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ABSTRACT 

EFFECTS OF DHA AND EGCG ON THE ALPHA-SECRETASE MEDIATED 

PROCESSING OF APP 

Hawmid Azizi    Advisor: Dr. Bettina Kalisch 

University of Guelph 

            

Therapeutic strategies currently used for Alzheimer's disease (AD) are ineffective at stopping 

disease progression and result in side effects which may further degrade the quality of life for 

those suffering with the debilitating disease. Until more promising drugs are developed and 

tested, finding ways to reduce the risk of disease and development may be more practical. This 

thesis explores the effects of two dietary modulators, docosahexaenoic acid (DHA) and  

epigallocatechin gallate (EGCG) on the α-secretase-mediated processing of amyloid precursor 

protein (APP). Using an SH-SY5Y human neuroblastoma cell-line model, DHA and EGCG 

showed increases on the mRNA and protein expression of the putative α-secretases, ADAM9, 

ADAM10, and ADAM17. Combining lower doses of DHA and EGCG showed increases that 

were similar to the highest doses of DHA and EGCG alone. This thesis also presents, some 

mechanisms by which DHA and EGCG in combination increase the expression of ADAM10, the 

physiologically relevant α-secretase. 
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Alzheimer's Disease  

Introduction 

 Alzheimer's disease (AD) is the most common neurodegenerative disorder occurring in 

the elderly population, affecting over 44 million people worldwide (Alzheimers.net, 2015). The 

global prevalence of AD and related dementias is predicted to double by 2030 (an estimated 65.7 

million cases) and more than triple by 2050 (an estimated 115.4 million cases), with heavy social 

and economic burdens expected (Smith, 2012).  AD, being the most common form of dementia, 

has a current global economic burden that exceeds $600 billion annually and this figure will 

continue to rise due to an increase in the proportion of our aging population  (Herrling, Hock, & 

Nitsch, 2007). 

  AD was first reported by the German neurologist Alois Alzheimer in 1907 (Alzheimer, 

1907) and although much has been learned about AD over the past century, no treatments are 

available to prevent its progression and the disease continues to plague the globe at an 

unprecedented rate. The certainty of AD as a disease lies in the noticeable physiological 

differences between a healthy aging brain and that of a patient with Alzheimer's; these 

physiological changes are readily visible through post-mortem studies. In particular, there is 

shrinkage of the entorhinal cortex, hippocampus and the cerebral cortex, accounting for the many 

of the symptoms associated with AD (Review in Allen, Watson & Dawbarn, 2011). Due to 

eventual overabundance of neuronal loss, there is also an enlargement of the ventricles and a 

widening of the sulci (Allen, Watson, & Dawbarn, 2011) [Figure 1.1]. AD generally manifests 

within the limbic system where pathological changes begin in the entorhinal cortex and 

progressively invade the hippocampus and eventually the cerebral cortex (Van Hoesen, Hyman, 

& Damasio, 1991). These physiological changes clinically display as a progression from episodic 



3 
 

memory impairments to a global decline in cognitive function (language, reasoning), and end 

with a total loss of motor function where patients are bed-ridden and dependent on custodial care 

(Citron, 2010). Although the underlying symptoms of AD are largely due to the anatomical 

regions of the brain being affected, the progression period of the disease typically extends over a 

period of 3-9 years after diagnosis and varies between individuals due to a combination of 

genetic and environmental factors (Querfurth & Laferla, 2010).  

 AD is divided into two types: sporadic/late-onset AD (non-Mendelian inheritance), which 

constitutes more than 90% of all AD cases and occurs in patients over the age of 65, and 

familial-AD which is rare (<10% of all cases) and occurs at an earlier age of onset (Blennow, de 

Leon, & Zetterberg, 2006). In addition to age being the biggest risk factor in sporadic AD, other 

environmental factors such as lifestyle (e.g. diet, level of education, physical exercise, level of 

mentally stimulating activities), overall level of health (with hypertension, diabetes, 

inflammation and obesity being related closely with AD), and access to healthcare also affect the 

onset and progression of the disease (Davis, K.L. & Samuels, 1998; Marques, Oliveira, Pereira, 

& Outeiro, 2011).  With respect to familial-AD, there have been several genes linked with the 

hereditary or early-onset form of AD, including mutations in the amyloid precursor protein 

(APP) located on chromosome 21 and the presenilin 1/2 (PSEN1/2) genes located on 

chromosome 14 and 1 respectively (McKhann et al., 2011). In addition to these causative 

mutations, there are also genetic risk factors associated with the development of AD. Those 

carrying the ε4 allele of apolipoprotein (APOE) gene are at a much higher risk of late-onset AD, 

with approximately 40% of AD patients being carriers for the allele, while the ε2 alle confers 

neuroprotection and reduces AD risk (Citron, 2010, Corder et al., 1993). Exactly how mutated 
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genes or isoforms of alleles increase the risk of AD remains broadly unclear even after more than 

a decade of discovering their role.  

 

 

 

 

Underlying pathology of AD 

 

 Two distinct protein-related cytotoxic hallmarks underlie the pathology of AD. One is the 

intracellular accumulation of hyper-phosphorylated Tau protein. Tau protein is a soluble 

component of axons that stabilizes microtubules and aids in the transportation of vesicles. Upon 

hyperphosphorylation, Tau becomes insoluble and is prone to aggregate to what is commonly 

known as neurofibrillary tangles (NFT), which are able to impair axonal microtubule assembly 

and stability (Querfurth & Laferla, 2010). Second is the extracellular deposition of amyloid-beta 

(Aβ) plaques which are not only toxic, but also impede cell-to-cell synaptic communication of 

neurons (Querfurth & Laferla, 2010). Both the aggregated forms of Tau and Aβ are pathological 

markers of the severity of AD. Like Tau, Aβ peptides are also present at physiological levels and 
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are a natural product of APP processing, consisting of peptides of 40-42 amino acids in length. 

Unlike the Aβ40 monomers, the Aβ42 isoform is much more prone to spontaneously aggregate 

and form the Aβ oligomers, which consequently form the neurotoxic plaques found in AD 

(Querfurth & Laferla, 2010). Under normal conditions, 90% of the Aβ residues are the 40 amino 

acid monomer, whereas Aβ42 accounts for less than 10% of secreted Aβ (Thinakaran & Koo, 

2008). Although the two events involving Tau and Aβ aggregation are present in nearly all cases 

of AD, it is not entirely clear whether the two processes occur independently or whether they are 

influenced by some other underlying factor. Research has suggested that Aβ aggregation 

precedes the formation of NFTs, an indication that Aβ accumulation and plaque formation may 

drive the formation of Tau aggregation (Götz et al., 2001; Oddo et al., 2003). In addition to these 

two core pathological occurrences, there is evidence that increased oxidative stress, 

mitochondrial dysfunction, defects in cellular energy production and a deficiency of cholinergic 

projections contribute to the spiraling neurodegenerative cascade found in AD (Querfurth & 

Laferla, 2010; Rao & Balachandran, 2002; Cunnane et al., 2011; Rubio-Perez & Morillas-Ruiz, 

2012). The mitochondrial impairments found in AD including oxidative stress, and decreased 

ATP production result from the cytotoxic effects of Aβ, which inhibit key mitochondrial 

enzymes in the brain including cytochrome c oxidase (Reddy & Beal, 2008). Likewise, the 

cholinergic depletion common in AD, results from the high affinity of Aβ for presynaptic α-7 

nicotinic acetylcholine receptors, which impede the release of acetylcholine and in turn the 

maintenance of long-term potentiation (LTP) (Wang et al., 2000). In addition to cholinergic 

depletion, higher concentrations of Aβ have pleiotropic effects that greatly contribute to the 

overall synaptic dysfunction and cognitive decline found in AD including: reductions in the 

number of dendritic spines, alterations in the balance between long-term potentiation and long-
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term depression (LTD), suppression of basal synaptic transmission, endocytosis of receptors of 

N-methyl-D-aspartate (NMDAr) and the binding of receptors to brain-derived neurotrophic 

factor (BDNF; aka tyrosine kinase B receptor) and nerve growth factor (NGF; aka tyrosine 

kinase a receptor) (Querfurth & Laferla, 2010). Overall, it seems likely that the aggregation of 

Aβ peptides is responsible for triggering an array of dysfunctional events at the mitochondrial 

and synaptic level, which then cascade across different regions of the brain involved in memory 

and cognition.    

 

APP processing 

 

 In humans, APP is a type-I integral membrane protein that is ubiquitously expressed from 

the human APP
3
 gene, located on chromosome 21 (Thinakaran & Koo, 2008). There are 32 

known mutations in APP that have been linked to early-onset/familial-AD and many of these 

include amino acid substitutions within or adjacent to the Aβ domain of the full-length APP 

protein (Cruts, Theuns, & Van Broeckhoven, 2012). Interestingly, an APP gene duplication or 

trisomy 21 also causes early-onset AD, as evidenced in Down syndrome patients, where the APP 

gene is triplicated (Thinakaran & Koo, 2008).  Alternative splicing of the APP gene results in the 

generation of three major isoforms, APP751, APP770 and APP695, with the latter of the three 

having the highest expression in the brain (Tanaka et al., 1988; Tanzi et al., 1988).  As 

previously mentioned, APP is a precursor to the Aβ40-42 peptide, however the proteolytic 

processing pathway and trafficking of APP is a complex system that involves multiple pathways. 

Upon reaching the cell membrane, APP is able to undergo post-translational processing through 

one of two pathways which are assumed to compete with one another; the "amyloidogenic" and 

"non-amyloidogenic" pathways (Selkoe & Schenk, 2003; Thinakaran & Koo, 2008) [Figure1.2]. 

The amyloidogenic pathway is characterized by cleavage of APP from the β-secretase, β -site 
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APP-cleaving enzyme (BACE1), which cleaves APP at the N-terminal of the first amino acid 

(aspartic acid) within the Aβ region, yielding an extracellular N-terminal soluble-APPβ 

fragment. The remaining 99 amino acid C-terminal fragment (CTF) undergoes cleavage by γ-

secretases to release the Aβ1–40/42 (~4kDa) peptides and an APP intracellular domain (AICD). 

Depending on various factors, including concentration (Burdick et al., 1992),  peptide length 

(Jarrett, Berger, & Lansbury, 1993) , and pH of solvent (Fraser, Nguyen, Surewicz, & Kirschner, 

1991), Aβ1–40/42  passes through distinct transitions including α-helix to β-sheet transformation, 

elongation of oligomers (fibrillation) and adjoining of fibrils into aggregates and plaques 

(Serpell, 2000). Alternatively, in the non-amyloidogenic pathway, APP is cleaved by a different 

class of proteases, known as α-secretases (ADAM9, -10, -17).  α-secretases cleave APP at the 

Lys16-Leu17 bond within the Aβ domain, releasing soluble-APPα (sAPPα) and leaving an 84 

amino acid CTF. Once again, the remaining CTF fragment is further cleaved by γ-secretases to 

release a p3 (Aβ17-40/42, ~3kDa) and AICD fragment (Allinson, Parkin, Turner, & Hooper, 2003; 

Postina et al., 2004; Thinakaran & Koo, 2008). Not only does the non-amyloidogenic pathway 

preclude the formation of the potentially toxic Aβ peptide, but the large ectodomain, soluble-

APPα released from the cell membrane is known to increase the proliferation of both neuronal 

and non-neuronal precursor cells, be neuroprotective against ischemia and traumatic brain 

injuries, and have memory-enhancing effects  (Caillé et al., 2004; Furukawa et al., 1996; 

Meziane et al., 1998; Morimoto, Ohsawa, Takamura, Ishiguro, Nakamura, et al., 1998; Pietrzik 

et al., 1998; Saitoh et al., 1989; Smith-Swintosky et al., 1994; Stein et al., 2004; Thornton, Vink, 

Blumbergs, & Van Den Heuvel, 2006). The competition between α- and β-secretases for the APP 

substrate have been further demonstrated by studies showing increases in Aβ peptide production 

to be inversely correlated with sAPPα levels and vice versa (Caporaso et al., 1992; Savage et al., 
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1998). Overall, this is consistent with several studies that reported sAPPα levels in the 

cerebrospinal fluid of AD patients to be lower than cognitively normal age-matched controls 

(Bekris et al., 2012; Lannfelt, Basun, Wahlund, Rowe, & Wagner, 1995; Sennvik et al., 2000).  
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Alpha-secretases as members of the ADAMs family 

 The vast majority of research focusing on the processing of APP in relation to Aβ 

aggregation and AD has focused on the amyloidogenic pathways and on ways to down-regulate 

or inhibit BACE1 activity. However, recent focus has been on the non-amyloidogenic pathway 

including potential ways to up-regulate α-secretase activity to effectively minimize Aβ1-40/42 

peptide formation. One report has even gone as far as to suggest that a decline in α-secretase 

activity may be a contributing factor for the onset of AD (Postina et al., 2004).  

