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Abstract 

 

 

Alzheimer’s disease (AD) is a chronic disease marked by progressive loss of 

mental function resulting in perturbation of normal behaviour and an inability to 

perform daily tasks. It is estimated that the number of AD cases globally will triple by 

2050. The origin of beta-amyloid (Aβ), the key protein found in cerebral plaques 

associated with AD, has not been established, however the expression of amyloid 

precursor protein (APP) ubiquitously throughout the body suggests that Aβ could 

originate from the brain itself, or the periphery, or a combination of different 

locations.  

 

The aetiology of AD remains unclear due to uncertainty as to where the 

majority of plaque Aβ originates. Most research has been focussed on the brain as 

the primary source of Aβ (local production) as the blood-brain barrier (BBB) 

prevents the entry of most peripheral macromolecules and proteins (including Aβ) 

into the brain. However, brain samples from deceased AD patients show damage to 

cerebral blood vessels, increased haemodynamics and the presence of Aβ within 

the layers of cerebral vessels which is suggestive of possible contribution from 

peripheral organs.  

 

The increased incidence of AD is predominately related to the ageing 

population which may or may not have cardiovascular disease, diabetes, insulin 

resistance and obesity. The second most influential risk factor (after aging) for AD is 

the presence of an apolipoprotein (apo) E 4 allele. Approximately half of all AD 

sufferers have one or two apo E4 alleles and more than a quarter of all apo E4 

carriers have AD. Apolipoprotein E4 is also implicated in vascular disorders and the 

presence of such disorders as well as cardiovascular disease increases the 

likelihood of developing vascular dementia (vAD) and AD.  

 

Compared to the pre-agricultural period (or Paleolithic period), there has 

been substantial changes in the intake of high calorie foods, sugar, carbohydrate, 

protein, fat, cholesterol, fibre, dairy, antioxidants and micronutrients (Eaton et al. 

2010). The changes in diet being most widely observed in developed or westernised 

countries where there is a higher risk of secondary metabolic disorders or 
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degenerative diseases such as obesity, cardiovascular disease and diabetes (Eaton 

et al. 2010). The prevalence of AD is also positively influenced by greater 

urbanisation and a growing shift toward western diet and lifestyle patterns. 

Furthermore diets high in total calories leading to obesity, IR and diabetes are also 

implicated in AD development and increased incidence of AD may be associated 

with programming of central hypothalamic energy metabolism.  

 

Epidemiological studies are consistent with the notion that AD is a disease of 

lipid metabolism and is significantly influenced by dietary fat type as well as the 

quantity consumed. Grant et al. (2014) found that the higher prevalence of AD in 

western countries compared to Asia and Africa correlated with increased caloric 

intake and increased intake of saturated and trans fatty acids. Some middle chain 

triglycerides however have been shown to have beneficial health effects in terms of 

CVD and diabetes which are risk factors for AD (St-Onge et al. 2008). Albanese et 

al. (2009) showed in middle and low-income countries (South America, China and 

India) that increased fish consumption was associated with a decreased risk of 

dementia and that dementia was associated with higher intake of meat. Fatty meat 

as opposed to lean meat is a term used to define cuts of meat which have greater 

fatty acid content. The distribution of fat in meat commodities includes (intradermal, 

interdermal or subdermal fats, and in muscle connective tissue and adipose tissue). 

Fat stored in adipose cells contains mostly triglycerides which contain fatty acids in 

particular, higher levels of saturated fatty acids (SFAs). The Honolulu-Asia Aging 

Study showed that Japanese men who migrated from Japan to Hawaii had a much 

greater risk of developing AD and similar research indicates a greater risk of AD 

amongst Japanese people living in America compared to those living in Japan. 

Increased intake of fatty meat and dairy products such as cream and butter that is 

high in SFAs can increase the risk of AD whilst a Mediterranean diet rich in olive oil 

that is monounsaturated fatty acid (MUFAs)-rich and fatty fish that is rich in omega 3 

(n-3) polyunsaturated fatty acids (PUFAs) can reduce AD risk. Consistent with 

epidemiological findings, animal models show increased SFA and CH consumption 

accelerates Aβ production whilst addition of oleic acid (MUFA) and fish oil (n-3 

PUFA) to diets reduces the rate of Aβ deposition into cerebral plaques. Cell studies 

also support these findings and provide additional insight into the intracellular 

mechanisms involving fatty acids and production of Aβ from APP.  

 



 

vi 

 

Triglycerides (TGs) are the major type of lipid absorbed by the small 

intestinal epithelial cells called enterocytes. Within enterocytes, assembly of nascent 

chylomicrons (CMs) occurs from the addition of TGs, CH, CH esters and 

phospholipids to apo B48 within endoplasmic reticulum (ER) and Golgi apparatus. 

Nascent CMs are then transported via the Golgi apparatus to the basolateral 

membrane and secreted into mesenteric lymph where they enter the circulation via 

the subclavian vein. Hydrolysis by lipoprotein lipase (LPL) results in the formation of 

smaller TG-poor and CH and apo E rich CM remnants. These apo E-rich CM 

remnants participate in rapid clearance by the liver which is mediated by receptor-

specific processes (Hussain et al. 1996). 

 

There is evidence that AD and mild cognitive impairment (MCI) patients have 

greater concentration of Aβ in triglyceride-rich lipoproteins (TRLs) fraction including 

CM (Mamo et al. 2008). Several studies which measure plasma lipids in AD patients 

show a significant increase in apo B levels in fasting and non-fasting states and 

clinical studies show higher levels of apo B in AD patients compared to controls. 

One study showed in probable AD patients (determined by ICD 10 criteria) who had 

intake of breakfast (after 24 hour [h] fast) containing 20 g of dairy fat had 

significantly greater postprandial level of apo B48, a marker for CM. Levels of apo 

B48 was shown to increase by 400 % in probable AD subjects compared to age-

matched controls (Mamo et al. 2008). There is some evidence to suggest that 

metabolism of Aβ occurs parallel to the metabolism of intestinally derived CM 

(Mamo et al. 2008). Firstly, there is an increased secretion of soluble amyloid 

precursor protein (APP) following the ingestion of a fatty meal in healthy individuals; 

this is consistent with the possibility that dietary fats can influence APP processing, 

Aβ production and the postprandial Aβ response (Boyt et al. 1999). Secondly, 

secretion of CM has been shown to be principally enhanced by a fatty meal; there is 

a transient increase in plasma CM-TG levels which peaks 2-3 h after ingestion 

(Dubois et al. 1994). The relationship between Aβ metabolism and dietary fat and 

lipoprotein metabolism provides intriguing evidence that cerebral Aβ plaque could 

be wholly or in part derived from the small intestines.  

 

A fatty meal contains higher than normal recommended (NH&MRC 2006) 

dietary intake of less than 35 % total fat (kilojoules) and less than 10 % saturated fat 

(kilojoules). For example, an average adult woman’s recommended intake of 2000 
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kilojoules (to maintain weight), according to the guidelines, should consume less 

than 18.6 g total fat and less than 5.4 g saturated fat. For an average man’s 

recommended intake of 2500 kilojoules (to maintain weight), the intake of total fat 

should be kept within 23.3 g and for saturated fat less than 6.6 g.  

 

The Australian Bureau of Statistics (ABS) reported that 300,000 people were 

affected with AD in 2011, and global statistics showed that in 2010, 35 million 

people were affected. Based on current trends, the number of people living with AD 

will triple by 2050 (ABS 2008, ABS 2012). Urgency is required for the better 

understanding of AD disease mechanisms in order to prevent the development of 

AD and delay the disease progression in AD affected persons. Currently the origin 

of cerebral plaque Aβ is unclear however several key articles suggest plasma Aβ 

influx in sporadic AD could contribute to cerebral Aβ load. Therefore, the broad aim 

of this thesis is to elucidate if Aβ can be expressed in the small intestine and if Aβ 

associates with intestinal lipoproteins. If this is found, the objective to follow would 

be to determine if intestinal Aβ can be regulated by dietary fat types or influenced by 

absence of the apo E gene. We hypothesize that Aβ will be present in the 

enterocytes; at the site of protein synthesis and be associated with intestinal apo B. 

Consistent with the association of Aβ with lipids, we further speculate that apo E, 

which can regulate lipoprotein metabolism, may influence intestinal Aβ abundance. 

Lastly, compared to unsaturated fatty acids, saturated fat diet can contribute to 

development of AD via greater abundance of intestinal Aβ.  

 

Chapter 1 (literature review) provides a review of the current understanding 

surrounding pathological mechanisms, epidemiology and risk factors for AD and 

proposes possible avenues for future research. We hypothesize that the small 

intestine contributes significant Aβ to the plasma load; a process regulated by 

dietary fat intake. The small intestine may be the initial organ involved in Aβ 

production and be of interest in therapeutic interventions in relation to AD. Chapters 

2, 3, 4 and 5 are aimed at exploring this idea further.  

 

Chapter 2 (article 1) includes a study aimed to determine the presence of Aβ 

in the small intestine using wild-type mice fed either low or high SFA diets. Using 

immunohistochemistry (IHC) approach, this study was the first to locate in situ Aβ 

within the absorptive enterocytes of the small intestine. We reported stimulatory 
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effects of dietary SFAs and suppressive effects of fasting on enterocytic Aβ-

lipoprotein homeostasis. Furthermore, Aβ expression was shown to occur in the 

perinuclear location of enterocytes; the location of protein synthesis and lipidation of 

apo B. Therefore, based on the results that are presented in chapter 2, it is 

conceivable that the homeostasis of enterocytic Aβ-lipoprotein is influenced by the 

availability of lipids from dietary sources. 

 

Individuals heterozygous or homozygous for apo E4 are more susceptible to 

developing AD by 17 % and 43 % respectively compared to apo E2 or apo E3- 

individuals. The role of apo E isoforms in AD has been extensively reviewed in the 

literature and the mechanisms of action can include decreased ability to bind Aβ, 

increased cleavage of APP, increased inflammation and oxidation and increased 

permeability of the blood-brain barrier (BBB) (Donahue and Johanson 2008, Fryer et 

al. 2005, Irizarry et al. 2004, Jofre-Monseny et al. 2008, LaDu et al. 1997, Mahley 

and Huang 1999, Poirier et al. 1993, Refolo and Fillit 2004). Notionally, compared to 

apo E2 and E3 individuals, apo E4 carriers exhibit altered metabolism of Aβ which 

increases the propensity for cerebral Aβ toxicity and formation of amyloid plaques. 

Isoforms of apo E can also be implicated in the transport of lipoproteins derived from 

the small intestine and liver, which have both been shown to produce Aβ under 

physiological conditions. Chapter 3 (article 2) discusses the role of apo E in 

enterocytic Aβ abundance. This study used C57BL6J apo E null (-/-) mice and wild 

type mice fed either low fat diet containing 4 % (w/w) fat or high fat and CH diet 

containing 20 % (w/w) fat (predominantly palmitic and stearic acid) and  2 % (w/w) 

CH for 12 weeks (w). Semi-quantitative IHC was used to quantify and compare the 

difference in Aβ abundance between groups. The study found high fat + CH feeding 

significantly increased enterocytic Aβ abundance in both apo E null mice and wild-

type mice. In addition, apo E null mice had increased villi height compared to wild-

type mice on a low fat diet whilst no effect on villi height was observed under high fat 

and CH feeding. The findings of this study indicate the presence of apo E can 

influence the absorption and availability of lipid substrate for maturation of 

lipoproteins and therefore may modulate enterocytic Aβ via indirect mechanisms.  

 

The current mechanisms of enterocytic Aβ association with postprandial 

lipoproteins are unclear. Previous observations (chapters 2 and 3) that show Aβ 

occurring within the perinuclear location of the Golgi apparatus and ER suggest that 
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Aβ can interact with primordial lipoproteins during the lipidation of apo B during 

synthesis. Apolipoprotein B is an obligatory component of postprandial lipoproteins 

derived from the enterocytes. Research presented in chapter 4 (article 3) uses 3-D 

double immunofluorescence (IF) to investigate the co-association of Aβ with apo B 

within Golgi apparatus of enterocytes. Colocalization of Aβ with apo B was 

determined with Manders Overlap coefficient and Pearson’s coefficient was used to 

determine correlation of fluorescent intensities. A significant proportion of Aβ 

colocalized with intestinal apo B within the perinuclear location and lacteals. Under 

the influence of high fat diet, colocalization of Aβ with apo B was enhanced 

consistent with increases in both Aβ and apo B expressions. However, there was no 

observed relationship between relative abundance of Aβ and apo B with either low 

fat or high fat diets. The findings presented in this chapter support the notion that Aβ 

associates with apo B and becomes incorporated into postprandial lipoproteins 

within enterocytes, and that high fat feeding could exacerbate this process. 

 

It is unknown how the structural differences between fatty acid types affect 

pathological processes underlying the development of AD. Current evidence in 

transgenic animal models suggests that differences between fat types can affect 

rate and severity of amyloidosis in the brain by altering the rate of Aβ production and 

secretion from cells. For example, palmitic acid and stearic acid (both SFA’s) have 

been shown to increase proteolytic processing of APP leading to an increase Aβ 

production, whilst oleic acid (MUFA) and DHA/EPA (n-3 PUFA) reduce Aβ 

production from APP. Palmitic and stearic acids are two saturates that behave quite 

differently in vivo in many different ways, from digestion to various metabolic 

pathways. In fact most stearic acid is poorly absorbed and that which is absorbed is 

largely converted to oleic acid. Whether they give the same result in terms of AD is 

also debatable and requires greater investigation. Current literature does not 

address the effect of fatty acid type on enterocytic Aβ-lipoprotein abundance, which 

may be significant in AD and similar disorders. In the article presented in chapter 5, 

wild-type mice were fed high fat diets (20 % w/w) containing predominantly SFA, 

MUFA, PUFA or a low fat standard diet and small intestines were collected for 

immunofluorescence (IF) analysis of Aβ. Results showed diets high in fat increased 

enterocytic Aβ abundance and effects were not specific to fatty acid type. In 

summary, the findings presented in chapter 5 indicate SFA, MUFA and PUFA all 

play a role in secretion and clearance, rather than production of Aβ-lipoproteins. 
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Alzheimer’s disease patients exhibit cerebrovascular disturbances such as 

sequestration of Aβ within the blood vessels of the brain, proliferation of vascular 

cells and inflammation. Moreover, plasma-derived proteins are increasingly 

identified in AD brains. These observations are consistent with the notion of 

damaged BBB and underlying vascular pathology in AD. The role of dietary fatty 

acids (SFA, MUFA and PUFA) on BBB integrity was explored in article 4 (appendix 

B). Interestingly, high SFA feeding caused increased leakage of the BBB 

demonstrated by increased bi-directional transport of proteins such as S100B and 

apo B/Immunoglobulin (IgG) which are known to be exclusively present in the brain 

or blood respectively (Takechi et al. (2010b). Collectively, chronic high SFA feeding 

results in increased permeability of the BBB and increased sequestration of apo B 

with Aβ within the arterial walls of cerebral blood vessels (Takechi et al. (2010b). 

Coupled with previous findings, these results suggest that in the presence of 

damaged BBB, high SFA feeding increases production and cerebral influx of 

enterocytic Aβ-apo B-lipoprotein complex. Indeed, co-localization of apo B with 

cerebral amyloid plaques has been demonstrated in humans and transgenic mouse 

models of AD (Takechi et al. 2009) which strengthens the possibility of the role of 

peripheral transport of Aβ-apo B-lipoprotein complex in AD pathology.  

 

 Findings presented in the review article (Takechi et al. 2008) as well as in 

chapters 2 and 3 provide novel insight into the effects of dietary regulation of 

enterocytic Aβ and the role of lipid substrate availability in enterocytic Aβ-lipoprotein 

abundance and elucidate an intracellular association between Aβ abundance and 

postprandial lipoprotein homeostasis.”  
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Introduction and Structure of Thesis 

 

 

Background:  

 

The post-mortem presence of cerebral amyloid plaques is diagnostic of AD. 

Beta-amyloid is the key protein in amyloid plaques and is regarded as the main 

pathological protein involved in initiation and pathological sequelae of AD. The 39-

43 amino-acid length Aβ protein is derived from enzymatic slicing of a large 

precursor molecule, APP. Production and secretion of Aβ into plasma has been 

shown to occur as a normal process in cell metabolism (Seubert et al. 1992). 

Amyloid plaques are produced chronically over time and the deposition of amyloid in 

plaques is considered a concentration dependent process (Barrow et al. 1992, 

Wisniewski et al. 1997). Chronic over-production of Aβ from APP results in 

exacerbated cerebral amyloidosis which can result in an early (< 65 years) and 

severe form of AD (early onset AD or familial AD). Although increased Aβ 

production has not yet been linked to the more common form of AD (late onset or 

sporadic AD), the prevailing theory in AD research suggest a likely involvement of 

Aβ metabolism (Haass and Selkoe 2007). 

 

The origin of Aβ found in cerebral amyloid plaque is unknown and current 

knowledge suggests that it could be derived from the brain or periphery or a 

combination of both. Empirical evidence shows that peripheral Aβ can cross the 

BBB and contribute to cerebral Aβ load. Although the degree of contribution is 

uncertain, precipitation and IF of amyloid plaques shows the presence of peripheral 

proteins in cerebral amyloid plaques. Several studies postulate that plasma proteins 

have a chaperone role in Aβ transport. In plasma, Aβ has a high tendency to bind to 

large hydrophobic molecules due to its amphiphilic properties. Kuo et al. (1999) 

identified that the majority (94 %) of Aβ binds to lipoproteins with high affinity and 

previous studies show that the binding of free Aβ in the brain is protective against 

deposition (Wisniewski and Sadowski 2008). Decreases in association of free Aβ 

with albumin in plasma can contribute to pathology (Yamamoto et al. 2014). In the 

brain, conversion of monomeric Aβ to an oligomeric form (more prone to 

aggregation) can be prevented by binding of Aβ to chaperone proteins (Goldgaber 

et al. 1993). The balance of these chaperone proteins which include lipoproteins is 
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important and changes in diet or genetics could alter the chaperoning ability of 

lipoproteins for Aβ. Thus, changes in lipoprotein homeostasis can contribute to 

pathology of AD by binding to Aβ and thus limiting the deposition of Aβ into amyloid 

plaques. 

 

In addition, an association between lipid metabolism and AD was discovered 

when an isoform of apo E, E4 was implicated in a more than doubling of AD risk. 

Apolipoprotein E is found on low-density lipoprotein (LDL), high-density lipoprotein 

(HDL) and TG-rich CM and remnant lipoproteins. Apolipoprotein E has several roles 

in lipid metabolism but its primary role involves transport and clearance of TG and 

CH from CM remnants by interacting with LDL receptor, LDL-receptor related 

protein and apo E receptor. Individuals with apo E4 have an altered lipid profile 

including greater levels of LDL, CH and apo B and less apo E and TG compared to 

apo E3 and apo E2 containing individuals (Gregg et al. 1986). The increased risk of 

developing AD associated with apo E4 allele could be linked to the influence of apo 

E4 on plasma lipid profile.  

 

Moreover, an apo E4 paradox exists: increased intake of SFAs in apo E4 

individuals increases AD risk whilst low intake of SFAs in apo E4 individuals 

decreases AD risk (Petot and Friedland 2004). This study shows that the increased 

risk of developing AD that is associated with apo E4 can be modified by saturated 

fat intake. An accumulation of studies has established the significant role of dietary 

fats and Aβ metabolism in AD risk; however, the precise mechanisms remain 

elusive.  

 

A group of studies show that dietary fatty acid type can modulate the risk of 

AD (Barberger-Gateau et al. 2002, Eskelinen et al. 2008, Feart et al. 2009, Freund-

Levi et al. 2006, Jick et al. 2000, Kalmijn et al. 1997, Kivipelto et al. 2001, Kivipelto 

et al. 2002, Luchsinger et al. 2002, Scarmeas et al. 2007, Solfrizzi et al. 1999). 

Several epidemiological findings (Eskelinen et al. 2008, Kalmijn et al. 1997, Kivipelto 

et al. 2001, Kivipelto et al. 2002, Luchsinger et al. 2002, Morris et al. 2003, Wolozin 

et al. 2000) can increase the risk of developing AD and animal models show a diet 

high in SFAs can increase beta-amyloid production and exacerbate AD pathology 

(Ho et al. 2004, Refolo et al. 2000, Shie et al. 2002, Sparks et al. 1994). However, in 

stark contrast, a Mediterranean diet with MUFA as a primary fat source can lower 
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the risk of developing AD (Feart et al. 2009, Scarmeas et al. 2007) which is thought 

to be linked to decreased production of Aβ (Amtul et al. 2010). Studies involving 

consumption of diets high in fish intake (Barberger-Gateau et al. 2002, Freund-Levi 

et al. 2006, Kalmijn et al. 1996) or low n-6/n-3 PUFA ratio have found such diets 

(Conquer et al. 2000, Gonzalez et al. 2010) to be associated with enhanced 

cognitive function and a lowered risk of AD development. The benefits of n-3 PUFA 

and low n-6/n-3 ration of PUFA in diet was also attributed to decreased production 

of Aβ (Arsenault et al. 2011, Julien et al. 2010, Lim et al. 2005, Oksman et al. 2006). 

This thesis addresses the possibility that dietary fats implicated in AD pathology 

could be a consequence of differential roles of fatty acids in regulating intestinal Aβ.  

 

The hypothesis of this thesis is derived from the host of studies that suggest 

intestinally derived CMs could be critically involved in the metabolism of Aβ.  

 

 

Hypothesis: 

 

The small intestine, a lipogenic organ can produce and secrete Aβ, the key 

protein implicated in AD. Secondly, that intestinal Aβ protein can be regulated by 

dietary fat, and if so, metabolism of intestinal Aβ is likely to be associated with 

intestinally derived lipoproteins.  

 

The intended hypothesis addresses the initial part of a broader concept that 

proposes the possible implications of intestinally and/or hepatically secreted Aβ-

lipoproteins in AD pathology; specifically, addressing disruption of the BBB and 

initiating an inflammatory cascade. Although the content of thesis does not provide 

empirical evidence that intestinal Aβ is a source of cerebral Aβ, causal links 

between intestinally derived Aβ and cerebral plaque load will be provided in the 

general discussion section (chapter 6) and in supporting articles (Appendix B). 
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Objectives: 

 

Objective 1:  To critically review and summarize literature and empirical 

evidence relating to links between dietary fats, lipid metabolism 

and AD. (Chapter 1) 

 

Objective 2: To determine whether or not Aβ is expressed in small intestinal 

enterocytes and if this expression can be modified by a high fat 

and CH diet. (Chapter 2)   

 Hypothesis: Aβ is found in the small intestinal epithelial cells 

(enterocytes) that produce postprandial lipoproteins. 

 

Objective 3: To determine if apo E deletion in the presence of high fat feeding 

would have an effect on intestinal Aβ in wild-type and apo E gene 

knockout mice. (Chapter 3) 

 Hypothesis: Apolipoprotein E can modulate enterocytic Aβ 

expression and this can be influenced by changes in dietary fat 

content.    

 

Objective 4:  To ascertain whether intestinal Aβ associates with apo B within 

the enterocytes of the small intestines. Secondly, to further 

determine if high fat feeding can modulate the degree of 

association between intestinal Aβ and apo B. (Chapter 4) 

 Hypothesis: High fat feeding will increase the association 

between Aβ and apolipoprotein B in enterocytes. 

 

Objective 5: To investigate if fatty acid types (saturated fat, monounsaturated 

fat or polyunsaturated fat) can differentially regulate intestinal Aβ 

expression and plasma abundance of apo B and Aβ. (Chapter 5) 

Hypothesis: Dietary saturated fat will increase enterocytic Aβ, whilst 

unsaturated fatty acids will decrease enterocytic Aβ. 

 

 

 

 



 

xix 

 

Chapter structure: 

 

Chapter 1 –  Literature review  

 

This chapter provides a comprehensive review of past and current literature 

regarding the aetiology of AD in relation to the metabolism of lipid and dietary fatty 

acids. The review contains a collection of key publications which are considered to 

be “high-impact” in the area and provide a basis for my hypothesis and objectives.   

 

Objectives addressed: 

Objective 1:  To critically review and summarize literature and 

empirical evidence relating to links between dietary fats, 

lipid metabolism and AD. 

 

Chapter 2 –  Determining enterocytic Aβ expression  

 

The content of this chapter is covered by article 1:  

 

Galloway S, Jian L, Johnsen RD, Chew S, Mamo JCL. (2007) B-amyloid or its 

precursor protein is found in epithelial cells of the small intestine and is stimulated 

by high fat feeding. J Nutr Biochem. 18, 279-284. 

 

Objectives addressed:  

Objective 2:  To determine whether or not Aβ is expressed in small 

intestinal enterocytes and if this expression can be 

modified by a high fat and CH diet. 

 

Chapter 3 – Effect of apo E knockout on enterocytic beta-amyloid expression 

 

The content of this chapter is covered by article 2:  

 

Galloway S, Pallebage-Gamarallage MM, Takechi R, Jian L, Johnsen RD, Dhaliwal 

SS, Mamo JC. (2008) Synergistic effects of high fat feeding and apolipoprotein E 

deletion on enterocytic amyloid beta peptide abundance. Lipids Health Dis. 7, 15. 
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Objectives addressed:  

Objective 3:   To determine if apo E deletion in the presence of high fat 

feeding would have an effect on intestinal Aβ in wild-

type and apo E gene knockout mice. 

 

Chapter 4 – Colocalization of enterocytic beta-amyloid with apolipoprotein B 

 

The content of this chapter will be covered by article 3: 

 

Galloway S, Takechi R, Pallebage-Gamarallage MM, Dhaliwal SS, Mamo JC. (2009) 

Amyloid-beta colocalizes with apolipoprotein B in absorptive cells of the small 

intestine. Lipids Health Dis. 8, 46. 

 

Objectives addressed:  

Objective 4:    To ascertain whether intestinal Aβ associates with apo B 

within the enterocytes of the small intestines. Secondly, 

to further determine if high fat feeding can modulate the 

degree of association between intestinal Aβ and apo B. 

 

Chapter 5 –  Effect of differential fatty acids on enterocytic beta-amyloid 

abundance 

 

Objectives addressed:  

Objective 5:   To investigate if fatty acid types (saturated fat, 

monounsaturated fat or polyunsaturated fat) can differentially regulate 

intestinal Aβ expression and plasma abundance of apo B and Aβ. 

 

Chapter 6 – General discussion 

 

The discussion chapter includes several co-authored articles, which 

discusses the implication of findings, as well as limitation and future direction. In 

addition, these articles are directly complementing towards my thesis findings.  
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Chapter 1: LITERATURE REVIEW 

 

This chapter provides a detailed review of past and current literature 

regarding the aetiology of AD in relation to dietary fats and outlines the potential 

underlining mechanisms and the possible role that the small intestine plays in the 

regulation of intestinal lipoprotein absorption and secretion. The literature review 

references a collection of key publications which are considered “high-impact” in the 

area of AD research and a significant number of these have provided a foundation 

for the development our hypothesis and objectives 

 

My own assimilation of current knowledge contained in the literature leads 

me to believe that AD can be prevented, even amongst those in the population most 

at risk and that diet is the primary modifiable risk factor in relation to AD risk. 

Although ageing and the presence of the apo E 4 isoform are regarded as the two 

most significant risk factors in AD development, an accumulation of epidemiological, 

animal and cell studies show that ingestion of dietary fats strongly influences AD risk 

and that SFAs in particular can facilitate increased production and transport of Aβ 

leading to increased cerebral load. The mechanisms underlying dietary fat influence 

on AD risk have been thoroughly explored but remain unclear. 

 

 

1.1 Overview of Alzheimer’s disease  

 

1.1.1 Global prevalence of Alzheimer’s disease 

 

Dementia is a general term describing impairment in cognitive function and 

can be a consequence of a range of neurodegenerative disorders. Dementia is a 

disabling illness affecting a person’s ability to function normally on a day-to-day 

basis. On a global scale, dementia is the primary cause for disability in the elderly, 

contributing to 13.2 % of the total burden of disease compared with ischaemic heart 

disease at 14.1 %, lung disease at 12.5 %, glaucoma at 9.4 %, cerebrovascular 

disease at 7.1 % and rheumatoid arthritis at 4.7 % (World Health Organization 

2008). More than half of all dementia cases are clinically diagnosed as AD. The 

World AD report (Wimo and Prince 2010) estimated that more than 35 million people 
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are currently living with AD globally and the number of people affected by AD is 

expected to triple by 2050. The most influential factor in the risk of developing 

sporadic or late onset (> 65 years) AD is aging and the prevalence of dementia is 

largely influenced by age.  

 

1.1.2 Dementia and Alzheimer’s disease in Australia 

 

In Australia, in 2011 there were 298,000 people living with dementia. 

