also be possible that the free radical attack on neurotransmitters and enzymes in 

the vicinity could also result in loss of normal or at least a reduction in function of these 

biochemicals. Similar observations can be made for the increasing prevalence of type 2 

diabetes which is associated with changes in diet and lifestyle, or prion diseases which 

have been associated with modern agricultural practices (Dobson, 2006). Alternatively, 

aggregation of proteins or peptides may be a result of genetic mutations which also can 

be induced by free radical attack or perhaps by a decreased efficiency of the 
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housekeeping processes associated with ageing wherein there could be an accumulation 

of toxins. Aggregation of proteins or peptides could also be influenced by diet, since 

food intake can effect extracellular pH (refer to Appendix 3 below). 

7.3. Appendix 3: Effect of diet on extracellular pH 

There has been a profound transformation of the human diet consequent to agricultural 

development, animal husbandry and to the development of modern food production 

methods. The contemporary diet has an overabundance of fat, sugar and sodium 

chloride and a paucity of fibre, calcium and potassium (Eaton & Konner, 1985; Eaton & 

Konner, 1986; Cordain, 1999; Eaton & Eaton, 2000). 

It has been estimated that in the paleolithic diet, sodium intake was at about 29 meq and 

potassium intake in excess of 280 meq per day. In contrast, modern humans consume 

between 100-300 meq of sodium and about 80 meq of potassium per day (Smit, et al., 

1999; Smith, et al., 1999). As a consequence of this dietary transformation, 

contemporary humans are not only overloaded with sodium and chloride but are also 

deficient in potassium and bicarbonates. Therefore, from a relatively young age through 

to old age, humans develop a progressive increase in extracellular acidity and decrease 

in plasma bicarbonates. Together, these are indicative of increasing low-grade 

metabolic acidosis. However, increasing dietary potassium to levels estimated in the 

paleolithic diet, by eating more fruits and non-grain plant foods, may hold benefits for 

preventing or delaying many of the diet and age-related degenerative diseases and their 

consequences (Frassetto, et al., 2001; Sebastian, et al., 2006). 

Metabolic acidosis has been demonstrated to increase protein breakdown in humans. 

Moreover, it also stimulates branched chain amino acid oxidation in both humans and 

animals (May, et al., 1987; Wiederkehr & Krapf, 2001). Thus metabolic acidosis could 
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result in increased oxidative stress as well as protein breakdown and aggregation, 

thereby contributing to a worsening of the disease state. 

It has also been established that, during ischaemia, intracellular pH of neurons and glia 

generally acidify to pH6.5 and, during trauma, brain pH acidifies to pH6.2-6.8. If 

hyperglycaemia precedes ischaemia, than pH can become as low as pH6.0. 

Experimental research undertaken has also shown that acidosis by different means 

ultimately results in neuron loss (Munekata & Hossmann, 1987; Siesjo, et al., 1996). 

Dietary metabolic acidosis by modulating cortisol output may influence risk for insulin 

resistance syndrome (see review by McCarty, 2005). It is also suggested that there is a 

strong link or association between insulin resistance and AD (Watson & Craft, 2003; 

Sun & Alkon, 2006). Furthermore, in their study Acute acidosis elevates malonaldehyde 

in rat brain in vivo, Waterfall et al. (Waterfall, et al., 1996) have provided in vivo 

evidence for acidosis-induced oxidative stress in brain tissue. In addition, in an in vitro 

study, it was shown that acidic pH promotes the formation of toxic β amyloid fibrils and 

that they induced significant apoptotic death of rat PC12 cells (Su & Chang, 2001). 

Therefore, metabolic acidosis, together with insulin resistance and oxidative stress, may 

severely impact on the development and progression of AD (Table 7.17 & Figure 7.25). 
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Table 7.17. Alkaline- and acid-forming foods 

[Sourced ex: Grogono, 1976; Schlichtig, 1998; Sebastian, 2002; Robert O. Young, and Shelley 
Redford Young 2002]. 

Most alkaline Alkaline Least alkaline Least acid Acid Most acid 

Sweeteners 

  Raw honey, 
Raw sugar 

Processed 
honey, 
molasses 

White sugar, 
brown sugar 

Nutrasweet, 
Equal, 
Aspartame, 
SweetNLow 

Fruits 

Lemons, 
watermelon, 
limes, 
grapefruit, 
mangoes, 
papayas 

Dates, figs, 
melons, grapes, 
kiwi, berries, 
apples, pears, 
raisins 

Oranges, 
bananas, 
cherries, 
pineapple, 
peaches, 
avocados 

Plums, 
processed fruit 
juices 

Sour cherries Blueberries, 
cranberries, 
prunes 

Vegetables 

Asparagus, 
onions, 
vegetable 
juices, parsley, 
raw spinach, 
broccoli, garlic 

Okra, squash, 
green beans, 
beets, celery, 
lettuce, 
zucchini, sweet 
potato, carob 