 Three proteins belonging to the ADAM (a disintegrin and metalloproteinase) family, 

ADAM9, ADAM10 and ADAM17, are known to have α-secretase activity as demonstrated in 

various cell-lines including the neuroblastoma SH-SY5Y cell line, primary neuron cultures, COS 

cells, and HEK cells (Allinson et al., 2003; Hotoda, Koike, Sasagawa, & Ishiura, 2002b; Koike et 

al., 1999; Postina et al., 2004). ADAM proteins are type I transmembrane proteinases that have a 

multi-domain protein structure consisting of an N-terminal signal peptide, a pro-domain 

"cysteine switch" containing a cleavage site for prohormone convertases, a catalytic or 

metalloprotease domain consisting of a HEXH zinc-binding motif, a disintegrin domain, a 

cysteine-rich domain, EGF-like domain, a hydrophobic transmembrane domain, and a short 

cytoplasmic domain (Allinson et al., 2003). All three α-secretase metalloproteases (ADAM9,-10 

and -17) are expressed as catalytically inactive precursors, where the pro-domain "cysteine 

switch" acts as an intrinsic inhibitor.  Activation of the metalloproteases takes place within the 

trans-Golgi with removal of the pro-domain by pro-hormone convertases, primarily furin and 

prohormone-convertase 7 (PC7) (Anders, Gilbert, Garten, Postina, & Fahrenholz, 2001; Endres 

et al., 2003; Lopez-Perez et al., 2001; Postina et al., 2004) . Although many have suggested that 

there may be a redundancy in the function and activity of α-secretases, most in vitro studies seem 
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to regard the type of α-secretase to be substrate or cell-specific, including ADAM10 as being the 

physiological relevant α-secretase in primary neurons (Kuhn et al., 2010; Thathiah & De 

Strooper, 2011). 

 In addition to cleaving APP, ADAM9,-10 and -17 proteinases are involved in the 

ectodomain shedding or processing of several other substrates, many of which are crucial for cell 

survival, cell signaling and cell viability including: cytokines (ex. tumour necrosis factor (TNF)-

α), growth factors (ex. epidermal growth factor (EGF)), receptors (ex.interleukin (IL)-6 

receptor), adhesion proteins (ex. CD44), proteinases (BACE1) and proteins (ex. Notch, Delta) 

[see review- (Huovila, Turner, Pelto-Huikko, Kärkkäinen, & Ortiz, 2005)]. In order for ADAM 

proteinases to exhibit α-secretase activity, they must be characterized by the ability to cleave 

APP at the mid region of the Aβ domain of APP, releasing a large sAPPα ectodomain that 

precludes the formation of the neurotoxic Aβ1-40/42 peptides. The α-secretases, ADAM10 and 

ADAM17/TACE (TNF-α convertase) have been shown to cleave the Lys16-Leu17 bond within 

the Aβ domain of APP (Lammich et al., 1999), whereas ADAM9 has shown an unusual cleavage 

site at the His14-Gln15 bond (Simons et al., 1996). For this reason and more, the involvement of 

ADAM 9 as an essential α-secretase has been less convincing; adam9
-/- 

 hippocampal neurons do 

not show defects in APP processing nor any other major abnormalities during development 

(Weskamp et al., 2002), whereas adam10
-/- 

 and adam17
-/- 

 gene manipulated mice show 

abnormalities in development (heart and lung development) and deficits in ectodomain shedding 

including increases in the size and number of Aβ plaques (Hartmann et al., 2002; Peschon et al., 

1998; Shi et al., 2003). ADAM9 has also been shown to regulate APP processing by modulating 

ADAM10 activity, where ADAM9's inhibition may increases ADAM10 activity (Moss et al., 

2011). This may again be attributed to differences in the cell-specific expression and regulation 
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of the various α-secretases. ADAM10 has however been described as the most physiologically 

relevant α-secretase due to a number of reasons. ADAM10 first of all has a Lys16-Leu17 

cleavage capacity for APP in cultured cells and is highly expressed in mouse and human brains 

(Kojro, Gimpl, Lammich, Marz, & Fahrenholz, 2001; Lammich et al., 1999; Marcinkiewicz & 

Seidah, 2000). Additionally, others have demonstrated that a missense mutation in the 

prodomain of ADAM10 attenuates its enzymatic activity, resulting in the increased production of 

Aβ, likely through a shift to the β-secretase mediated processing of APP (Suh et al., 2013). 

Finally, the knockdown of ADAM10 but not ADAM17 in primary murine neurons completely 

blocks sAPPα formation; an indication that ADAM10 is the constitutive α-secretase for neuronal 

APP in the mouse model (Kuhn et al., 2010).  

 

Alpha-secretase activity regulation  

 The regulation of α-secretases including their respective enzymatic activity are complex 

and depend on a variety of factors including the presence/removal of their prodomain region, the 

membrane environment including fluidity and protein attachment, interactions with substrates or 

receptors and their downstream signaling pathways (Peschon et al., 1998; Postina, 2012).   

 In terms of the downstream signaling pathways that activate the non-amyloidogenic 

processing of APP via α-secretases, two candidate signaling molecules have been under 

investigation; protein kinase C (PKC) and the mitogen-activated protein kinases (MAPKs), 

ERK1/2 (extracellular signal regulated kinase) (Alkon, Sun, & Nelson, 2007). The causal role of 

PKC in AD pathology was first suggested when certain PKC isozymes were found to be 

deficient in post-mortem brain samples of AD patients (Alkon et al., 2007). Further research 

revealed that the PKC isozymes α (conventional isozyme) and ε (novel isozyme) can activate the 
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α-secretase mediated cleavage of APP, either directly or indirectly through the phosphorylation 

of the MAPKs, ERK1/2 (Díaz-Rodríguez et al., 2002; Lammich et al., 1999; Robinson & Cobb, 

1997; Skovronsky, Moore, Milla, Doms, & Lee, 2000) [figure 3 - (Alkon et al., 2007)]. 

Interestingly, the non-specific PKC activator, phorbol 12-myristate 13-acetate (PMA) can 

prevent Aβ production and enhance Aβ clearance to extend the survival of AD transgenic mice 

(R Etcheberrigaray, Matzel, Lederhendler, & Alkon, 1992; Fu et al., 2009; T. Kim, Hinton, & 

Choi, 2011). Conventional PKC isozymes such as PCKα require Ca
2+

, diacylglycerol (DAG) and 

a phospholipid such as phosphatidylcholine for activation, whereas novel isozymes such as 

PKCε require DAG but not Ca
2+

 for activation (Mellor & Parker, 1998). In addition to activating 

α-secretase activity indirectly via phosphorylation from PKCs, MAPKs may activate α-

secretases independently (Sanghamitra Bandyopadhyay et al., 2006). Although it may seem 

beneficial that a multitude of downstream phosphorylation agents can increase α-secretase 

activity, there is always the risk of increasing the cleavage of non-APP products, which can have 

negative consequences.  

 Recent evidence has linked G protein-coupled receptors (GPCRs) to AD pathology 

including their role in the processing of APP. Sequential cleavage of APP via the family of 

secretases (α, β, γ) are regulated by GPCRs and can thus determine the extent of Aβ production 

(Thathiah & De Strooper, 2011). Of the many GPCRs involved in AD, activation of muscarinic 

(acetylcholine), metabotropic (glutamatergic) and serotonergic receptors are known to modulate 

α-secretase activity through their respective downstream messengers (Thathiah & De Strooper, 

2011). Many, if not the majority of these downstream messengers are involved in the PKC and 

MAPK-mediated pathways that increase sAPPα levels, (through ADAM10 or -17), while 

decreasing Aβ production (Caccamo et al., 2006; Kojro, 2006). 
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 The non-amyloidogenic activity of α-secretases are also regulated at the level of the 

protein itself, where the zymogens must be cleaved for activation. Most research looking at α-

secretase regulation has focused on ADAM10 and -17, with little being known about ADAM9.  

Although the activity of all ADAM proteins require the membrane attachment of both the 

sheddase protein (i.e. α-secretase) and their substrates,  ADAM10 and -17 when passing through 

the trans-Golgi network requires the removal of their respective prodomains by the 

proconvertases furin and PC7 (Allinson et al., 2003). This exposes the catalytically active site, 

HEXGHXXGXXHD, allowing for the shedding of APP to take place (Anders et al., 2001; 

Sanghamitra Bandyopadhyay et al., 2006; Gooz, 2010; Parkin, Gough, & Parr-Sturgess, 2011). 

Furthermore, over-expression of furin or PC7 in vitro reveals increases in the maturation of 

ADAM10 including subsequent increases in the processing of APP (Anders et al., 2001).  

 Finally, it must be noted that through changes in cellular conditions, the level and select 

pathways of APP processing can be manipulated. The membrane lipid environment has been one 

area of interest with regards to how APP processing can be preferentially sequestered to α-

secretase processing (Reid et al., 2007; Tun et al., 2002). The first indication that lipids may play 

a role in the processing of APP is the fact that all of the respective proteins involved in the 

processing including the substrate are transmembrane proteins. To further elaborate, APP 

processing is believed to take place in one of two membrane microdomains; 1) lipid rafts which 

are specialized domains of the membrane approximately 10-200 nm in size containing 

cholesterol, sphingolipids, and saturated fatty acids and 2) caveolae which are similar to lipid raft 

domains but contain caveolin-1, a scaffolding protein required for caveolae formation (cave-like 

projections in membrane) (Boudrault, Bazinet, & Ma, 2009; Hnasko & Lisanti, 2003). Within 

neuronal membranes, β-secretases operate primarily within lipid rafts, whereas the α-secretase-
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mediated cleavage of APP is believed to occur in caveolae where concurrent increases in the 

fatty acid unsaturation levels within the membrane environment result in concurrent increases in 

sAPPα; a likely indication of an up-regulation in α-secretase cleavage (Ehehalt, Keller, Haass, 

Thiele, & Simons, 2003; Ikezu et al., 1998; Yang, Sheng, Sun, & Lee, 2011). While high plasma 

cholesterol levels have been linked to AD pathology in epidemiological studies (Luigi Puglielli, 

Tanzi, & Kovacs, 2003), cholesterol-lowing effects through dietary modifications (ex. 

polyunsaturated fatty acids intake) (Hashimoto et al., 2011), or drug treatments with statins that 

inhibit hydroxymethyl glutaryl-coenzyme A (HMG) reductase (rate-limiting step enzyme in 

cholesterol synthesis) have shown significant reductions in the prevalence and incidence of AD 

(Jick, Zornberg, Jick, Seshadri, & Drachman, 2000; Wolozin, Kellman, Ruosseau, Celesia, & 

Siegel, 2000). It is believed that these effects likely work through a variety of mechanisms 

including: the lowering of the cholesterol content within lipid rafts, where there is a displacement 

of APP from lipid rafts to non-lipid rafts for preferential processing by α-secretases (particularly 

ADAM10), through the increase in the expression of  α-secretases or by alterations in membrane 

fluidity (Ehehalt et al., 2003; Kirsch, Eckert, & Mueller, 2003; Kojro et al., 2001).  However, 

different levels of amount of cholesterol depletion within neurons may have different effects; 

cultured hippocampal neurons showed a cholesterol depletion <25% to have positive effects and 

a cholesterol depletion of >35% to have negative effects on the amyloidogenic processing of 

APP (L Puglielli et al., 2001). It is therefore clear that membrane environment has a significant 

influence on APP processing, but many of the mechanisms remain unclear.  
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Treatment of AD 

 

Introduction and current treatments 

 

 A century after being clinically reported by Alois Alzheimer, AD continues to plague the 

elderly population with the absence of an effective therapeutic strategy or cure in site. The 

majority of current medical therapies for those suffering from AD consist of treating primarily 

the symptoms associated with AD; mainly the cognitive decline and poor motor performances. 
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These are generally treated with medications that maximize acetylcholine transmission including 

acetylcholinesterase inhibitors or NMDA antagonists (Citron, 2010; Jicha & Carr, 2010).  Much 

effort is being directed towards disease-modifying therapies with dozens of drugs in different 

phases of development with the aim of preventing the accumulation of misfolded proteins (Aβ, 

and Tau), restoring mitochondrial function and rescuing growth factor deficits (Mangialasche, 

Solomon, Winblad, Mecocci, & Kivipelto, 2010). In terms of drugs that target the formation of 

misfolded Aβ, or "anti-amyloid" therapies as they are commonly called, there are ongoing trials 

of drugs aimed at preventing Aβ aggregation (anti-aggregates) including drugs that promote Aβ 

clearance (antibody binding, phagocytosis), and drugs that reduce Aβ accumulation and 

production through modulation of α-secretases, β-secretases and γ-secretases (Mangialasche et 

al., 2010). Results from randomized clinical trials (RCT's) indicate that the removal of plaques 

do not reverse the damage or the progression of AD (Holmes et al., 2008). Although the 

development of β-secretase inhibitors may seem the next most plausible mechanism of reducing 

the Aβ burden and accumulation, they remain a challenge because β-secretases have many 

substrates for cleavage which could cause side-effects and any drug that modulates this CNS 

enzyme must cross the blood-brain barrier (BBB) (Mangialasche et al., 2010). As a result, there 

are no phase 3 RCTs of beta-secretasen inhibitors that are currently on-going. Inhibitors of γ-

secretases present challenges similar to those for β-secretase inhibitors; besides APP, many 

substrates are able to undergo cleavage including the notch receptor, and various neuronal 

proteins (sodium channel β4 subunit, ErbB4, N-cadherin and p75NTR neurotrophin receptor) 

(Tomita, 2009). The collateral effects of γ-secretase inhibitors lies in the inhibition of the notch 

signaling pathway which is involved in cell differentiation and causes haematological and 

gastrointestinal toxicity, skin reactions, and changes in hair colour (Mangialasche et al., 2010). 
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Notch-sparing γ-secretase inhibitors (second-generation inhibitors) are however under 

development with drugs in phase 1 and phase 2 of RCTs. As an alternative, research is also 

focusing on α-secretases activators with the hopes of minimizing the non-amyloidogenic 

processing of APP to decrease Aβ, while increasing the production of the neurotrophic sAPPα 

peptide. Several drugs are known to stimulate α-secretases activity  (agonists of muscarinic, 

glutamate, and serotonin receptors; statins; oestrogens; testosterone; and PKC activators) and 

have or are currently undergoing RCTs (Griffiths, Morten, & Hooper, 2008).  