Approximately 1 % of the Australian population, 9 % of persons over 65 years of age 

and 30 % of persons over 85 years of age had dementia. The majority were women 

(62 %), aged more than 75 years and lived in the community (70 %) as opposed to 

aged care facilities. Based on current trends, the Australian Bureau of Statistics 

(ABS) estimates, the number of people living with dementia in Australia in 2050 will 

triple to 900,000 (ABS 2008, ABS 2012). In 2010, dementia was the third leading 

cause of death in Australia after ischaemic heart disease and cerebrovascular 

disease, accounting for 6 % of all deaths and the number of deaths caused by AD 

was shown to have increased from 3,740 to 9,003 from 2001 to 2010 respectively. 

This represents a 200 % increase in the reported incidence of AD within a decade 

(Australian Institute of Health and Welfare 2012). 

 

In terms of costs to the Australian health care system, approximately 

552,000 general practitioner visits were related to dementia care in 2010-2011. In 

the previous year, dementia was diagnosed at a rate of 1 per 100 (or 83,226) 

hospitalisations with 392,796 dementia specific government funded prescriptions 

being made. In the same year, $4.9 billion was spent on dementia related health 

and aged care systems which included about $2 billion directly on dementia; $1.1 

billion in residential care facilities and $408 million for aged care services in the 

community (Australian Institute of Health and Welfare 2012).  

 

1.1.3 Alzheimer’s disease symptoms 

 

Alzheimer’s disease is a chronic and sinister disease characterised by 

gradual and progressive loss of cognitive function resulting in behavioral 

disturbances to episodic memory, language, executive function and visuospatial 
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abilities. The disease, in most instances, results in accelerated death of the affected 

person.  

 

Alzheimer’s disease was originally described in 1906 by German physician 

Alois Alzheimer who was treating a 57-year old woman displaying a number of 

unusual cognitive and psychological abnormalities. Below are three short excerpts 

(translation with commentary) from Alzheimer’s report of the first patient diagnosed 

with AD -  

 

“[Auguste] was described as being jealous towards her husband and having  

‘reduced comprehension and memory, as well as aphasia, disorientation, 

unpredictable behaviour, paranoia, auditory hallucinations, and pronounced 

psychosocial impairment’ (Maurer et al. 1997) and “general loss in intelligence” 

(Strassnig and Ganguli 2005); 

 

“Although this was true, Auguste was physically functioning: ‘The gait is 

undisturbed; she uses her hands both equally well. The patellar reflexes are 

present. The pupils react. Slightly rigid radial arteries, no enlargement of cardiac 

dullness, no protein” (Strassnig and Ganguli 2005); and 

  

Deterioration of her condition as described by Alzheimer - “The patient was 

eventually completely dull; lying in bed with legs pulled up; had let go under her and 

developed decubitus despite all care.” (Strassnig and Ganguli 2005). Auguste D was 

admitted to hospital on November 25 1901 and died on April 8 in 1905.  

 

Episodic memory associated with the hippocampus and entorhinal cortex 

areas is normally the first cognitive skill to become affected in AD. The loss of 

episodic memory in AD could be due to improper consolidation or storage of new 

information, thus making learning of new information difficult (Chen et al. 2001, 

Lange et al. 2002, Small et al. 2000). The inability to “think”, for example: problem 

solving, working memory (focus and attention), concept formation and cue-directed 

behaviour also occur early in the disease process (Chen et al. 2001, Perry and 

Hodges 1999).  
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It is important to note that decline in mental function is a normal physiological 

phenomenon in aging and is common amongst the elderly, but more rapid and 

severe rates of decline are evident in MCI and AD. There is currently no definitive 

diagnosis for AD apart from the post-mortem examination of the brain and 

confirmation of the presence of amyloid plaque, neurofibrillary tangles (NFTs) and 

other cerebral changes associated with cognitive impairment. 

 

Mini-mental state examination is a standard questionnaire for determining 

dementia however it does not differentiate dementia types. Mild cognitive 

impairment can predict the later development of AD however currently the early 

diagnostic markers for AD are lacking. Alzheimer’s disease is thought to be 

irreversible after a certain point in the disease thus early diagnosis of AD is critical in 

developing appropriate medical interventions and slowing the disease progression. 

Currently, markers and cognitive assessments to aid in the characterisation of a pre-

clinical phase of AD are being investigated with the aim of developing a screening 

tool for cognitively normal patients for the later development of AD (Lazarczyk et al. 

2012).  

 

The current enigma surrounding AD pathogenesis contributes to a lack of 

effective strategies for management and cure of AD. There is currently no cure for 

AD except for compensatory treatment with cholinesterase inhibitors and N-methyl-

D-aspartate receptor antagonists for synapse loss prevalent in AD and for 

symptomatic treatment with antipsychotics, antidepressants and anticonvulsants. 

Clinical trials of these treatments have shown mild to no improvement in cognition 

with little evidence of further efficacy past 12 months treatment duration. Proposed 

agents which can alter the course of the disease progression have been trialed but 

are currently inconclusive and some awaiting third phase results (Ballard et al. 

2011).  

 

1.1.4 Overview of Alzheimer’s disease pathology  

 

Hallmark AD pathology is characterised by post-mortem findings of amyloid 

or "senile" plaques, NFTs (figure 1), and accompanying microvascular changes 

(Mattson 2004). These pathological characteristics or ‘changes’ were first described 

in 1906 by Alois Alzheimer who upon conducting a post mortem histological brain 
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examination observed brain atrophy, peculiar "stainable" lesions that were 

"refractory to dyes" (congophilic amyloid plaques) and Bielschofsky silver-positive 

neurofibrils. 

 

Alzheimer also noted atherosclerotic changes in the patient’s blood vessels 

and Strassnig and Ganguli (2005) described the vessel changes as "signs of excess 

proliferation in the endothelium here and there; also a neovascularization.", 

However, others report no significant signs of atherosclerosis in AD but "some 

regressive alterations of the arterial wall" Perusini report translation by Maurer et al. 

(1997).  

 

 

 

Figure 1. Depiction of brain from individual without Alzheimer’s and individual with 

Alzheimer’s showing the abnormal presence of neurofibrillary tangles and amyloid 

plaques.  

 

Source: The medical illustration is provided courtesy of Alzheimer’s Disease 

Research, a BrightFocus Foundation program. 

 http://www.brightfocus.org/alzheimers © 2014  

http://www.brightfocus.org/alzheimers
http://www.google.com.au/url?sa=i&source=images&cd=&cad=rja&uact=8&docid=FNsqm7THe8HwRM&tbnid=u9IrjtklgmjKEM:&ved=0CAgQjRw&url=http://www.brightfocus.org/alzheimers/about/understanding/plaques-and-tangles.html&ei=92vSU-SIMcKk8AWRzIDQCQ&psig=AFQjCNEisCdJUPwloipsh1Lc5a04c5d8Ag&ust=14063855
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1.1.4.1 Amyloid (senile) plaques  

 

Amyloid plaques are amorphous, insoluble and congophilic and contain an 

abundance of Aβ and other proteins. Amyloid plaques are 50-100 µm in diameter 

and are found surrounded by activated microglia, reactive astrocytes, and dystrophic 

axons and dendrites (Barnham et al. 2003). Two forms of amyloid plaques are 

characterised: diffuse plaques or semi-soluble oligomers which are the result of 

deposition of soluble Aβ onto extracellular brain matrices (Harper and Lansbury 

1997, Teplow 1998); and mature insoluble plaques which are thought to evolve from 

diffuse plaques (Blessed et al. 1968, Perry et al. 1978) and are considered the 

hallmark late-stage pathological indication of AD. The conditions under which 

conversion of diffuse plaques to mature plaques occurs is currently not well 

understood; however, an increase in soluble Aβ has been shown to result in 

concentration dependent deposition into the brain (Esler et al. 1996). 

 

Attachment and addition of soluble Aβ to the brain matrices forms insoluble 

fibrils and is considered to be a concentration dependent process (Nichols et al. 

2002). Morphologically, diffuse plaques contain less Aβ and appear as “partially 

amorphous pre-amyloid fibrils”, whereas the amyloid rich mature plaques have 

many thick bundles of apparent “amyloid fibrils” (Ikeda et al. 1990).  

 

Brain inflammation as evidenced by the presence of activated microglia, 

increased cytokines and acute phase and complement proteins has been found to 

be associated with amyloid plaque development (Akiyama et al. 2000) and the 

presence of amyloid plaques in the cortex and hippocampus areas responsible for 

memory and learning indicates that amyloid plaques are associated with 

neurodegeneration. Although diffuse plaques do not appear to trigger inflammation 

nor have they been associated with dystrophic neuritis compared to mature plaques 

which have been associated with a variety of inflammatory components and 

damaged neurons and neurites. Diffuse plaques are found in brains of cognitively 

intact individuals of varying ages and therefore are not considered a central 

neurotoxic component in AD (Blessed et al. 1968).  
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Despite the pathological significance of Aβ, increased quantities of diffuse 

and mature plaques have not been shown to correlate with increased levels of 

cognitive decline (Lue et al. 1999); however, a correlation has been established 

between elevated levels of soluble Aβ in brain and cognitive decline (Naslund et al. 

2000). Levels of soluble Aβ versus insoluble Aβ distinguish AD from normal and 

pathological aging (Wang et al. 1999). Cognitive decline in AD may therefore 

function as a consequence of other pathological events other than from plaque 

number, at least in early disease process.  

 

Presentation of cerebral amyloid plaques may otherwise indicate that soluble 

Aβ concentration in the brain is higher than an amount that is metabolically 

sustainable. This idea is therefore controversial to the previous notion that mature 

plaques were pathogenic. Treusch et al. (2009) proposed another explanation and 

suggested that mature amyloid plaques may act as a “sink” for soluble Aβ and thus 

presence may indicate the extent of exposure to the brain rather than measure of 

neurodegeneration. Although insoluble Aβ plaques can confer protection via the 

proposed “sink” mechanism, exacerbated deposition of Aβ into diffuse plaques 

causes conversion of soluble oligomeric Aβ into insoluble amyloid fibrils which have 

been shown to initiate inflammation and therefore contribute to pathology via a 

separate pathway. It is reasonable to assume that the balance between cerebral 

soluble Aβ oligomers and Aβ in plaques is important in maintaining neuronal cells 

and synaptic function. Chronic over-exposure of the brain to soluble oligomeric Aβ is 

also likely to be realized as an increase in amyloid plaque burden.  

 

Changes in Aβ concentration in the brain may be caused by alternation of 

the balance between production, influx, efflux and degradation of Aβ. Therefore, 

elucidating possible mechanisms underlying Aβ metabolism in the context of 

oligomeric and plaque formation metabolism is potentially important for considering 

therapeutic targets and preventative interventions. 

 

1.1.4.2 Neurofibrillary tangles  

 

Neurofibrillary tangles are intraneuronal bundles of paired helical filaments 

caused by the hyper-phosphorylation of tau protein (Alonso et al. 1996). This 

abnormal form of tau reduces the ability to bind microtubules leading to cytoskeletal 
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damage and cell death (Arendt et al. 1998). Neurofibrillary tangles can also be 

triggered by Aβ via hyperphosphorylation of microtubular associated protein 

(Busciglio et al. 1995). Neurofibrillary tangles and cerebral inflammation occur in 

other neurological disorders and appear to be consequential and responsive to Aβ 

deposition in the brain and the maturation of amyloid plaques. Studies demonstrate 

that Aβ deposits in the brain early in the disease process and before the 

appearance of NFTs (Iwatsubo et al. 1994, Lippa et al. 1998, Rapoport et al. 2002, 

Younkin 1995), and NFT’s are thought to be triggered by Aβ (Hardy et al. 1998).  

 

 

1.2 Beta-amyloid protein in Alzheimer’s disease  

 

1.2.1 Overview  

 

Since Alois Alzheimer’s original observations, the understanding of the 

morphological and chemical processes involved in AD neuropathology has evolved 

considerably. In 1983, Aβ protein was identified as the main component of amyloid 

brain plaques and research has since determined Aβ protein as the main protein 

involved in AD pathology (Allsop et al. 1983, Glenner and Wong 1984, Haass and 

Selkoe 2007, Klein 2002, Masters et al. 1985, Salminen et al. 2009, Tanzi and 

Bertram 2005, Walsh and Selkoe 2007). Samples of AD affected brains show the 

widespread presence of Aβ in areas including in the cerebral cortex and the 

hippocampus as well as the cerebellum, brainstem, basal ganglia, amygdala and to 

a lesser extent, the diencephalon (Schmidt et al. 1994). 

 

The current dominating hypothesis regarding AD pathology is known as the 

‘amyloid cascade hypothesis’ and supports the key role of Aβ in AD (figure 2). The 

hypothesis postulates that an imbalance in the normal metabolism of Aβ causes 

increased cerebral amyloidosis triggering a number of cellular events that lead to 

cell stress, dysfunction or loss and subsequent cognitive decline (Selkoe 2001). 

Consistent in current literature is the idea that Aβ deposition occurs early on in the 

disease process, possibly decades before onset of symptoms. Therefore, 

understanding the process of Aβ accumulation in the brain is of great importance.  
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Figure 2. According to The Amyloid Cascade Hypothesis, the sequence of events 

leading to Alzheimer’s disease is initiated by Aβ protein.  

 

Source: Adapted from Box 2, Haass and Selkoe 2007 (License number: 

3463090338026). 

 

1.2.2 Toxicity of soluble beta-amyloid 

 

In support of the possibility that soluble Aβ is neurotoxic, animal models 

show that soluble amyloid oligomers are toxic to synapses and directly cause losses 

in long-term potentiation in rodent hippocampus (Shankar et al. 2008). 

Oligomerization of Aβ into dimmers, trimers (Walsh et al. 2002), photofibrils (Harper 

et al. 1999) or insoluble fibrils (Lorenzo and Yankner 1994, Pike et al. 1993) can 

mediate the toxicity of Aβ. Oligomeric Aβ and not monomeric forms of Aβ have been 

shown to be toxic to cultured neurons and synaptic function. A number of studies 
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show toxic effects of Aβ on long-term potentiation by causing endocytosis of NMDA 

receptors of postsynaptic membranes (Snyder et al. 2005).  

 

In addition, Aβ can also disrupt calcium homeostasis by causing an increase 

in influx and release from intracellular compartments (Demuro et al. 2005) causing 

intracellular damage of endoplasmic reticulum, synapse and calcium-related 

proteins. Extracellular Aβ deposits have shown to activate microglia via binding to 

scavenger receptors such as advanced glycation end products (RAGE). Formation 

of oligomeric Aβ, in particular the longer and more hydrophobic Aβ42, has been 

shown to nucleate and bind to extracellular matrices of the brain including heparin 

sulphate proteoglycans. In addition, mature amyloid plaques can activate 

complement pathway via binding to complement proteins (Eikelenboom et al. 2006) 

supporting the role of Aβ in initiating an inflammatory response.  

 

1.2.3 Origin of beta-amyloid 

 

Beta-amyloid peptide of 37-43 amino acids lengths are derived from 

proteolytic processing of 100-140 kDa APP (Kang et al. 1987). Amyloid precursor 

protein is a type-1 transmembrane protein that is embedded within the cell 

membrane with N-terminal tails protruding into the lumen and C-terminal within the 

cytosol (Kang et al. 1987). Amyloid precursor protein cleavage by α- or β-secretases 

and subsequently, γ-secretase (Sherrington et al. 1995, Sinha et al. 1999) produces 

soluble APPα and soluble APPβ respectively. Cleavage of APPβ by γ-secretase 

complex (containing presenilins) yields soluble oligomeric Aβ whereas cleavage of 

APPα produces a by product known as p3 and the latter pathway prevents Aβ 

production (figure 3). These are respectively designated amyloidogenic and non-

amyloidogenic pathways. Soluble Aβ forms are present at very low, but detectable 

levels in a normal brain (Tabaton et al. 1994). 

 

Following the amyloidogenic proteolysis of APP, Aβ40 and Aβ42 are 

secreted into extracellular space. Both Aβ40 and Aβ42 are pathological forms in AD 

during different stages of the disease progression. Immunopositive Aβ42 has been 

found in early diffuse plaques (while no Aβ40 was present) (Iwatsubo et al. 1994) 

whilst Aβ40 seems to be abundant in mature plaques. Soluble Aβ can be detected 

in plasma, CSF and neuronal supernatant (Busciglio et al. 1993, Haass et al. 1992, 
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Koudinov et al. 1994, Koudinov et al. 1996b, Seubert et al. 1992, Shoji et al. 1992). 

Plaque and capillary deposits of Aβ are homologous to soluble Aβ (Busciglio et al. 

1993, Vigo-Pelfery et al. 1993) which indicates the soluble Aβ in plasma and 

cerebrospinal fluid (CSF) can both contribute to plaque Aβ. 

 

 

Figure 3. Production of beta-amyloid. Image shows the sequential cleavage of APP 

in membrane and intracellular compartments to produce Aβ in neuron.  

 

Source: Adaption from Figure 1, Mattson 2004 (License number: 3463110683913) 

 

The ubiquitous genetic expression of APP in various tissues including the 

brain, heart, kidneys, liver, intestines and adrenal glands and presence of Aβ in 

CSF, plasma and body fluids indicate plaque Aβ could originate from the brain or 

periphery or a combination of both (Davis-Salinas et al. 1995, Golde et al. 1990, 

Yasojima et al. 2001). The relative impermeability of the BBB (Clifford et al. 2007) 

and high expression of APP in brain (Yasojima et al. 2001) supports a primary 

cerebral source of plaque Aβ. Other evidence shows however that deposits of Aβ in 

plaques are located close to or directly on blood vessels which indicate a possible 

peripheral contribution to cerebral plaque Aβ.  
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1.2.4 Over production of beta-amyloid in Alzheimer’s disease 

 

Neuronal cell production of Aβ is considered a normal and constant event 

and does not contribute to pathology when the balance between production and 

clearance of Aβ is well maintained (Selkoe et al. 1996). In cognitively intact 

individuals, brain soluble Aβ is present within neurons and, in lower concentrations, 

interstitial space (Andreasen and Blennow 2002, Seubert et al. 1992). Currently, the 

function of APP and Aβ is not known. There are many major theories includes 

functional involvement of APP in cell growth and proliferation, function as a cell-

surface or extracellular matrix receptor and in regulation of blood clotting (Dawkins 

and Small 2014). Functions of Aβ may include regulation of lipid metabolism 

(Kontush et al. 2004), neuronal physiology including cellular transport and apoptosis 

(Li et al. 2007), and feedback regulation of synaptic transmission (Esteban 2004). 

 

Genetic mutations of APP lead to an abnormal proteolysis of APP and 

increase in Aβ production resulting in an earlier onset (familial) and more severe 

form of AD (St George-Hyslop 2000). Conversely, a mutation in APP that causes 

decreased Aβ production is protective against AD development (Jonsson et al. 

2012). Overproduction of Aβ from APP is the key event causing familial AD but less 

likely in the more common late onset or sporadic form of AD that constitutes 99 % of 

AD cases (Bateman et al. 2012).  

 

On the contrary, production of brain Aβ in sporadic AD has also been studied 

and evidence shows little increase in Aβ40 and Aβ42 (Lewczuk et al. 2010) and β-

secretase (BACE-1) activity (Zetterberg et al. 2008) in proteolytic processing of APP 

meaning that other pathological mechanisms are likely to be implicated. Determining 

the processes of amyloid production from APP and the various pathways which 

guide the preference towards non-amyloidogenic processing of APP is of great 

interest in understanding mechanisms of Aβ production in relation to AD. 

 

1.2.5 Inadequate clearance of beta-amyloid from the brain in 

Alzheimer’s disease 

 

Rapid clearance of Aβ from the brain is indicative that high concentrations of 

soluble Aβ in the brain may not be well tolerated and is consistent with reports of Aβ 
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induced neurotoxicity. It has been postulated that aberrant clearance of Aβ via 

transport across the BBB could contribute to accumulation of Aβ (Zlokovic et al. 

1993). Clearance of Aβ from the brain can take place from periarterial spaces and 

drain into venous circulation (Weller et al. 1998). However, a study showed that Aβ 

clearance from the brain is rapid. Injection of radio labelled Aβ40 into lateral 

ventricles of Sprague-Dawley rats showed rapid clearance of Aβ peptide, clearing 

30 % after 3 min and 70 % after 10 min (Ghersi-Egea et al. 1996). Considering the 

rate of CSF and Aβ removal from the brain, an aberration in Aβ clearance which 

causes AD pathology is less likely.  

 

Based on non-significant changes in Aβ40 and Aβ42 production and rapid 

clearance of Aβ and turnover of CSF, it is less likely that production and clearance is 

compromised in AD. However, it cannot be excluded either. Studies of CSF Aβ 

levels have been largely controversial and are complicated by a number of other 

factors. Firstly, production of Aβ increases during aging, but will decrease as Aβ 

nucleates in the brain during AD processes. A recent longitudinal study shows 

changes in CSF Aβ appears 25 years prior the onset of symptoms in AD cases. 

Levels of Aβ42 and Aβ40 increases with aging, whilst in subjects where cognitive 

impairment and AD eventuated, Aβ levels slowly decline (Bateman et al. 2012). 

Interestingly, Aβ42 declined earlier in the disease process and levels remained 

constant after onset of symptoms whilst Aβ40 declined later in the disease process 

and levels continued to decline after the onset of symptoms (Bateman et al. 2012). 

This study was done in familial AD cases; however, histopathological brain 

pathologies of sporadic and familial cases are virtually indistinguishable indicating 

similar pathologic processes.   

 

1.2.6 Section summary  

 

Presently, the origin of Aβ found in cerebral plaque has not been 

established; however, the presence of Aβ in body fluids including blood, CSF, blood 

vessels and cell supernatant suggests that plaque Aβ could originate from the brain, 

the blood or both. Beta-amyloid could cause cognitive decline in its soluble form 

and/or deposit in extracellular matrices of the brain and initiate a pathological 

cascade of events which have been described in the ‘amyloid cascade hypothesis’. 

It appears that accumulation of soluble Aβ can lead to toxicity and plaque 
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development, which over time causes inflammation, oxidation and the appearance 

of NFTs. Formation of amyloid plaques is a chronic process which depends on a 

number of conditions including the overproduction of cerebral Aβ and/or inadequate 

clearance of Aβ from the brain. Production of cerebral Aβ does not increase 

significantly in sporadic AD but does in familial cases and together with evidence of 

rapid clearance of Aβ from the brain, suggests that cerebral Aβ could be due to 

accumulation from another source, notably from plasma. However, few have 

explored this possibility further as transport across the BBB is considered limited 

due to structural architecture of cerebral capillary vessels.  

 

 

1.3 Cerebral vascular and blood-brain barrier changes in Alzheimer’s 

disease 

  

1.3.1 Role of blood-brain barrier in bi-directional transport of beta-

amyloid 

 

The blood vessels which line the brain and spinal cord are different from the 

rest of the body as they are additionally lined by cells of the brain and together are 

collectively known as the BBB. The BBB is comprised of several cell types including 

endothelial cells of the capillaries (smooth muscle cells in arterioles and arteries), 

astrocytes, pericytes as well as basement membranes. Endothelial cells are the first 

line of defence and are structurally aligned very tightly. These cell to cell junctions 

are abundant in small units of tight junction proteins, occludin, claudins and 

junctional adhesion molecules (Abbott et al. 2010, Ballabh et al. 2004). In addition, 

astrocyte foot processes are involved in modulating endothelial tight-junction 

proteins and the structural integrity of the endothelium (Balabanov and Dore-Duffy 

1998, Zlokovic 2005); however, there is some evidence that pericytes may also 

influence endothelial cell function. 

 

The BBB is generally impermeable to many plasma proteins, 

macromolecules, peptides, pro-inflammatory molecules and neurotoxic products 

(Hawkins and Davis 2005, Mayhan 2001, Risau et al. 1998), allowing only selective 

influx of molecules via diffusion or active transport mechanisms. Capillary vessels 

generally prevent blood-to-brain extravasation of peripheral Aβ, although some 
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transport occurs via RAGE (Kandimalla et al. 2005, Poduslo et al. 1999). 

Maintenance of barrier function for cerebral capillary vessels is pivotal for 

maintaining synaptic signal and neuronal plasticity (Nedergaard et al. 2003, 

Newman 2003, Zlokovic 2005). 

 

Studies of BBB in normal individuals show that under conditions where 

cerebral blood vessels are intact and functioning normally, plasma-derived Aβ 

relative to total cerebral load is probably low (Poduslo et al. 2001). However, an 

increasing number of studies show that BBB damage and altered haemodynamics 

in AD patients can contribute to an increased influx of plasma components including 

Aβ. Indeed, the aberration of cerebral blood vessels in AD was first observed and 

reported by Alois Alzheimer himself - "large vessels show atherosclerotic changes" 

and "some regressive alterations of the arterial wall" (initial reports of Alois 

Alzheimer (1907) and Perusini (1911) was translated from German to English by 

Maurer et al. (1997). 

 

Whilst current understanding of bi-directional transport of Aβ is limited 

(Deane et al. 2003, Shibata et al. 2000), entrance of Aβ into the brain can occur via 

endothelial cells protein RAGE (Deane et al. 2003, Donahue et al. 2006). Yan et al. 

(1996) found binding of RAGE to Aβ and that the binding site is dissimilar to 

advanced glycation end products (AGEs). This study also showed that the binding of 

Aβ to RAGE was inhibited in a concentration dependent matter by addition of AGE 

albumin or amphoterin. In addition, low-density-lipoprotein receptor-related protein-1 

(LRP-1) binds to Aβ within the junctions of endothelial cells of the capillaries of the 

brain. Transport via LRP-1 primarily mediates efflux rather than influx (Deane et al. 

2009, Deane et al. 2005, Donahue et al. 2006). Some consider the balance between 

RAGE and LRP-1 is indicative of the dominant brain-to-blood efflux of Aβ transport 

(Deane et al. 2009, Deane et al. 2008, Donahue et al. 2006, Ye et al. 2005). 

 

1.3.2 Role of vasculature disturbance in Alzheimer’s disease pathology 

 

The presence of underlying vascular risk factors and cardiovascular disease 

increases the likelihood of developing vAD and AD (Breteler 2000, Luchsinger and 

Mayeux 2004). Vascular risk factors include: hypertension, high CH, high TGs, 

stroke and ischemic attacks (Honig et al. 2003, Vermeer et al. 2003), metabolic 
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syndrome (Kalaria et al. 2012), diabetes mellitus (Ott et al. 1999, Peila et al. 2002) 

diabetes, (Strachan 2003) and atherosclerosis. The presence of one or more risk 

factors can increase the risk of developing AD by between 1.2-4 times with the 

presence of three or more risk factors showing the greatest risk (Kalaria et al. 2012, 

Tschanz et al. 2013). Obesity alone has been shown to increase the risk of AD by 2-

5 times (Gustafson 2008). The emergence of vascular risk factors typically in mid-

life (Kivipelto et al. 2001) demonstrates the possibility for early onset of vascular 

changes that are present in AD. 

 

The clinical importance of blood vessel integrity and cerebral blood flow 

(haemodynamics) changes in AD pathology has been increasingly studied. Cerebral 

amyloid deposits or cerebral amyloid angiopathy is evident in 80 % of AD patients 

(Thal et al. 2008) and 30 % of AD subjects show evidence of cerebral haemorrhage 

or micro-emboli (Pettersen et al. 2008). Cerebral blood flow is altered in AD patients 

with some reporting hypoperfusion (Johnson et al. 2005) with lower blood flow 

velocity (Ruitenberg et al. 2005). Aberrant blood flow in AD could be caused by the 

presence of atherosclerotic lesions. Subjects with atherosclerosis are three times 

more at risk of developing dementia (van Oijen et al. 2007). Atherosclerotic plaques 

present in leptomeningeal arteries and the main arteries supplying blood to the brain 

(circle of Willis) are more severe in AD cases compared to nondemented controls 

(Beach et al. 2007, Kalback et al. 2004, Roher et al. 2003).  