Carrots, 
tomatoes, corn, 
cabbage, peas, 
potato skins, 
olives, 
soybeans, tofu 

Cooked 
spinach, kidney 
beans, string 
beans 

Rhubarb, 
potatoes 
without skins, 
pinto beans, 
navy beans, 
lima beans 

 

Nuts 

 Almonds Chestnuts Pumpkin seeds, 
sunflower seeds 

Pecans, 
cashews 

Peanuts, 
walnuts 

Grains 

  Amaranth, 
millet, wild 
rice, quinoa 

Sprouted wheat 
bread, spelt, 
brown rice 

White rice, 
corn, 
buckwheat, 
oats, rye 

Wheat, white 
flour, pastries, 
pasta 

Meats 

   Venison, fish,  Turkey, 
chicken, lamb 

Beef, pork, 
shellfish 

Eggs and dairy 

 Breast milk Soy cheese, soy 
milk, goat milk, 
whey 

Eggs, butter, 
yogurt, 
buttermilk, 
cottage cheese 

Raw milk Chocolate, 
cheese, 
homogenised 
milk, ice cream 

Beverages 

Herb teas, 
lemon water 

Green tea Ginger tea, 
wines 

Tea Coffee Beer, soft 
drinks 
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Figure 7.25. Proposed schema of metabolic acidosis and oxidative stress in degenerative 
disease 
The impact of agricultural methods has depleted soils and that, in conjunction with processed 
foods, has dramatically altered diets, leading to a lowered extracellular pH. Chronic metabolic 
acidosis is associated with protein aggregation and insulin resistance and in unison result in 
increased free radical production. Free radical production in excess of antioxidant balance 
results in oxidative stress. Oxidative stress is impacted upon by genetic make up and 
environmental factors which can further aggravate it. Oxidative stress culminates in 
degenerative disease. The therapy needed is a simultaneous supplementation of antioxidants 
together with, for example, potassium citrate or potassium bicarbonate, in order to improve 
antioxidant status and raise extracellular pH. Improved health may be the ultimate outcome 
from such a combination therapy. [Graphics in Figure 7.25 were found in the open domain on 
the internet (copyright free)]. 
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8. Summary 

In considering the multi-factorial nature of AD and the factors discussed above, the 

results of my studies and the studies of other researchers suggest that AD, like other 

neurodegenerative diseases and likely all degenerative diseases, may have a common 

link. Namely that by dietary intake, age-dependent metabolic acidosis is incurred which 

causes oxidative stress, ultimately leading to the development and cyclical continuation, 

through a feedback loop, of disease in various regions of the human body. Of course, 

the degenerative disease process is also impacted upon by environmental factors, the 

aging process and genetic disposition. 

The joint attack on the body by metabolic acidosis and oxidative stress suggests that 

treatment in degenerative diseases, including AD, may require a normalising of 

extracellular and intracellular pH with a simultaneous supplementation of an antioxidant 

combination cocktail at sufficiently high dose (Figure 7.1). Various studies have shown 

that dietary intake of fresh fruit and vegetables are very effective in reducing or halting 

oxidative stress. The reason that many studies wherein supplementation of antioxidants 

is used to remove oxidative stress are not that convincing is that perhaps the 

normalising of the acid-base was not considered nor dealt with. Moreover, the dietary 

intake of fresh fruits and vegetables help to normalise pH due to the high levels of 

alkaline minerals contained in them. Alternatively, the intake of antioxidants may have 

been a ‘little too low and a little too late’. Furthermore, it may be that dietary 

antioxidant intake from a well-balanced diet consisting of a high percentage of fresh 

fruit and vegetables may be sufficient to prevent or deal with disease when extracellular 

and intracellular acid-base is normalised and maintained by supplementation with 

potassium citrate, fresh fruits and vegetables. 
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8.1.1. Future direction 

In order to evaluate a simultaneous treatment with a high-dose CAT together with, for 

example, potassium bicarbonate and/or potassium citrate supplementation, further 

research studies will need to be undertaken to ascertain their effectiveness in halting 

degenerative diseases including AD, Huntington’s, ALS, Parkinson’s, heart disease, 

arthritis and cancer. With the development of more accurate ISFET technology in 

micro-electrodes, current pH and oxidation reduction, potential meters can be used 

together to assess the reduction potential of body fluids such as saliva, urine and plasma 

in order to establish the dosage of antioxidants and alkalisers needed to normalise pH 

and antioxidant status. Interestingly, researchers have recently established that oxidation 

reduction potential monitoring could be a useful tool for assessing oxidative stress 

levels and possible efficacy of antioxidant therapy (Rael, et al., 2007). These techniques 

could also be used to establish the dosage of antioxidants and alkalisers needed to 

prevent or treat disease states. 
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