 

Alpha-secretases as a potential AD intervention 

 Due to lower levels of sAPPα present in the cerebrospinal fluid (CSF) of AD patients 

(Caccamo et al., 2006), it has been suggested that decreased α-secretase activity may contribute 

to the development of AD or that increasing its activity may be a novel and effective therapeutic 

approach. The major premise of targeting α-secretases activity as a therapeutic strategy for AD 

lies in its potential to restore the imbalance between the amyloidogenic and non-amyloidogenic 

APP processing pathways. One of the first investigators to propose that alpha-secretases may be 

a promising therapeutic target was Rolf Postina (Postina et al., 2004). The focus was on 

ADAM10 because of its physiological relevance in both human and mouse neurons and in 

various cell-lines (Allinson et al., 2003; Lammich et al., 1999). It was found that a moderate 

neuronal over-expression of ADAM10 in mice transgenic for human APP[V717I]  increased the 

secretion of neurotrophic sAPPα, and reduced the formation of Aβ peptides, including their 

aggregation into plaques. Interestingly, higher expressions of ADAM10 did not further increase 

the amount of α-secretases cleavage products, which may be attributed to the limited amount of 

the APP substrate at the cell surface.  
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 In vivo and in vitro studies have shown stimulation of α-secretases by various 

pharmacological agents (acitretins, statins, non-steroidal anti-inflammatory drugs - NSAIDS), 

physiological substrates (pituitary adenylate cyclase-activating peptide - PACAP) and nutrients 

(vitamins, antioxidants, fatty acids etc.), including respective reductions in the by-product of the 

amyloidogenic pathway, Aβ (Al., 2011; Avramovich, Amit, & Youdim, 2002; Kojro et al., 2001; 

Kojro, 2006; Obregon et al., 2006; Tippmann, Hundt, Schneider, Endres, & Fahrenholz, 2009). 

However, one of the main challenges that remains is the need to address and further examine the 

potential side effects that are evoked by up-regulations of α-secretases, particularly with 

ADAM10, due to its notch-signalling capacity (Endres & Fahrenholz, 2012). This up-regulation 

is particularly concerning under two conditions: during development where notch-signalling is 

essential for cell differentiation and normal development (both increases and decreases in 

signalling causing developmental defects) (Artavanis-Tsakonas, Rand, & Lake, 1999; Bozkulak 

& Weinmaster, 2009; Bray, 2006), and with chronic over-expression of ADAM10, which has 

been linked with the progression of certain cancer types (prostate and breast cancer) and the 

metastasis of human colon cancer cells (Arima et al., 2007; Gavert et al., 2007; Lendeckel et al., 

2005; McCulloch, Akl, Samaratunga, Herington, & Odorico, 2004). Fortunately, with respect to 

notch-signalling, this does not seem to be concerning as any ADAM10-based AD therapy will 

take place in the elderly population and in vivo studies have shown moderate over-expression of 

ADAM10 to have no significant side-effects in mice (Postina et al., 2004). A few behavioural 

studies have found that a moderate over-expression of ADAM10 in AD transgenic mice shows 

improvements in learning and memory without showing any adverse effects on phenotype or 

significant effects on the Notch1 target gene Hes5 mRNA (Postina et al., 2004; Prinzen et al., 

2009; Schmitt, Hiemke, Fahrenholz, & Schroeder, 2006). It therefore seems that a moderate up-
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regulation of the α-secretases, particularly ADAM10 may be a beneficial therapeutic target for 

late-onset AD.  

 

Nutritional approach to AD 

 There are currently no effective treatments or cures for AD in spite of increased 

awareness of many of the predisposing risk factors that contribute to the development of AD, 

including genetic predispositions (especially having the APOE4 allele), family history, older age, 

previous head trauma, diabetes and cardiovascular disease (Barnard et al., 2014). As for the risk 

factors that can be effectively controlled, Benjamin Franklin could not have been more accurate 

in his statement that an "ounce of prevention is worth a pound of cure." Recent prospective 

studies have shown that modification of certain dietary and lifestyle factors may be an applicable 

prevention strategy for influencing AD development, such as fat and cholesterol intake, level of 

physical exercise and vitamin intake among others (Barnard et al., 2014).  

 With respect to diet and AD, a nutritional approach to the disease relies primarily on 

epidemiological data that suggests it may provide a promising strategy to prevent, slow, or halt 

the progression of the disease (Gillette-Guyonnet, Secher, & Vellas, 2013). Dietary 

modifications and/or nutritional supplementation have the added advantage of being cost 

effective, easy to implement, generally safe with no significant adverse effects and widely 

acceptable at a societal level (Swaminathan & Jicha, 2014). Dietary modifications and nutritional 

supplements (flavonoids, metabolic substrates, trace minerals, omega-3 fatty acids, vitamins, and 

antioxidants) can directly influence the pathological contributors behind the degenerative 

cascade found in AD including but not exclusive to the pathways of Aβ and NFT accumulation, 

increases in oxidative stress, mitochondrial dysfunction, inflammation and imbalances energy 
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metabolism [Figure 1.4- (Swaminathan & Jicha, 2014)] (S. Cunnane et al., 2011; Hu et al., 2013; 

Kamphuis & Scheltens, 2010; Lau, Shukitt-Hale, & Joseph, 2007; Pasinetti & Eberstein, 2008; 

Rao & Balachandran, 2002; Rubio-Perez & Morillas-Ruiz, 2012; Shah, 2013; Solfrizzi et al., 

2010; Thaipisuttikul & Galvin, 2012; Weih, Wiltfang, & Kornhuber, 2007). As previously 

mentioned, the neurodegenerative cascade in AD is thought to be triggered by the accumulation 

of Aβ oligomers, which may potentially initiate NFT production, impede synaptic transmission, 

and cause mitochondrial dysfunction, resulting in an oxidative stress and pro-inflammatory 

environment.  Any dietary modification or nutritional approach that aims to prevent, slow or halt 

the progression or development of AD must therefore cross the BBB and preferentially target the 

pathways involved in Aβ production or clearance, whether direct or indirect (i.e. activation of 

GPCRs).   
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Dietary influence on alpha-secretases 

 The initial underlying basis of dietary influences on AD was that nutrients may have the 

ability to rescue neurons from the oxidative damage that results from the cascade of oxidative 

stress events present in AD (Butterfield et al., 2002; Swaminathan & Jicha, 2014). However, 

when looking at the effects of diet on what is the likely the underlying cause of this oxidative 
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stress cascade (Aβ generation), there is no doubt that dietary factors can influence the processing 

of APP. These influences may be direct through changes in the expression of the various 

secretases or downstream molecules, or indirect through modulation of the cellular environment, 

such as changes in cholesterol or lipid content. With respect to the non-amyloidogenic pathway, 

there is mounting evidence that dietary factors such as fatty acids (trans fats, polyunsaturated 

fatty acids; PUFAs) , cholesterol, vitamins (retinoic acid), and phytochemicals (polyphenols, 

resveratrol) all have the ability to modulate α-secretase expression and or activity (Kojro et al., 

2001; Postina, 2012; Richard et al., 2011; Tippmann et al., 2009). Two areas that have been of 

interest are fatty acids due to their underlying involvement in cellular membranes and 

phytochemicals due to their ability to modulate gene expression and scavenge ROS. 

Fatty Acid Status in AD 

Introduction  

 Fatty acids are carboxylic acids with a variable chain of hydrocarbons that encompass a 

vast array of biological processes including: a viable energy source in the form of triglycerides, 

cellular membranes (including neurons) as part of phospholipids and glycolipids, inflammation 

and as cell signalling molecules (Neitzel, 2010). At the level of the CNS, fatty acid status has an 

essential role in normal neurological function and is crucial in health and disease (Bazan, 2007; 

Das, 2008; H. Y. Kim, Akbar, Lau, & Edsall, 2000). A recent dietary guideline suggests 

reducing saturated fats and trans fats for the prevention of Aβ production and aggregation (L 

Puglielli et al., 2001). At least in the SH-SY5Y cell-line, the degree of fatty acid saturation seems 

to have a direct correlation with sAPPα production and hence α-secretase activity. When treated 

with various fatty acids, ranging from zero units of unsaturation (stearic acid, 18:0) to 6 units of 
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unsaturation (docosahexaenoic acid, 22:6), the fluorescent marker, farnesyl- (2-carboxy-2-

cyanovinyl)-julolidine (FCVJ) showed that only fatty acids with 4 or more units of unsaturation 

(double bonds) could alter membrane fluidity and lead to an increase in sAPPα secretion (Yang 

et al., 2011). Another in vitro study involving the same cell-line looked at how the cis and trans 

isoforms of fatty acids affect APP processing and the results were compelling. The trans fatty 

acids (18:1 and 18:2) but not cis forms (18:1 and 18:2) decreased the non-amyloidogenic 

processing of APP through decreases in ADAM10 expression, while increasing the 

amyloidogenic processing of APP, through increases in BACE1 and nicastrin, a protein of the γ-

secretase complex (Grimm et al., 2011). In terms of modulating membrane fluidity and 

increasing the non-amyloidogenic processing of APP, n-3 PUFAs have been of most interest. n-3 

PUFAs are fatty acids characterized by three or more double bonds including, α-linolenic acid 

(ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-

3); all of which are commonly found in the human diet (Boudrault et al., 2009). Although there is 

no clear evidence linking low levels of n-3 PUFAs to the onset and progression of AD, 10 out of 

13 epidemiological studies looking into this case have demonstrated an inverse association 

between n-3 PUFA status or intake and AD (Barberger-Gateau et al., 2002; Beydoun, Kaufman, 

Satia, Rosamond, & Folsom, 2007; Conquer, Tierney, Zecevic, Bettger, & Fisher, 2000; Huang 

et al., 2005; Kalmijn et al., 1997; M. C. Morris et al., 2003; Otsuka, Yamaguchi, & Ueki, 2002; 

Schaefer et al., 2006; Tully et al., 2003; van Gelder, Tijhuis, Kalmijn, & Kromhout, 2007). 

However, some have demonstrated a lack of association for n-3 PUFA supplementation on a 

background of a diet high in omega-6 fatty acids or for those who carry the APOE4 allele (Jicha 

& Markesbery, 2010). These findings suggest that although n-3 PUFAs may be an effective 
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preventative measure for AD, other confounders must be further investigated including the  n-

3/n-6 ratio of fatty acid intake and individual susceptibility to the disease.  