 

1.3.3 Plasma beta-amyloid can damage cerebral vasculature including 

the blood-brain barrier 

 

Several studies show that circulating Aβ could compromise vascular and 

specifically BBB integrity (Jancso et al. 1998, Su et al. 1999), damaging vascular 

endothelium (Thomas et al. 1996) and smooth muscle cells (Crawford et al. 1998) 

and altering the vasoactivity of cerebral vasculature by increased blood pressure 

(Arendash et al. 1999), decreased blood flow and increased vascular resistance 

(Suo et al. 1998). The mechanisms behind Aβ ‘toxicity’ towards vascular integrity 

have been considered. The vasoactive property of Aβ was first demonstrated by 

Thomas et al. (1996) when addition of synthetic Aβ to the aorta enhanced 

vasoconstriction and decreased the relaxation response. Crawford et al. (1997) also 

showed that vasoconstrictive properties of both Aβ40 and Aβ42 were immediate and 
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dependent on free radical production. Indeed, decreased cerebral blood flow in 

frontal, temporal, parietal, and posterior parietal cingulated cortices was observed in 

AD patients compared to age matched controls (Alsop et al. 2000). A recent article 

attributed decreased cerebral haemodynamics to impairment of cerebral auto-

regulation of blood flow in a mouse model of AD (Claassen and Zhang 2011). The 

latter observation was confirmed in a human study where cerebral autoregulation 

was found to be less effective (greater amount of brain pressure fluctuation) 

compared to age-matched controls (Meel-van den Abeelen et al. 2014). Collectively, 

these studies indicate that Aβ could initiate cerebral vascular changes and altered 

brain haemodynamics contributing to the vascular changes observed in AD.   

 

1.3.4 Section Summary  

 

The ubiquitous genetic expression of APP in various tissues (Davis-Salinas 

et al. 1995, Golde et al. 1990) and high concentration of Aβ in blood (Seubert et al. 

1992) coupled with the presence of damaged cerebral blood vessels in AD 

individuals indicates that peripheral Aβ could contribute to brain Aβ load (Zlokovic et 

al. 1993). Taking into consideration these studies, it is possible to conclude that 

cerebral amyloidosis can be exacerbated under circumstance where the BBB is less 

intact and thus allowing a greater influx of peripherally derived Aβ.  

 

 

1.4 Lipid metabolism and Alzheimer’s disease 

 

1.4.1 Relationship between apolipoprotein E4 and Alzheimer’s disease 

risk 

 

The second most influential risk factor after aging for AD is the presence of 

an apo E, E4 allele. Apolipoprotein E4 allele has been associated with greater risk of 

both early onset (or familial) and late onset (sporadic) AD (Corder et al. 1993, Farrer 

et al. 1997, Saunders et al. 1993, Strittmatter et al. 1993a, Ye et al. 2005) and is 

present in half of all AD subjects (Farrer et al. 1997). 

 

Apolipoprotein E is a 35 kDa 299 aa long protein produced in the liver and 

brain, and responsible for cholesterol and TG redistribution and metabolism (Mahley 
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1988, Mahley and Huang 1999, Mahley and Rall 2000). There are three main 

isoforms of apo E in humans differing in their primary structure: apo E2 (Cys112 and 

Cys158), E3 (Cys112 and Arg158) and E4 (Arg112 and Arg 158) (Weisgraber 

1994).  

 

Apolipoprotein E is critically involved in transport, redistribution and 

clearance of CH and TG from lipoproteins (Mahley 1988, Mahley and Huang 1999, 

Mahley and Rall 2000). Apolipoprotein E is found on all CM and CM-remnants and 

the level of apo E present on the molecules may vary from the fasted to fed state. 

More apo E is found on TG-depleted remnants of hepatically derived VLDL and 

postprandial lipoprotein CMs. Apolipoprotein E is a ligand for apo B100/E receptor 

and therefore modulates the binding of CM remnant or LDL remnant particles which 

contain CH and remaining TG after lipolysis. Individuals with apo E4 alleles have 

different lipid profiles including greater levels of LDL-CH and apo B and less apo E 

and TG compared to individuals with apo E3 and apo E2 (Gregg et al. 1986). 

Differences in plasma lipid profiles have been attributed to differences in apo E 

association clearance via apo E receptor (Gregg et al. 1986). 

  

Approximately 40-65 % of people with AD have one or two apo E4 alleles 

compared to 20 % among the non AD population and more than 25 % of people 

carrying the apo E4 allele have AD (Lindsay et al. 2002). The presence of the apo 

E4 allele and risk of developing AD have been found to increase in an apo E4 dose 

dependent manner. For example, the presence of one apo E4 allele increases AD 

risk by 3 times and two apo E4 alleles increase AD risk by 8 times. Conversely, the 

presence of apo E2 alleles (E2/E2) decreases the risk by half and apo E2 can have 

a protective role (Corder et al. 1994) against AD. It is interesting to note people with 

an allele combination of E2/E4 are at similar risk to people with an E3/E3 allele 

combination suggesting that the detrimental effects of apo E4 could be nullified by 

the protective effects of apo E2. Clinical studies and animal studies show the 

presence of apo E4 results in a greater number of amyloid plaques (Sparks et al. 

1996) in the brain compared to apo E3 (Carter et al. 2001, Gearing et al. 1996).  

 

The presence of apo E4 is associated with changes in lipid profile and 

disorders in lipid metabolism. Familial type V hyperlipoproteinemia (Ghiselli et al. 

1982), coronary heart disease (Wilson et al. 1996) and increased levels of CH 
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(hypercholesterolemia) (Utermann et al. 1984) are commonly associated with apo 

E4. Increased plasma CH, LDL-CH and apo B, and decreased HDL-CH and apo AI 

(Caramelli et al. 1999, Kuo et al. 1998) are reported in AD patients. The increased 

AD risk associated with the apo E4 allele could notionally be linked to a genetic 

influence of apo E4 on plasma lipid profile.  

 

In addition, apo E4 can directly affect the development of amyloid plaques by 

influencing Aβ metabolism and/or other factors which influence plaque development; 

or indirectly, by decreasing choline acetyltransferase activity and nicotinic receptor 

binding sites (Poirier et al. 1995). The latter is implicated with treatment of AD by 

cholinesterase inhibitors but not involved in disease process (Poirier et al. 1995).  

 

1.4.2 Role of lipoproteins and apolipoprotein E4 in beta-amyloid 

pathology 

 

When Aβ bind with high affinity to lipoproteins and apolipoproteins they are 

referred to as lipidated Aβ, de-lipidated or free Aβ exists as well (Koudinov et al. 

1994). Lipidation of Aβ has been suggested to play a role in the pathology of AD. 

Greater amounts of de-lipidated Aβ40 and Aβ42 were found in patients with MCI 

and AD subjects (Hanson et al. 2013, Matsubara et al. 1999). It is interesting to note 

that Alzheimer-prone, apo E4-containing subjects have the most delipidated or lipid 

free apo E, compared to E3 or E2 containing individuals (Hanson et al. 2013). In 

addition, C-terminal of lipidated apo E4 binds substantially more Aβ than apo E3 

and apo E2 (Stratman et al. 2005). On the other hand, Tokuda et al. (2000) found 

greater association of lipid-bound apo E3 with Aβ compared to apo E4 subjects. In 

addition, the delipidation of apo E reduced its binding ability to Aβ by 5 to 10 fold. 

The reduced tendency for apo E to bind lipids may also affect its ability to sequester 

and clear Aβ, in turn, modulating the amount of free pathogenic Aβ. Apolipoprotein 

E4 individuals had the highest amount of de-lipidated or lipid-free apo E molecules 

compared to other isoforms (E4 >E3 >E2) (Hanson et al. 2013) which can impact on 

binding to Aβ. Takamura et al. (2011) found that dissociation of soluble Aβ from 

lipoproteins (de-lipidation) in CSF renders Aβ to a state that is more prone to 

oligomerization in the brain and soluble Aβ oligomers can directly cause synaptic 

loss (Hass and Selkoe 2007). Lipidation of Aβ by lipoproteins is pathologically 
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relevant as sequestration of Aβ can prevent deposition and thus protect the brain 

from toxicity.  

 

1.4.3 Diet-genetic interaction of apolipoprotein E4 

 

The synergistic effects of diet and lifestyle on risk for chronic diseases such 

as AD have been increasingly realized. Although the risk of apo E isoforms in AD 

has been established in western countries, an apo E4 paradox exists. In some 

populations the presence of apo E4 genetics does not correlate to increased 

prevalence of AD. Nigerians for example have a high incidence of apo E4 yet a low 

incidence of AD (Hendrie et al. 1996, Ogunniyi and Osuntokun 1991, Osuntokun et 

al. 1992). In a review article by Petot and Friedland (2004) it was shown that the 

association of apo E4 with AD was weaker for Africans, African-Americans, Arabs 

and Indians in comparison to Caucasians. Africans, for example were shown to 

have high prevalence of apo E4 and low prevalence of AD, African-Americans: a 

high prevalence of apo E4 and high prevalence of AD, Arabs: a low prevalence of 

apo E4 and high prevalence of AD, and finally East Indians with a moderate 

prevalence of apo E4 and low prevalence of AD (Farrer et al. 2003). Petot and 

Friedland (2004) attributed the paradox to the differences in total fat consumption 

across the population groups. When apo E4 individuals consume a high fat diet (>35 

% kcal), the risk of developing AD is increased compared to a diet with less fat (<35 

% kcal). However, the results from this study were based on food consumption 

questionnaire and results did not make discrepancy between types of fat consumed.  

 

 

1.5 Dietary fat and Alzheimer’s disease  

 

1.5.1 Overview of dietary fat and Alzheimer’s disease risk 

 

Dietary fat is linked to both AD and other chronic diseases that are risk 

factors for AD. The prevalence of AD is positively influenced by increasing intake of 

calories and dietary fat. Caloric and dietary fat intake mid-life has been linked to 

developing AD in later life (Dosunmu et al. 2007). Excessive caloric intake and 

sedentary behaviour may directly influence AD risk (through unknown pathways) or 

indirectly increase risk as a consequence of secondary metabolic disorders or 
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diseases such as obesity (Brantley et al. 2005), cardiovascular disease and 

diabetes (Brookmeyer et al. 2007, Kivipelto et al. 2001).  

 

In addition, there has been some indication of a link between ketogenic diets 

containing low carbohydrate and high fat levels with neurological diseases such as 

AD. Brownlow et al. (2013) used transgenic APP + PS1 mice and Tg4510 which 

were fed either ketogenic diet or control diet for 16 w. The ketogenic diet consists of 

270 mg/kg of medium chain fatty acids as well as 70 g/kg of flaxseed oil and 60 g/kg 

of canola oil (compared to 0, 21 and 19 g/kg in control diets respectively). 

Carbohydrate was 62.2 g/kg in the control diet compared to 0.5 g/kg in the ketogenic 

diets and there was more fibre in the ketogenic diet (245.31 g/kg) compared to the 

control diet (40 g/kg). Following blood tests, results showed significantly greater 

levels of β-hydroxybutyrate and less glucose after 4 w of dietary regime. No 

changes in amyloid plaques or tau proteins were observed between control and 

ketogenic diets for all mice groups. In addition, there were no significant differences 

between the diets for open field test, radial arm water maze however there was a 

slight improvement of rotarod test for the ketogenic diets. The results from this study 

do not establish any specific link between the benefits of ketogenic diets in wild-type 

and transgenic mice with Alzheimer-like pathology.  

 

The review by Stafstrom and Rho (2012) outlines the literature and provides 

an overview of ketogenic diets on a range of neurological disorders. This paper 

concludes that neurological disorders in general can be caused by an imbalance of 

energy metabolism, which can possibly be regulated by dietary therapy which 

favours a ketogenic diet. Interestingly, the author also notes that ketogenic diets can 

mimic the mechanisms and health benefits of caloric restriction by reducing glucose. 

The link between increased calorie intake and AD has been mentioned several 

times in the literature review chapter. 

 

1.5.2 Effect of dietary fat on brain structure and function 

 

Dietary nutrient intake is important for optimal brain function and evidence 

shows that SFAs affect neuronal function and may lead to neurological diseases 

such as dementia (Molteni et al. 2002, Sofrizzi et al. 2005) by influencing brain 
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structure, neuronal plasticity and memory (Greenwood and Winocur 2001, Molteni et 

al. 2002, Molteni et al. 2004, Winocur and Greenwood 1999).  

 

Fats derived from dietary sources can be characterized as either SFAs or 

unsaturated fatty acids (UFAs) and are differentiated based on chain length and the 

presence of double bonds. Saturated fatty acids contain no double bonds whereas 

UFAs contains one or more double bonds. Unsaturated fatty acids containing one 

bond are known as MUFAs and those with more than one bond are referred to as 

PUFAs.  

 

Diets high in SFAs have been reported to have detrimental effects on 

cognitive performance in humans, rats and mice (Sartorius et al. 2012, Winocur and 

Greenwood 1999) by altering neurobiology of the hippocampus (Davidson et al. 

2012, Freeman and Granholm 2012) and hippocampus associated functions (review 

by Kanoski and Davidson 2011). Sartorius et al. (2012) uses milk fat and canola oil 

which as high in long chain SFA (predominantly palmitic acid 2.38 % and stearic 

acid 0.74%) and MUFA (Oleic acid 5.1 %), respectively. Male C57BL/6J mice were 

fed milk fat (3.3 % fat), canola oil (3.3 % fat) or standard chow (5 % fat – 

predominantly PUFA linoleic acid 3.51 %) for 8 weeks. Wincur and Greenwood 

(1999) also used diets which contained either 20 % (w/w) of soybean oil, or 18 % 

(w/w) beef tallow, 1% (w/w) soybean oil and 1 % (w/w) safflower oil or standard low 

fat diet containing 4.5 % (w/w) of fat. The diet containing beef tallow contains 

predominantly SFA (5.72 % palmitic acid and 4.1 % stearic acid), some MUFA 

(7.36% Oleic acid) and PUFA (2.02 % n-6) this dietary information was available in 

their previous publication by McGee and Greenwood (1990). The high energy diets 

used by Davidson et al. (2012) to feed the rats for 21 days included 17 % (w/w) as 

lard and 1.5 % (w/w) as safflower oil. Although the specific components of fatty 

acids were not provided in this study, lard contains 56-62 % UFA and 38-43 % SFA. 

The diet used by Freeman and Granholm (2012) uses 10 % hydrogenated coconut 

oil and 2 % cholesterol. Although coconut oil is known to contain high levels of SFA, 

the percentages of fatty acids were not provided and a search for custom diet “D2-

AIN93” did not return any results on the manufacturer’s website (BP Biomedicals). 

Diets high in SFAs reduce levels of brain derived neurotrophic factor (BDNF) which 

protects neurons from toxicity and mice maintained on a SFA rich diet for 4 w 

performed poorer in the Morris Water Maze can be due to suppressive effects of 
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high SFA diet on BDNF (Molteni et al. 2002, Molteni et al. 2004, Wu et al. 2003). 

Studies by Molteni et al. (2002), Molteni et al. (2004) and Wu et al. (2003) have all 

used a similar diet to Davidson et al. (2012) using lard as their primary source of 

SFA. Diets high in SFAs promote oxidative stress by increasing free radical 

production which could be detrimental to brain function (Greenwood and Winocur 

1990, Greenwood and Winocur 2001, Molteni et al. 2002, Kaplan and Greenwood 

1998, Wu et al. 2003).  

 

Conversely, MUFAs and PUFAs have been shown to be protective against 

(Hooijmans et al. 2009, Naqvi et al. 2011) or reverse cognitive decline (Morris 2004). 

In the study by Hooijimans et al. (2009), the PUFA diet contained 0.4% DHA, long 

chain PUFA with low n-6/n-3 ratio compared to SFA diet a with high SFA (type not 

specified) and low amount of long chain PUFA and high n-6/n-3 ratio. Naqvi et al. 

(2011) conducted a food frequency questionnaire on 441 women over the age of 60. 

These women completed both initial and follow-up cognitive assessments and had 

complete data. Data collected from the questionnaire were used to estimate the 

frequency and amount intake of each fatty acid from diet history in the past 3 years. 

This study found that high intake of MUFA was linked to reduced declines in 

cognitive performance. Longitudinal human studies show that PUFA and MUFA 

containing foods regulate neuronal transmission for healthy brain function (Solfrizzi 

et al. 2005) and are protective against neurodegeneration (Kalmijn et al. 1997, 

Morris 2004). There have also been important findings in experimental models that 

show rats fed PUFA perform better in Morris Water Maze assessment (Greenwood 

and Winocur 1990) and spatial tasks (Winocur and Greenwood 1999) compared to 

rats fed a high SFA diet or control diet. Saturated fat diet fed transgenic APP and 

wild-type mice show increased markers of astrocyte activiation (GFAP) expression, 

a marker of neuroinflammation (Julien et al. 2010). 

 

It is important to consider other physiological or pathological consequences 

(such as glucose metabolism, cognitive decline and neurotoxicity) of high fat diets 

which can be independent of Aβ metabolism and AD pathology. Therefore, it is 

important to distinguish between direct and indirect influences of diet on AD 

pathology when assessing the literature and to focus specifically on Aβ metabolism 

and amyloidogenic pathways in relation to dietary fats.  
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1.5.3 Global pattern of Alzheimer’s disease and dietary fat intake 

 

Global variations in diet and lifestyle have been linked to the incidence and 

prevalence of AD (Grant 1998, Grant 2014). Geographically, AD is not uniform and 

there is a significantly lower prevalence in developing countries in comparison to 

developed countries (Chandra et al. 1998, Hendrie et al. 1995, Prince et al. 2004). 

The variation in AD incidence between countries has been linked to the cultural and 

dietary variations between countries (Grant 1998, Grant 2014). Countries with a high 

incidence of AD have higher average animal product, processed food and calorie 

intake than countries exhibiting a low incidence of AD. Moreover, increasing 

prevalence of AD in developing countries is thought to reflect increased urbanisation 

and a transition to western diet and lifestyle patterns. 

 

In North and Latin America, the total percentage of the population with AD is 

higher (5.4 %) compared with Europe (4.4 % West > East), Africa (3.6 % North and 

Middle East), developed pacific regions (4.3 % Australia, Japan, South Korea and 

Singapore), developing western pacific regions (4.0 % China and Vietnam), and less 

developed regions (2.7 % Indonesia, Thailand and Sri Lanka; 1.9 % India and South 

Asia; 1.6 % South Africa) (Ferri et al. 2005).  

 

Grant (2014) found that total caloric intake and intake of saturated and trans-

fatty acids correlated with an increase in AD in Western countries compared to Asia 

and Africa (Kalmijn et al. 1997). Albanese et al. (2009) showed in middle and low-

income countries (South America, China and India) that increased fish consumption 

was associated with a decreased risk of dementia and that dementia was 

associated with higher intake of meat. The author acknowledged that there was a 

potential lack of other relevant information such as the type of meat consumed, 

method of preparation and size of portions of meat. 

 

The Honolulu-Asia Aging Study showed that when Japanese men who 

migrated from Japan to Hawaii had a much greater risk of developing AD (Havlik et 

al. 2000, Shadlen et al. 2000) which is consistent with research indicating a greater 

risk of AD among Japanese living in America compared to Japanese living in Japan 

(Graves et al. 1999). The cross-cultural study highlights the importance of 

environmental influences on the development of dementia and AD and that dietary 
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habits which increase the intake of fat and protein are linked to greater risk of 

developing AD (Shadlen et al. 2000). 

 

1.5.4 Effects of different dietary fats on cognitive decline and 

Alzheimer’s disease 

 

Although general trends are suggestive that total fat and caloric intake are 

positively correlated with increasing prevalence of AD, epidemiological studies are 

consistent with the notion that AD can be a disease of lipid metabolism and is more 

significantly influenced by dietary fat type rather than quantity consumed.  

 

1.5.4.1 Dietary saturated fat and cholesterol and Alzheimer’s disease 

risk 

 

1.5.4.1.1 Epidemiological evidence 

 

An accumulation of epidemiological studies show that high dietary intake of 

SFA and CH is linked with increased prevalence of AD. Eskelinen et al. (2008) 

surveyed the participants of CAIDE and a random sample of 2000 individuals (aged 

65-79). Total number of 1,449 participants completed the follow up tests (mean 

follow up time 4.9 years). Individuals diagnosed with dementia and those who did 

not complete the examination were excluded from the analysis, leaving a cohort of 

1,341 individuals. Dietary intake was analysed by semi-frequency food 

questionnaire, identification of type and amount of fat intake was determined by 

questions which asked for amount of fat intake. In addition, the fatty acids types and 

quantities of SFA, MUFA and PUFA were calculated based on types of spreads and 

milk was ingested, as well as the fats used in cooking and baking. Results from this 

study showed that increased dietary SFA (from dairy) in midlife was associated with 

poorer cognitive function and MCI. Another study of 815 people aged 65 and over 

with 4 years follow-up showed that intake of SFA and trans-UFAs was positively 

associated with AD risk (Morris et al. 2003). Increased dietary intake of CH and high 

serum CH levels midlife has also been implicated in development of AD (Kivipelto et 

al. 2001, Kivipelto et al. 2002). In the Rotterdam Study of 5386 people over the age 

of 55, greater intake of SFAs and CH increased the risk of dementia after 2 years 
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follow-up (Kalmijn et al. 1997). Other large epidemiological studies show that high 

intake of SFAs and calories increase the risk of AD (Luchsinger et al. 2002).  

 

The effect of dietary intake on the development of AD on the elderly 

partipants from the Chicago Health and Aging project was further examined by 

Morris et al. (2003). Out of the available cohort of 8501 subjects over the age of 65, 

815 subjects were selected based on participation and cognitive state at the 

beginning of the experiment. Similar to the study by Eskelinen et al. (2008), this 

study has uses food-frequency questionnaire to evaluate the frequency and types of 

dietary fats ingested which allows analysis of SFA, PUFA and MUFA intake from 

dairy including spreads, chocolate; cooking/baking oil; fish oil supplement; eggs; 

meat and seafood. These choices presumably will give an accurate representation 

of frequency and types of fat ingested. Although limitations of these methods can 

include memory (questionnaire in the past year) and comprehension of the test, also 

test does not differentiate between the types of meat – for example, no option to 

select short cut or normal bacon (more fat) or grass fed or grain fed beef. These 

may impact on the type and content of fat ingested so some caution can be 

exercised whilst interpreting results.  

 

Consistent with a positive association between elevated serum CH and AD 

risk, the use of CH lowering statins has been shown to decrease the prevalence of 

AD (Jick et al. 2000, Wolozin et al. 2000). However, the effectiveness of statins for 

use in dementia has been questioned. The meta-study by Ott et al. (2015) 

examines 25 articles (out of 5823 identified relevant articles from 2007 examining 

for the effective use of statins for dementia) and shows that statins can sometimes 

have adverse effects but only when the dose is used above the recommended 

limits. This study does not otherwise infer that the long term use of statins cause 

adverse effects on cognition. Statins can reduce levels of CH by inhibiting 3-

hydroxy-3-methylglutaryl coenzyme A reductase, the rate limiting step in CH 

biosynthesis pathway (Hamelin and Turgeon 1998). However, statins can also 

influence AD risk including suppression of the isoprenoid pathway (Bellosta et al. 

2000), which has been implicated in AD (Cole and Vassar 2006). Statins are 

conventionally prescribed for vascular disease because high CH is a risk factor in 

atherosclerosis. However, the putative mechanisms as to how CH and statins can 

affect risk for AD are presently unresolved. Studies show that statins can impact on 
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membrane CH dynamics which can affect processing of membrane protein APP 

resulting in an aberrant increase in Aβ production (Eckert et al. 2005). 

 

1.5.4.1.2 Animal models 

 

Experiments in both wild type and transgenic animal models are supportive 

of the regulatory role of dietary fats in metabolism and cerebral deposition of Aβ 

protein. In adult New Zealand rabbits fed 2 % CH, both hypercholesterolemia and 

time-dependent increases in immunopositive cerebral amyloid deposits were noted 

after 4, 6 and 8 w of dietary intervention (Sparks et al. 1994). Intake of 5 % CH and 

10 % fat in young APP Tg2576 transgenic mouse models for 7 w exhibited 

increased Aβ production and cerebral amyloidosis (Refolo et al. 2000). These 

results were replicated in another transgenic AD mice (TgAPPsw) fed high fat and 

CH chow for 7 or 10 months which induced significant increases in plasma lipids 

(VLDL and TGs) which correlated with increases in Aβ40 and Aβ42 plasma 

abundance (Shie et al. 2002). A similar experimental approach was explored by Ho 

et al. (2004) who used Tg2576 mice fed a high fat diet (60 % calorie intake from fat) 

compared with a low fat diet group (10 % calorie intake from fat). The study showed 

a 2-fold increase in amyloid 40 and 42 levels in the hippocampus, determined by 

sandwich ELISA in mice fed the high fat diet.  

 

1.5.4.1.3 Cell models 

 

Further evidence of the role of dietary fats in influencing intracellular APP 

processing has been established by a number of cell studies. In one study, the 

addition of SFAs; palmitic acid and stearic acid to a conditioned medium of APP 

transfected COS-7 cells significantly enhanced secretion of Aβ40 and Aβ42 whilst 

incubation with oleic acid and palmitoleic acid reduced secretions (Amtul et al. 

2011a). In agreement with these results, Patil et al. (2006) also found direct 

stimulatory effects of palmitic acids and stearic acid on increased β-secretase 

processing of APP.  
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1.5.4.2 Dietary monounsaturated fat and Alzheimer’s disease risk 

 

1.5.4.2.1 Epidemiological evidence  

 

An accumulating body of evidence suggests a protective and beneficial role 

of dietary MUFA in relation to AD risk. The classical Mediterranean diet is 

characterised by high levels of olive oil (predominantly MUFA), as well as fish, fruit, 

vegetables, legumes, cereals, moderate intake of dairy and lower intake of meat and 

SFAs. Although the Mediterranean diet can vary, the focus is on limited intake of 

processed foods and inclusion of nuts/seeds and whole grain cereals;  moderate 

intake of dairy, eggs, fish and poultry, with lower intake of red meat; and moderate 

intake of red wine. The Mediterranean diet is 25-35 % dietary lipids and 

approximately 8-10 % can be calories from SFA from the above mentioned sources. 

However, not all Mediterranean diets are supportive of the beneficial diet in AD. 

Katsierdanis et al. (2013) examined a population of 557 elderly subjects with a food 

intake questionnaire and a cognitive assessment. Subjects showed no relationship 

between intakes of various dietary components (meat, vegetables, grains, sugar 

etc.) with mental performance. There was a non-significant increase in saturated fat 

intake among subjects (both men and women) who scored less in the cognitive 

tests. This cross-sectional study does not conclude if the Mediterranean diet per se 

contributes to the cognitive state but rather whether intake of specific components of 

the diet and lifestyle can influence cognitive decline among elderly individuals in the 

Mediterranean region.  

 

Studies of dietary habits in the United States (Feart et al. 2009, Scarmeas et 

al. 2007), France (Tangney et al. 2011), Southern Italy (Solfrizzi et al. 1999) and 

more recently Australia (Gardener et al. 2012), suggest that increased intake of 

MUFAs can lower the risk of cognitive decline and presumably AD. Feart et al. 

(2009) studied in a sample of 9294 elderly subjects found that consuming 

Mediterranean diet over time was associated with slower rate of cognitive decline. 

Scarmeas et al. (2007) also conducted a longitudinal study in 192 individuals pre-

diagnosed with AD found when subjects take in more “Mediterranean-type” foods, 

there were significantly linked to a reduced in rate of mortality. Tangney et al. (2011) 

also used a longitudinal study design; this study was performed on 3790 individuals 

which were assessed for cognition and food intake over a mean period of 7.6 years. 
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This study also concluded that adherence to Mediterranean diet was more 

associated with reduced rate of cognitive decline. In addition to oleic acid, other 

components of olive oil such as vitamin E (La Fata et al. 2014) and oleocanthal 

(Abuznait et al. 2013) have also been proposed to have beneficial effects on AD.  

 

1.5.4.2.2 Animal models 

 

Amtul et al. (2011) examined the effects of addition of oleic acid (MUFA) to a 

low fat chow diet in order to determine if oleic acid alone can influence Aβ levels in 

the brain. Transgenic mice (TgCRND8) mice were fed from 3 w to 20/21 w of age 

before they were sacrificed. The oleic acid diet contained the addition of oleic oil 

(2% w/w) to control low fat diet containing 1 % w/w soybean oil) and no cholesterol. 

Quantitative immunological analysis of brain tissue samples showed a significant 

decrease in Aβ42 levels in the hippocampus and lowered plaque in the 

hippocampus, amygdale and neurocortex compared to control low fat chow fed mice 

(Amtul et al. 2011b). The author concluded that this was linked to increased sAPPα 

and a decrease in β-secretase processing of APP in intracellular and membrane 

compartments which contain secretases.  

 

1.5.4.2.3 Cell models 

 

The addition of 0.1 µm oleic acid to transfected COS-7 cells transfected with 

APP695 decreased both Aβ40 and Aβ42 in conditioned medium compared to BSA 

controls (Amtul et al. 2010). Further investigation showed stimulatory effects of oleic 

acid on nonamyloidogenic pathway (increased soluble APPα by 50 %) and 

decreased amyloidogenic processing of APP (lower β- and γ-secreatase by 20 %). 