 

DHA effect on AD and alpha-secretases 

 With DHA accounting for 8% of the bulk weight of the brain, making up 60% of all 

unsaturated fatty acids in neurons and with high concentrations in synapses (Grimm, Zimmer, 

Lehmann, Grimm, & Hartmann, 2013; Salem, Litman, Kim, & Gawrisch, 2001), it is no wonder 

it is of so much interest in relation to AD. DHA is an essential n-3 PUFA mainly found in marine 

foods, especially oily fish. The majority of the DHA pool in the brain is esterified to membrane 

phospholipids in the form of glycerophospholipids (Bazinet & Layé, 2014). Free DHA including 

their respective metabolites within neurons can either come from the liberation of the esterified 

pool or from the non-esterified pool which is bound to serum albumin and crosses the BBB (Picq 

et al., 2010). Due to an inadequate endogenous conversion of ALA to DHA (through elongation 

and desaturation enzymes), the main source of DHA is through dietary intake (Pawlosky et al., 

2001). While the majority of DHA accumulation in the brain takes place during brain 

development in the perinatal period, DHA levels in the brain start decreasing with age (Delion et 

al., 1997; Lukiw et al., 2005; Martinez, 1992). DHA levels are reduced by as much as 50% in the 

hippocampus of AD patients compared to non-AD matched controls (Prasad, Lovell, Yatin, 

Dhillon, & Markesbery, 1998; Söderberg, Edlund, Kristensson, & Dallner, 1991). It is 

hypothesized that this DHA loss may be due to oxidative stress because DHA's high 

susceptibility to lipid peroxidation (6 double bonds) has shown elevated levels of peroxidation 

products in the AD brains (Montine & Morrow, 2005). Other AD-related actions of DHA 

involve its metabolic substrate, neuroprotectin D1 (NPD1). NPD1 is derived from DHA through 

the enzymes cytosolic phospholipase A2 (PLA2) and 15-lipooxygenase (15-LOX) and can shift 
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the processing of APP from the amyloidogenic pathways to the non-amyloidogenic pathway via 

the increase in ADAM10 expression to increase sAPPα, while decreasing sAPPβ (Lukiw et al., 

2005; Zhao et al., 2011). In fact, PLA2, 15-LOX and hence NPD1 were found to be reduced in 

both AD patients and in AD transgenic mice (Lukiw et al., 2005; Zhao et al., 2011). NPD1 also 

has the added benefit of reducing apoptosis, and down-regulating pro-inflammatory signaling 

(Lukiw et al., 2005). When DHA was added to Aβ1-42 -treated primary hippocampal neurons, 

neurotoxicity induced by Aβ1-42 was attenuated, resulting in increased hippocampal neuron 

survival (P. Y. Wang, Chen, & Su, 2010). With respect to the nonamyloidogenic processing of 

APP, DHA is known to increase membrane fluidity and sAPPα production in SH-SY5Y cells in 

a dose-dependent manner and to a greater extent than its PUFA counterparts, EPA and ALA 

(Yang et al., 2011) . Further examination by a different group revealed that DHA has pleiotropic 

effects and works through increasing the protein expression and stability (half-life) of ADAM17 

and through decreasing cholesterol synthesis (Grimm et al., 2011). This study however did not 

investigate nor address ADAM9 and ADAM10, both of which are recognized as having 

legitimate α-secretase activity. Due to DHA's effect on α-secretase activity, it has shown efficacy 

to reduce Aβ production both in vitro and in animal models of AD (Grimm et al., 2011; Oksman 

et al., 2006; Wang et al., 2010). It is likely that DHA's ability to shift APP processing from the 

amyloidogenic to the non-amyloidogenic pathway is what makes it a highly promising 

therapeutic candidate in preventing, or delaying the progression of AD.  

Polyphenol Antioxidants and AD 

Introduction 

 Polyphenols are secondary metabolites of plants and are essential for a range of plant 

functions including, physiology, pigmentation, growth, reproduction, UV protection and 
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resistance to pathogens (Rossi, Mazzitelli, Arciello, Capo, & Rotilio, 2008). With the 

identification of over 10,000 polyphenols from plant origin, they have been characterized as 

arising from the common intermediate molecule phenylalanine, and are primarily conjugated 

with one or more sugar residues (Pandey & Rizvi, 2009). The classification of polyphenols stems 

from the number of polyphenol rings that are present and on the structural binding of rings with 

one another. That said, polyphenols broadly fall into one of 4 classes: flavonoids, phenolic acids, 

stilbenes and lignans, with flavonoids being the most studied and naturally abundant class of 

polyphenols (Pandey & Rizvi, 2009; Rossi et al., 2008) [Figure 1.5].  Flavonoids and several 

other polphenol compounds are considered anti-oxidants and thus have free radical scavenging 

and metal chelating properties (Ebrahimi & Schluesener, 2012). It is estimated that the brain 

utilizes about 20% more oxygen than other organs during mitochondrial respiration, resulting in 

a greater probability of damage from the reactive oxygen species (ROS) hydrogen peroxide 

(H2O2) and the superoxide anion (O2-) (B. Halliwell, 1992). In addition to activating genes 

involved in inflammation such as inducible nitric oxide synthase (iNOS), IL-1β, and TNF-α, 

ROS production is hazardous to cellular macromolecules (B. Halliwell, 1992). Interestingly, in 

the aging and AD brain, there is a greater susceptibility to oxidative stress and inflammation due 

to the accumulation of transition metals and a reduction in the endogenous antioxidants 

(superoxide dismutase, catalase and glutathione) that counteract oxidative stress (B Halliwell, 

1992; Zecca, Youdim, Riederer, Connor, & Crichton, 2004). In AD, the major source of ROS 

and oxidative stress is believed to be from impaired mitochondrial electron transport chain 

function, as well as the cytotoxic Aβ oligomers which initiate ROS production (Beal, 2005; D. 

G. Smith, Cappai, & Barnham, 2007). It is therefore very well possible that the lack or failure of 

protective measures in the brain, such as anti-oxidants are partially to blame for the onset of 



27 
 

neurological diseases, including AD . The anti-inflammatory and free radical  scavenging 

properties of polyphenols are in addition to their ability to modulate cell signalling pathways and 

gene expression through activation of molecular targets such as MAPK, PKC, and subsequent 

genes involved in cell survival and inflammation (Soobrattee, Neergheen, Luximon-Ramma, 

Aruoma, & Bahorun, 2005). It is through these mechanisms that polyphenols are seen as ideal 

candidates for targeting the oxidative stress environment and imbalances in protein processes 

found in AD.  
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EGCG on AD and alpha-secretases 

 Epigallocatechin gallate (EGCG) is a flavanol and catechin derived from the tea plant 

Camelia sinensis which falls into the flavonoid classification of polyphenols (see figure above). 

Flavonoids including their respective derivatives make up approximately 30% of the dry weight 

of the Camelia sinensis extract and the catechin EGCG makes up roughly 10% of that dry weight 
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extract (Khokhar & Magnusdottir, 2002). The polyphenol ring structure in EGCG with its 

multiple hydroxyl groups acts to chelate redox-active transition metal ions, including iron and 

copper, to prevent metal ions from catalyzing the formation of free radicals (B Halliwell, 1992). 

Several in vivo and in vitro studies provide compelling evidence on EGCG's radical scavenging 

activity (Mira et al., 2002; Yoshioka, Senba, Saito, Kimura, & Hayakawa, 2001) including its 

ability to cross the BBB to prevent neuroinflammation through blockage of cyclooxegenase-2 

and iNOS activity (Nakagawa & Miyazawa, 1997; Rahman, Biswas, & Kirkham, 2006). With 

respect to the activity of EGCG in the pathology of AD, studies have shown protection against 

Aβ-induced cell death in both hippocampal neurons and PC12 cells (Choi et al., 2001; Levites, 

Amit, Mandel, & Youdim, 2003), and a reduction in the Aβ burden in the brain of a mouse 

model of AD (Rezai-Zadeh et al., 2005). Upon closer examination on the ways by which EGCG 

may exhibit its neuroprotective effects, studies reveal that it acts by preventing Aβ aggregation in 

the hippocampus and cortex, reduces Aβ induced mitochondrial dysfunction and induces α-

secretases activity, while inhibiting β- and γ-secretase cleavage (Lee et al., 2009; Mandel, 

Weinreb, Amit, & Youdim, 2004; Obregon et al., 2006).  As it currently stands, EGCG due to its 

safety and efficacy is in the phase 2-3 of clinical trials for the early stages of AD 

(NCT00951834). Few studies have also looked at the effects of EGCG on α-secretase expression 

and activity including the respective mechanisms of action. EGCG treatment in N2a cells 

transfected with the "Swedish" mutant human APP showed elevated levels of the mature and 

catalytically active form of ADAM10 but not ADAM9 or ADAM17 (Obregon et al., 2006). 

These increases in mature ADAM10 correlated well with the dose-dependent increases in sAPPα 

levels and decreases in Aβ. One review focusing on how EGCG affects several signaling 

pathways involved in cell survival both in vivo and in vitro, have implicated the protein 
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expression or phosphorylation of PKC (α and ε isoforms), ERK1/2, or phosphatidylinositol 3-

kinase (PI3-K)/AKT to increase following EGCG administration (Mandel et al., 2004). Since 

EGCG increases PKC and MAPK activation and both signalling pathways are involved in the 

expression of α-secretases (Alkon et al., 2007), it is likely that EGCG increases α-secretases 

through these signalling pathways.  However, besides PKC and MAPK, other signalling pathway 

involved in α-secretase expression have yet to be explored, including whether differences exist 

between the different α-secretase subtypes. 

RATIONALE 

 Due to the inherent fact that Aβ products tend to aggregate and deposit into plaques over 

the course of a few years, if not decades, before the clinical diagnosis of AD (J. C. Morris, 2005), 

it is imperative to prevent the imbalance in Aβ formation before the initiation of a cascade of 

events that are responsible for the signs and symptoms of AD. One of the means by which this 

imbalance can be overcome is through up-regulation of the non-amyloidogenic pathway which is 

mediated by a group of α-secretases. It has been well established that a group of type I 

transmembrane proteinases, known as ADAM9,-10, and -17 are responsible for the non-

amyloidogenic shedding of APP, in a pathway that prevents Aβ formation (Allinson et al., 2003; 

Koike et al., 1999; Postina et al., 2004).  With over 90% of AD cases having a sporadic or late-

onset and with no established genetic cause (Blennow et al., 2006), screening the population 

before clinical diagnosis with biomarkers through CT or fMRI images or CSF assays involving 

Aβ or Tau is not only tremendously costly but highly impractical given the relative invasiveness 

of the procedures involved. Thus, as with the progression of pathologies such as osteoporosis, 

which involves life-long fluctuations in bone health over the course of a lifetime, it seems 

pragmatic to prevent the imbalance in APP processing relatively early on. In the United States 
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alone, it is suggested a hypothetical intervention that delayed the onset of AD dementia by 5 

years would result in a 57% reduction in the number of patients with AD, and reduce the 

projected Medicare costs of AD from $627 to $344 billion dollars, while any treatment that 

slows the  progression of AD by 50% would decrease the lifetime risk of AD for a 65-year-old 

from 10.5% to 5.7% (with 90% sensitivity and specificity) (Sperling et al., 2011). 

 Given that the fatty acid DHA and the anti-oxidant EGCG are beneficial in enhancing the 

non-amyloidogenic processing of APP as described, it is possible that in combination, these 

compounds have an even greater effect that could slow the progression of AD pathology. There 

are multiple reasons why combining the two regimens may be advantageous. As previously 

mentioned, both DHA and EGCG are known to be beneficial in alleviating and slowing the 

detrimental effects of Aβ that are associated with AD (V. C. Grimm, Lehmann, Grimm, & 

Hartmann, 2013; Prasad et al., 1998; Rezai-Zadeh et al., 2005).  Although differences exist in the 

method by which the two regimens act, such as DHA's ability to modulate membrane fluidity 

(Al., 2011; Oksman et al., 2006; Yang et al., 2011) or EGCG's ability to inhibit Aβ aggregation, 

alleviate ROS formation, and restore mitochondrial function (Lee et al., 2009; Mandel et al., 

2004; Obregon et al., 2006; Rezai-Zadeh et al., 2005), both DHA and EGCG are known to have 

positive effects on alpha-secretase expression and/or activity. These positive effects have been 

demonstrated either through direct assessment of changes in the candidate α-secretases or 

indirectly through changes in sAPPα levels  (Al., 2011; Levites et al., 2003; Obregon et al., 

2006; Rezai-Zadeh et al., 2005; Zhao et al., 2011).  

 Even with DHA having a reputation as being beneficial in a vast array of pathologies, the 

six units of unsaturation found in DHA are theorized to increase lipid peroxidation under 

oxidative stress conditions which occur in the AD brain (Mas et al., 2010). As a result of this 
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potential non-enzymatic free-radical peroxidation, DHA is known to generate reactive species 

similar to those formed by the fatty acid, arachidonic acid (AA) (Fernández-Iglesias et al., 2013; 

Gao et al., 2007). This is particularly true under oxidative stress environments where DHA has 

the potential to exacerbate ROS formation and reduce cell viability (Fernández-Iglesias et al., 

2013). Interestingly, EGCG is able to counteract the oxidative damage produced and increase the 

cell viability from DHA-enriched cells where oxidative stress may be present (Fernández-

Iglesias et al., 2013). EGCG enrichment with DHA may therefore be an effective strategy to 

reduce the risks associated with PUFAs, particularly in oxidative-stress environments such as 

those found in Alzheimer's disease and the aging brain.  

 

HYPOTHESIS 

DHA and EGCG will stimulate α-secretase (ADAM9,-10,-17) expression and activity, with 

combined treatments displaying enhanced effects through the activation of various signaling 

pathways. 

OBJECTIVES 

1) Determine the effects of DHA and EGCG alone and in combination on the alpha-secretases 

ADAM9,-10 and -17 at the mRNA and protein expression level.  

2) Assess the mechanisms involved in the DHA and EGCG-induced up-regulation of ADAM10 

including: 

i. Specificity of DHA on ADAM10 expression 

ii. Assessment of protein stability  

iii. Downstream signalling pathways involved in α-secretase expression 
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CHAPTER 2: DHA AND EGCG STIMULATE THE NON-AMYLOIDOGENIC 

PROCESSING PATHWAY THROUGH ENHANCED ACTIVATION OF ADAM10 
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Introduction 

 More than a century after being clinically identified, Alzheimer's disease (AD) continues 

to plague the globe at an unprecedented rate. There are an estimated 44 million people living 

with  AD and the prevalence is expected to rapidly rise (Alzheimers.net, 2015; S. Smith, 2012). 

AD is most easily recognized by the presence of two pathological hallmarks within the brain: 

neurofibrillary tangles (NFT) caused by the hyperphosphorylation of Tau, and senile amyloid-

beta (Aβ) plaques that result from deficits in the processing of the amyloid precursor protein 

(APP) (Querfurth & Laferla, 2010). APP is able to undergo processing by two distinct pathways 

thought to be in competition with one another: 1) the amyloidogenic pathway and 2) the non-

amyloidogenic pathway (Gandhi, Refolo, & Sambamurti, 2004; Thinakaran & Koo, 2008). In the 

amyloidogenic pathway, APP is cleaved by the β-secretase, BACE 1 (β -site APP-cleaving 

enzyme 1), producing an extracellular sAPPβ fragment and membrane-bound c-terminal 

fragment (CTF-99). CTF-99 is subsequently processed by γ-secretases (which include presenilin 

1/2), resulting in the formation of toxic Aβ fragments, 40-42 amino acids in length (Thinakaran 

& Koo, 2008). Conversely, in the non-amyloidogenic pathway, APP is processed via α-

secretases and again by γ-secretase to produce a shorter, non-toxic p3 fragment (Thinakaran & 

Koo, 2008). In addition to preventing Aβ formation, preferential processing of APP by α-

secretases result in the ectodomain release of sAPPα, a fragment that is considered to have 

neuroprotective and neurotrophic effects (Chasseigneaux & Allinquant, 2012). 

 Three candidate type-I transmembrane proteins belonging to the a disintegrin and 

metalloproteinase (ADAM) family, ADAM9, ADAM10 and ADAM17  have been identified as 

having α-secretase activity (Allinson et al., 2003; Koike et al., 1999; Lammich et al., 1999; 

Peschon et al., 1998). As it currently stands, ADAM10 is considered to be the physiologically 
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relevant α-secretase and is involved in both regulated and constitutive α-secretase activity, 

whereas ADAM17 only partakes in regulated α-secretase activity (Allinson et al., 2003; Blacker, 

Noe, Carty, Goodyer, & LeBlanc, 2002; Lammich et al., 1999).The likelihood of ADAM9 

functioning as an α-secretase remains controversial as ADAM9 not only cleaves APP at a site 

different than ADAM10 and -17 (Simons et al., 1996), but adam9
-/- 

 hippocampal neurons do not 

show defects in APP processing nor any other major abnormalities during development 

(Weskamp et al., 2002). However, the disparity of results with ADAM9 may in part be attributed 

to cell-line differences (Hotoda, Koike, Sasagawa, & Ishiura, 2002a).  

 The stimulation of α-secretases as a potential therapeutic target for AD has been under 

investigation for some time and the primary goal has been to balance the APP pathways to 

effectively preclude the buildup of Aβ and hence prevent or halt the progression of AD. Initially, 

Postina and colleagues (2004) showed the AD-like pathology in an animal model of AD to be 

significantly reduced through α-secretase activation. Much research has therefore focused on 

compounds with the therapeutic potential of promoting the non-amyloidogenic processing of 

APP. Considerable data supports the notion that dietary factors can have a major influence on the 

prevention, onset and progression of AD. Several dietary factors including retinoic acid, 

antioxidants, and various fatty acids have the ability to influence the processing of APP through 

changes in the levels of sAPPα or Aβ (Grimm et al., 2011; Postina, 2012; Richard et al., 2011; 

Tippmann et al., 2009; Williams & Spencer, 2012; Yang et al., 2011).  

 Docosahexaenoic acid (DHA), an omega-3 polyunsaturated fatty acid (PUFA) found in 

marine foods (primarily fatty fish) and epigallocatechin gallate (EGCG), a potent polyphenol and 

antioxidant found in green tea extract are two well-known dietary modulators of α-secretases 

(Eckert et al., 2011; Fernandez, Rezai-Zadeh, Obregon, & Tan, 2010; Grimm et al., 2012; 



36 
 

Obregon et al., 2006; Oksman et al., 2006; Yang et al., 2011).  DHA is known to comprise 60% 

of all neuronal unsaturated fatty acids, and tends to be rapidly incorporated into cellular 

phospholipid membranes to alter the membrane fluidity through the formation of highly 

disordered domains and by the depletion of membrane cholesterol content (Grimm et al., 2013; 

Wassall & Stillwell, 2009).  It must however be noted that DHA has the ability to exacerbate the 

non-enzymatic free -radical lipid peroxidation of neurons, particularly under conditions of 

oxidative stress as witnessed in the aging brain and in AD (Mas et al., 2010).   

 The highly potent catechin and antioxidant, EGCG has also been well-studied with 

respect to its role in altering APP metabolism. EGCG has the capacity to scavenge free radicals 

and is also known to increase sAPPα levels both in vitro and in vivo (Fernández-Iglesias et al., 

2013; Levites et al., 2003; Obregon et al., 2006; Weinreb, Mandel, Amit, & Youdim, 2004). 

 Although the individual roles of DHA and EGCG on α-secretase activity have been 

adequately studied at the level of sAPPα  production, their specific effects on α-secretase 

expression have not been explored. Additionally, due to EGCG's capacity to counteract the free 

radical generation associated with DHA-enriched cells (Fernández-Iglesias et al., 2013), 

combined treatments of DHA and EGCG may be a promising strategy to not only reduce the 

risks associated with PUFAs, but also increase α-secretase activity or expression through their 

potentially differing mechanisms.  

 Using the human SH-SY5Y neuroblastoma cell-line, the individual and combined effects 

of DHA and EGCG were examined. Combined treatments potentiated the increases in α-

secretase mRNA and protein expression relative to individual treatments. Combined lower dose 

treatments also increased the mature and total protein expression of ADAM10 to levels greater 

than the highest dose of individual treatment with DHA or EGCG. ADAM10 showed the most 
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notable increases in expression and has previously been classified as the physiological relevant 

α-secretase in neurons (Lammich et al., 1999; Postina et al., 2004). Given this fact, the latter 

experiments of this study focused on potential mechanisms by which DHA and EGCG mediate 

their effects, including the protein stability of ADAM10 and signaling pathways commonly 

associated with ADAM10 activity and expression. We found combined treatments may be 

increasing ADAM10 expression through several downstream kinase signaling pathways. 

 

Material and Methods 

Cell culture  

 Human neuroblastoma SH-SY5Y cells (originally isolated from a 4-year old female; 

ATCC CRL-2266) were maintained at 37°C/5% CO2 in Dulbecco’s modified Eagle medium 

(DMEM; Life Technologies) containing 10% fetal bovine serum (FBS; Life Technologies) and 

1% pen-strep [(100 units penicillin + 100μg streptomycin; Life Technologies). Selection of the 

cell-line model was based on studies using the SH-SY5Y model to study neuronal function and 

differentiation (reviewed in Kovalevich & Langford, 2013). Passage numbers for cells ranged 

between 14 and 25. For experimental procedures involving RNA and protein analysis, cells were 

plated on 100-mm (Diamed) and 60-mm plates with 2.0 x 10
6
 cells and 1.5 x 10

6
 cells per plate, 

respectively, in culture medium. Prior to treatment, cells were left to grow for approximately 72 

hours, at which time they had reached an adequate level of confluence for treatment and 

harvesting (70-80% confluence at time of harvesting).  
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Treatment and time course 

 The individual effects of DHA (Nu-Chek Prep) and EGCG (Sigma) on the expression 

and activity of ADAM9,-10 and -17 were determined through the treatment of plated SH-SY5Y 

cells with various concentrations of the two treatment regimens. Doses of 25, 50 and 75 µM 

DHA were selected for this study and were based on previous reports where DHA was used in 

the same SH-SY5Y cell-line at lower and upper thresholds of 1 µM and 100 µM of DHA 

respectively (Grimm et al., 2013; Lindskog et al., 2006; Wu et al., 2009a; Yang et al., 2011). Due 

the lipophilic nature of fatty acids and their lack of solubility in cell media, DHA was solubilized 

in a B27 supplement (Life Technologies) to induce conjugation with bovine albumin as 

demonstrated in a previous study using primary hippocampal neurons (P. Y. Wang et al., 2010).  

Dosages of 1, 10 and 20 µM EGCG were selected for this study and were likewise based on 

thresholds commonly used in cell-culture experiments involving neuroblastoma cells (Fernandez 

et al., 2010; Levites et al., 2003). Although several in vitro studies have tested concentrations of 

EGCG the low to mid-micromolar range, pharmacokinetic studies conducted in humans indicate 

that the physiologically relevant serum concentrations of EGCG may be in the high nanomolar 

range. As such, reaching concentrations in the high micromolar range may require 

supplementation, rather than dietary intake (Henning et al., 2004; Ullmann et al.). For 

experiments involving combinational treatments, 25 µM DHA and 10 µM EGCG were used and 

based on the values that have been commonly used in the literature. A 25 µM dose for DHA was 

chosen based on the fact that levels above 20 µM have been shown to drastically increase the 

level of ROS formed in SH-SY5Y cells (Wu et al., 2009), and for comparison purposes in 

determining whether combined treatments were having effects comparable to the highest doses 

of individual treatments. For RNA analysis, treatment took place over a duration of 48-hours and 
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for protein analysis over a duration of 72-hours, with retreatment and replenishment of cell 

media every 24-hours. For all experiments involving DHA as a treatment, control samples not 

receiving DHA received the B27 vehicle.   

 To investigate the effect of fatty acid status on ADAM10 expression, cells were treated 

with 25 µM stearic acid (Santa Cruz) dissolved in a 100% ethanol vehicle. Control groups not 

receiving stearic acid were treated with only the vehicle.   

 To assess the protein stability of ADAM10, cells were treated with combinations of 25 

µM DHA and 10 µM EGCG as described above or with a B27 vehicle. Treatment with DHA and 

EGCG, or vehicle alone took place over a duration of 72-hours, with retreatment and 

replenishment of the media taking place every 24-hours. After 72-hours of post-treatment, cells 

were treated with 10 µg/mL of the protein translation inhibitor, cycloheximide (CHX ; Santa 

Cruz). Following CHX treatment, samples were immediately harvested followed by subsequent 

protein extractions taking place every 12-hours over a 36-hour time-course.  

 The signaling pathways involved in the DHA and EGCG-mediated effects on ADAM10 

expression were investigated using inhibitors specific for the PKC, MAPK and PI3-K/AKT 

pathways. One hour prior to combined treatments with DHA and EGCG, SH-SY5Y 

neuroblastoma cells were treated with inhibitors of specific kinase pathways as follows: 10 µM 

bisindolylmaleimide-1(Bis-1; Life Technologies) to inhibit PKC activation, 10 and 25 µM 

U0126 (Life Technologies) to inhibit MAPK activation and 10 µM LY294002 (Life 

Technologies) to block AKT activation. Concentrations of the inhibitors were based on previous 

work published by others using the same cell-line, who have also analyzed the role of these cell 

signalling pathways (Ha, Lim, & Park, 2010; Strachan-Whaley, Reilly, Dobson, & Kalisch, 
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2015). Every 24-hours, cells were retreated with the inhibitors one hour prior to treatment with 

DHA and EGCG for a total duration of 72-hours. 

 

Quantitative Polymerase Chain Reaction (qPCR) Analysis 

 RNA from SH-SY5Y cells was isolated by homogenizing cells in 1 mL of a TRIZol 

Reagent (Life Technologies) in a 2 mL Eppendorf tube. Samples were incubated at room 

temperature for 5 minutes followed by the addition of 200 µL chloroform/mL of TRIZol reagent 

used. The Eppendorf tubes were vortex mixed for 15-30 seconds, incubated at room temperature 

for 2-3 minutes then centrifuged at 4 °C and 17,530 g for 15 minutes. Next, 500-600 µL of 

supernatant aqueous phase was isolated into a 1.5 mL Eppendorf tube for RNA precipitation. 

Using 500 µL of 100% RNase-free isopropanol/mL of TRIZol reagent, the aqueous phase was 

precipitated overnight at -20 °C. Samples were then centrifuged at 4 °C and 17,530 g for 10 

minutes followed by removal of the supernatant and washing and vortex mixing of the RNA 

pellet with 1 mL of 75% ethanol/mL of TRIZol reagent. Samples were again centrifuged at 4 °C 

and 6,854 g for 5 minutes, the supernatant decanted, and pellets were allowed to air-dry for 15-

20 minutes followed by a re-suspension in 50 µL RNase-free water. Samples were finally heated 

to 55 °C for 10 minutes and stored at -20 °C until quantification. For quantification, the purity 

and concentration of RNA was determined at an absorbance of 260/280 nm using a 

spectrophotometer to calculate the dilution in µg RNA/mL (GeneQuant Pro). Only samples 

falling in the 260/280 absorbance value of 1.7-2.0 were used and 5 µg of RNA was used from 

each sample and was mixed with DMPC-A or RNase-free water to create a final volume of 8 µL 

for reverse transcription of RNA to cDNA. Reverse transcription involved the addition of 1μL of 

DNase 10X buffer (Invitrogen), 1 μL of DNase Amp Grade I (Invitrogen), and 1μL of 20 mM 
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EDTA (Invitrogen) to each sample, with individual mixing taking place after each μL treatment. 