These results were comparable to animal studies where dietary administration of 

oleic acid resulted in a significant reduction in Aβ plaque in the neocortex, amygdale 

and hippocampus (Amtul et al. 2010).  
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1.5.4.3 Polyunsaturated fat and Alzheimer’s disease risk 

 

1.5.4.3.1 Omega-3 polyunsaturated fatty acids  

 

There is increasing interest in the beneficial role of n-3 PUFA in chronic 

illnesses including AD. Consumption of ‘oily fish’ has been shown to be protective 

against cardiovascular disease, cognitive decline and AD (Barberger-Gateau et al. 

2002, Freund-Levi et al. 2006, Kalmijn et al. 1997, Morris et al. 2003, Morris et al. 

2006, Schaefer et al. 2006, van Gelder et al. 2007). Oily fish is a major source of n-3 

PUFAs, mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 

both of which are important for brain structure and function (Freund-Levi et al. 2006, 

Yurko-Mauro 2010). Docosahexaenoic acid is anti-oxidative and improves learning 

ability in animals (Calon et al. 2004, Gamoh et al. 2001, Lim and Suzuki 2000) and 

has also been shown to decrease Aβ secretion from neuronal cells (Lukiw et al. 

2005). As the body can only synthesize small amounts of EPA and DHA from α-

linolenic acid (Pawlosky et al. 2001), dietary intake of n-3 PUFA forms the major 

source. Despite findings that establish the benefits of PUFAs, some studies show no 

benefit of fish intake on dementia risk (Engelhart et al. 2002, Laurin et al. 2003). 

Studies show outcomes are also dependent on level of cognitive decline, presence 

of other chronic diseases, background dietary factors such as n6 PUFA, caloric 

intake and Devore et al. (2009) attributes the discrepancy between such findings as 

a result of different stages of AD progression. 

 

1.5.4.3.2 Omega-6 polyunsaturated fatty acids 

 

The main dietary source of n-6 fatty acids is vegetable oils but sources also 

include eggs, nuts, cereals and poultry. Linoleic acid and arachidonic acid are main 

types of n-6 and both can be converted to pro-inflammatory eicosanoids and 

prostaglandins. A Japanese study shows that increased n-6 PUFA intake is 

associated with increased risk of developing AD and vAD (Otsuka et al. 2002). To 

support this, Sanchez-Mejia et al. (2008) found greater n-6 and by-product of n-6 

arachidonic acid was present in hippocampus of Alzheimer’s hAPP mouse models 

indicating possible oxidative or inflammatory processes involved with presence of n-

6 in brain. Indeed, cyclooxygenase and lipooxygenase enzymes which are 
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responsible for oxidation and conversion of n-6 PUFA to pro-inflammatory oxidative 

derivates have also been implicated in AD (Klegeris and McGeer 2002).  

 

1.5.4.3.3 Ratio of omega-6/omega-3 fatty acids 

 

It is unknown how the ratio of n-3 or n-6 can be related to dementia and AD. 

A cross sectional study in 304 elderly patients showed a relationship between a high 

n-6/n-3 ratio and cognitive decline (Gonzalez et al. 2010). Another study found 

increased n-6/n-3 ratio in AD cohorts compared to non-demented controls (Conquer 

et al. 2000). There are numerous reports of the benefits of n-3 PUFA (Cole et al. 

2010, Fotuhi et al. 2009) and the pro-inflammatory factors of n-6 PUFA (Kuehl and 

Egan 1980). Although metabolic pathways of n-3 and n-6 are independent from 

each other, both n-3 and n-6 use the same enzymes and compete for 

cyclooxygenase, 5- lipoxygenase, elongase, delta-5-desaturase and delta-6-

desaturase (Lewis et al. 1990). An imbalance in the n-3 and n-6 ratio, rather than 

total amount of n-3 and n-6 intake could therefore be of a greater relevance to AD 

pathology.  

 

1.5.4.3.4 Animal models 

 

Increases in dietary n-6 (safflower oil) in AD transgenic models increase 

synaptic loss (Calon et al. 2005, Calon et al. 2004, Cole et al. 2010). A direct 

relationship between dietary n-6/n-3 has been demonstrated in transgenic APP mice 

that showed that a DHA enriched diet (low n-6/n-3 ratio) compared to a DHA 

depleted diet (high n-6/n-3 ratio) reduced cortical Aβ burden by 70 % and reduced 

cerebral plaque burden by 40 % (Lim et al. 2005). A similar study conducted by 

Oksman et al. (2006) using transgenic APPswe/PS1dE9 mice on a diet with different 

n-6/n-3 ratios showed a significant reduction in Aβ42 levels in the hippocampus for 

diet with 1.4 n-6/n-3 ratio compared to their respective diets with higher proportions 

of n-6 relative to n-3 (ratios 8 and 70) (Oksman et al. 2006). The same study 

showed that 4 month 40 % SFA + 1 % CH feeding induced a non-significant 

increase in hippocampal Aβ40 and Aβ42 (Oksman et al. 2006). However, 

intervention with a diet containing 5 % DHA and 15 % SFA feeding reduced Aβ40 

and Aβ42 in the hippocampus (Oksman et al. 2006). Another study in amyloid 

transgenic mice showed that both soluble and insoluble fractions of Aβ40 and Aβ42 
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levels increased but non-significantly with greater n-6/n-3 ratios (10.3 vs 2.8) 

compared to controls (Arsenault et al. 2011). Additive effects of PUFA with or 

without SFA have also been studied in transgenic amyloid mice models. A study by 

Julien et al. (2010) showed that a high ratio of n-6/n-3 (77) paired with low fat 

feeding (making up 5 % fat w/w) reduced cortical Aβ40 and Aβ42, whilst the same 

ratio with high SFAs derived from lard (35 % w/w) increased both soluble and 

insoluble Aβ after nine months feeding (Julien et al. 2010). The author concluded 

that dietary fat increased in cerebral amyloidosis was not linked to increase in total 

APP or APP processing products in brain and alteration of brain Aβ42/40 ratio was 

more likely (Julien et al. 2010).  

 

1.5.4.3.5 Cell models 

 

Cell studies relating to PUFAs and Aβ have mainly focused on the individual 

effects of n-6 or n-3 rather than the effects of changes to n-6/n-3 ratios. Amtul et al. 

(2010) showed that the addition of n-3 and n-6 PUFAs (EPA and AA) to APP 

transfected COS-7 cells resulted in an increase in secretion of Aβ40 and Aβ42 

compared to DHA which showed a significant decrease in secretion in a 

concentration dependent manner. The author concluded that the concentration of 

DHA can modulate Aβ secretion via γ- and β-secretases (Amtul et al. 2010). Taken 

together, these studies suggest that intracellular changes in fat concentration and 

ratio can change production and secretion of APP.  

 

 

1.6. Beta-amyloid production from lipogenic organs 

 

1.6.1 Metabolism of exogenous and endogenously derived fats 

 

Following the ingestion of a fatty meal and entrance into the stomach, bile 

emulsifies dietary fats in the small intestine. TGs are the major type of lipid 

absorbed from the diet. Pancreatic lipase hydrolyses TG to monoacylglycerol and 

fatty acids that can be readily absorbed by the small intestinal epithelial cells called 

enterocytes. Within enterocytes, assembly of nascent CMs occurs from the addition 

of TGs, CH, CH esters and phospholipids with apo B48 (Hussain et al. 2001, van 

Greevenbroek and de Bruin 1998). The enterocyte resynthesizes dietary derived 
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TG and also endogenous synthesized or new TG for obligatory incorporation into 

CM. A number of proteins are reported to associate with nascent CMs prior to 

secretion, including apo A-I, A-IV, apo J, apo D, apo E and small molecular weight 

proteins such as apo C-II. Nascent CMs are then transported via the Golgi 

apparatus to the basolateral membrane and secreted into mesenteric lymph and 

transported to the thoracic duct from which they enter the circulation via the 

subclavian vein. Circulating CMs interact with plasma HDL and receive apo CII and 

apo E. Apo CII on the surface of CMs can activate LPL which catalyse the 

hydrolysis of TGs from CMs for tissue use (predominantly liver, adipose and 

skeletal tissue). Hydrolysis by LPL results in the formation of smaller TG-poor and 

CH and apo E rich CM remnants. These apo E-rich CMs remnants participate in 

rapid clearance by the liver which is mediated by LDL-R and apo B100/E receptor-

specific processes (Hussain et al. 1996). Please see other articles by Hussain 

(2014 review) for more detail regarding CM production. 

 

Hepatocytes are the major liver cell type responsible for clearance of 

postprandial CMs. Dietary-derived substrate and endogenous biosynthesis of TG 

are secreted by hepatocytes as nascent VLDL. The physiochemical properties of 

VLDL are similar to CMs in that they are enriched in TG and comprise a large 

structural protein (apo B100). Like CMs, apo CII-activated hydrolysis of VLDL-TG by 

capillary lipases progressively hydrolyze TG, resulting in a lipid depleted VLDL 

remnant particles or intermediate density lipoprotein IDL. The remnant VLDL 

particles share clearance pathways with remnants of postprandial lipoproteins and 

to a large extent are cleared, however approximately half are hydrolyzed further by 

hepatic lipases resulting in CH-rich LDL. Circulating LDL interacts with LDL-

receptors (via apo B) and is internalized via a classical endocytotic pathway 

involving lysosomal degradation.  

 

In humans and some other species, CMs are distinguished from hepatically 

derived VLDL in that they contain a truncated variant of apo B100, a consequence 

of messenger ribonucleic acid editing.  Enterocytic apo B48 is approximately half the 

amino acid length of apo B100, but serves the same principal function of providing 

structural integrity to relatively large macromolecules. Whilst metabolism of CMs and 

VLDL share similarities there are some notable differences. In comparison to VLDL, 
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the catabolic cascade is much quicker for CMs, a consequence of stereotactic 

interactions of apo E (the primary ligand for clearance) with apo B48.  

1.6.2 Association between plasma triglycerides and Alzheimer’s 

disease 

 

There is accumulating evidence that disturbances in the metabolism of TRLs 

may be associated with increased risk for AD (Altman and Rutledge 2010). A cross-

sectional study (Suryadevara et al. 2003) showed that probable AD patients had 

greater plasma levels of LDL and TG which was present irrespective of pre-existing 

vascular disease. A similar study (Sabbagh et al. 2004) of lipid levels in elderly 

population with probable AD shows increased TG levels in this group compared to 

healthy standard levels. Contrary to these findings, Presecki et al. (2011) reported a 

decrease in TG in subjects with MCI and a significant decrease in TG levels in 

subjects who performed worse in mental function exams. Whilst others found no 

significant association between fasting TG levels in AD and control subjects 

(Adunsky et al. 2002, Mamo et al. 2008, Merched et al. 2000, Reitz et al. 2004). 

Further evidence comes somewhat surprisingly from studies in amyloid transgenic 

mice. Burgess et al. (2006) reported that onset and progression of disease was 

associated with increased plasma Aβ and increased secretion into blood of TRL-Aβ. 

 

1.6.3 The relationship between post-prandial lipid metabolism, beta-

amyloid and Alzheimer’s disease 

 

A reason for discrepancy in findings could be the time of blood collection, as 

food intake and duration since last feed can impact on levels of TG. This information 

was not indicated by Adunsky et al. (2002), Reitz et al. (2004) and Sabbagh et al. 

(2004), where fasting was indicated, the duration was not mentioned by 

Suryadevara et al. (2003) and only Mamo et al. (2008) and Merched et al. (2000) 

stated respective overnight and 12 h fast prior to blood collection. The inconsistency 

in method makes it difficult to interpret plasma TG changes in AD. Disturbances in 

the metabolism of TRLs may be associated with increased risk for AD (Altman and 

Rutledge 2010). One study shows that postprandial lipoprotein metabolism is 

compromised in subjects with probable AD (Mamo et al. 2008). This study analysed 

both fasting (12 h fast) and post-absorptive (4 h fast after consuming meal 

containing 20 g fat, predominantly SFA) levels of apo B48 by immunoblot/enhanced 
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chemiluminescence methods. Results show a 3-fold increase in apo B48 levels 

compared to age-matched control subjects indicating greater plasma concentration 

of TRL in blood. Perhaps it would be more clinically relevant to test post-prandial 

level of TRLs in probable AD rather than fasting lipid levels since this study shows 

that probable AD subjects would have a disturbance in postprandial lipoprotein apo 

B48 concentration. 

 

1.6.4 The distribution of beta-amyloid and plasma lipoproteins 

 

Pathogenic relevance of TRLs in AD might be linked to the ability of 

lipoprotein to bind hydrophobic Aβ in plasma (James and Mamo 2005). A significant 

portion (95 %) of Aβ40 was found to be associated with lipoproteins in pooled AD 

plasma (Kuo et al. 1999). Inadvertently, this association makes detection of 

lipoprotein-bound Aβ more difficult for immunodetection due to lipid masking of 

epitopes (James and Mamo 2005). The plasma Aβ-lipoprotein distribution profile 

between probable AD, and control subjects were explored in one study. Despite 

showing non-significant changes in fasting plasma lipids, Mamo et al. (2008) 

reported that a significant amount of plasma Aβ was found with TRL (57-60 %) 

compared to LDL (12-29 %) and HDL (3.9-5.6 %). The association of plasma Aβ 

with lipoproteins, in particular TRLs indicates the possible role of Aβ in transport and 

metabolism of lipoproteins. Triglyceride-rich lipoproteins (density ≤ 1.019 g/mL) 

detected in this study includes CMs and VLDLs of intestine and liver origin. Although 

it is not possible to deduce the relative abundance of Aβ in CM or VLDL, a previous 

study found an avid association between Aβ and CMs (James et al. 2003) and the 

production and secretion of Aβ-lipoproteins within hepatocytes has also been 

reported (Koudinov et al. 1997).  

 

 Kontush (2004), in a review article proposes that Aβ could be an apo 

component of lipoproteins and the physiological role of Aβ is to regulate lipoprotein 

metabolism. As mentioned above, Aβ peptide has hydrophobic C-terminus which 

allows it to bind to hydrophobic substances such as lipids; the more pathologenic 

Aβ42 being more hydrophobic than the shorter Aβ40. Studies including those 

mentioned in this literature review indicate that Aβ binds with strong affinity to 

lipoproteins and apolipoproteins under physiological conditions. This review 
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underlines that Aβ, as a component of lipoproteins, could function in several ways 

including as an antioxidant, in synaptic activity and in regulation of lipid metabolism.  

 

1.6.5 The association of apolipoprotein B with Alzheimer’s disease 

 

Apolipoprotein B is an apolipoprotein that is present on TRLs and is 

synthesized in the small intestine and the liver. Several clinical studies show that 

disturbances in apo B levels are detected in AD subjects. An increase in apo B 

levels is found in fasting and non-fasting states in AD patients compared to controls 

(Caramelli et al. 1999, Giubilei et al. 1990). In particular, apo B48, an obligatory 

marker for CMs, was shown to increase by 400 % in AD subjects compared to age-

matched controls (Mamo et al. 2008). The relationship of Aβ with dietary fat and 

lipoprotein metabolism provides intriguing evidence that Aβ could be derived from 

lipogenic organs. The small intestine and liver are responsible for production of 

exogenous and endogenously derived fats respectively. Increased plasma TGs and 

apo B in AD subjects, coupled with specific increases of CMs in response to dietary 

fats suggests that Aβ pathology can be associated with post-ingestion kinetics of 

dietary fats.  

 

1.6.6 Beta-amyloid production from lipogenic cells 

 

Given that Aβ in plasma readily binds with avidity to lipoproteins derived from 

the small intestine or liver, the Aβ could also be produced and secreted from 

enterocytes and hepatocytes which synthesize apo B containing TRLs. A study 

using human liver carcinoma (HepG2) cells, which are common model to study 

human hepatocytes with great morphological and functional similarities, show 

presence of soluble Aβ40 within cell medium and cell lysates (Koudinov and 

Koudinova 1997). Analysis of conditioned cell medium revealed secretion of Aβ 

occurs under physiological conditions. Interestingly, secreted Aβ was recovered in 

complex 200-300 kDa with a diverse range of lipids (TG, CH, CH esters, 

phospholipids and apos) which are normally present on lipoproteins. In addition, 

intracellular Aβ associated with Golgi apparatus did not pass through the 30 kDa 

filter. Taken together, the author concluded that Aβ becomes incorporated into 

lipoproteins within the Golgi apparatus and Aβ is secreted in complex with 

lipoproteins (Koudinov and Koudinova 1997). This unique study put forward the 
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possibility that liver hepatocytes can contribute a large portion of plasma Aβ-

lipoproteins. Although this study does not evaluate intestinal/enterocytic Aβ 

abundance, the enterocytes and hepatocytes share similar roles in production and 

secretion of apo B-containing lipoproteins and therefore, may also contribute to Aβ-

lipoproteins in blood.  

 

1.6.7 Plasma chylomicrons- beta-amyloid and Alzheimer’s disease risk 

 

The mechanism(s) underpinning the association of Western styled diets with 

increased risk for AD are not known. Like hepatocytes, some dietary fats may 

stimulate the production of CMs or CM-Aβ complex. Increased hepatic synthesis 

and secretion of VLDL-Aβ complex may synergistically exaggerate plasma 

lipoprotein-Aβ. Mamo et al. (2008) reported that plasma TG and CM concentrations 

were similar in fasted AD versus age matched controls. However, in response to 

ingestion of a mixed lipid meal, the post-absorptive plasma concentration of apo B48 

(CMs) was remarkably four-fold higher in AD subjects compared to controls. The 

latter suggests dietary induced hyer-amyloidemia is not evident when fasted.  

 

Transient postprandial elevations in the plasma concentration of soluble APP 

were reported in otherwise healthy subjects (Boyt et al. 1999) and in kinetic tracer 

studies, James et al. (2003) showed that Aβ may serve as an apolipoprotein of 

CMs. This study examined the possibility that Aβ can bind and follow the metabolic 

pathway of CMs throughout the transport and clearance of the particles. Using a 

synthetic model of Aβ bound to CM (synthetic Aβ was incorporated into an artificial 

lipoprotein molecule which is similar to chylomicrons [density = 1.006 g/ml]) and 

injected into the ear vein of new Zealand white rabbit, the particle was traced and 

identified in major organs – spleen, brain, liver, adipose tissue, muscle, bone 

marrow, lung and kidney. This study found iodine 125 radiolabelled Aβ took on 

similar metabolic pathway as cholesterol ester and transported primarily to fatty-rich 

tissues (adipose tissue [22.4 ng], liver [12.0 ng], bone marrow [8.0 ng] and muscle 

[2.6 ng]). In addition, the Aβ-CM like molecules was cleared at a strongly 

comparable pace as cholesterol esters over 30 min indicating that Aβ does not alter 

the kinetics of lipoprotein clearance. The association of Aβ with lipids supports the 

possibility that altered lipid metabolism, for example in cases where aberrations in 

postprandial lipoproteins, hyperlipidaemia or hypercholesterolaemia can affect 
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plasma Aβ homeostasis and therefore AD risk. This study also supports that this 

lipoprotein-Aβ complex can attach to vasculature in particular BBB via receptor-

mediated processes.  

 

1.6.8 Plasma beta-amyloid and postprandial lipoproteins contribute to 

cerebral pathology  

 

 Plasma lipid levels and also Aβ have been previously shown to be 

responsive to intake of dietary fats, although the causative reasons are currently not 

well understood. Postprandial lipemia refers to a period of time where changes in 

plasma lipids and lipoproteins occur after the ingestions of a high fat meal. This 

postprandial state is largely reflected by the increase in CMs, VLDL and remnant 

particles as well as a decrease in LDL and HDL (Vigna et al. 1999). This increase in 

CMs, VLDL and their respective remnants can play a role in the development of 

atherosclerosis by ineffective catabolism (Mamo et al. 1998) and the retention of 

these apo B-containing lipoproteins by endothelial cells (Proctor et al. 2002).  

 

Numerous studies support increased dietary SFAs increase APP (Amtul et 

al. 2011a, Ho et al. 2004, Patil et al. 2006, Shie et al. 2002) processing which 

contributes to increased risk of developing AD (Julien et al. 2010, Koudinov and 

Koudinova 1997, Mamo et al. 2008, Olsson et al. 2003). Given that consumption of 

a fatty meal in humans can induce post-prandial lipidemia and high levels of apo B 

and TG, it is reasonable to assume that there is an increased amount of atherogenic 

CMs with Aβ and remnant particles present in plasma. It is possible to assume that 

an increase in plasma CMs can also mean increased levels of CM-Aβ in plasma as 

well under the postprandial state as there is clear evidence to suggest that AD 

patients could have aberrant postprandial lipoprotein metabolism including a build 

up of atherogenic remnant particles (Mamo et al. 1998). In addition, damage to the 

BBB and vasculature is frequently reported in AD patients and damaged BBB can 

mechanistically cause an increase in Aβ influx (refer to section 3). There is evidence 

that apo B, the obligatory apolipoprotein of intestinal and liver lipoproteins VLDLs 

colocalizes with cerebral amyloid plaques in humans and transgenic mouse models 

(Namba et al. 1992, Takechi et al. 2010b).  
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1.7 Section summary 

 

The gradual “loss of mind” associated with AD is undoubtedly the most 

devastating consequence for individuals suffering with the disease. The Aetiology of 

the disease is unknown and there is presently no cure. Currently 300,000 people in 

Australia and 35 million people world-wide have AD and numbers are expected to 

triple by 2050. AD is a chronic disease of insidious nature followed by gradual and 

progressive loss of cognitive function which results in behavioral disturbances to 

episodic memory, language, executive function and visuospatial abilities. Abnormal 

deposits of insoluble amyloid protein and tau are visualised in post-mortem brain 

examinations of AD patients and are considered to be hallmark features of AD; 

however there is no explanation for the sporadic form of AD which constitutes about 

99% of all cases. 

 

An accumulating body of epidemiological, animal and cell research verifies 

the role of dietary fats in the pathogenesis of AD including a direct link between the 

amount and type of fat consumed and the production of Aβ, which has been 

identified as the main pathological protein in AD. Dietary fats can influence the risk 

of AD via regulation of the key steps of Aβ metabolism including production, 

transport/clearance and deposition.  

  

Currently there is no direct evidence for the origin of cerebral plaque Aβ; 

however several key articles suggest plasma Aβ influx in sporadic AD could 

contribute to cerebral Aβ load. Dietary fat intake and CH can modulate this process 

possibly by altering BBB integrity, modulating the availability of Aβ chaperone 

proteins (including TRLs) and/or increasing the production of Aβ from APP.  

 

Despite the use of compensatory treatments which offer some delay in the 

disease progression, AD progressively destroys cognitive function leading to 

eventual complete impairment and death of the affected person. Urgency is required 

for the better understanding of AD disease mechanisms in order to prevent the 

development of AD and delay the disease progression in AD affected persons. 

Current literature summarises that irreversible neurotoxicity in AD can be 

preventable through adherence to a healthy diet with selective fat intake. 
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Chapter 2 – Intestinal Aβ expression and effects by high fat 

feeding 

 

The content of this chapter is covered by article 1:  

 

Galloway S, Jian L, Johnsen RD, Chew S, Mamo JCL. (2007) B-amyloid or its 

precursor protein is found in epithelial cells of the small intestine and is stimulated 

by high fat feeding. J Nutr Biochem. 18, 279-284 

 

Objective addressed 

 

Objective 2: To determine whether or not Aβ is expressed in small intestinal 

enterocytes and if this expression can be modified by a high fat and CH diet. 

 

Hypothesis: Aβ is found in the small intestinal epithelial cells (enterocytes) 

that produce postprandial lipoproteins. 

 

Article summary: 

 

Cerebral deposition of Aβ peptide is causally associated early onset type 

AD, it is currently not known whether if Aβ plaques occur as a secondary event in 

late onset form of AD. The prevalent paradigm suggests that accumulation of Aβ in 

the brain initiates a cascade of events which leads to Aβ-induced synaptic toxicity 

and neuronal cell loss. Cerebral Aβ protein could be derived from the brain, the 

periphery, or a combination of both; the origin of Aβ remains unclear. Local and 

peripheral contributions are both possible considering that APP is ubiquitously 

expressed throughout the body; Aβ is produced under physiological conditions and 

is normally present in cells, interstitial fluid, plasma and CSF. In blood and CSF, Aβ 

associates with chaperone molecules and significant Aβ preferentially binds to 

lipoproteins. The presence of apo E, E4 is present in half of AD cases, and apo E is 

involved in transport of lipoproteins.  
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Epidemiological studies which show the risk of developing AD increases 

with high consumption of dietary fats, in particular SFAs and CH. This was 

additionally confirmed in animal models. High fat and CH feeding in animal models 

results in exacerbated cerebral Aβ plaque load compared to low fat feeding. There 

is intriguing evidence to suggest that Aβ can be involved in the metabolism of 

dietary regulated lipoprotein CMs. Chylomicrons are lipoproteins produced in the 

small intestinal epithelial cells and are secreted in response to high fat feeding. It is 

not known however whether or not the small intestine also produce Aβ. This study is 

aimed at investigating this possibility by using wild-type mice fed high fat CH diet. 

Beta-amyloid and/or APP were determined by semi-quantitative 

immunohistochemistry, the antibody AB5076 detects Aβ isoforms (includes 40 and 

42) as well as APP. The expression of Aβ/APP was found within epithelial cells or 

enterocytes of the small intestine under low fat feeding. In addition, high fat CH 

feeding significantly increased enterocytic abundance of Aβ. 

 

The findings are consistent with the possibility that Aβ could be a regulatory 

apolipoprotein of CMs. In addition, pathology of diet-induced cerebral amyloidosis 

can be linked to intestinal Aβ production and abundance. Chapter 2 will discuss 

details of this study. 
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Chapter 3 – Effect of apo E knockout on intestinal Aβ 

expression 

 

 

The content of this chapter is covered by article 2:  

 

Galloway S, Pallebage-Gamarallage MM, Takechi R, Jian L, Johnsen RD, Dhaliwal 

SS, Mamo JC. (2008) Synergistic effects of high fat feeding and apolipoprotein E 

deletion on enterocytic amyloid beta peptide abundance. Lipids Health Dis. 7, 15. 

 

Objective addressed:  

 

Objective 3: To determine if apo E deletion in the presence of high fat 

feeding would have an effect on intestinal Aβ in wild-type and apo E gene knockout 

mice. 

 

Hypothesis: Apolipoprotein E can modulate enterocytic Aβ expression and 

this can be influenced by changes in dietary fat content.    

 

Article summary:  

 

We have previously determined the presence of Aβ within the small intestinal 

absorptive epithelial cells with specific immunological methods. Our observations 

showed that whilst high fat (HF) feeding increased abundance of enterocyte Aβ 

dramatically, fasting resulted in abolishment of Aβ expression. An allelic variation of 

apo apo E, apo E4, increases the risk of developing AD by modulating production, 

transport/solubility and clearance of Aβ. Apolipoprotein E is involved in redistribution 

of CH in the body and in the presence of apo E4, there is an accumulation of CH. 

High dietary fat-induced hypercholesterolemia in wild-type (WT) and transgenic AD 

animals resulted in greater levels of cerebral Aβ compared to low fat (LF) chow fed 

controls.  

 

To investigate the role of apo E in intestinal Aβ abundance, genetically 

modified apo E null mice and control WT animals were used. The possible 
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synergistic effect of HF feeding was determined by feeding apo E knockout (KO) 

mice on HF and CH diets. Immunohistochemistry was used to determine semi-

quantitative abundance of Aβ. We found increased intestinal Aβ under HF feeding 

compared to LF fed apo E KO mice. In addition, plasma CH was significantly 

enhanced in apo E KO mice compared to WT controls. Intestinal villi height 

increased with HF feeding in WT mice, whilst remained unchanged in apo E KO 

mice.  

 

The mechanism by which HF feeding increases enterocytic Aβ abundance in 

apo E KO mice is unclear. However, some studies show apo E can interact with γ-

secretase activity and modulate proteolysis of Aβ from APP. High fat feeding 

increases absorption of lipids and synthesis of CMs and Aβ via greater availability of 

lipid substrate.  
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Chapter 4 – Colocalization of intestinal Aβ with apo B 

 

 

The content of this chapter will be covered by article 3: 

 

Galloway S, Takechi R, Pallebage-Gamarallage MM, Dhaliwal SS, Mamo JC. 

(2009) Amyloid-beta colocalizes with apolipoprotein B in absorptive cells of the small 

intestine. Lipids Health Dis. 8, 46. 

 

Objective addressed:  

 

Objective 4: To ascertain whether intestinal Aβ associates with apo B within 

the enterocytes of the small intestines. Secondly, to further determine if high fat 

feeding can modulate the degree of association between intestinal Aβ and apo B. 

 

Hypothesis: High fat feeding will increase the association between Aβ and 

apolipoprotein B in enterocytes. 