Samples were incubated at 65 °C for 10 minutes. To each sample, 1 μL of Oligo dT (Invitrogen) 

was added and the samples were mixed, and incubated at 70 °C for 10 minutes followed by 4 °C 

for 4 minutes. Each sample then received 7.5 μL of superscript mix (4 μL of 5x 1st strand buffer, 

2 μL of DTT, 1.5 μL of 10mM dNTPs; Invitrogen) and after heating to 43 °C, 1.5 μL  superscript 

II was added.  The samples were incubated at 43 °C, for 75 minutes followed by incubation at 94 

°C for 4 minutes. Finally, 29 μL of DMPC-A/RNase-free water was added to each sample to 

bring the total volume to 50 μL and samples were frozen at -20 °C until PCR. 

 Using the complementary DNA (cDNA) from the reverse transcribed sample products, a 

PCR and a quantitative PCR (qPCR) was performed. For regular PCR, 5 μL of RT products was 

added to 45 μL of master mix (5 μL of 15mM  MgCl2, 1 μL of 10mM dNTPs, 5 μL of 5 μM 5' 

and 3' primers, 5 μL of 10x PCR buffer, 23.8 μL dA H20, and 0.2 μL of Platinum Taq; 

Invitrogen). A 5 μL aliquot of RNase-free water was used as a PCR control to assess for 

contamination. Glucose-6-phosphate dehydrogenase (G6PD; located on the X chromosome) was 

used as a control housekeeping gene and was based on what others in our lab have previously 

used with the SH-SY5Y cell-line (Brar, 2014). Primers (Invitrogen) for G6PD and the ADAM 

genes were designed using NCBI Primer-BLAST to yield the forward and reverse primers as 

follows: G6PD (204 base pairs; bp): CAACACCTTGACCTTCTCATCAC (5'-›3'), 

TGGAACCGGGACAACATC (3'-›5') as used in other studies (Brar, 2014; Hagen, Rhodes, & 

Ladomery, 2013). ADAM9 (152 bp): TGTCATGGACATGGGGTATG (5'-›3'), 

CAGAAGTCCGTCCCTCAATG (3'-›5') ADAM10 (218 bp): AGCAACATCTGGGGACAAAC 

(5'-›3'), CTTCCCTCTGGTTGATTGC (3'-›5') as previously studied (Hainaud, 2006). ADAM17 

(213 bp): ATCCAGCAGCATTCGGTAG (5'-›3'), CAACCACGTGTCCAGTGAG (3'-›5') 
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The timing, temperature and number of cycles for running the PCR for each gene on the 

thermocycler (Bio-Rad) were based on previously used protocols for the genes of interest. 

Products of the PCR were collected and resolved using a 1.5% agarose gel (1.8 g agarose, 2.5 

mL of 50x TAE buffer, 117.5 mL H20 and 4.8 μL ethidium bromide ). Samples and the DNA 

ladder were mixed with a loading dye, run at 80 V for approximately 1.5 hours (Bio-Rad 

Electrophoresis), and visualized using a Pharmacia Biotech ImageMaster VDS.  

 Following the standard detection of G6PD, ADAM9, ADAM10 and ADAM17 via 

regular PCR, a qPCR was performed to calculate quantitative changes in gene expression. For 

each sample, 1 μL of the RT product was added to 9 μL of master mix (5 μL SYBR Green; Life 

Technologies , 3 μL dA H2O, and 0.5 μL of 10 μM 5' and 3' primers). Using a 96-well plate, 

samples were run using the ViiA 7 Real-time PCR system (Life Technologies).  

 

Western blot analysis 

 Cell were harvested using a Triton X protein lysis buffer (5% 1 M Tris-HCl, 15% 1 M 

NaCl and 1 % Triton X-100) with the addition of protease inhibitors (per 1 mL lysis buffer: 1 μL 

1 M AEBSF, 1 μL 10 mg/mL leupeptin, 1 μL 25 mg/mL aprotinin, 1 μL 10 mg/mL pepstatin A, 

and 700 units DNase). Following collection, samples were rocked at 4 °C for 15 minutes, 

followed by centrifugation at 17,530 g at 4 °C. A Bradford (1976) protein quantification assay 

was performed on the supernatant. Samples were then stored in 2 mL Eppendorf tubes at -20°C.  

 The supernatant of cell lysates (100 μg protein/sample) were resolved using 10% sodium 

dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (SDS-PAGE) analysis. A two-thirds 

concentration of protein and water were added to a one-third concentration of loading dye 

consisting of Laemelli buffer (final concentration: 6% SDS, 0.1875 M Tris-HCL pH 6.8, 30% 
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Glycerol and 0.015% Bromophenol blue) and 2-mercaptoethanol (0.075 μL/mL Laemlli buffer; 

Sigma). Samples were heated at 99 °C for 4 minutes, centrifuged, and loaded onto the SDS-

PAGE in a Dual Vertical Slab Gel Electrophoresis system (Hoefer). Protein samples were 

separated overnight by electrophoresis at a current of 5 mA/SDS-PAGE or until adequate 

separation was visible. Following electrophoresis, a transfer buffer (final concentration: 48 mM 

Tris, 0.39 M glycine, 2% SDS and 20% methanol ) was used to equilibrate gels and 

nitrocellulose membranes (Bio-Rad) for 15 minutes followed by a transfer onto the membranes 

using a semi-dry transfer apparatus (Bio-Rad) run at 20 V for 1 hour. The resulting membranes 

were blocked for 1 hour at room temperature  in either 5% non-fat milk, 10% non-fat milk, or 

5% bovine serum albumin (BSA; Fisher Scientific) dissolved in a 0.1% Tween-20 containing 

Tris-buffered saline (TBS) solution (TBS-T). The choice and quantity of milk or BSA were 

based on specifications of the antibodies being used. Blocked membranes were then incubated at 

4 °C overnight in primary polyclonal antibodies specific for: ADAM9 (1:200 goat polyclonal 

ADAM9 C-15 antibody in 1% milk in TBS-T; Santa Cruz), ADAM10 (1:200 mouse monoclonal 

ADAM10 A-3 antibody in 1% milk in TBS-T; Santa Cruz), ADAM17 (1:200 goat polyclonal 

ADAM17 C-15 antibody in 1% milk in TBS-T; Santa Cruz), ACTIN (1:1000 rabbit polyclonal 

ACTIN I-19 in 1% milk in TBS-T; Santa Cruz), sAPPα (1:1000 monoclonal rabbit  β-Amyloid 

D54D2 in 5% BSA in TBS-T; Cell Signaling), and total sAPP (1:1000 monoclonal mouse APP 

in 5% milk in TBS-T; Millipore). Blots were rinsed with TBS-T for 10 minutes, incubated for 1 

hour at room temperature with either 1:2500 goat anti-rabbit, goat anti-mouse or donkey anti-

goat IgG-horseradish peroxidase (HRP) - conjugated secondary antibodies (Santa Cruz) in 5% 

non-fat milk, 10% non-fat milk, or 3% BSA in TBS-T (depending on the antibody being used). 

Blots were again rinsed for 30 minutes intermittently in TBS-T, followed by the addition of 
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equal volumes of enhanced chemi-luminescence reagent (ECL1/2, Bio-Rad) for visualization on 

the ChemiDoc MP imaging system (Bio-Rad). Expressional changes were calculated using 

densitometric analysis of the bands (ImageLab 5.0 software, Bio-Rad). Band densities for 

proteins of interest were quantified relative to the house-keeping β-actin protein for each sample. 

These ratios were then used to identify the respective fold changes in expression for treated 

versus control (vehicle treated) samples. For analysis of sAPPα and total sAPP, blots were 

stripped using a stripping buffer (final concentration: 62.5 mM Tris, 2% SDS, and 0.704% 2-

mercaptoethanol pH 6.7) and re-probed for either total APP or sAPPα. Band densities for sAPPα 

were analyzed relative to total sAPP (sAPPα and sAPPβ) using the same blot. 

 

Statistical analysis 

 For experiments comparing the same treatments with various doses over the same time 

point, one-way analysis of variance (ANOVA) was performed for each pro-protein, mature 

protein or total protein followed by Dunnett's post-hoc tests. For experiments comparing 

different treatments over the same time point, one-way ANOVA was performed followed by 

Tukey/Kramer post-hoc tests. With experiments involving  CHX treatment and analysis of pro-

ADAM10 and mature ADAM10 across a time course, data was log-transformed and a two-way 

ANCOVA was performed followed by a Fisher's protected Least Significant Difference (LSD) 

tests. Statistical significance for all ANOVAs was set to p<=0.05. GraphPad InStat 3 was used 

for analysis of all one-way ANOVAs and was presented as mean ± SEM. Statistical Analysis 

Software  (SAS) was used for all two-way ANOVAs and presented as ratio ± upper limit (UL) or 

lower limit (LL). 
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Results  

Detection of α-secretases in the SH-SY5Y model 

 The mRNA expression of the putative α-secretases, ADAM9, ADAM10 and ADAM17 

were identified in the SH-SY5Y cell-line (Figure 2.1). Quantitative changes in mRNA 

expression were further characterized based on their qualitative presence.   

 

 

DHA and EGCG increase the mRNA expression of α-secretases 

 To determine the quantitative changes in the mRNA expression of the putative α-

secretases, a dose-response was analyzed in the SH-SY5Y cell-line, using various doses of DHA 

and EGCG over a 48-hour treatment course. The dose response for DHA showed increases for 

ADAM10 at all doses and at a single dose of 50 μM for ADAM17 (Figure 2.2). Increases in the 

mRNA expression for ADAM10 did not seem dose-dependent and may in fact be a biphasic 

dose response, as the most significant increase was apparent at a dose of 50 μM DHA (P<0.05). 

There were no statistically significant changes in the mRNA expression of ADAM9 across all 

doses. The respective changes in the mRNA expression of the α-secretases following a dose-
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responsive treatment with EGCG showed increases at all doses (Figure 2.2). ADAM9 showed a 

"U-shaped" response with the greatest increases at 1 and 20 μM. Moreover, ADAM10 displayed 

a constant  increase in expression across all doses with an approximate 1.75-fold increase in gene 

expression relative to the water-treated control (P<0.05 for 1 and 10 μM treatments). Finally, 

there was a modest but dose-dependent increase in ADAM17 mRNA expression with the 

greatest increases present in samples treated with 20 μM of EGCG (P<0.01). 

 Following the dose-dependent analysis of DHA and EGCG, combined treatments of 

DHA and EGCG on the mRNA expression of the α-secretases were assessed (Figure 2.2C). 

Relative to individual doses with 25 μM DHA or 10 μM EGCG, combined treatments of the two 

showed an enhanced level of mRNA expression across all α-secretases. ADAM10 displayed the 

greatest increases with combined treatments, with an approximate 2-fold increase in mRNA 

expression relative to the B27-supplemented vehicle control (P<0.001 versus control). 

Interestingly, combined treatments with DHA and EGCG increased ADAM10 mRNA 

expression to a level greater than the highest doses with DHA or EGCG alone (P<0.05 versus 25 

μM DHA or 10 μM EGCG). Based on the overall trends, it was evident that treatments with 

DHA and EGCG had the greatest effect on the mRNA expression of ADAM10.  
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DHA and EGCG increase the protein expression and activity of α-secretases 

Mature and Total Protein Expression 

    

 In order to determine the role of DHA and EGCG at the functional level of the α-

secretases, changes in the relative protein levels were assessed over a 72-hour treatment time via 

western blot analysis. Analysis of protein expression included assessment of both the mature and 

total protein levels. Blots displaying pro and mature isoforms of the α-secretases are depicted in 
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figure 3.1-3.3 and are representative of the zymogen and catalytically active forms of the 

proteins respectively, where cleavage of the zymogen at the pro-domain region takes place by 

the pro-convertases (PC), furin and PC-7 (Anders et al., 2001). In accordance with the increases 

witnessed at the level of mRNA, DHA was able to significantly increase the mature (60 kDa) 

and total (pro and mature) protein expression of ADAM10 at a dose of 75 μM (Figure 3.1, 

P<0.05). Surprisingly, DHA was also able to consistently increase the mature (72 kDa) and total 

protein expression of ADAM9 (non-significant), even in the absence of any increase at the 

transcriptional level. Conversely, there were no significant increases in the protein expression 

(mature and total) of ADAM17, even after the apparent increase at the transcriptional level 

following treatment with 50 μM DHA. In fact, at higher doses with 75 μM DHA, values for 

mature and total protein expression of ADAM17 were consistently lower than with 25 and 50 

μM DHA. Treatment with increasing doses of EGCG showed a dose-dependent response for 

ADAM9 and ADAM10 at both the mature and total protein levels (Figure 3.2). Similar to the 

effects of DHA on protein expression, the greatest effects were witnessed with ADAM10. At a 

dose of 20 μM EGCG, there was a 2.3 and 1.87-fold change increase in the mature and total 

protein expression of ADAM10 respectively (P<0.05 for mature ADAM10).  As for ADAM9, 

there were significant increases in the mature and total protein expression levels at the highest 

dose of 20 μM (P<0.05 for mature and total). Finally, ADAM17 showed a minimal and  non-

significant increase in the mature and total protein expression level only at a dose of 20 μM 

EGCG. 

 Next the effects of the combination of DHA and EGCG on α-secretase protein expression 

was assessed (Figure 3.3). In alignment with the mRNA trends, combined treatments with 25 μM 

DHA and 10 μM EGCG increased the mature and total protein expression across all three α-
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secretases. Combined treatments displayed a modest but significant enhancement of protein 

expression for ADAM9 (mature and total), whereas the combined effects were particularly 

pronounced for ADAM10 and ADAM17. ADAM10 showed a 2.13-fold increase in both mature 

and total protein expression for combined treatments relative to the B27-treated control group 

(P<0.01 for mature and P<0.001 for total  ADAM10). Comparisons between groups for 

ADAM10 showed a significant differences between combined treatments and individual 

treatments (P<0.05 between combined treatment and 25 μM DHA for mature ADAM10, P<0.05 

between combined treatment and 25 μM DHA or 10 μM EGCG for total). Conversely, the 

combined treatments resulted in a 1.34 and 1.48-fold  increase in ADAM17 expression for both 

the mature and total protein level respectively, whereas individual treatments displayed no 

increases in expression. Interestingly, although there were increases in the mRNA of ADAM17 

with 50 μM DHA, at all doses of EGCG and with combined treatments, the same trend at the 

level of protein was not evident. The discrepancy in the levels of the mRNA and protein levels 

for ADAM9 was however not evident for the most part, with the exception that there were 

increases in protein expression but not the mRNA expression with the various doses of DHA. 

Based on substantial increases in the mRNA and protein expression of ADAM10 following 

combined treatments, further experiments looking into the mechanisms of DHA and EGCG 

focused exclusively on ADAM10 with combined doses.  

Activity of α-secretases - sAPPα 

 Evidence that DHA and EGCG both alone and in combination increase the protein 

expression of the candidate α-secretase was informative but, without any indication of whether 

their activity with respect to APP processing was being altered. To determine whether treatments 

with DHA and/or EGCG were in fact having an effect on the non-amyloidogenic processing of 
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APP, changes in the levels of sAPPα were assessed following a single dose of 25 μM DHA and 

10 μM EGCG and with combined treatments. sAPPα being the ectodomain cleavage product of 

α-secretases is released extracellularly and requires detection in the media of in vitro studies. 

Upon extraction and western blot analysis for sAPPα relative to the total-sAPP loading control, 

elevated levels of sAPPα were detected in samples obtained from the media of cells treated with 

DHA in combination with EGCG (Figure 3.4); an indication of an up-regulation in α-secretase 

activity. Combined treatments showed consistently enhanced increases in sAPPα cleavage 

products versus each treatment alone, but the values were not significantly different. When 

comparing individual treatments, a single dose of 10 μM EGCG consistently resulted in a greater 

increase in sAPPα as compared to 25 μM DHA, albeit non-significant. 
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ADAM10 protein expression is dependent on fatty acid specificity 

 The family of α-secretases being type I transmembrane proteinases are highly influenced 

by the phospholipid membrane environment in which they reside. It has been widely established 

that the processing of APP by α-secretases occurs on distinct membrane microdomains populated 

by unsaturated fatty acids, whereas β-secretase cleavage takes place primarily on lipid raft 

domains, rich in cholesterol and saturated fatty acids (Boudrault et al., 2009; Hnasko & Lisanti, 

2003). In order to test whether the increases in ADAM10 expression following DHA treatment 

were due specifically to DHA as a highly unsaturated fatty acid and not simply as any fatty acid, 

we compared the effects of DHA to that of the saturated fatty acid stearic acid (SA; 18 carbons) 

(Figure 4). Whereas 25 μM DHA showed a significant 20-30% increase in ADAM10 expression 

(pro, mature and total), 25 μM SA showed an approximate 30% decrease in ADAM10 

expression. Differences between SA and DHA reached levels of statistical differences for both  

mature and total ADAM10 expression levels (P<0.05 for mature and P<0.01 for total ADAM10). 
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Role of DHA and EGCG on the protein stability of ADAM10 

 Due to the apparent discrepancy between the mRNA expression and the protein 

expression for ADAM10, the ability of DHA and EGCG to effect the protein stability or half-life 

of ADAM10 was assessed. In the presence of the  protein inhibitor CHX, there were gradual 

decreases in the level of ADAM10 over time as expected. As anticipated, immediately following 

CHX treatment (0 hrs), the magnitude of the precursor and mature forms of ADAM10 

expression was about 2-fold greater for the combined treated group versus the B27 control group 

(figure 5A and B; P<0.001 for mature ADAM10 and P<0.01 for pro-ADAM10). Even after the 

36 hour post-CHX time course, the levels of ADAM10 remained higher for the combined treated 

group. Based on the slope of the lines indicating protein decay, there did not seem to be an 
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increase in the protein stability of ADAM10 with combined treatments compared to vehicle 

control, rather, over time, the densitometric values of ADAM10 decreased at a greater rate for 

both isoforms of ADAM10, with a more pronounced decrease for pro-ADAM10. When time was 

taken into account and whether it was having an effect on the treatment course, it was 

determined that for pro-ADAM10, there was a significant difference in the untreated group at 24 

hours (P<0.05) and 36 hours (P<0.01) relative to 0 hours, and a significant difference in the 

treated group at 12 hours (P<0.01), 24 hours (P<0.001) and 36 hours (P<0.001) relative to 0 hrs 

(Figure 5A). As for differences in the non-treated to the treated group, there were no significant 

differences at the various time points, with the exception being at 0 hours as mentioned above. 

When examining the same effects at the level of mature ADAM10, there were no significant 

difference in the untreated group at all time points relative to 0 hours, and a significant difference 

in the treated group at 24 (P<0.01) and 36 hours (P<0.01) relative to 0 hours (Figure 5 B). When 

comparing the differences in the non-treated group to the treated group at similar time points, 

there were significant differences at 0 hours (P<0.001), 12 hours (P<0.01) and 24 hours 

(P<0.01). The data indicates the most rapid decline in protein stability occurs between 0 and 12 

hours for the combined treated groups. Interestingly, at 36 hours post-CHX treatment, the mature 

ADAM10 levels of the treated group were roughly on par with the non-treated control group at 0 

hours. This was however not the case with pro-ADAM10 as the treated group following 36 hours 

of CHX treatment showed a similar trend to the non-treated group at the same time point. With 

that said, the enhanced degradation of pro-ADAM10 with the treated group was much more 

pronounced than for that of mature ADAM10.  
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Various pathways are involved in the DHA and EGCG-mediated up-regulation of ADAM10 

i) PKC pathway 

 A contributing role of PKC in AD was first suggested when it was determined that PKC 

isozymes were deficient in the post-mortem brains of AD patients (Alkon et al., 2007). 

Additionally, activation of the PKC pathway has been previously demonstrated to stimulat α-

secretases, with a particular involvement of the α and ε isoforms (René Etcheberrigaray et al., 

2004; Khan, Nelson, Verma, Wender, & Alkon, 2009; T. Kim et al., 2011; Kinouchi et al., 1995; 

Kojro, 2006). To determine whether DHA and EGCG up-regulate ADAM10 via PKC, cells were 

pre-treated with the PKC inhibitor bisindolylmaleimide-I (bis-I), which selectively blocks the 

PKCα-, β1-, β2-, γ-, δ-, and ε-isozymes (Figure 6.1). Treatment with 10 μM bis-I alone showed a 

significant decrease in the precursor, mature and total protein expression of ADAM10 relative to 

the non-inhibitor DMSO (vehicle) control group (P<0.01). The percentage decline for total 

ADAM10 expression was 65%, with an 82% decline in the precursor form and a 54% decline in 

the mature form. Combined treatment with DHA, EGCG and DMSO in the absence of the bis-I 

inhibitor resulted in significant increases in ADAM10 expression relative to the untreated DMSO 

control, confirming our previous results. These increases were again present for the precursor, 

mature and total protein level of ADAM10 (P<0.01), however at levels that were below the fold-

changes measured previously. The involvement of PKC in ADAM10 up-regulation was then 

demonstrated by treating with the bis-I inhibitor one hour prior to combined treatments with 25 

μM DHA and 10 μM EGCG. Upon co-treatments, the expression of all isoforms of ADAM10 

declined to levels that were below levels witnessed with combined treatments (non-significant) 

but greater than the control in the presence of the inhibitor alone. The percentage decline again 
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was assessed relative to the combined treatment and was 63% (78% for precursor and 53% for 

mature ADAM10), which was similar to the decreases in the control groups. The PKC inhibitor 

caused a greater down-regulation of pro-ADAM10 relative to mature ADAM10, a likely 

indication that inhibition was having its primary effect on the expression of ADAM10, rather 

than on its processing via the pro-convertases, PC7 and furin.  

 

 

ii) MAPK/ERK1/2 pathway 

 In addition to PKC being involved in the up-regulation of the non-amyloidogenic 

pathway, the MAPK pathway has also been demonstrated to stimulate the non-amyloidogenic 

processing of APP via the α-secretases (Kojro, 2006; Mills et al., 1997; Peng et al., 2007). In 
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order to confirm this and test whether DHA and EGCG in combination were mediating their 

effects through the MAPK pathway, we pre-treated cells with the MAPK inhibitor, U0126, 

which is selective for MEK1/2 and reduces their respective downstream activation of ERK1/2. 

U0126 acts by inhibiting the activation of these kinases through the prevention of 

phosphorylation at two serine residues at positions 217 and 221 of MEK (Cell Signaling). 

Treatment of the control group with 10 μM U0126 did not show a significant decrease in the 

precursor, mature and total protein expression of ADAM10 relative to the non-treated DMSO 

control group (Figure 6.2B). While there were only minimal decreases in the ADAM10 

expression of mature (10%) and total (12%) levels in the U0126-treated control, the decreases 

were greater for pro-ADAM10 (38%), although non-significant. Combined DHA and EGCG 

treatments once again showed increases in ADAM10 isoform levels relative to the  DMSO 

control (P<0.01). Treatment of cells with U0126 one hour prior to combined treatments with of 

DHA and EGCG resulted in a significant decline in only pro-ADAM10 levels (56%, P<0.01), to 

a level comparable to the U0126-treated control. Similar to what was observed following the 

inhibition of the PKC pathway, inhibition of MAPK activity showed greater effects on the 

protein expression of pro-ADAM10. In order to preclude the possibility that a lack of decline in 

mature and total ADAM10 was not due to a lack of cellular saturation with the inhibitor, a higher 

concentration of U0126 was tested. The above mentioned treatments conditions were again used, 

with the exception that U0126 was used at a concentration of 25 μM. Even with higher 

concentrations of U0126, we found the same overall trends with the greatest decreases in pro-

ADAM10 following MAPK inhibition (Figure 6.2D). This was again significant for the DHA 

and EGCG combined treatment in the presence of U01226 relative to combined treatment alone 

(P<0.05). Interestingly, the higher concentration of U0126 had a greater effect on decreasing 
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total ADAM10 and a smaller effect on pro-ADAM10 versus treatment with 10 μM of the 

inhibitor. Taken together, our results indicate that MAPK inhibition affects pro-ADAM10 levels 

and may not play a significant role in the processing of pro-ADAM10 into its mature and active 

form.  

 

iii) PI3-AKT pathway 

 The role of the PI3-AKT pathway in the stimulation of α-secretases has been 

demonstrated before with PI3K activation promoting sAPPα release from the SweAPP N2a cell-

line (Petanceska & Gandy, 1999). To test whether the PI3-AKT pathway is involved in the DHA 
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and EGCG-mediated increases in ADAM10 expression, cells treated with DHA and EGCG were 

analyzed both in the presence and absence of a non-specific PI3K inhibitor, LY294002, which 

preferentially blocks PI3-kinase p110 β (PI3-Kβ) and PI 3-kinase p110 α (PI3-Kα) and it's 

associated downstream signaling molecules (Cell Signaling #9901). To first determine the 

involvement of the PI3K pathway in the constitutive expression of ADAM10, cells were treated 

with either 10 μM LY29002 or a DMSO vehicle. Treatment of the control cells with LY294002 

decreased the basal levels of ADAM10 expression for all isoform (Figure 6.3), albeit not to the 

same extent observed with Bis-1 treatment. The greatest decrease was for pro-ADAM10 with an 

approximate 55% decline in protein levels. Cells treated with DHA and EGCG in the presence of 

the DMSO vehicle were once again significantly greater across all isoforms of ADAM10 

expression (P<0.01). Co-treatment of the combined treatments with LY294002 showed a decline 

across all isoforms of ADAM10 (P<0.01). Interestingly, mature ADAM10 levels were the most 

affected by the inhibition of the AKT pathway. This decline in mature ADAM10 was similar to 

the mature protein expression levels reached for the control group in the presence of the 

inhibitor, suggesting that although the AKT signaling pathway may in part be involved in the 

DHA and EGCG-mediated increase in ADAM10 expression, activation of the AKT pathway 

may also affect the processing of ADAM10.  
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Discussion  