 

Article summary:  

 

It is clear from previous studies that intestinal expression of Aβ is regulated 

by dietary fat intake. We have previously shown high fat feeding increased Aβ 

abundance compared to low-fat groups whilst fasting abolished expression. 

Immunolocalisation of Aβ expression within enterocytes occurs specifically above 

the nucleus in “perinuclear” location, at the site of proteins and CM synthesis. 

Several lines of evidence suggest that Aβ can bind to and behave as a regulatory 

apolipoprotein component of CMs. There exists a possibility that Aβ can form a part 

of primordial lipoprotein during the process of lipidation, however it is not currently 

known if this happens and if so, to what extent. This study utilizes 3D double IF to 

determine if enterocytic Aβ associates with intestinal lipoprotein CMs. 

 

A significant abundance of apo B (an obligatory component of CMs) and Aβ 

was found within the perinuclear location of enterocytes. Both apo B and Aβ co-

localised with the Golgi apparatus. Patterns of Aβ and apo B remained essentially 

the same in high and low-fat feeding groups but the abundance was almost double 
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for high fat groups. Co-localization studies show that 73 % of Aβ associates with 

apo B increasing to 87 % under high fat feeding. This study provides in vivo 

evidence that Aβ is secreted as a CM complex within enterocytes and explores the 

plasma kinetics of plasma Aβ-lipoprotein in context with the association between 

high fat diet and AD risk. 
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Chapter 5: Effect of dietary fatty acids on enterocytic beta-

amyloid abundance 

 

 

5.1 Introduction and background:  

 

5.1.1 Global variation in Alzheimer’s disease prevalence  

 

Global variations in diet and lifestyle and in particular dietary fat intake have 

been linked to the incidence and prevalence of AD (Grant 1998). Geographically, 

AD is not uniform and there is a significantly lower prevalence in developing 

countries in comparison to developed countries (Prince et al. 2004, Chandra et al. 

1998, Hendrie et al. 1995). A meta-study (Ferri et al. 2005) shows that AD incidence 

is highest in North and Latin America (5.4 %), followed by Europe (4.4 %) and 

developed pacific regions including Australia, Japan, Singapore and South Korea 

(4.3 %). Developing west pacific regions (China and Vietnam (4 %)), Africa (3.6 %), 

Indonesia (2.7 %), Thailand (2.7 %), Sri Lanka (2.7 %) and India (1.9 %) have lower 

AD prevalence.  

 

Countries with a high incidence of AD generally have higher fat intake than 

countries exhibiting a low incidence of AD. Moreover, accelerated rates of 

prevalence of AD in developing countries are thought to reflect in part, a transition to 

western diet and lifestyle patterns. The Honolulu-Asia Aging study showed that 

when Japanese men migrated to countries with greater dietary saturated fat intake 

(than Japan), these men were at greater risk of developing AD (Shadlen et al. 2000, 

Havlik et al. 2000, Graves et al. 1999). 

 

5.1.2 Fatty acid types differentially regulate risk of developing 

Alzheimer’s disease 

 

Although general trends are suggestive that total fat and caloric intake are 

positively correlated with increased prevalence of AD, epidemiological studies are 

consistent with the notion that the AD-dietary fat nexus principally reflects fat-type. 

This hypothesis is perhaps not surprising given that the significant body of literature 



 

73 

 

demonstrating an association between dietary SFAs intake and chronic vascular-

disorders such as cardiovascular disease (CVD), diabetes, obesity and AD (Morris 

et al. 2003). Conversely, a Mediterranean diet rich in olive oil (MUFA-rich) and ‘oily 

fish’ rich in n-3 PUFAs can be protective against AD (Scarmeas et al. 2007, 

Scarmeas et al. 2009). 

 

5.1.3 Saturated fatty acids and cholesterol in Alzheimer’s disease risk  

 

A number of epidemiological studies show that high dietary intake of SFAs 

and cholesterol is linked with increased prevalence of AD. A longitudinal cohort 

study of 1449 subject based CAIDE (Cardiovascular risk factors, Aging and 

Dementia) study with median follow-up time of 21 years, showed that dietary SFAs 

during midlife was associated with poorer cognitive function and mild-cognitive 

impairment (Eskelinen et al. 2008). Similarly, another study of 815 subjects aged 65 

and over with 4 year follow-up showed that intake of SFAs was positively associated 

with developing AD (Morris et al. 2003). In the Rotterdam Study of 5386 subjects 

over the age of 55, increased SFAs and cholesterol intake was were linked to 

increased risk for dementia after just a 2 year follow-up (Kalmijn et al. 1997) and in 

another large epidemiological study, Luchsinger et al. (2002) also reported that high 

intake of SFAs increase the risk of AD. Dietary cholesterol and high serum 

cholesterol levels mid-life may have synergistic effects with SFAs for increasing AD 

risk based on observations reported by Kivipelto et al. (2001, 2002). 

 

5.1.4 Unsaturated fatty acids in Alzheimer’s disease risk 

 

Studies of dietary behaviour in the United States of America (Scarmeas et al. 

2007, Feart et al. 2009), France (Tangney et al. 2011), South Italy (Solfrizzi et al. 

1999), and more recently, Australia (Gardener et al. 2012) suggest that increased 

intake of MUFAs can be protective against cognitive decline and by extension AD. In 

addition, a number of epidemiological studies show that frequent consumption of oily 

fish has been shown to be protective against cardiovascular disease, cognitive 

decline and AD (Barberger-Gateau et al. 2002, Morris et al. 2003, Morris et al. 2006, 

Freund-Levi et al. 2006, Schaefer et al. 2006; Kalmijn et al. 1997, van Gelder et al. 

2007). Oily fish is a major source of n-3 PUFAs, mainly eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), both of which are important for brain 
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structure and function. Docosahexaenoic acid improves learning ability in animals 

(Lim and Suzuki 2000, Gamoh et al. 2001, Calon et al. 2004) and DHA has also 

been shown to decrease Aβ secretion from neuronal cells (Lukiw et al. 2005). As the 

body can only synthesise a small amount of EPA and DHA from α-linolenic acid 

(ALA) (Pawlosky et al. 2001), dietary intake of long chain n-3 fatty acids forms the 

major brain source. Despite these findings that support the benefits of PUFAs in 

dementia prevention, other studies have shown no benefit of fish intake on dementia 

risk (Laurin et al. 2003, Engelhart et al. 2002). Devore et al. (2009) attributes the 

discrepancy between such findings to be a result of the different stages of AD 

progression, heterogeneity in risk factors and complexity of the pathophysiological 

evolution of the disorder. 

 

5.1.5 Vascular changes and origin of beta-amyloid in Alzheimer’s 

disease pathology 

 

A significant body of research has investigated factors regulating central 

biosynthesis, secretion and oligomerisation of cerebral Aβ. However, the exact 

origin of Aβ deposits in amyloid plaque or precursor cerebral amyloid angiopathy is 

presently not established. Since plaque and capillary deposits of Aβ are 

homologous to soluble Aβ found in blood and CSF (Busciglio et al. 1993, Vigo-

Pelfery et al. 1993), the exact source/s of cerebral insoluble Aβ cannot be 

distinguished. Therefore, it is reasonable to assume brain Aβ can be derived from 

peripheral sources in addition to the central nervous system per se. There are 

several lines of evidence that support the notion that peripheral (blood-derived) Aβ 

may contribute to cerebral Aβ pathology (Zlokovic et al. 1993). Clifford et al. (2007) 

showed that 19 out of 21 AD brains showed extravasation of plasma proteins and in 

the same study, venous injection of fluorescence labelled Aβ into BBB damaged 

mice (induced by pertussis toxin) showed leakage of Aβ40 and Aβ42 in brain 

arterioles and parenchyma. Perfusion of synthetic Aβ40 and Aβ42 in neck blood 

vessels of guinea pigs has also been shown to cause BBB sequestration and 

transport of Aβ40 and Aβ42 into the brain (Martel et al. 1996). There is evidence 

that soluble Aβ travels bilaterally from the blood to the brain via non-specific and 

active pathways and via specific transporters, carriers or receptors and that plasma 

soluble Aβ can contribute to cerebral pathology (Zlokovic 2005) (refer to Chapter 1, 

section 3.0).  
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5.1.6 High fat diets; lipogenic organs and Alzheimer’s disease risk 

 

The functional units of lipogenic organs, the small intestine (Galloway et al. 

2007, Pallebage-Gamarallage et al. 2009) and liver (Koudinov and Koudinova 1997, 

Galloway et al. Unpublished observations) can synthesize and secrete hydrophobic 

Aβ complexed to lipoproteins. Galloway et al. (2009) reported that absorptive 

epithelial cells of the small intestine showed increased enterocytic abundance of A 

in response to a well tolerated diet that was enriched in SFA and cholesterol. 

Conversely, fasting abolished enterocytic A suggesting a postprandial lipid 

regulatory pathway of enterocytic Aβ secretion (Galloway et al. 2007). Consistent 

with these findings, Boyt et al. (1999) reported increases in soluble APP following an 

oral mixed meal challenge containing significant dietary lipids. Moreover, James et 

al. (2003) showed that Aβ can bind and is metabolised when complexed with 

triglyceride-rich lipoproteins. These findings are consistent with the notion that 

lipoprotein-Aβ production and secretion into plasma is a postprandial phenomenon 

and are the first in the literature to suggest novel and alternative mechanisms of 

action concerning dietary fat induced increases in peripheral Aβ-lipoproteins post 

meals.  

 

In a physiological context, metabolism of postprandial lipoproteins has been 

linked to initiation of an inflammatory cascade of events in atherosclerosis and 

arterial entrapment of apo B-containing lipoproteins (including CMs) in the intimal 

arterial wall (Proctor et al. 2003). Interestingly, in cases of probable AD and 

cognitive impairment, subjects also have exhibited delayed responses to oral fat 

loading test. Mamo et al. (2008) suggested that late-onset AD could in part be 

consequence of delayed apo B-Aβ-lipoprotein clearance. Indeed, plasma Aβ has 

been shown to negatively affect the integrity of the BBB by damaging endothelial 

and smooth muscle cells resulting in altered blood flow and increased vascular 

resistance (Thomas et al. 1996, Crawford et al. 1998, Arendash et al. 1999, Suo et 

al. 1998, Jancso et al. 1998). These findings led to the hypothesis that exaggerated 

vascular exposure to post-prandial lipoprotein A may compromise cerebral 

capillary function with subsequent parenchymal extravasation of blood-derived apo 

B-lipoprotein A. This hypothesis is consistent with previous findings on intestinally 

and hepatically derived apo B in cerebral amyloid plaques (Namba et al. 1992). 
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Although the differential regulation of SFAs (Galloway et al. 1997) and 

cholesterol (Pallebage-Gamarallage et al. 2009) has been previously reported, 

the effect of UFAs in enterocytic Aβ has not been previously studied. As dietary 

fats can differentially regulate metabolism of exogenously derived lipids by 

modulating the production and secretion of intestinal apo B-containing 

lipoproteins, they can by extension also regulate the apo B-Aβ-lipoprotein 

complex which is implicated in AD. A primary objective of this candidacy was to 

determine the effects of diets containing predominantly SFA, MUFA or PUFA on 

enterocytic Aβ abundance.  

 

The objective of this study is to investigate if fatty acid types (saturated 

fat, monounsaturated fat or polyunsaturated fat) can differentially regulate 

intestinal Aβ expression and plasma abundance of apo B and Aβ. We 

hypothesize that saturated fat will increase, whilst unsaturated fatty acids will 

decrease enterocytic Aβ. To test the hypothesis, we used wild type mice fed 

different either low 4 % w/w fat diet or 20 % w/w diet as predominant SFA, 

MUFA or PUFA.  

 

 

5.2 Materials and methods 

 

5.2.1 Animals and maintenance 

 

Six week-old female wild-type C57BL/6J mice weighing approximately 16g 

were obtained from the Animal Resources Centre (ARC, Perth, Western Australia). 

Animals were randomly divided into groups (n=12 per group): LF (low fat), SFA 

(saturated fatty acid), MUFA (monounsaturated fatty acid) or PUFA (polyunsaturated 

fatty acid) group. Animals were contained in an environment which was controlled 

for temperature, air pressure and lighting (12:12 h light/dark cycles). Mice had 

access to food and water ad-libitum and remained on diets for periods of 19 w and 

38 w, the latter to explore potential duration effects. The body weight of mice and 

the amount of food and water ingested were recorded weekly to ensure adequate 

food consumption and growth. Procedures relating to mice handling and sacrifice 

were performed in accordance with the Animal Ethics Committee Guidelines and 
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were approved by a National Health and Medical Research Council (NH&MRC) of 

Australia accredited ethics committee (Curtin University ethics approval no. R 02-

07).   

 

5.2.2 Dietary intervention in C57BL6J mice 

 

Experimental diets were manufactured by Specialty Feeds (Glenn Forest, 

Perth, Western Australia) and were supplied in 5 kilogram vacuum sealed (under 

nitrogen) air tight bags. Standard low fat (LF) rodent laboratory chow (AIN93M, 

Specialty Feeds, Western Australia) contained 4 % fat (w/w) and high fat (HF) chow 

contained 20.3 % (w/w) (or 40 % digestible energy) as fat. The low fat diet consisted 

of 4 % (w/w) total fat of which 2.4 % was oleic acid (18:1 n-9). High fat (HF) diets 

were made by replacing canola oil of LF chow with cocoa butter (SFA group), 

Sunola oil (MUFA group) and NUMEGA fish oil (PUFA group). The SFA chow 

(SF07-050, Specialty Feeds, Western Australia) predominantly contained 5.16 % 

palmitic acid (16:0) and 7.31 % stearic acid (18:0) and also 6.62 % 

monounsaturated fat as oleic acid. The MUFA chow (SF07-051, Specialty Feeds, 

Western Australia) contained 15.7 % oleic acid, 2.4 % linoleic acid (18:2 n6) and 

trace amounts of other fats. The PUFA chow (SF07-049, Specialty Feeds, Western 

Australia) was enriched with fish oil and contained 8.2 % docosahexaenoic acid 

(DHA 22:6 n3), 2.0 % eicosapentaemoic acid (EPA 20:5 n3) with a high n-3/n-6 ratio 

of 13.4. The PUFA diet also contained 3.26 % palmitic acid and 2.25 % oleic acid 

(refer to Table 1 for fatty acid composition for each diet). 
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Table 1: Fatty acid composition of dietary groups (given as % of total weight) 

Diet LF SFA MUFA PUFA 

Fat added Canola oil Cocoa butter  Sunola oil NUMEGA fish oil 

Total fat 4 20.30 20.30 20.30 
SFA 0.30 12.99 1.74 5.12 

Saturated fatty acids C12 
and less n/a 0.1 

not 
detected n/a 

Myristic acid (14:0) trace 0.05 0.02 0.54 
Pentadecanoic acid (15:0) n/a 0.01 n/a 0.16 
Palmitc acid (16:0) 0.2 5.16 0.85 3.26 
Magaric acid (17:0) n/a 0.05 n/a 0.18 
Stearic acid (18:0) 0.1 7.31 0.87 0.92 
Arachidic acid (20:0) n/a 0.24 n/a 0.06 
Behenic acid (22:0) n/a 0.04 n/a n/a 
Tetracosanoic acid (24:0) n/a 0.03 n/a n/a 

MUFA 2.4 6.69 15.79 3.19 
Palmitoleic acid (16:1) n/a 0.05 0.02 0.66 
Heptadecenoic acid (17:1) n/a 0.01 n/a 0.1 
Oleic acid (18:1 n-9) 2.4 6.62 15.7 2.25 
Gadenoic acid (20:1) n/a 0.01 0.07 0.18 

PUFA 1.2 0.72 2.83 11.38 
n-6/n-3 ratio 1.20 13.40 12.48 0.07 

Linoleic acid (18:2n-6) 0.8 0.67 2.42 0.23 
a-linoleic acid (18:3n-3) n/a 0.05 0.13 0.09 

y-linoleic acid (18:3n-6) 0.4 
not 

detected n/a 0.08 
Stearidonic acid (18:4n-3) n/a n/a 0.08 n/a 

Arachidonic acid (20:4n-6) trace 
not 

detected 0.2 0.46 

EPA (20:5n-3) trace 
not 

detected 
not 

detected 2 

DPA(22:5n-3) n/a 
not 

detected 
not 

detected 0.3 

DHA (22:7n-3) trace 
not 

detected 
not 

detected 8.22 

n/a, data not available 

Table 1 summarizes fatty acid compositions of chow diet of each group: LF, SFA, MUFA and 
PUFA. Proteins, carbohydrates, minerals and vitamins were comparable between groups. 

 

LF low-fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid.  
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5.2.3 Sample collection 

 

Mice from each dietary group were randomly selected for sacrifice at 19 w 

and the remainder were sacrificed at 38 w. Mice were anaesthetized with an 

intraperitoneal injection of Phenobarbital (45 mg/kg). Blood and tissue collection 

methods were as described previously (Galloway et al. 2007, Pallebage-Gamallage 

et al. 2009). Briefly, blood was collected by cardiac puncture into ethylene-diamine-

tetracetic acid (EDTA)-tubes in ice. For intestinal Aβ immunofluorescence, the 

digestive tract was removed and small intestinal length measured from the pyloric 

sphincter to ileocecal valve and recorded. Thereafter the length of the small 

intestines were flushed with chilled phosphate buffered saline (PBS, pH=7.4) and 2 

cm was cut and removed for fixation in 4 % paraformaldehyde. Tissues were fixed 

for 24 h and processed and longitudinal sections were embedded into paraffin wax 

blocks. Sections were trimmed to where all villi were exposed. Five-micron serial 

sections were cut and mounted on silanised-coated slides for immunostaining and 

histology.  

  

5.2.4 Plasma beta-amyloid analysis 

 

Plasma Aβ was measured using a commercially available Biosource ELISA 

kits which detects mouse Aβ40 (KMB3481; Invitrogen, Carlsbad, CA USA) and Aβ42 

(KMB3441; Invitrogen, Carlsbad, CA USA) with rabbit monoclonal antibody raised 

C-terminus of mouse Aβ42. ELISA immunodetection method was performed as per 

the instructions of the manufacturer and as previously described (Takechi et al. 

2010). The standard provided for Aβ40 is detectable from 0 – 500 pg/ml and Aβ42 

detection range is from 0-200 pg/ml. Manufacturers claim Aβ40 antibody does not 

recognise Aβ42 or Aβ43 and Aβ42 antibody does not detect Aβ40 or Aβ43.  

 

5.2.5 Plasma lipid analysis 

 

Plasma lipids were measured using absorbance based assays which are 

commercially available. Total plasma triglycerides were determined by 

measurement of surrogate marker glycerol produced from triglyceride hydrolysis (TR 

1697, Randox laboratories, U.K). Cholesterol esterase/oxidase technique was used 

to determine total cholesterol measurements (CH 201, Randox laboratories, U.K).  
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5.2.6 Plasma apolipoprotein B analysis 

  

Plasma apo B was determined in mouse plasma by Western blots and 

quantified by densitometry as previously described (Galloway et al. 2009).  

 

5.2.7 Immunofluorescent detection of enterocytic beta-amyloid 

 

Analysis of intestinal Aβ using immunofluorescent microscopy was done as 

previously described (Takechi et al. 2008b, Pallebage-Gamarallage et al. 2012). In 

brief, tissue sections (5 μm thick) were deparaffinised and rehydrated and then 

placed in boiling deionised water for 15 mins to retrieve antigens and for a further 10 

mins in PBS to permeabolise tissues before blocking in 20 % goat serum. Rabbit 

anti-human Aβ (AB5076, Chemicon Temecula, CA) was diluted to 1:1000 in PBS 

and then added to slides and allowed to incubate overnight at 4 °C followed by 1 h 

incubation in goat anti-rabbit IgG (1:200) (E0432, DAKO, Carpentaria, CA) at room 

temperature. Immunofluorescence was visualised with addition of anti-rabbit IgG 

with Alexa488 (1:100). Cell nuclei were labelled with DAPI (1:1000) (Invitrogen, 

Victoria, Australia) and sections were mounted on anti-fade mounting medium and 

sealed with a transparent hardening lacquer. 

 

5.2.8 Imaging 

 

Immunofluorescent digital images of X 100 magnification (Plan Neofluar x20 

objective, 1.3 numerical aperture) for photomicroscopy were acquired by AxioCam 

HRc camera (Zeiss, Germany) using AxioVert 200 M inverted microscope (Zeiss, 

Germany). Identical conditions were used to simultaneously capture fluorescent 

images. Assessment of pixel intensity for Aβ measurements were done using 

version 5.5 of AxioVision software. Filters used for excitation and emission were 

determined based on individual characteristics of fluorophores. Filter 38 (Ex 

BP470/40, beam splitter FT495 and Em BP525/50) and 49 (Ex G365, beam splitter 

FT395 and Em BP445/50) were used selectively for Alexa488 and DAPI stains 

respectively. Detection of emission from Alexa488 did not overlap fluorescent 

emission from DAPI staining. In addition, images were analysed in a darkroom and 

therefore detection of Aβ fluorescence was free from other external light sources.  
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5.2.9 Quantification of intestinal beta-amyloid abundance  

 

Quantification of fluorescence was performed as previously described 

(Pallebage-Gamarallage et al. 2012). In brief, approximately 40-50 2-dimensional 

(1388 x 1040 pixels) images were captured per treatment group with each image 

containing 4 or more villi. The densitometric sum of Aβ was calculated and villus 

nuclei were counted for each image using automatic measurement tool in 

Measurement module (AxioVision software version 4.7.1, Carl Zeiss, Germany). For 

each image, hue, saturation and threshold was standardised and image modification 

was limited only to removal of auto fluorescent debris of intestinal lumen. 

Quantification of enterocytic Aβ was determined by analysis of overall pixel intensity 

(densitometry) and dividing by the total number of cells counted per field of view. 

 

5.2.10 Statistical analysis  

 

The effect of HF feeding on A abundance, body weight gain, plasma Aβ 

and plasma lipids were assessed by univariate analysis. Outliers were removed 

using Post-hoc comparisons of means were performed and if equal variance was 

not found, then Mann-Whitney test was used to compare the difference between 

individual groups. Correlation studies were performed using Pearson’s correlation if 

data was considered normal; otherwise, Spearman’s correlation was used. A P-

value < 0.05 was considered a statistically significant. Data was analysed and 

graphs were generated using GraphPad Prism version 6, Microsoft Excel 2007 and 

SPSS version 17.0. If data was not considered normally distributed (column 

statistics tool, GraphPad Prism), then data was presented with histogram showing 

min to max; alternatively, bar graph exhibiting mean plus standard error of mean 

(S.E.M) was used.  
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5.3 Results 

 

5.3.1 Body weight and plasma lipids  

 

Body weight and plasma lipids were determined to monitor animal wellbeing 

and tolerance to diets. All mice gained weight consistently each week throughout the 

course of experiment. There were significant increases in body weight in all 

treatment groups at 19 and 38 w compared to initial weight at the commencement of 

dietary regimen (Fig. 1). At the end of the experiment (38 w), the MUFA group 

gained significantly greater weight than other treatment groups. Conversely, the 

PUFA treated mice gained significantly less weight than other fat supplemented 

treatment groups at the end of the dietary regimen (Fig. 1).  

 

Despite a more modest weight gain in mice maintained on a PUFA enriched 

diet, these mice were moderately hypercholesterolemic compared to control mice 

maintained on the LF chow diet. The mean plasma cholesterol concentration in mice 

maintained on an SFA or MUFA enriched diet was approximately 25 % greater than 

the LF-treated mice. Plasma triglycerides were not significantly different between 

different treatment groups.  

 

In mice, the liver produces apo B48 in addition to apo B100 so there is no 

equivocal marker of intestinal versus hepatic TRLs (Greeve et al. 1993). Therefore, 

total apo B-containing lipoproteins were determined by Western blot analysis. In the 

C57BL/6J mice used in this study and consistent with the plasma lipid data 

suggesting that the diets were well tolerated, chronic maintenance of mice on diets 

enriched in either SFA, MUFA or PUFA had no significant effect on the plasma 

concentration of plasma apo B following 19 or 38 w of feeding (Fig. 2 pooled data is 

shown).  
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Figure 1: The effect of dietary fats on body weight and weight gain in wild-type 

C57BL6J mice 

 

Figure 1 Data indicated as mean body weight ± standard error of the mean (S.E.M). Change 

in mean body weight of mice maintained on LF, SFA, MUFA and PUFA diets were recorded 

over the duration of the experiment where 0 weeks indicate the commencement of feeding. 

Weight of mice (all groups) was significantly higher than commencement weight (week 0). 

 

LF low-fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid.  
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Table 2: The effect of various dietary fats on plasma lipid concentration in 

wild-type C57BL6J mice 

 

 Cholesterol (mM) Triglyceride (mM) 

LF 1.84 ± 0.075 0.64 ± 0.056 

SFA 2.23 ± 0.274 0.72 ± 0.125 

MUFA 2.30 ± 0.312 0.67 ± 0.095 

PUFA 2.57 ± 0.164 0.74 ± 0.105 

 
Table 2 Data indicated as mean ± standard error of mean. Univariate ANOVA test was used 
to determine differences between plasma lipids and dietary groups. Single-factor ANOVA 
shows no difference between plasma cholesterol and triglyceride between groups at 19 
weeks.  
 

LF low-fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid.  
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Figure 2: The effect of various dietary fats on plasma apolipoprotein B 

concentration in wild type C57BL6J mice 

 

Figure 2 Histogram for plasma concentrations of total apolipoprotein B (Fig. 2) indicated as 

mean ± standard error of mean.
 a 

No significant difference was determined between dietary 

LF, SFA, MUFA and PUFA groups (P < 0.05). 

LF low-fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid.  
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5.3.2 The effect of duration of feeding on intestinal abundance of beta-

amyloid in C57BL6J mice 

 

The abundance of intestinal Aβ in response to dietary intake of various fatty 

acids in C57BL6J wild-type mice was assessed with immunofluorescent microscopy 

and protein abundance quantified by calculating fluorescent pixel intensity per cell 

nuclei (Fig. 4). We confirm previous studies that Aβ immunofluorescence (yellow) 

was evident within the mucosal layer of the duodenum comprised principally of non-

ciliated columnar epithelial cells or enterocytes and lamina propria. The distribution 

of Aβ along the villi is more prominent on the body and tips of villi compared to basal 

located and crypt villi cells. Within enterocytes, the location of Aβ is consistent with 

intracellular transport of synthesized proteins from Golgi apparatus and endoplasmic 

reticulum towards secretion on basolateral surface in polarised enterocytes. In 

addition, Aβ was visible particularly within the capillaries and lacteals of the lamina 

propria as evidence of the secretory pathway. 

 

The overall effects of diets enriched in fatty acids (all fatty acid treatment 

groups combined) compared to LF-controls on enterocytic-specific beta amyloid. 

Enterocytic Aβ was increased approximately 6-fold in the fat-supplemented mice 

compared to mice maintained on the LF diet (Fig. 3: LF versus HF). Duration of 

feeding effects was considered to exclude potential confounding effects of dietary 

acclimatization. Without discrimination of fatty acid treatment types, the data 

suggests sustained amplification effects over a 38 w intervention period of fatty acid 

dietary enrichment on enterocytic abundance of Aβ compared to LF fed controls 

(Fig. 3). A comparison of 38 w fed versus 19 w control mice did however suggest 

the possibility of a modest age-associated effect on enterocytic Aβ; however, the 

magnitude of this putative age-associated effect was relatively small compared to 

the effects of fat supplementation per se.  

 

Figure 3 shows HF feeding significantly increased enterocytic abundance 

with no distinguishable difference between 19 w and 38 w durations. Similarly, the 

LF feeding showed no difference between both durations. Based on the lack of 

difference between the 19 w and 38 w durations, the data was pooled (Fig. 4).   
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Figure 3. Effect of duration of feeding on enterocytic beta-amyloid abundance 

 

 

 

 

 

 

 

 

 

Figure 3 Quantitative analysis of enterocytic Aβ between low fat (LF) and high fat (HF: SFA + 

MUFA + PUFA) diets and comparison of enterocytic Aβ expression at 19 w and 38 w of 

feeding. Data is indicated as histogram with min, max, median, quartiles. 
a
 
b
 Increased 

duration of feeding did not significantly increase the expression of enterocytic Aβ. High fat 

feeding significantly increased the expression of enterocytic Aβ compared to LF for 19 w and 

38 w using (P < 0.05) 

LF low-fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid. OD optical density. 
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5.3.3 The effect of dietary fats on intestinal abundance of beta-amyloid 

in C57BL6J mice 

 

The pattern of Aβ fluorescence was detected along the villi and in the 

perinuclear location of all dietary groups; however, the abundance of Aβ was 

different between groups. All HF fed groups (SFA, MUFA and PUFA) exhibit 

significant increase in enterocytic Aβ (pixel area of staining and pixel intensity per 

cell) compared to LF fed controls (Fig. 4). High magnification depicts Aβ is abundant 

within the perinuclear location and traces of Aβ is also evident in the basolateral 

location of enterocytes under SFA feeding (Fig. 4a: SFA frame). In comparison to 

SFA group, unsaturated fatty acid (UFA) feeding showed a similar pattern of Aβ 

immunofluorescence within the absorptive villi of the small intestine. Both MUFA and 

PUFA had relatively greater abundance of Aβ immunofluorescence in perinuclear 

and basolateral areas of enterocytes (Fig. 4a: MUFA and PUFA frames).  

 

5.3.4  Quantitative evaluation of enterocytic beta-amyloid and fatty 

acid effects 

 

Equal caloric diets composed of 20.3 % (w/w) of fats were incorporated into 

the low fat chow containing 4 % (w/w) of fats. The SFA diet contained 65 % total 

SFAs (predominantly palmitic and stearic) significantly enhanced enterocyte 

expression of Aβ by 3.5-fold in comparison to LF group (Fig. 4b). In comparison, 

feeding of 77 % is oleic acid (MUFA) and 56 % n-3 PUFAs also increased intensity 

of Aβ immunofluorescence by 5.4-fold and 7.5-fold respectively compared to LF 

(Fig. 4b). Quantitative evaluation shows that fatty acid and increase calorie intake 

from fat significantly increase enterocytic Aβ abundance.  
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Figure 4a: The effect of dietary fatty acids on beta-amyloid abundance in small 

intestinal villi 

 

Fig. 4a Immunofluorescent images representative for each group showing small intestinal Aβ 

(yellow) and enterocyte cell nuclei (blue). Top row of images shows low-magnification and 

bottom row shows magnified portion of villi (red box) indicating cellular abundance of Aβ in 

enterocytes. The villus consists of a single outer layer of which the predominant cell type is 

enterocytes (mucosa). The lamina propria form the centre of the villi and consist of lacteals, 

blood vessels, lymphatics, and connective tissue. Presence of Aβ is concentrated in the 

perinuclear region of enterocytes with some Aβ evident towards the basal location of cells 

and within the lacteals. The pattern of staining is consistent in each group. Abundance of Aβ 

is increased in high fat (HF) feeding which was specific to the type of fat ingested. Scale bar 

= 40 µm (top row) 10 µm (bottom row).  

LF low fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid.  
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Figure 4b: Quantification and analysis of the effect of dietary fatty acids on 

enterocytic beta-amyloid. 

 

Figure 4b bar graph and table presents histogram of median with min, max and quartiles for 

optical density value of enterocytic Aβ immunofluorescence between LF control, SFA, MUFA 

and PUFA groups. Optical density per cell = [mean OD x pixel area] / total number of cells 

counted. 
b
 Indicates significant difference compared to 

a 
LF group (P < 0.05). 

LF low fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

91 

 

5.3.5 Effect of dietary fats on plasma beta-amyloid 40 and beta-amyloid 42 

 

Increased enterocytic abundance of Aβ may translate to increased secretion 

into lacteals and blood. Plasma Aβ40 and Aβ42 were measured and having 

confirmed no duration-of-feeding effects within treatments (19 w versus 38 w), 

therefore pooled data is presented. Irrespective of treatment group, there was 

approximately an 8-fold greater concentration of Aβ40 in plasma compared to Aβ42. 

The potential differential effects of dietary fat supplementation on plasma Aβ 

isoforms are indicated in Figure 5. There was no substantive effect of dietary fatty-

acid treatment on plasma Aβ40 concentration compared to LF-controls. However, 

the median plasma Aβ42 appeared markedly greater in fat supplemented mice with 

MUFA > PUFA > SFA > LF. However, significant within fatty-acid treatment group 

variability did not realize statistically significant differences (Fig. 5a and 5b). 

Consistent with the notion of greater Aβ42 relative to Aβ40, the plasma ratio was 

significantly greater in mice on fatty acid enriched diets compared to LF-controls 

(Fig. 5c).  
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Figure 5a: The effect of dietary fats on plasma beta-amyloid 40 

 
 

Figure 5b: The effect of dietary fats on plasma beta-amyloid 42 

 
Figure 5c: The effect of dietary fats on plasma beta-amyloid 42/40 ratio 
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Figure 5 Data shows plasma Aβ40 (5a), Aβ42 (5b) and Aβ42/Aβ40 ratio (5c) measurements 

for LF, SFA, MUFA and PUFA groups. Plasma Aβ40 and Aβ42 are indicated by histogram 

(median, min, max and quartiles) and Aβ42/40 ratios are indicated as mean ± standard error 

of mean 
a 

No significant difference was found between dietary groups (P > 0.05).  

 

LF low fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid. 

 

5.3.6 Association between plasma beta-amyloid and plasma 

apolipoprotein B 

 

Figure 4 in this chapter indicates that diets enriched in dietary TG enhance 

Aβ abundance within enterocytes and this observation was independent of the TG 

fatty-acid isoforms of SFA, MUFA and PUFA. Chapter 4 (Galloway et al. 2009) 

demonstrated the colocalisation of enterocytic apo B with Aβ and degree of 

association determined by Manders Overlap Coefficient was significantly enhanced 

in SFA fed group. These observations are consistent with the possibility of increased 

chylomicron biogenesis and secretion occuring in association with increased 

enterocytic Aβ abundance, although the abundance of Aβ and apo B were not 

dependent (chapter 4) suggesting that the relative abundance of Aβ per CM may 

also differ between dietary treatment groups.  The relative ratio of plasma Aβ to apo 

B lipoproteins may therefore provide some insight into relative enrichment as a 

consequence of fatty acid feeding. Figure 6a shows no significant difference 

between fatty acid treatment groups in the concentration of Aβ40 relative to the LF 

group, however there was significant inter-group variability and therefore statistical 

significance was not realized. Some evidence of increased enrichment with Aβ42 of 

TRLs within the SFA and PUFA groups is however indicated (Fig. 6b).  
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Figure 6a: fatty acid diet effects on ratios of beta-amyloid 40 to apolipoprotein B 

  

Figure 6b: fatty acid diet effects on ratios of beta-amyloid 42 to apolipoprotein B 

 

 

Figure 6 Ratios of Aβ40 and Aβ42 to plasma apo B are shown as histograms in figure 7a 

and 7b respectively. 
a
 Indicates significant difference compared to LF control group (P < 

0.05). 

 

LF low fat, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 

polyunsaturated fatty acid. 
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5.4 Discussion 

 

This study utilized wild-type C57BL/6J mice that are widely used for studying 

lipid disorders such as atherosclerosis. Experimentally, these mice have 

demonstrated good tolerance to high SFA and CH diets, with a similar degree of 

enrichment as indicated in this study (Pallebage-Gamarallage et al. 2009, 

Pallebage-Gamarallage et al. 2012). The aetiology of AD is unknown, however the 

presence of an isoform of apo E, E4 (allele) in up to 50 % of AD cases has led to the 

notion that AD could be a result of a disorder in lipid metabolism (Lindsay et al. 

2002). However, some dietary fats especially SFAs have been increasingly reported 

to be associated with increased prevalence of AD in large multi-nation 

epidemiological studies (Grant 1998, Morris et al. 2003, Shadlen et al. 2000, Havlik 

et al. 2000, Graves et al. 1999). However, the link between AD and postprandial 

lipoproteins, including apo B-containing lipoproteins, which are produced and 

secreted in response to exogenous availability of dietary fatty acids is not well 

understood. We previously hypothesized that dietary fat induced stimulation of CM’s 

enriched in Aβ, might increase AD risk as a consequence of exaggerated 

cerebrovascular exposure to lipoprotein associated Aβ (Takechi et al. 2008a). 

Consistent with this hypothesis, we reported that C57BL/6J mice maintained on an 

SFA diet for 12 w had BBB dysfunction and blood-to-brain delivery and retention of 

apo B associated lipoproteins (Takechi et al. 2010b). However, mice maintained on 

diets enriched with MUFA or PUFA did not demonstrate brain parenchymal 

extravasation of apo B lipoprotein associated Aβ. Therefore, a primary objective of 

this candidacy was to explore the hypothesis that diets enriched in saturated or 

unsaturated fatty acids, differentially modulate Aβ biogenesis. 

 

Immunofluorescent microscopy captured images showed expression of Aβ 

within the proximal small intestine of C57BL/6J mice and specifically on the mucosal 

layer and confined to simple epithelium containing enterocytes as well as lacteals. 

Within polarized enterocytes, the presence of Aβ was visible within the perinuclear 

location, the site of ER and Golgi apparatus. The pattern and location of staining is 

consistent with previous demonstrations of intestinal Aβ abundance using IHC 

(Galloway et al. 2007, Galloway et al. 2008, Galloway et al. 2009, Pallebage-

Gamarallage et al. 2009). The pattern of staining remained consistent across groups 

although staining intensity was significantly increased in all HF groups (Fig. 4a). 
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Quantification of enterocytic Aβ was done by image capture and measurement of 

fluorescent intensity or pixel density with automatic measurement software. Pixel 

density was then divided by the number of cells counted to determine mean Aβ 

intensity per cell. High SFA, MUFA and PUFA diets all led to significant increase in 

enterocytic abundance of Aβ compared to LF controls (P < 0.05). This data indicates 

that HF feeding increased enterocytic Aβ without discrimination for fatty acid 

treatment group. In contrast to the hypothesis suggesting that SFA specifically 

would increase enterocytic Aβ relative to equicaloric diets enriched in MUFA or 

PUFA, there was no difference on enterocytic Aβ between fatty-acid treatment 

groups per se. An increase in Aβ staining observed under HF feeding was evident 

within the perinuclear region of the cytosolic compartment suggesting direct effects 

on Aβ biogenesis. 

 

The distribution of Aβ was primarily evident in the perinuclear region and not 

identified at the cell membrane. This observation is consistent with earlier findings 

that 90 % of APP is found to be present in the Golgi apparatus and the trans-Golgi 

network (Haass et al. 1992). In addition, the polarized enterocytes (columnar ciliated 

simple epithelial cells) are structurally built for absorption at the apical surface and 

secretion at the baso-lateral surface. One study of APP production in polarised 

kidney cells found that a large amount of sAPPα is produced in the trans-Golgi 

network (Haass et al. 1995) and a small amount on plasma membrane. 

Colocalization of Aβ with apo B within enterocytes (Chapter 4), is consistent with 

previous findings in cultured liver cells (HepG2 cells) where intracellular Aβ was 

recovered with components of lipoproteins including phospholipids, TG, CH (and CH 

esters) and apolipoproteins (Koudinov and Koudinova 1997). Like hepatocytes, it is 

conceivable that within enterocytes, Aβ is also processed in a similar manner. This 

led to the conclusion that enterocytic Aβ might be involved with the apo B lipidation 

process and CM maturation and thereafter secreted associated with CMs (Galloway 

et al. 2009).  

 

The current chapter identified that both enterocytic Aβ and apo B can be 

strongly stimulated by dietary fatty acids, but as findings of Chapter 4 suggests, the 

synthesis of Aβ and apo B occur independently. Although literature on the effect of 

fatty acids on APP processing is limited, there are some studies of fatty acids effects 

on APP processing in cell culture models. According to Patil et al. (2006) SFAs 
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induced an increase in Aβ production by up regulate β-secretase processing of APP 

in primary rat cortical neurons and Lui et al. (2004) demonstrated that oleic acid 

treatment in PSwt1 CHO cells increases APP expression and Aβ abundance. 

However, Lim et al. (2005) showed that DHA up-regulates α-secretase and reduced 

β-secretase therefore reducing Aβ synthesis. It is possible that fatty acids may also 

modulate amyloidogenic or non-amyloidogenic processing of APP within the 

enterocytes.  

 

The abundance of enterocytic Aβ could reflect a balance of production and 

section. A limited number of cell culture studies suggest that SFA increase whilst 

MUFA and PUFA decrease secretion of Aβ in neurons and Chinese hamster ovary 

cell culture medium compared to BSA controls (Oksman et al. 2006, Amtul et al. 

2011b). Although these observations may provide some relevant details regarding 

the fatty acid effects on Aβ metabolism, we show secretion of Aβ occurs in 

association with apo B-lipoproteins and therefore findings cell culture models may 

be considered less physiologically relevant in context of current findings. An earlier 

study in our laboratory reported high-SFA feeding (with similar SFA content to this 

study) and 1 % CH for 32 d increased the intracellular abundance of Aβ in mouse 

enterocytes, however did not markedly increase lacteal abundance compared to 

controls (Pallebage-Gamarallage et al. 2012). Due to similarity in animal model and 

diet, it is reasonable to assume that SFA-induced increases in enterocytic Aβ in this 

current study is probably a consequence of heightened synthesis rather than 

decreased secretion.  

 

The findings in chapter 4 and in other studies (James et al. 2003, Koudinov 

and Koudinova 1997) demonstrate that Aβ directly associates with lipids and apo B 

in Golgi and is secreted in a complex with lipoproteins. In cell culture studies using 

transformed colonic enterocytes (CaCo2 cells), the addition of SFA (palmitic acid), 

MUFA (oleic acid) and n-6 PUFA (linoleic acid) were shown to increase secretion of 

TG and apo B48 comparably (van Greevenbroek et al. 1996). In addition, the total 

number of secreted apo B molecules was doubled compared to controls, but did not 

differ between media of fatty acid treatment group per se (van Greevenbroek et al. 

1996). The findings reported by van Greevenbroek et al. (1996) are broadly 

consistent with the primary findings reported here, in that enterocytic abundance of 

Aβ was increased to a similar extent in mice randomized to either of the fatty acid 
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treatment groups. However, the in vivo model utilized in this study found no 

evidence of accumulation of lipoprotein associated Aβ within plasma. In this study, 

the fat-enriched diets were well tolerated with no evidence of dyslipidemia. Hence, a 

notional increase in secretion of postprandial lipoprotein-Aβ as a consequence of 

fatty acid feeding, may have been accommodated within the ordinary metabolic 

pathway, that being hydrolysis by endothelial lipases and thereafter, clearance by 

high affinity (receptor-mediated) pathways. Chronic excessive ingestion of SFA 

ordinarily suppress apo B/E receptor abundance, the primary pathway by which apo 

B lipoproteins including CM-remnants are cleared (Dane-Stewart et al. 2003). 

However, there was no evidence of apo B lipoprotein accumulation in the SFA 

treated mice in this study.  

 

The experimental design adopted is in the context of a post-prandial state so 

the time of sacrifice was restricted within a 2 h time frame following the ordinary 

feeding (dark room) feeding period.  It is possible that variability in the absorptive 

state masked and an adequate clearance pathway masked a transient state of 

postprandial hyperamyloidemia. To consider this possibility directly, in vivo fat 

loading studies are required or alternatively collection of lymph via cannulation 

techniques. The latter however is difficult technique to achieve in murine models due 

to size.  

 

In the absence of direct assessment of secretion, it is notionally also possible 

to assume that enterocytic accumulation of Aβ is indicative of reduced lipoprotein 

assembly and secretion into lacteals and lymph. However, this explanation is 

unlikely given a number of studies in vivo and in vitro which uniformally 

demonstrates that dietary fatty acids and in particular fatty acids stimulate assembly 

of large TRLs within enterocytes (Field et al. 1988, Williams et al. 2004, van 

Greevenbroek et al. 1996). In addition, the abundance of Aβ relative to apo B 

generally tended to be greater in the fat-treated mice compared to controls. The 

latter was particularly indicated for the Aβ42 isoform.  

 

The relevance of these findings in the context of AD risk is unclear. The SFA 

diet utilized in this study has equivocally been demonstrated to compromise BBB 

integrity, resulting in brain parenchymal retention of lipoprotein associated-Aβ which 

may be inflammatory and exacerbate amyloidosis (Takechi et al. 2010a). 
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Compromised capillary integrity may be a consequence of increased exposure to 

post-prandial lipoprotein-Aβ; however frank accumulation of lipoproteins was not 

indicated in mice maintained on SFA treatment. On the other hand, there was 

evidence of increased enterocytic abundance of Aβ and apo B that may be 

indicative of heightened secretion during the absorptive phase. Rather, mice fed an 

equicaloric diet relative to SFA but enriched in MUFA or PUFA also were consistent 

with increased production of CM-associated Aβ. On the basis therefore that vascular 

exposure to lipoprotein-Aβ is not profoundly similar between fatty acid treatment 

groups, it would suggest that capillary dysfunction is a consequence of the fatty acid 

phenotype and not vascular exposure per se. Thereafter however, the metabolic 

lipoproteins cascade that occurs as a consequence of extracellular retention may be 

exacerbated as a consequence of the Aβ enrichment. If this were the case, the 

propensity of greater Aβ42 enrichment may be notable. 
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Chapter 6: General discussion 

 

This chapter will present a general discussion for the findings presented in this 

thesis. Chapter 2 identified the presence of Aβ within intestinal lipogenic enterocytes 

and in conjunction with chapter 3 and 5 showed that enterocytic Aβ abundance can 

be regulated by the ingestion of dietary fats. Chapter 3, 4 and 5 further explored the 

physiological implications of this finding in the context of metabolism of Aβ and 

production of postprandial lipoproteins derived from enterocytes. In this chapter, the 

findings will be considered principally in a physiological context; methodological 

considerations and possible future studies will also be discussed. Consideration of 

the findings in the broader context of AD risk will be considered and will include co-

authored papers where significant contributions were made. 

 

 

6.1 Enterocytic beta-amyloid homeostasis 

 

6.1.1 Summary of enterocytic beta-amyloid findings   

 

High fat feeding is associated with a number of metabolic diseases including 

cardiovascular disease, diabetes, hyperlipidemia, hypertension, stroke, obesity and 

cognitive decline. In recent years, fatty acids have been increasingly recognised in 

the modulation of appetite, hormone secretion, inflammatory, oxidative and insulin 

metabolic pathways (Ulven and Christiansen 2015). The effect of these pathways 

on intestinal Aβ is currently not known; however, since the intestines are the first to 

respond to the availability of fat from the intestines, it would be reasonable to 

assume that Aβ expression is a direct result of high fat intake. This is supported by 

cell culture studies which were mentioned in chapter 5 (Oksman et al. 2006, Amtul 

et al. 2011b, Patil et al. 2006, Lim et al. 2005). 

 

This thesis was the first article to show the presence of Aβ within 

enterocytes and explore the relative expressions of Aβ in response to intake of 

dietary fats in murine model. Given that enterocytic Aβ expression is responsive to 

the intake of dietary fat or the availability of exogenous lipid substrate, it is 

reasonable to assume that it has a role in the metabolism of lipids, possibly as an 

apolipoprotein component of enterocytic lipoproteins.  
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This thesis presents the finding that Aβ, a protein which may accumulate in 

the brain over long periods of time and cause irreversible brain changes commonly 

reported in AD, is found in the absorptive enterocytes of the small intestine (chapter 

2). Furthermore, the enterocytic expression of Aβ and apo B were sensitive to the 

exogenous availability of lipid substrate derived from dietary sources (chapters 3 

and 4). Chapter 3 found that small intestinal villi height and overall intestinal length 

may be affected by dietary fat content in a manner which favours absorption, 

increasing the number of enterocytes. Chapter 4 further investigated the co-

association of Aβ with apo B in the context of lipoprotein biogenesis and regulation 

by dietary fatty acids and CH. Contrary to the hypothesis indicated in the literature 

review, chapter 5 showed that enterocytic abundance of Aβ was not differentially 

regulated by SFA, MUFA and PUFA.  

 

Enterocytic Aβ was predominantly localized with apo B within the perinuclear 

location of Golgi and ER of enterocytes indicated by significant co-localised 

immunodetection of Aβ and apo B. Although the different compositions of fatty acids 

(SFA, MUFA and PUFA) did not appear to differentially modulate enterocytic Aβ 

abundance, the calorie or total amount of fatty acid intake rather than saturation and 

chain length may be of greater importance with respect to promoting the biogenesis 

of Aβ. Our results were consistent with previous publications of reports that SFA, 

MUFA and PUFA equally promote apo B biogenesis and CM production (van 

Greevenbroek et al. 1996). These findings collectively support the concept that 

within enterocytes, Aβ is associated with postprandial apo B-containing lipoproteins 

(nascent CMs).  

 

6.1.2 Role of small intestine adaptation in enterocytic beta-amyloid 

abundance  

 

The absorptive enterocytes in the small intestine are responsible for the 

delivery and transport of 95 % of exogenous fats to the body. These specialised 

columnar epithelial cells absorb emulsified fats through the apical surface and 

secrete them into the lacteals as intestinal lipoprotein CMs via the basolateral 

surface. Following synthesis, CMs are secreted into mesenteric lymph and 

transported to thoracic duct from which they enter the circulation via the subclavian 
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vein. Circulating CMs are rapidly metabolised by lipoprotein lipase (LPL), which 

results in the formation of smaller TG-poor, CH and apo E rich CM remnants. These 

apo E-rich CM remnants are ordinarily rapidly cleared by the liver via receptor-

specific processes (Hussain et al. 1996). Variation in dietary fat consumption and 

duration of feeding are proposed to alter dietary lipid absorption (Degrace et al. 

1998) and enterocytic turnover (growth and proliferation) (Dauncey et al. 1983, King 

et al. 1983) as well as secretion rate and fatty acid composition of biliary CMs 

(Degrace et al. 1998). In addition, gastrointestinal transit time is increased after 14 d 

of HF feeding (Cunningham et al. 1991). Taken together, it is reasonable to assume 

the small intestine can play a significant role in the absorption dietary fats and 

secretion of plasma Aβ-apo B-lipoproteins.  

 

Chapter 3 found that small intestinal villi height and overall intestinal length is 

influenced by habitual intake of dietary fat. In a physiological context, this dietary fat-

induced adaptation in small intestinal physiology is favourable towards increasing 

absorption of dietary fat and secretion of Aβ-apo B-lipoproteins by increasing the 

total number of enterocytes. Pearson’s correlation coefficient (chapter 4) shows that 

the presence of Aβ and apo B occur independently of each other, but both can 

associate during maturation of lipoproteins and thereafter be secreted as a 

lipoprotein complex. It is conceivable that the diet derived fatty acids can modulate 

APP processing pathways which are separate from the pathway which fatty acids 

affects apo B abundance. The role of fatty acids in APP processing and apo B will 

be discussed separately in this chapter. 

 

6.1.3 Effect of fatty acids on amyloid precursor protein processing 

 

Proteolytic processing of APP by α-secretase prevents the production of Aβ 

whereas processing by β- secretase (or BACE) and γ-secretase produces Aβ. 

Modulation of selective processing by inhibiting β- or γ- secretase has been 

regarded as a possible therapeutic target for reduction of Aβ that is pathologically 

implicated in AD (Nishitomi et al. 2006, Elvang et al. 2009). Results from chapter 5 

showed no distinct changes in enterocytic Aβ in SFA, MUFA or PUFA diets. This 

however does not eliminate the possibility that enterocytic APP processing can be 

regulated by different fatty acid type in enterocytes and other cells. Although no 

other studies have researched the effect of dietary fats in enterocytic APP 
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processing per se, there are a number of studies in other cell types which offer 

insight into intracellular lipid regulation of  APP processing (Lim et al. 2005, Patil et 

al. 2006, Parsons et al. 2007). Lim et al. (2005) found in the cortex of 17-19 month 

old transgenic Alzheimer mice models (Tg2576) fed a diet containing 0.6 % DHA, 

reduced insoluble amyloid plaques and specifically a reduction of Aβ42 within 

guanidine-soluble extracts. Further analysis showed that DHA specifically regulated 

APP levels by modulating preferential proteolysis by α-secretase by reducing β-

secretase (Lim et al. 2005). These results are not consistent with our enterocytic 

data, which indirectly suggests a stimulatory effect of n-3 PUFA on APP processing. 

Moreover, in this study enterocytic isoforms of Aβ were not determined.  

 

Further insight into the modulating effects of fatty acids on APP processing 

was gained by Patil et al. (2006) who showed in a transgenic Alzheimer’s mouse 

model that palmitic acid treatment led to the accumulation of C-terminal fragment 

(CTF) in neurons via the upregulation of β-secretase within surrounding astrocytes 

(Patil et al. 2006). The function of β-secretase to cleave APP depends on its state of 

maturation. Indeed, Parsons et al. (2007) found inhibition of palmitoylation and 

farnesylation resulted in reduced dimerisation of β-secretase and lower levels of Aβ 

which indicates that β-secretase maturation is linked to intracellular modifications of 

fatty acids. Although β-secretase expression was not measured in this study, dietary 

fatty acids may differentially regulate enterocytic Aβ via altered β-secretase 

cleavage of APP.  

 

6.1.4 Apolipoprotein E role in enterocytic triglyceride and beta-

amyloid 

 

In addition to the role in receptor uptake of TRLs, apo E is also responsible 

for production of VLDL in the liver. Low levels of apo E were linked to increased 

plasma concentrations of TRL’s and cholesterol, which is due to inefficient 

clearance via apo E receptors (Quarfordt et al. 1995, Zhang et al. 1992, Kuipers et 

al. 1997). Studies also indicate that apo E deficiency also leads to significant 

hepatic accumulations in the liver on low-fat chow; more than halving TRL content 

in the liver. This was consistent with a more than trice reduction in rate of 

production of VLDL measured by triton WR 1339 intravenous injection 

(Mensenkamp et al. 1999). In the same study, cultured hepatocytes also showed a 
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significant decrease in intracellular TG in apo E KO mice; though a slight increase 

in TG was detected after 24 h incubation with 0.75 mM oleate. In addition, the rate 

of VLDL-TG production was directly proportional to the expression of apo E 

expression in the hepatocytes mRNA, leading to the conclusion that apo E 

associates with immature VLDL particles prior to secretion. In chapter 3, our results 

showed a slight but non-significant decrease in plasma TG in apo E KO mice either 

on low or high fat chow feed, but rather a significant increase in plasma CH. This is 

consistent with the plasma TG and CH levels measured in apo E KO mice by 

Mensenkamp et al. (1999).  

 

The genetic expression of apo E has been shown in the gastrointestinal tract 

including the small intestine in humans. In the small intestine, apo E was specifically 

isolated in the macrophages, dendrite cells, and in lymph follicles of the lamina 

propria of mucosal layer (Niemi et al. 2002). There is some evidence that suggests 

apo E has a role in differentiation, proliferation, adhesion, structure, polarity and 

positioning of cells (Vogel et al. 1994, Lewalle et al. 1997, Handelmann et al. 1992, 

Scott et al. 1998). However, the study presented in chapter 3 contradicts these 

findings; apo E null mice shows increased the length/height of intestinal villi under 

low fat diet (compared to wild-type mice on LF diet) and decreased cells under high 

fat diet (compared to wild-type mice on HF diet). The diet-gene regulation of 

intestinal villi height/length and enterocytic cell number may indirectly influence the 

overall intestinal production of CMs and Aβ. 

 

6.1.5 Enterocytic triglyceride and apolipoprotein B synthesis and 

secretion 

 

Chapter 4 showed that enterocytic abundance of Aβ can occur 

independently from apo B; however, several studies support the binding and 

secretion of Aβ with apo B-containing lipoproteins from lipogenic cells (Koudinov 

and Koudinova 1997, James et al. 2003). In addition, secretion of surrogate maker 

sAPPα for Aβ proteolysis occur post intake of oral fat loading test, possibly from 

enterocyte source (Boyt et al. 1999). In blood, Aβ has high affinity to lipoproteins 

and apolipoproteins binding to more than 90 % Aβ (Koudinov et al. 1994, Stratman 

et al. 2005, Tokuda et al. 2000, Kuo et al. 1999, James and Mamo 2005). Taken 

together, these studies are supportive of the likelihood that Aβ binds to apo B-
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lipoproteins in enterocytes prior secretion. The co-association of Aβ with perinuclear 

organelles indicate that Aβ is likely incorporated into CMs during maturation or 

lipidation stages of synthesis (discussed in detail in chapter 2). In addition, fatty 

acids irrespective of chain length and saturation can promote lipidation of apo B and 

drive synthesis and secretion of CMs. Since secretion of enterocytic Aβ was not 

measured in this study, in-situ isolation of immune-positive Aβ would reflect the 

balance of production and secretion of Aβ in complex with apo B-containing 

lipoproteins. Confirmation of Aβ secreted as a lipoprotein complex could be 

considered by immunoprecipitation of lymph.  

 

The effect of fatty acids on secretion of apo B-lipoproteins can provide an 

indication of the effect of fatty acids on the secretion of Aβ-apo B-lipoproteins. 

Understanding the production and secretion dynamics of Aβ-apo B-lipoproteins 

within enterocytes is an important consideration in the interpretation of enterocytic 

Aβ results in chapters 2, 3, 4 and 5. A study of fatty acid effects in Caco-2 cells 

show that addition of high fat mixed-diet which contained predominantly either SFA, 

MUFA and n-6 PUFA for 24 h increased secretion of TG and apo B48 by 2-fold 

compared to controls, however there was no significant difference in secretion of 

apo B between different fatty acid groups (van Greevenbroek et al. 1996). Indeed 

one of our co-authored works also indicates that Aβ secretion remains unchanged 

between low fat and high fat feeding (Pallebage-Gamarallage et al. 2012). If indeed 

secretion rates are comparable across the different fatty acid groups and controls, 

this finding supports the observations made in chapters 2, 3, 4 and 5 that different 

fatty acids can indiscriminately drive greater Aβ production compared to a low fat 

diet within enterocytes.  

 

6.1.6 Enterocytic and hepatic contribution to plasma beta-amyloid  

 

Results in this thesis indicate that small intestinal enterocytes produce and 

secrete Aβ with apo B-lipoproteins. The pathological relevance and possibility that 

liver and small intestine can separately contribute Aβ-apo B48-lipoproteins and Aβ-

apo B100-lipoproteins towards brain AD pathology has been discussed (Takechi et 

al. 2009). In brief, the roles of apo B48 and apo B100 have been previously studied 

in atherosclerotic plaques. Although both apo B48 and apo B100 have been found in 

endothelial cells and reside in the tunica intima/media of blood vessel walls (Proctor 
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et al. 2002, Olofsson and Boren 2005), apo B48 was found to be present in greater 

abundance (Pal et al. 2003). In addition, the increase in affinity of apo B48 to arterial 

wall was specific and not dependent on plasma concentrations (Pal et al. 2003). 

Both apo B48 and apo B100 can bind heparin sulphate proteoglycans (HSPGs) 

(Proctor and Mamo 2003), increased arterial retention of apo B48-lipoproteins can 

also extended to greater retention by extracellular matrices of the brain as shown by 

our recent study (Lam et al. 2011). In brief, this study explored the possibility that 

HSPGs, specifically biglycan, decorin and perlecan (not agrin) can facilitate the 

bindings of apo B to cerebral amyloid plaques of the brain (Lam et al. 2011). 

Currently, evidence suggests that intestinally derived Aβ contributes to greater 

plasma levels of apo B-containing lipoproteins postprandially; however, liver derived 

lipoproteins are present in greater concentrations in blood throughout the majority of 

the day. Therefore it is possible there can be differential effects of apo B100 and 

apo B48 Aβ containing lipoproteins may be relevant to risk for AD.  

 

 

6.2 High fat diet and intestinally or hepatically derived beta-amyloid 

in Alzheimer’s disease pathology 

 

6.2.1 Dietary fat and blood-brain barrier damage: candidates 

contribution to co-authored manuscripts  

 

Takechi et al. (2009) identified that apo B of small intestine and/or liver origin 

is present in cerebrovasculature and amyloid plaques. This study addresses the 

latter part of my broad hypothesis (see thesis introduction for hypothesis) and 

examines the putative effects of SFAs and UFAs dietary regimen on BBB integrity. 

This study directly extends on the findings of chapter 5 that enterocytic Aβ is 

enhanced under high-fat feeding, but demonstrates that SFA diets, not MUFA or 

PUFA, causes damage to BBB. In the article by Takechi et al, I contributed to care 

of animals, design of dietary intervention, sample collection, sample analysis and 

appraisal of draft manuscript. Secretion of plasma Aβ-lipoproteins from enterocytes 

may not be transported into the brain without demonstrable BBB damage and thus 

increased capillary permeability. Hence, the findings reported by Takechi et al were 

relevant in the context of risk for BBB-dysfunction.  
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The co-authored article titled “Dietary fats, cerebrovascular integrity and 

Alzheimer’s disease risk.” (Takechi et al. 2010a) addresses the broader hypothesis 

(Introduction and chapter structure section) in relation to the role of dietary SFA and 

lipoprotein-Aβ in cerebrovascular and amyloid plaque pathology. Beta-amyloid has 

“vasoactive” effects on the BBB including damage to endothelial cells (Thomas et al. 

1997) and glial cells (George et al. 2004) resulting in a more permeable BBB. 

Chronic increases in plasma Aβ-lipoproteins induced by high dietary SFA intake 

could therefore damage cerebral blood vessels. One of the author’s own 

publications (Takechi et al. 2010b), using wild-type C57BL6J mice maintained on 

SFA feeding, compared to MUFA, PUFA and low-fat control diets showed marked 

leakage of the BBB, resulting in an increase in bi-directional transport of proteins 

across the BBB. Specifically, SFA feeding decreased expression of junction protein 

occludin along with increased influx of plasma apo B/IgG and increased efflux of 

S100β (Takechi et al. 2010b). Although blood to brain influx of Aβ-lipoproteins was 

not explored, cerebrovascular presence of apo B co-localised with Aβ indicates a 

high likelihood of Aβ-lipoprotein influx into the brain. In addition, colocalization of Aβ-

apo B evident within cerebral blood vessels, proteoglycans of the cerebral matrices 

(Lam et al. 2011) and amyloid plaques suggests that intestinally or hepatically 

derived Aβ-lipoproteins can cross the BBB and bind to the brain via apo B binding 

ligands. 

 

6.2.2 Summary of enterocyte or hepatocyte derived beta-amyloid in 

Alzheimer’s disease pathology 

 

The results from chapter 5 did not indicate increased plasma Aβ as a result 

of dietary fat feeding (SFA, MUFA and PUFA). Based on these results it is unclear 

whether or not SFA-induced increases in Aβ-lipoprotein levels is causally associated 

with BBB dysfunction. Alternatively, SFA could damage BBB via other mechanisms 

such as lipotoxicity, oxidation, inflammation which has been summarized in detail 

elsewhere (see section 4 of the review article by Takechi et al. 2010a).  

 

Takechi et al. (2010a) focuses on one of the key proteins which influences 

risk of developing AD, apo E4 and discusses the implications of apo E isoforms on 

TRL metabolism and related toxic mechanisms. Briefly, compared to other isoforms, 

apo E4 increases risk of developing AD by 17 % or 43 % dependant on whether an 
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individual contains one or two alleles (Strittmatter and Roses 1996). Apolipoprotein 

E4 could be implicated in AD pathology via by facilitating the blood to brain transport 

and parenchyma deposition of Aβ-lipoproteins. Apo E4 patients report “leaky” BBB 

compared to E2 and E3 subjects and under such circumstances this can lead to an 

increase in the influx of plasma Aβ-lipoproteins (Deane et al. 2008). Physiologically, 

apo E influences the metabolism of lipoproteins by binding to remnants (Hatters et 

al. 2006, Mahley 1988) and LDL receptor (Heeren et al. 2002, Krapp et al. 1996, 

Mamo et al. 1991). Compared to apo E3 and apo E2 which associates primarily with 

hepatically derived lipoproteins, apo E4 preferentially binds to CMs (Saito et al. 

2003) and comprises up to 65 % of the protein component of CM-remnants 

(Campos et al. 1992). The presence of apo E on Aβ-apo B-lipoproteins can facilitate 

nucleation into brain matrices as apo E binds with high affinity to HSPGs. In 

addition, apo E is an important ligand for the binding of apo B-lipoprotein remnants 

to LRP1 which is implicated in cerebral Aβ efflux. However, cell culture studies 

indicate that the binding affinity of apo E isoforms to LRP is not different, indicating 

that efflux is relatively constant and may not be implicated in AD via this clearance 

route.   

 

Cerebral Aβ-apo B-lipoproteins can deposit into the brain by association of 

apo B and various proteoglycans found in extracellular matrices of the brain. 

Proteoglycans, the predominant component of extracellular matrices can bind to 

both apo B and apo E (Flood et al. 2002, Bame et al. 1997). Studies have found 

HSPG, a type of proteoglycan, to be involved in the formation of amyloid plaques 

(van Horssen et al. 2003). Agrin, perlecan, biglycan and decorin are all 

proteoglycans which are capable of binding to apo B/apo E and these have been 

implicated in retention of lipoprotein (Iozzo 1998, Small et al. 1996, O’Brien et al. 

1998, Olin et al. 2001). A recent co-authored in our laboratory (Lam et al. 2011), 

demonstrated using immune-based approach, the colocalization of Aβ-apo B with 

HSPGs in a transgenic (APP/PS1) mouse model of AD and found perlecan, biglycan 

and decorin to be co-localized with apo B and Aβ in amyloid plaques. This study 

provides a possible mechanism for the nucleation of CSF Aβ-apo B-lipoproteins to 

cerebral matrices.  

 

 

6.3 Methodological considerations and study limitations 
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6.3.1 Immunohistochemistry and immunofluorescence for detection 

of beta-amyloid 

 

 As the detection of intestinal Aβ was crucial to our first article (chapter 2) “B-

amyloid or its precursor protein is found in epithelial cells of the small intestine and 

is stimulated by high fat feeding” the results were dependent on the sensitivity and 

specificity of IHC method and in particular the specificity of the Aβ antibody to 

recognise Aβ antigen without binding to unwanted epitopes. Specific immunological 

methods were developed and employed to determine in-situ location of Aβ. As a 

negative control, antibody absorption method was used, which briefly involves pre-

incubation of synthetic Aβ peptide with the primary Aβ antibody. Thereafter, the 

“absorbed” antibody was applied to the tissue as per IHC method and successful 

blocking or absence of staining signified that an antibody bound or absorbed Aβ. In 

addition to antibody pre-absorption, PBS was also used as a negative control with 

our experiments and transgenic mouse or human brain tissue with known amyloid 

plaques were used as positive controls. Antibody AB5076 was used for purposes of 

identification of intestinal Aβ in IHC and IF methods in subsequent experimental 

procedures (chapters 3, 4 and 5).    

 

Immunohistochemistry is a useful technique in determining in situ location of 

antigens of interest. Immunohistochemistry is an increasingly used method for 

clinical and research applications and the number of publications using IHC has 

increased 3-fold in the past 20 years (Matos et al. 2010). Briefly, IHC is a 

straightforward method which allows in-situ isolation of specific antigens by colour-

tagging which would otherwise remain undifferentiated by conventional histological 

techniques (Matos et al. 2010). By selective use of antibodies, IHC can be 

informative in recognising cellular or tissue responses in vivo by detecting changes 

in antigen expression (Brandtzaeg 1998). In addition, sensitivity of the methods can 

be adjusted by changing detection systems or decreasing antibody dilutions to 

enable recognition of very small amounts of antigen. 

 

6.3.2 Quantification of enterocytic beta-amyloid 
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The second methodological hurdle in this candidacy was to determine a 

method for quantification for Aβ determined by IHC and IF. First of all, it was 

important that the chromatin or fluorescence visualised with IHC and IF respectively 

was representative of the relative amount of Aβ. A number of research papers have 

found correlations between antigen amount and IHC signal (Matkowskyj et al. 2003, 

True 1988). It is also conceivable that quantification of IHC and IF uses similar 

antigen-antibody methods such as ELISA technique and Western blotting which are 

widely accepted as quantitative (Matos et al. 2010). 

 

Whilst IHC with semi-quantitative analysis were sufficient in determining the 

expression of intestinal Aβ, quantification of Aβ by IHC (chapter 2 and 3) was limited 

to manual methods of grading which is considered “semi-quantitative”. Although 

analysis by visual identification of “chromatin” intensity predetermined by 

parameters and can be limited by observer bias and subjectivity (Shi et al. 1991, Shi 

et al. 1993, Mikaelian et al. 2004), this method is an accepted method for semi-

quantification in IHC. Consideration of other factors in IHC, such as preservation of 

tissue and the ability of antibody to recognise the epitope, are vital to the process of 

quantification and has been discussed in detail by Walker (2006). In the 

methodologies used in this study, these conditions were tightly controlled between 

specimens that were prepared and treated under identical conditions of fixation, 

processing, cutting, staining and observed through identical optical chain.  

 

Immunofluorescence was developed based on its more direct method of 

quantification from measurement of fluorescent intensity. In addition, IF was 

employed for its advantage of 3D double labelling of two or more antigens (objective 

in chapter 4). Therefore, the IF method was introduced in chapter 4 for advantages 

of digital image analysis with software which can selectively recognise and quantify 

the immunostaining results by calculating the density of pixels allowing for both co-

localization and quantification. In chapter 4, the optical detectable “overlap” of two 

fluorescent intensities was used to determine the degree of co-association of cellular 

elements in-situ.  

 

The objective of chapter 4 was to determine whether Aβ co localizes with 

intestinal apo B. In order to achieve this within tissues, a dual-labelling method using 

IF techniques was developed (for details, see Takechi et al. (2008b)). This 



 

112 

 

technique successfully overcomes the barriers of using polyclonal antibodies raised 

in the same species by diluting the first antibody and by the use of different 

secondary detection systems. In brief, this method used a low dilution of rabbit 

polyclonal apo B antibody (1:4000) adding anti-rabbit IgG with biotin to bind and 

thus block most of the apo B antigen site. Subsequently, the second antibody rabbit 

polyclonal anti-Golgi at dilution 1:10 was used to attach to the Golgi protein of 

interest and finally, secondary anti-rabbit IgG conjugated with FITC and avidin 

conjugated with Alexa 546 was added. This method allows for double labelling of 2 

distinct polyclonal antibodies raised in the same species without cross-reactivity. 

Subsequent detection of Aβ was achieved without overlap of fluorescence emission 

from other fluorophores.  

 

6.3.3. Recommendations for future work 

 

Although the main objectives of the study have been thoroughly explored by 

the experiments conducted, there have been several limitations and therefore there 

expose possibilities for future studies. Extensions of this study may include 1) 

determining if different types of fats modulate the amyloidogenic processing of Aβ in 

hepatocytes and enterocytes; 2) modulate the binding or association of Aβ isoforms 

to chylomicrons and VLDL in response to fat intake; 3) Elucidate if absorption of 

triglycerides, and secretion, transport and clearance of CMs can be influenced by 

the presence of Aβ; 4) determine if intracellular Aβ interacts with fatty acids and play 

a role in incorporation into chylomicrons; and lastly, to explore further the kinetics 

(transport and clearance) of Aβ-lipoproteins, include liver derived lipoproteins and 

hepatocytes/liver involvement and contribution to plasma Aβ-lipoprotein pool. Serial 

ultracentrifugation can be used to isolate TRLs from IDL and HDLs at 229,190 g for 

24 h (Mamo et al. 2008). Thereafter, the lipoprotein-Aβ fractions can be 

immunoprecipitated using monoclonal Aβ antibodies and immunoblot. Analysis of 

Aβ-lipoprotein fractions can be achieved by semi-dry western blotting (Mamo et al. 

2008). For detection of intestinally derived CMs with Aβ, CMs can be isolated in 

Caco-2 cell culture or human plasma (Karpe and Hamsten 1994). This method 

could possibly be adapted to isolate CM fraction from VLDL and apply 

immunoprecipitation to quantify Aβ-CM in plasma or cell culture. The secretion of 

CM-Aβ can be measured in the future by collecting the conditioned medium of 

Caco-2 cells, then isolating the lipoprotein by sequential ultracentrifugation, followed 
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by SDS-PAGE and immunoblot with Aβ antibodies as described (Koudinov and 

Koudinova 1997). Once isolation of CM-Aβ has been established, dietary 

interventions with animal models, cell culture, kinetic tracer studies and clinical 

studies involving cognitive tests can be used to further investigate the role of CM-Aβ 

in AD.  

 

The effect of apo E genotype and apo B-lipoproteins and risk in AD can be 

either measured with respect to the isoform of apo E – 2, 3 and 4 and the 

association of CM with Aβ (measure by immunoprecipitation as mentioned above) 

using either transgenic apo E mouse models or in clinical studies with humans with 

different apo E genotypes. Measurement of postprandial levels and clearance of 

CM-Aβ should also be studied with respect to high fat diet. The permeability of BBB, 

brain Aβ-lipoproteins-apo B can be quantified and correlated with plasma results 

where possible. 

 

 

6.4 Summary  

 

The findings presented in this thesis suggest that dietary fatty acids promote 

the expression of Aβ within enterocytes, possibly via greater synthesis from APP. 

Grant (2014) showed that in eight countries, increased consumption of animal fat 

(high SFA) and calories positively correlated with the increased prevalence of AD. In 

addition, several studies show that SFA specifically increases AD risk whereas 

PUFA and MUFA can reduce risk (Eskelinen et al. 2008, Kalmijn et al. 1997, 

Luchsinger et al. 2002, Molteni et al. 2002, Sofrizzi et al. 2005, Grant 1998, Grant 

2014). However, the equal increases in enterocytic Aβ by intake of SFA, MUFA and 

PUFA diets could mean that modulation of AD risk by dietary fats would likely occur 

via pathways other than enterocytic production and secretion of Aβ. As suggested 

by subsequent studies from our laboratory, SFA but not MUFA or PUFA might be 

harmful towards BBB structure and therefore compromise the bidirectional transport 

of Aβ between the blood and brain, favouring influx and contributing to cerebral 

plaque Aβ load (Takechi et al. 2009). Results in this study would support the notion 

that increased availability of enterocytic Aβ via diet can add to the peripheral Aβ-

lipoprotein pool which can enter the brain and over time contribute to cerebral 

pathology (Takechi et al. 2010a). Furthermore, caution is exercised for chronic 
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ingestion of fat (all types) as it may increase enterocytic Aβ abundance, increased 

villi height and the length of the small intestine and therefore increase overall 

intestinal Aβ and plasma Aβ-apo B-lipoproteins (chapter 3). Based on our findings, 

increasing clearance or decreasing production of apo B-lipoproteins coupled with 

maintenance of BBB integrity may decrease cerebral Aβ load and therefore reduce 

risk of developing AD.  

 

Bateman et al. (2012) showed that cerebral amyloidosis can develop over 25 

years prior to the onset of cognitive decline symptoms. This study indicates that 

dietary fat can exacerbate the exposure of the BBB by increasing plasma and CSF 

Aβ-lipoproteins. Since the disease process in AD is a steady and progressive 

process, one can assume that chronic intake of fat will exacerbate the development 

of AD. This is supported by epidemiological studies that show high fat intake, 

especially SFA, is detrimental to cognitive state. Results from chapter 5 indicate that 

the abundance of intestinal Aβ increases in response to fatty acids irrespective of 

chain length and saturation which leads to the question as to whether unsaturated 

fats is protective towards AD via other mechanisms, possibly to do with increased 

rate of clearance and BBB integrity. Studies in our laboratory indicate that SFA is 

detrimental to the structure of the BBB which can lead to increase influx of Aβ-

lipoprotein into the brain.  

 

Future research would need to long term study involve human subjects, food 

frequency questionnaire, measurement of plasma Aβ-lipoproteins and BBB integrity 

to track development of AD in response to intestinally derived Aβ. It would be 

interesting to elucidate if chronic increase in dietary SFA, MUFA and PUFA mid-life 

leads to changes in plasma Aβ-lipoprotein and BBB disturbance that may eventuate 

into cognitive decline.  

 

 

6.5 Conclusion 

 

Findings in this thesis are the first to explore the likelihood that small 

intestinal enterocytes may contribute Aβ-lipoproteins in response to increased intake 

of calories via dietary fat. Intake of SFA, MUFA and PUFA all increase enterocytic 

Aβ abundance and increase enterocyte number but SFA specifically causes 
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damage to BBB which indicates high intake of SFA alone can contribute over time to 

pathology of AD. I suspect that dietary SFA induced increases in enterocytic 

expression of Aβ and secretion of Aβ-apo B-lipoproteins can contribute over time 

and perhaps decades before the onset of cognitive symptoms to the eventual 

development of AD. This thesis presents a mechanistic link between two multi-

factorial concepts: dietary lipid metabolism and Aβ production in a wild-type murine 

model. 
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of findings are published in internationally recognised journals.  
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340-7. 
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Article 1:  

 

 

Takechi R, Galloway S, Pallebage-Gamarallage MM, Wellington C, Mamo JC. 

(2008) Chylomicron amyloid-beta in the aetiology of Alzheimer’s disease. 

Atheroscler Suppl. 9, 19-25 (Review) 

 

Synopsis 

 

This review article presents current research regarding dietary fats and AD 

and provides an alternate novel perspective on pathological mechanisms involved.  

 

A number of epidemiological and animal studies show high intake of fats and 

cholesterol correlates with increased risk of developing AD via mechanisms related 

to the metabolism of Aβ (Kalmijn et al. 1997, Petot et al. 2004, Refolo et al. 2000, 

Sparks et al. 1994), however, the exact mechanisms remain unclear. Although Aβ, 

the derivative of precursor APP, has been shown to specifically cause a pathological 

cascade of events leading to AD, the origin of this crucial protein remains a subject 

of debate.  

 

One pathological feature that is common amongst AD-affected individuals is 

the presence of Aβ within the blood vessels of the brain and in many cases, damage 

to the BBB (Kalaria 1992, Wisniewski et al. 1997). The transport of Aβ across the 

BBB has been implicated and plasma Aβ can contribute to significant cerebral load 

(Deane et al. 2005) however currently, research into peripherally derived Aβ is 

limited. In this study we reported the expression of Aβ within small intestine 

enterocytes, which are responsible for absorption and transport of dietary fats. In 

addition, expression of Aβ was significantly enhanced by high fat feeding and 

abolished by fasting (Galloway et al. 2007). These findings provide an alternative 

view in understanding the possible pathological influence of dietary fats on the 

development of AD. Although cerebral amyloidosis was not observed in wild type 

mice involved in this study, LaRue et al. (2004) showed high-fat feeding induced an 

8-fold increase in the rate of peripheral Aβ transport into the brain.  
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A number of studies have shown that acute and chronic exposure of 

cerebrovasculature to Aβ can result in damage to endothelial cells of the tunica 

intima (Thomas et al. 1997). In this study, peripheral administration of Aβ resulted in 

entrapment of Aβ within blood vessels and transportation into brain (Maness et al. 

1994, Martel et al. 1996, Zlokovic et al. 1993) and chronic exposure to peripheral Aβ 

was shown to damage blood vessels and activate the brain’s immune response (Su 

et al. 1999). Pathological consequences of damaged BBB could be increased 

transport of Aβ into the brain and/or decreased efflux of Aβ from the brain.   

 

Section 3 and 4 of the article discusses the production and association of 

enterocytic Aβ with CMs. Our study in wild-type C57/BL6J mice shows the distinct 

presence of Aβ proteins within the perinuclear location of enterocytes and other 

studies indicate Aβ co-localises with enterocytic apo B and Golgi apparatus. 

Saturated fatty acids and UFAs feeding in animals show substantial expression of 

Aβ with apo B. The association of Aβ with apo B is presently unclear; however, the 

cysteine-rich motif of APP/Aβ shares homology with some lipoprotein receptors. As 

these domains can bind to apo E-containing lipoproteins with substantial affinity, it is 

reasonable to assume that endogenously produced Aβ can bind and associate with 

apo E-containing CMs. The presence of Aβ within ER/Golgi region suggests 

association of Aβ during lipidation of apo B; a process which produces primordial 

lipoproteins. Lipid substrate availability is crucial for lipidation of apo B and formation 

of CM molecules and high fat induced increases in enterocytic Aβ suggests 

involvement and secretion of Aβ in complex with lipoproteins (James et al. 2003).  

 

Several lines of evidence support the binding and association of Aβ with 

intestinally derived lipoproteins. Clinical studies show increases in APP processing 

following ingestion of fatty meal and increased secretion of intestinal Aβ-lipoproteins 

into blood (Boyt et al. 1999). Analysis of plasma from probable AD subjects (Mamo 

et al. 2008) shows that the majority of plasma Aβ is associated with TRL fraction 

including CMs and their remnants. This study determined that Aβ40 was 

significantly increased in TRL fraction of AD subjects compared to cognitively intact 

controls. In addition, although the subjects analysed were normolipidemic, there 

were significant decreases in the rate of clearance of postprandial lipoproteins 

marked by apo B48. High levels of post-prandial apo B48 can indicate post-prandial 
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dyslipidemia, a condition where increases in dietary induced secretions of CMs are 

not sufficiently cleared (Smith et al. 1999). 

 

In section 5, A transgenic mouse (APP/PS1) model of AD (mirrors cerebral 

AD pathology by over-expression of APP) shows significant increases in plasma Aβ 

with increases in plasma TGs, as well as TRLs. Interestingly, these observations 

were made prior to the onset of cerebral and cerebrovascular accumulation of Aβ. 

Further analysis of brain samples from APP/PS1 mice showed higher levels of IgG 

in plaques and increased occludin which indicates increased permeability of the 

BBB in these animals.      

 

Section 6 links the role of apo E isoforms with current findings/knowledge in 

CM-Aβ metabolism. Interestingly, apo E4 present in 50 % of AD individuals and 

influences kinetics of CMs. Apolipoprotein E4 preferentially binds to CMs and VLDL 

remnants which indicate a possibly greater plasma concentration of Aβ not 

associated with apo E. Apolipoprotein E4-containing individuals contains more 

permeable BBB which makes them at greater risk towards increased influx of 

plasma Aβ.  

 

Lastly, section 7 summarises the current understanding surrounding dietary 

fat induced intestinal production of Aβ-lipoprotein and BBB integrity. High SFA 

induced exacerbation of cerebral amyloid deposition could be linked to a build-up of 

CM-Aβ and with increased permeability of the BBB can result in accumulation of 

these toxic peptides in the brain. Finally, this article recommends prevention and 

therapy of AD via lipid modulating agents and dietary regulation.     
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Article 2:  

 

 

Pallebage-Gamarallage, M. M., S. Galloway, R. Johnsen, L. Jian, S. Dhaliwal, and 

J. C. Mamo. "The Effect of Exogenous Cholesterol and Lipid-Modulating Agents on 

Enterocytic Amyloid-Beta Abundance." [In eng]. Br J Nutr 101, no. 3 (Feb 2009): 

340-7. 

 

Synopsis: 

 

The manuscript titled "The Effect of Exogenous Cholesterol and Lipid-

Modulating Agents on Enterocytic Amyloid-Beta Abundance" is complementary to 

my PhD candidacy by directly supporting my objectives. This research article 

investigates the regulation of enterocyte Aβ by cholesterol and cholesterol 

modulating agents and considers the role of statins as a therapeutic intervention to 

counter balance dietary induced enterocyte Aβ. Results presented here confirm that 

endogenous or exogenous (dietary) cholesterol plays a role in addition to dietary fat 

in relation to Aβ abundance. Saturated fat feeding was used as a positive control 

and expression of enterocytic Aβ was significantly greater than cholesterol fed diet, 

indicating that the SFA component of the diet alone was sufficient enough to obtain 

a response. I contributed to this study by appraisal of manuscript and by assisting in 

animal care and tissue collection.  

 

Background: 

 

Several studies in animals show cholesterol feeding promotes deposition of 

Aβ in brain. In rabbits fed 2 % (w/w) cholesterol, there was an increase in neuronal 

accumulation of Aβ which was increased with feeding time (Sparks et al. 1994). 

Interestingly, removal of cholesterol content from the diet reversed the observation 

(Sparks 1996). Similarly, dietary cholesterol increased cerebral amyloid plaques in 

transgenic APPsw and PS1 mice (Refolo et al. 2000). Intracellular (neuronal) 

abundance of Aβ correlated positively with increased cholesterol (Sparks et al. 

1994). Consistent with this notion, statin treatment induced reduction of intracellular 

cholesterol reduced Aβ (Fassbender et al. 2001, Wolozin 2004). Ezetimibe 

selectively inhibits cholesterol absorption (Davis et al. 2004) and Atorvastatin 
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(ATOR) inhibits endogenous cholesterol biogenesis by inhibiting 3-hydroxyl-3-

methylglutaryl CoA reductase inhibitor (Naoumova et al. 1997). Both ezetimibe and 

atorvastatin were incorporated separately into low-fat 2 % (w/w) cholesterol feed to 

determine effects on enterocytic Aβ.   

 

Methods:  

 

Wild-type C57BL/6J mice were place on either low-fat and cholesterol-free 

diet (LF) or low-fat and 2 % cholesterol diet (HC). Another group fed a saturated fat 

diet was used as a comparison. Both LF and HC diets incorporated ezetimibe or 

atorvastatin within the diet making 6 groups of animals in total (4 statin + 2 control 

groups). Samples of the small intestine were collected for immunohistochemistry 

analysis and results were graded via semi-quantitative methods according to 

previous studies.  

 

Results: 

 

Enterocytic Aβ was found within the perinuclear location of enterocytes, the 

site of Golgi and rER. In comparison to LF feeding, HC diet significantly (P < 0.000) 

decreased enterocytic abundance of Aβ. Inhibition of cholesterol absorption by 

ezetimibe in LF group reversed the suppressive effects (P < 0.000) of cholesterol 

whilst atorvastatin in LF group enhanced enterocytic Aβ (P = 0.016). Results 

obtained from HC + EZE was comparative to LF alone, implying EZE treatment did 

not have other unknown effects on enterocytic Aβ. Furthermore the increased 

enterocytic Aβ was observed in LF group not HC; the latter group displayed Aβ 

abundance not different from HC + ATOR indicating that ATOR did not have 

pleiotropic effects on enterocyte Aβ. Saturated fat feeding increased enterocytic Aβ 

within the perinuclear region compared to LF control group.  

 

Discussion: 

 

The presence of Aβ within enterocytes and attenuating effects of cholesterol 

inhibiting agents can translate to changes in the balance of production and secretion 

of Aβ. Plasma cholesterol was not significantly different between LF, HC diets and 

EZE, ATOR groups indicating that secretion of enterocyte Aβ-lipoproteins was likely 
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to be unchanged. Rather, modulation of enterocytic Aβ by cholesterol and statins 

could affect synthesis of Aβ with lipoproteins. Findings by Park et al. (2003) support 

the results of this study, and show that cholesterol inhibition by lovastatin increased 

production of Aβ in transgenic AD mice. Studies indicate that intracellular presence 

of both exogenous (absorbed) and endogenous cholesterol is suppressive towards 

enterocytic Aβ abundance, possibly via production pathways. Beta-amyloid 

homeostasis can be regulated by distribution of membrane non-esterified 

cholesterol and intracellular cholesteryl esters (Abad-Rodriguez et al. 2004). 

Cholesterol trafficking in neurons lowered β-secretase and increased γ-secretase 

which increased intracellular Aβ (Runz et al. 2002). These cholesterol esters are 

also implicated in genesis and secretion of chylomicrons (Shen et al. 2001, Simons 

and Ikonen 2000). The present study was not designed to assess the risk of 

intestinal Aβ and its modulation by cholesterol towards development of AD. 

However, this study suggests that modulation of enterocyte Aβ production and 

secretion may reduce risk of developing AD via downstream events involving 

transport of enterocytic Aβ-lipoproteins across the BBB. 
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Article 3:  

 

 

Pallebage-Gamarallage, M. M., S. Galloway, R. Takechi, S. Dhaliwal, and J. C. 

Mamo. "Probucol Suppresses Enterocytic Accumulation of Amyloid-Beta Induced by 

Saturated Fat and Cholesterol Feeding." [In eng]. Lipids 47, no. 1 (Jan 2012): 27-34. 

 

Synopsis: 

 

The manuscript titled "Probucol Suppresses Enterocytic Accumulation of 

Amyloid-Beta Induced by Saturated Fat and Cholesterol Feeding." explores the 

putative effects of saturated fat and probucol on small intestine derived Aβ. The 

article directly reinforced my findings and also puts forward a possible therapeutic 

drug, probucol, that when incorporated into a SFA diet, significantly attenuates 

enterocytic Aβ. Dietary fat and drugs which facilitate apo B-lipoprotein production, 

secretion and plasma kinetics can also modulate enterocytic Aβ production and 

secretion and therefore contribute toward AD risk. I contributed to the article by 

assisting in the appraisal of the manuscript, animal care and collection of samples. 

 

Background: 

 

Co-localisation of apo B with amyloid plaques in post mortem brain samples 

from AD humans (Namba et al. 1992) and transgenic mouse models (Takechi et al. 

2010b) presents direct evidence that peripheral Aβ-apo B contributes to cerebral 

amyloid deposits in the presence of BBB damage. In AD subjects (Mamo et al. 

2008), the plasma concentration of Aβ-lipoprotein is increased and transgenic 

animal research suggests that increased secretion of Aβ-lipoprotein may occur early 

during the pathological process in AD (Burgess et al. 2006). Probucol is a 

cholesterol lowering agent and has lipid-lowering properties which have been 

attributed to its influence on secretion and clearance of apo B-lipoproteins (Mamo et 

al. 1993, Gershkovich and Hoffman 2005). Probucol becomes incorporated into 

nascent lipoprotein molecules and has been effective in lowering the rate of 

cognitive decline in clinical studies (Poirier 2003, Poirier 2005) as well as reducing 

the rate of cerebral amyloid deposits in transgenic mice (Poirier 2003); although 

mechanisms of action were not clear. It is possible that the beneficial effects of 
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probucol were extended or were directly influenced by modulation of abundance and 

plasma kinetics of apo B-lipoprotein-Aβ from enterocytes. 

 

Methods:  

 

Intestinal Aβ-lipoprotein homeostasis was explored using wild-type 

C57BL/6J mice fed HF diet (15 % w/w as saturated fat with 1 % cholesterol) and LF 

diet (<4 % fat as unsaturated fat and no cholesterol) for 1 month. Probucol was 

incorporated into both LF and HF diets at 1 % (w/w). Double immunofluorescence 

using two polyclonal antibodies was performed as previously described (Takechi et 

al. 2008). Three-dimensional quantitative analysis and co-localization of enterocytic 

Aβ and apo B signal was performed by Automatic Measurement Program (AxiVision 

v 4.7.1).  

 

Results: 

 

Apo B and Aβ were found within the perinuclear location of enterocytes as 

well as within the lacteals of the mucosa layer of the small intestine. This staining 

pattern was observed for all groups and the net abundance (perinuclear + lacteal) 

was not significantly different between groups; however, enterocytic abundance and 

secretion modulation effects were present. Compared with the HF group, the HF + 

probucol treatment group showed attenuated enterocytic Aβ which paralleled an 

increase in lacteal staining of apo B. The location of intestinal Aβ and apo B 

appeared to be qualitatively comparable indicating that Aβ-apo B binding and 

secretion occurs in complex. Although this is the case, there was about 70-80 % 

more Aβ in the perinuclear location of enterocytes in contrast to approximately 80 % 

of apo B within the lacteals. Compared to LF feeding, HF feeding induced a 2-fold 

increase in Aβ which was predominantly observed within the perinuclear location 

whilst secretion of Aβ remained relatively unchanged. Probucol did not influence Aβ 

abundance under LF feeding but caused a significant decrease in cellular Aβ under 

HF feeding with no change observed in lacteal Aβ abundance. In both LF and HF 

groups, probucol decreased enterocytic Aβ and increased lacteal Aβ ind icating 

stimulatory effects on secretion of apo B; HF feeding had greater stimulatory effect 

as probucol. In addition, 1% probucol supplementation was sufficient to lower 

plasma cholesterol and increase body weight in both LF and HF groups.  
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Discussion: 

 

High fat feeding consistently increases enterocytic abundance of Aβ, which 

is greater than the suppressive effects of cholesterol. SFA can influence the 

metabolism of Aβ via increased Aβ production and association with apo B 

containing lipoproteins and/or its cellular degradation. This study suggests that 

probucol can lower enterocytic Aβ; a mechanism which could translate to reduced 

plasma Aβ levels and reduced risk of cerebral accumulations. Probucol may also 

benefit AD sufferers by protecting the BBB from oxidative damage and by reducing 

plasma lipids and pro-inflammatory proteins such as Aβ.  
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Article 4:  

 

 

Takechi R, Galloway S, Pallebage-Gamarallage MM, Lam V, Mamo JCL. (2009) 

Dietary fats, cerebrovascular integrity and Alzheimer’s disease risk. Prog Lipid Res. 

49, 159-170 

 

Synopsis: 

 

This study addresses the latter part of the broad hypothesis and examines 

the putative effects of saturated and unsaturated feeding on BBB integrity. The 

primary finding of chapter 5 was that enterocytic Aβ is enhanced under high-fat 

feeding. Secretion of plasma Aβ-lipoproteins from enterocytes may not be 

transported into the brain without demonstrable BBB damage and thus increased 

“leakage” and contribution to pathology of AD was questionable. This study directly 

extends on the findings of chapter 5 and demonstrates that saturated fat diets, not 

MUFA or PUFA, causes damage to BBB. I contributed to care of animals, design of 

dietary intervention, sample collection and sample analysis.  

 

Background: 

 

Alzheimer’s disease patients exhibit cerebrovascular disturbances such as 

sequestration of Aβ within the blood vessels of the brain, proliferation of vascular 

cells (Ellis et al. 1996) and inflammation (Cullen 1997, Itagaki et al. 1989). 

Moreover, increases in identification of plasma-derived proteins are found in AD 

brains (Kalaria 1992, Wisniewski et al. 1997b). These observations are consistent 

with the notion of damaged BBB and underlying manifestation of vascular pathology 

in AD. Increases in plasma Aβ transport to the brain coupled with inadequate 

clearance of Aβ from brain (Donahue et al. 2006) can cause accumulation of Aβ and 

a pathological cascade of events leading to synaptic toxicity and neuronal cell death.   

 

Plasma Aβ can be derived from lipogenic organs and the liver and small 

intestines can be a significant source of Aβ (Galloway et al. 2007, Takechi et al. 

2008a, Koudinov and Koudinova 1997). Hepatocytes and enterocytes secrete Aβ in 

complex with lipoproteins and in the liver and small intestine, respectively. We 
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previously found Aβ production is regulated by intake of dietary fats (Galloway et al. 

2007, Koudinov and Koudinova 1997, James et al. 2003). Consistent in the 

literature, SFA intake significantly increases enterocytic abundance of Aβ which 

associates with enterocytic lipoprotein-apo B prior to secretion into plasma. 

Increases in postprandial lipoproteins derived from enterocytes were previously 

observed in cognitively impaired and AD patients compared to age-matched controls 

(Mamo et al. 2008). 

 

The relationship between vascular disturbances present in AD and dietary 

induced increases in enterocytic and plasma Aβ lead to the current study examining 

the role of dietary fats in maintenance of BBB integrity.       

 

Methods:  

 

Female C57BL6/J mice were fed HF diet (20.3 % w/w as fat) containing 

predominantly SFA, PUFA or MUFA fats and a LF (4 % w/w as fat) control diet for 3 

and 6 months. Plasma Aβ and S100β was analysed using ELISA methods as per 

manufacturer’s instructions. Cerebral cryosections were immunostained for IgG, apo 

B, occludin and von Willebrand factor (vWF) and signal was determined using semi-

quantitative immunofluorescent microscopy. Co-localisation of perivascular Aβ with 

apo B and occludin with vWF were determined by dual-labelling using two polyclonal 

antibodies as previously described (Takechi et al. 2008b). Co-localisation of apo B 

and amyloid plaques were also determined in separately provided APP/PS1 brain 

tissue using simular methods of analysis and detection. 

 

Results: 

 

Extravasation of plasma IgG and apo B was significantly increased in the 

cerebral cortex and brain stem of SFA fed mice compared to other groups (Figure 

2). This increase in IgG and apo B was also observed in transgenic mice in the 

same brain regions as well as the hippocampus (Figure 5). Co-localization of 

perivascular Aβ with apo B was present in-situ indicating the transport of Aβ-apo B 

occurring as a result of SFA diet (Figure 3). Blood-brain-barrier integrity was 

assessed by measurement of occludin relative to vWF, which was significantly 

reduced in SFA fed diet and in APP/PS1 mice. In addition, plasma S100β, the 
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marker of brain to blood efflux, was significantly increased in SFA fed mice (>80%) 

and doubled in APP/PS1 mice.   

 

Discussion: 

 

Both influx and efflux functions of BBB were shown to be exacerbated under 

SFA feeding and in APP/PS1 mice. Compared to MUFA and PUFA groups, SFA 

feeding for 3 months was sufficient to induce cell junction changes within BBB and 

increased extravasation of plasma proteins, IgG and apo B into the brain. In 

addition, colocalization of Aβ and apo B within cerebral blood vessels and amyloid 

plaques suggests that intestinally or hepatically derived Aβ-apo B-lipoproteins can 

cross the BBB. Diets were well tolerated and there was no difference in weight gain, 

plasma triglycerides or plasma cholesterol indicating no pleiotropic effects of diets. 

Changes physiological function of BBB can therefore be regarded as a direct result 

of SFA feeding. Although the direct modes of action of SFA are currently unclear, 

several plausible mechanisms exist. Blood-brain barrier can be compromised via 

vasoactive properties of the plasma Aβ-lipoprotein entity alone or via induction of 

reactive oxygen species, changes in intracellular calcium homeostasis, increased 

stress on the endoplasmic reticulum (Morgan 2009, Carpentier 2008, Cnop et al. 

2008, Solfrizzi et al. 2010) or broader toxic effects of dietary fatty acids on BBB. This 

study extends previous findings and provides new insight in relation to mechanisms 

surrounding SFA diet induced increases to AD risk. Reduced AD risk associated 

with MUFA or n-3 PUFA intake is also supported in this study.  
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Article 5:  

 

 

Takechi R, Galloway S, Pallebage-Gamarallage MM, Lam V, Mamo JCL. (2009) 

Dietary fats, cerebrovascular integrity and Alzheimer’s disease risk. Prog Lipid Res. 

49, 159-170 (Review) 

 

Synopsis: 

 

A collection of epidemiological, animal and cell studies has led to the notion 

that AD pathology is strongly linked to the metabolism of dietary fats. Although the 

exact mechanisms remain unclear it is thought that dietary fat plays a role in the 

modulation of Aβ, the main protein implicated in AD. This candidacy examines in 

detail the effects of dietary fat upon regulation of intestinal Aβ-apo B-lipoproteins. In 

the context of my candidacy, this review provides references for downstream 

pathological events and specifically explores pleiotropic effects of dietary fat and 

cholesterol on the various physiological and pathological mechanisms shown to 

exacerbate the onset and progression of AD. I have contributed intellectually to the 

content of this article as well as appraising the manuscript.  

 

Section 1 (introduction) introduces the role of Aβ in AD pathology and 

describes the possible mechanisms behind elevated cerebral Aβ including over 

production of local Aβ, increased transport of peripheral Aβ into the brain and/or 

decreased Aβ clearance/degradation. Of these possible mechanisms, the author 

describes decreased Aβ clearance and increased Aβ production is less likely to be 

the case in sporadic AD cases. Increased BBB permeability and increased 

extravasation of plasma proteins within AD brains has been reported (Ellis et al. 

1996, Wisniewski et al. 1997a) and this article suggests that dietary fat is possibly 

implicated. Saturated fat and cholesterol have both been previously implicated with 

greater risk of developing AD (Oba et al. 2009, Yusuf et al. 2004, Menotti et al. 

1999, Singh et al. 2002, Vincent-Baudry et al. 2005, De Lorgeril et al. 1996, de 

Lorgeril et al. 1999) and animal models show aggressive cerebral pathology in 

response to increased SFA and cholesterol feeding (Sparks et al. 1994, Oksman et 

al. 2006, Refolo et al. 2000, Shie et al. 2002).  
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Section 2 provides a summary of epidemiological studies into the effects of 

dietary fatty acids (SFA, MUFA and n3/n6 PUFA) on cognitive decline and AD (See 

Chapter 1 Literature Review) as well as the effects of SFA diet on enterocyte 

derived Aβ. In brief, epidemiological studies have found intake of SFA to increase 

risk and unsaturated fat to decrease risk of cognitive decline and developing AD 

(Laitinen et al. 2006). The Mediterranean diet which is low in SFA and cholesterol 

and high in MUFA (predominantly through olive oil) has been shown to be beneficial 

towards chronic disease, cognitive decline and AD (Oba et al. 2009, Vincent-Baudry 

et al. 2005, Scarmeas et al. 2009, Petot et al. 2004). Polyunsaturated fats have 

been of particular interest in relation to mental health as about 50% of brain fatty 

acids are composed of n3s, DHA and EPA. Supplementation of diet with fish oil high 

in n-3 DHA has been shown to be beneficial in reducing cognitive decline (Kalmijn 

2000, Scarmeas et al. 2009, Cunnane et al. 2009).  

 

Consistent with previous epidemiological studies laboratory research shows 

that Aβ, the primary protein implicated in AD associates with lipoproteins in liver 

cells (Koudinov and Koudinova 1997) and in plasma, binds primarily to lipoproteins 

enriched with triglycerides (Mamo et al. 2008). The small intestine has also been 

shown to contribute to the plasma pool of Aβ and small intestinal enterocytes can 

express Aβ within the perinuclear location of the CM assembly. In addition, 

intracellular Aβ expression has been found to co-localize with apo B, the obligatory 

component of primordial CM molecules (Galloway et al. 2007, Galloway et al. 2008, 

Pallebage-Gamarallage et al. 2009). Production, secretion and transport of Aβ 

parallel those of a CM molecule and Aβ may be physiologically involved in 

metabolism of these lipoproteins. Accumulation of CMs after a high-fat meal (post 

prandial) has been shown to be increased in subjects with AD and cognitive decline 

(Boyt et al. 1999). Increased abundance of enterocytic Aβ induced by SFA and 

cholesterol feeding can translate into accumulation of Aβ-lipoproteins as a result of  

suppressive effects of SFA on the clearance of apo B-containing lipoproteins via 

reduced receptor expression (Jackson et al. 2006, Roberts et al. 2002, Hayes et al. 

1997). Collectively these studies suggest that a diet high in SFA may induce an 

increase in enterocytic Aβ production and secretion into blood and a lowered 

postprandial Aβ clearance rate leading to increased plasma Aβ-apo B-lipoproteins 

(TRL-Aβ). Increased plasma levels of Aβ-apo B-lipoproteins can translate into 

concentration dependent transport into the brain and present an early pathological 
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pathway of AD progression. The presence of apo B within amyloid plaques of 

human brain specimens (Namba et al. 1992) strongly supports this hypothesis.  

 

Section 3 explores the currently known mechanisms for Aβ transport across 

the BBB and examines the effects of SFA and cholesterol feeding on BBB integrity. 

Receptor mediated mechanisms for Aβ-TRL are currently unclear but may include 

transport via advanced glycosylation end products (RAGE) (Deane et al. 2003, 

Donhaue et al. 2006) and low-density-receptor related protein-1 (LRP1) (Deane et 

al. 2005, Deane et al. 2009, Donahue et al. 2006). In addition, the balance of RAGE 

relative to LRP1 may be important in regard to cerebral homeostasis as RAGE 

determines influx and LRP1 is more implicated in efflux of Aβ from the brain (Deane 

et al. 2009, Donahue et al. 2006, Deane et al. 2008, Ye et al. 2005).  

 

Indeed, the transport of plasma Aβ-TRL across the brain could also be 

severely affected if the BBB is compromised, allowing increased influx due to 

aberrations in endothelial cell and astrocyte functions Aβ has shown to have 

“vasoactive” effects on the BBB including damage to endothelial cells (Thomas et al. 

1997) and glial cells (George et al. 2004) resulting in a more permeable BBB. 

Chronic increases in plasma Aβ-TRL induced by high dietary SFA intake could 

therefore notionally damage cerebral blood vessels. One of the author’s own 

publications (described in article 4), shows that SFA feeding, compared to MUFA, 

PUFA and low-fat control diets showed marked leakage of the BBB, resulting in an 

increase in bi-directional transport of proteins across the BBB. Saturated fat feeding 

specifically decreased expression of junction protein occludin along with increases 

in influx of plasma apo B/IgG and increased efflux of S100β (Takechi et al. 2009). 

Although specific blood to brain influx of Aβ-TRL was not explored, cerebrovascular 

presence of apo B co-localised with Aβ indicates a high likelihood of Aβ-TRL 

transport. 

 

Section 4 explores other mechanisms by which SFA and cholesterol can 

contribute to BBB damage. As plasma Aβ results were not conclusive, the 

significance of SFA induced increased Aβ-TRL towards BBB integrity remains 

unclear at this point. In addition, SFA could damage BBB via other mechanisms. 

Increased exposure of BBB to fatty acids may induce greater levels of “lipotoxicity” 

causing endothelial dysfunction such that long chain SFAs are toxic compared to 
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MUFA and PUFA (Morgan 2009). Saturated fatty acids causes cell damage by 

altering endoplasmic reticulum processes including stress pathways (Diakogiannaki 

and Morgan 2008) and apoptosis (Morgan 2009). In addition, dietary fat induced 

lipid and protein oxidation has been reported (Studzinski et al. 2009, Ronti et al. 

2006). Membrane lipid composition has also been reported to be influenced by 

dietary fats via alteration of phospholipid levels and lipid rafts of neurons (Wassall 

and Stillwell 2009, Wassall et al. 2004, Diaz et al. 2002). Dietary fat may also 

influence changes in genetic expression of key Aβ regulatory proteins (Puskas et al. 

2003). In addition, SFA can dilate blood vessels and increased blood flow to the 

brain could foresee increased influx of Aβ into the brain. The effect of exogenous 

(dietary) cholesterol on BBB integrity was also reported (Ghribi et al. 2006). 

Research from our laboratory confirms that similar to SFA feeding, cholesterol 

feeding resulted in an increase in extravasation of apo B from blood to brain 

(Takechi et al. 2010b). Like SFA, intracellular cholesterol in higher than 

physiological concentrations, can also cause apoptosis by inducing ER and 

mitochondrial stress (Feng et al. 2003, Yao and Tabas 2001). However, cholesterol 

can also cause damage through different mechanisms to SFA including by reduction 

of Aβ production (Abad-Rodriguez et al. 2004, Pallebage-Gamarallage et al. 2009), 

increased secretion (Frears et al. 1999), increased binding to cell membrane and 

accelerated oligomerization (Subasinghe et al. 2003).  

 

In section 5, the author discusses one of the key proteins which influences 

risk of developing AD, apo E4, and discusses the implications of apo E isoforms on 

TRL metabolism and related toxic mechanisms. Compared to other isoforms, apo 

E4 increases risk of developing AD by 17 % or 43 % dependant on whether an 

individual contains one or two alleles (Strittmatter and Roses 1996). The 

involvement of Apo E4 in relation to AD has been reported (Boyt et al. 1999, 

Donahue and Johanson 2008, Fryer et al. 2005, Irizarry et al. 2004, LaDu et al. 

1997, Mahley and Huang 1999, Poirier et al. 1993, Strittmatter et al. 1993a, Refolo 

and Fillit 2004, Jofre-Monseny et al. 2008) and specifically in relation to Aβ 

metabolism, inflammation and oxidation, cholesterol homeostasis (see above), 

maintenance of BBB integrity and neuron function. Apolipoprotein E4 could be 

implicated in AD pathology via by facilitating the blood to brain transport and 

parenchyma deposition of Aβ-TRL. Apo E4 patients report “leaky” BBB compared to 

E2 and E3 subjects and under such circumstances this can lead to an increase in 



 

251 

 

the influx of plasma Aβ-TRL (Deane et al. 2008). Physiologically, apo E influences 

the metabolism of TRL by binding to remnants (Mahley 1988, Hatters et al. 2006) 

and LDL receptor (Heeren et al. 2002, Krapp et al. 1996, Mamo et al. 1991). 

Compared to apo E3 and apo E2 which associates primarily with hepatically derived 

lipoproteins, apo E4 preferentially binds to TRL namely CMs (Saito et al. 2003) and 

comprises up to 65 % (total mass) of lipoproteins (Campos et al. 1992). The 

presence of apo E on Aβ-TRL can facilitate nucleation into brain matrices as apo E 

binds with high affinity to HSPG. In addition, apo E is an important ligand for the 

binding of TRL remnants to LRP1 which is implicated in cerebral Aβ efflux. 

However, cell culture studies indicate that the binding affinity of apo E isoforms to 

LRP is not different, indicating that efflux is relatively constant and efflux 

mechanisms may not be implicated in AD via this clearance route.   

 

Section 6 concludes important questions as to how cerebral Aβ-TRL can 

deposit into the brain by exploring the possible association between apo B and 

various proteoglycans found in extracellular matrices of the brain. Proteoglycans, 

the predominant component of extracellular matrices can bind to both apo B and 

apo E (Flood et al. 2002, Bame et al. 1997). Studies have found HSPG, a type of 

proteoglycan, to be involved in the formation of amyloid plaques (van Horssen et al. 

2003). Agrin, perlecan, biglycan and decorin are all proteoglycans which are 

capable of binding to apo B/apo E and these have been implicated in retention of 

lipoprotein (Iozzo 1998, Small et al. 1996, O’Brien et al. 1998, Olin et al. 2001). 

Recently, using immune-based approach, Lam V et al has recently studied the 

colocalization of Aβ-apo B with agrin, perlecan, biglycan and decorin in a transgenic 

(APP/PS1) mouse model of AD and found perlecan, biglycan and decorin to be co-

localized with apo B and Aβ in amyloid plaques (Fig 3) (Lam unpublished data). 

[Note the “unpublished data” was published in Neuroscience letters (Lam et al. 

2011)].  

 

Section 6 shows that apo B derived from the small intestine and/or liver is 

present in the brain and amyloid plaques, which leads to the question as to whether 

small intestine or liver derived Aβ-apo B contributes primarily to BBB damage. 

 

 Section 7 investigates the role of the small intestine and liver on apo B-

lipoprotein and BBB integrity on AD risk. In mice, both the liver and the small 
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intestine produce apo B48 whereas in humans apo B48 is exclusively present on 

CMs (Isherwood et al. 1997, van Greevenbroek and de Bruin 1998) and also 

exclusively produced by enterocytes; apo B100 is produced mainly in hepatocytes. 

Apolipoprotein B48 is 48 % of the amino acid sequence of apo B100 and may 

influence differences in CM metabolism compared to apo B100-containing 

lipoproteins. Production and secretion of VLDL from hepatocytes is a constant 

process, whereas production and secretion of CMs from enterocytes is largely 

dependent on the availability of triglycerides and cholesterol from dietary sources. In 

clinical studies of AD subjects, post-prandial (or CM) clearance was reduced 

compared to controls, whereas fasting levels of apo B were not significantly 

changed (Mamo et al. 2008, Caramelli et al. 1999). The post absorptive state 

primarily indicates an increase in secretion of apo B48-CMs (small intestinal origin) 

whereas fasting apo B levels reflect liver-derived lipoproteins. Our studies have 

found that enterocytic Aβ is highly responsive to the availability of substrate from 

diet; fasting led to abolishment of expression, LF diet led to consistent Aβ 

expression and HF feeding led to significant increases in perinuclear Aβ expression. 

These observations are consistent with dietary fat influences on production of Aβ 

from APP with apo B. Saturated fat feeding induced increase in intestinal 

abundance of Aβ is indicative that intestinal apo B48 is more significantly influenced 

by diet than apo B48 of liver origin. However, this does not rule out hepatic 

contribution per se. The secretion of Aβ-lipoproteins from enterocytes represents the 

majority of the post-absorptive pool of plasma lipoproteins compared to greater apo 

B100/apo B48 when post-absorptive state is not reached. In addition, hydrolysis of 

apo B48-lipoproteins is carried out at a greater rate compared to hepatic-apo B100 

lipoproteins; CM remnants are cleared in about half the time compared to VLDL 

remnant clearance.  

 

The roles of apo B48 and apo B100 have been previously studied in 

atherosclerotic plaques. Although both apo B48 and apo B100 have been found to 

penetrate endothelial cells and reside in the tunica intima/media of vessels (Proctor 

et al. 2002, Olofsson and Boren 2005), apo B48 was substantially more invasive 

and was present in greater abundance (Pal et al. 2003). The increase in affinity of 

apo B48 to arterial wall was found to be specific and not dependent on plasma 

concentrations (Pal et al. 2003). Notionally the extent of BBB damage due to 

increased exposure should not be different between intestinally or hepatically 
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derived lipoproteins. Both apo B48 and apo B100 can bind HSPGs (Proctor and 

Mamo 2003), however it is not known if increased arterial retention of apo B48-

lipoproteins are also extended to greater retention by extracellular matrices of the 

brain. Currently, evidence suggests that intestinally derived Aβ contributes to 

greater plasma levels of apo B-containing lipoproteins postprandially, however liver 

derived lipoproteins are present in greater concentrations in blood throughout the 

majority of the day and therefore, their pathological contribution towards AD cannot 

be excluded. 

 

In summary, this review examines current research on AD and lipids and 

dietary fat metabolism and proposes a novel insight into the pathology of AD in 

relation to dietary fats. Dietary SFA can specifically increase risk of developing AD 

by increasing production and secretion of Aβ-lipoprotein. SFA induced damage to 

BBB integrity can lead to an increase in extravasation of plasma Aβ-apo B-

lipoproteins which have high affinity to brain HSPGs. Understanding the 

mechanisms underlying dietary fatty acids (and cholesterol) involvement in AD 

pathology could be of importance when considering strategies for the future 

prevention and maintenance of AD and cognitive decline and therapeutic 

interventions in AD, whether pharmacological, nutritional or lifestyle based should 

espouse both lipid metabolism and cerebrovascular integrity as key considerations 

in disease prevention and/or maintenance.  
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