 In addition to ADAM9, ADAM10 and ADAM17 being adequately expressed in the SH-

SY5Y cell-line, these α-secretases can be regulated by the dietary modulators, DHA and EGCG 

at both the transcriptional and translational levels. The results of the study demonstrate that 

combining these dietary modulators causes a greater up-regulation of the α-secretases relative to 

individual treatment with DHA or EGCG of the same dose. In fact, combined treatments showed 

increases that were comparable with the highest doses of DHA or EGCG alone and this was 

particularly evident for ADAM10. Where individual treatments showed an increase in total 

ADAM10 protein expression, the increases in the mature form were even greater, suggesting that 
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DHA and EGCG are likely modulating the post-translational processing of ADAM10, at the 

level of the pro-domain. This dimension of ADAM10 modulation has been demonstrated with 

EGCG before, where others have demonstrated it to increase the maturation of ADAM10 

(Obregon et al., 2006) 

  Differences between the transcriptional and translational levels of expression following 

individual and combined treatments may very well result from many of the regulatory factors 

involved in α-secretase activation, including but not limited to post-transcriptional modifications, 

post-translational modifications, trafficking, changes in membrane environment and the presence 

of protease inhibitors (Anders et al., 2001; Endres & Fahrenholz, 2012; Lichtenthaler, 2011). The 

results of this experiment indicate that ADAM10 is the most responsive α-secretase to DHA and 

EGCG treatments in the SH-SY5Y cells. With respect to EGCG, ADAM10 has also been 

identified as being necessary for the EGCG-induced cleavage of APP, albeit in a mutant human 

APP (SweAPP) N2a cell-line (Obregon et al., 2006). In addition, ADAM10 has been identified 

as the physiologically relevant α-secretase due to its constitutive cleavage of APP in various 

neuronal cell-cultures, including primary neurons (Kuhn et al., 2010; Lammich et al., 1999; 

Postina et al., 2004). Various factors are known to stimulate APP processing at a level above 

ADAM10's constitutive activity, in what is referred to as regulated α-secretase cleavage (S 

Bandyopadhyay, Goldstein, Lahiri, & Rogers, 2007; Kojro, 2006). In fact,  ADAM17 has also 

shown to contribute to the regulated α-secretase cleavage of APP (Lichtenthaler, 2011). The 

increases seen in the expression of ADAM10 and ADAM17 may therefore in part be accounted 

by its stimulated rather than constitutive expression following treatment DHA and EGCG. This 

is in agreement with the transient (less than 5 hours) PKC-mediated activation of ADAM17 

following treatment with EGCG as demonstrated by Rezai-Zadeh el al. (2005).  
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 The results of this study also indicate that ADAM9 expression is increased by EGCG and 

DHA treatment, at both the mRNA and protein level. With conflicting accounts of ADAM9's 

capacity to metabolize APP, the  consequences of increases in ADAM9 expression remain 

ambiguous, and necessitates further experimentation. ADAM9 has been shown to possess α-

secretase activity by increasing sAPPα in the COS cell-line (Hotoda et al., 2002b), and has also 

been implicated as a mechanism of regulating ADAM10 activity through its pro-domain (proA9; 

amino acids 24-204) (Moss et al., 2011). This implies that increases in ADAM9 expression may 

in fact be coinciding with increases in ADAM10 as a mechanism of regulating ADAM10's 

overall activity; a concept similar to a negative feedback loop. Conversely, increases in ADAM9 

expression can also be attributed to its responsiveness to treatments, where it may increase the 

processing of APP and hence aid in the formation of sAPPα. The activity of ADAM9 in this case 

warrants additional experimentation.  

 When examining the levels of sAPPα, or the by-product of α-secretase cleavage, we 

found that combined treatments enhanced sAPPα formation to a greater degree than individual 

treatments. Various other in vitro studies looking at the non-amyloidogenic processing of APP 

have also witnessed elevated levels of sAPPα following treatment with DHA or EGCG (Al., 

2011; Obregon et al., 2006; Rezai-Zadeh et al., 2005; Yang et al., 2011). Although the overall 

trend of enhancement is similar to the increases in the respective α-secretases, the fold-changes 

in sAPPα were not equal to the protein expression levels of the ADAM10. To explain this, it 

must first be noted that the formation of sAPPα cannot be confidently attributed to ADAM10 as 

both ADAM9 and ADAM17 are also classified as α-secretases and are functionally present in 

our cell-line model. Next, even with increases in the expression of the three α-secretases, it must 

be acknowledged that their catalytic functionality is not specific to APP.  α-secretases are 
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capable of cleaving a vast array of other substrates including cytokines, receptors, growth 

factors, proteinases, and adhesion proteins (Huovila et al., 2005). We would however theorize to 

see a greater abundance of sAPPα in a model where there is over-expression of the APP 

substrate, as the substrate to enzyme ratio would be enhanced.   

 To attribute the increases in ADAM10 expression and sAPPα formation to DHA's high 

degree of unsaturation, and signaling capacity, we sought to determine whether saturated fatty 

acids commonly found in neuronal membranes displayed similar effects to that of DHA. 

Treatment with stearic acid decreased the precursor, mature and total protein expression of 

ADAM10, in a manner consistent with the findings from Yang et al. (2011) where it was found 

that decreasing the degrees of unsaturation of fatty acids resulted in decreased levels of sAPPα 

formation. Interestingly, DHA incorporation within the brain occurs primarily within synapses, 

where α-secretases are known to be functionally present (Bazan, Molina, & Gordon, 2011).  It is 

widely believed that DHA is able to reduce the cholesterol content within lipid rafts, where β-

secretases reside and where DHA alters membrane fluidity,  likely through the displacement APP 

from lipid rafts to non-lipid rafts for the preferential processing by α-secretases (particularly 

ADAM10) (Ehehalt et al., 2003; Kirsch et al., 2003; Kojro et al., 2001). The resulting abundance 

of DHA content within phospholipid membranes indirectly increases the unesterified DHA pool 

within neurons through the de-esterification process and as a result leaves DHA and its bioactive 

derivatives to trigger downstream signaling pathways to increase α-secretase expression (Al., 

2011; Bazinet & Layé, 2014; Zhao et al., 2011).  

 The greater protein expression of ADAM10 relative to its respective transcriptional 

increases following combined treatments initially suggested that treatments may be increasing 

the protein stability or half-life of ADAM10. A 36 hour time course was chosen for CHX 
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treatment because little is known about the absolute half-life of ADAM10, and it is only assumed 

to be in the range of 12-36 hours due to its high degree of homology with ADAM17 (Black & 

White, 1998) and because many ADAM proteinases fall within that range (Lum, Reid, & Blobel, 

1998; Schlöndorff, Becherer, & Blobel, 2000). Upon assessment of ADAM10's protein stability, 

we found an unexpected increase in the protein degradation of ADAM10 for the DHA and 

EGCG combined treatment group over 36 hours. This rapid degradation of pro-ADAM10, which 

was particularly significant within the first 12 hours, may in part be explained by the presence of 

a negative feedback loop regulating increases in the levels of ADAM10. ADAM10 is non-

specific to APP and increases in expression may be involved in the progression of various 

cancers, and this may imply a tight regulation in its expression (Escrevente et al., 2008; Gavert et 

al., 2007; Seals & Courtneidge, 2003). This rapid rate of degradation trend is however not as 

evident for mature ADAM10, potentially due to the fact that the pro-convertases (PC7 and furin) 

may not be completely degraded following the first 12 hours post-CHX treatment, and may 

therefore still have the capacity to increase mature ADAM10 levels through the cleavage of its 

prodomain. This is speculative at most, as little is known about the half-life of the various pro-

convertases. These findings may however seem contrary to the findings by Grimm et al. (2011) 

where an increase in the protein stability of ADAM17 was found following a 24 hour treatment 

with DHA. This enhancement in protein stability may however be attributed only to ADAM17 or 

because of the higher dose (100 μM) DHA used.  

  Based on the results of the non-treated group, it is likely that the basal half-life of pro-

ADAM10 and mature ADAM10 lies in the range of 36 hours or more, which is in agreement 

with the estimated range (Lum et al., 1998; Schlöndorff et al., 2000). Additionally, since mature 

ADAM10 levels in the treated group were greater at 0 hours relative to pro-ADAM10 levels, this 
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suggests that treatments are increasing the conversion of the pro-form to the mature form. This is 

in line with our previous results where treatments with DHA and EGCG showed greater 

expression levels of mature ADAM10 relative to total ADAM10 (Figure 2.5).  

 The results of our experiment indicate that under basal conditions, the downstream 

signaling pathways involving PKC, MAPK, and PI3-K are necessary but not sufficient to 

completely block the expression of pro-ADAM10.  This was demonstrated through partial 

inhibition of constitutive pro-ADAM10 levels following inhibition of various signaling 

molecules and their respective downstream mediators. With an approximate 82% decline in basal 

pro-ADAM10 levels following inhibition of PKC, our results suggest that PKC is the most active 

signaling pathway involved in the constitutive expression of ADAM10. Combined treatments in 

the presence of the PKC inhibitor did not decrease the expression of ADAM10 (precursor, total 

and mature) to levels matching the control-treated inhibition group, suggesting that the DHA and 

EGCG-mediated effects of increasing ADAM10 were not acting solely through the PKCα-, β1-, 

β2-, γ-, δ-, and ε-isozymes. PKC has been considered a 'cognitive kinase' for some time and 

many of its isozymes are known to regulate many synaptic connections associated with learning 

and memory (Alkon, Epstein, Kuzirian, Bennett, & Nelson, 2005; Matsuoka, Li, & Bennett, 

2000; Xu, Liu, & Alkon, 2014; G.-R. Zhang et al., 2005). As mentioned previously, only the 

PKCα- and ε isozymes have been implicated in the α-secretase mediated processing of APP 

(René Etcheberrigaray et al., 2004; Khan et al., 2009; T. Kim et al., 2011; Kinouchi et al., 1995; 

Kojro, 2006; Kozikowski et al., 2003). However, little is known of the phosphorylation sites of 

PKC for the activation or pathways involved in α-secretase expression. While EGCG is has been 

shown to increase the secreted levels of sAPPα in a PKC-α or ε-dependent manner (S. Y. Kim et 

al., 2004; Levites et al., 2003; Levites, Amit, Youdim, & Mandel, 2002; Weinreb, Amit, & 
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Youdim, 2007), DHA's activation of PKC has only been shown indirectly through activation of 

membrane signaling receptors or with the cyclopropanated form of esterified DHA (Bazinet, 

2014; Nelson, Cui, Luo, & Alkon, 2009). No evidence to date however shows the involvement of 

PKC in the maturation process of ADAM10, whether through the pro-convertases or 

independently of them. 

 Using two concentrations of U0126, we found that under basal conditions, MAPK is 

required for pro-ADAM10 expression, but not necessary for the conversion of ADAM10 into the 

catalytically active mature form. Because combined treatments in the presence of the inhibitor 

did not return the levels of pro-ADAM10 to comparable levels with the inhibitor-treated control, 

it is likely that the combination of DHA and EGCG are not acting through MAPK alone. Like 

with PKCs, the MAPKs, MEK1/2 have been implicated in several studies reporting increases in 

sAPPα (Caccamo et al., 2006; Kojro, 2006). Both DHA and EGCG have also been identified as 

activators of MAPKs (Chung et al., 2003; Schroeter et al.; Wu et al., 2009a), leading us to 

conclude that DHA and EGCG may in part increase ADAM10 expression through MAPK 

activation as our results have suggested.  

 Lastly, we observed the effects of DHA and EGCG on the PI3-K pathway, which has 

also been regarded in the non-amyloidogenic APP processing pathway and is also involved in the 

expression of transcription factors necessary for cell survival, proliferation and growth (Alessi et 

al., 1994; Cowley, Paterson, Kemp, & Marshall, 1994; Crews, Alessandrini, & Erikson, 1992; 

Rosen, Ginty, Weber, & Greenberg, 1994). Using LY294002, we were able to sufficiently block 

the PI3-K pathway to decrease the constitutive expression of pro-ADAM10. Mature ADAM10 

levels were minimally affected, indicating that the PI3-K pathway may only be minimally 

involved in the processing of ADAM10. When combining treatments of DHA and EGCG and 
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co-treating with the inhibitor, decreases in both pro- and mature ADAM10 again were observed, 

however this time, mature ADAM10 levels reached levels comparable to those of the inhibitor-

treated control group. This blockage of mature ADAM10 expression following combined 

treatments signifies that the PI3-K signaling pathway is necessary for the maturation of 

ADAM10 via DHA and EGCG. Interestingly, this phenomenon has been demonstrated by 

Fernandez et al. (2010), where the EGCG-mediated effects on the maturation of ADAM10 were 

reported to be PI3-K/AKT dependent. Furthermore, the response of DHA on the PI3-K/AKT 

pathway has also been previously demonstrated to indirectly increase the phosphorylation of 

AKT, albeit at the level of neuronal survival and not with respect to the maturation of ADAM10. 

However based on the fact that AKT is necessary for the processing of ADAM10, it seems 

reasonable to imply that DHA can also act to increase the processing of ADAM10.  

 Numerous studies have suggested that GPCRs and activation of their downstream 

signaling molecules including the PKC, MAPK and PI3-K signaling pathways may contribute to 

the α-secretase mediated processing of APP (Caccamo et al., 2006; Kojro, 2006; Nitsch, Deng, 

Growdon, & Wurtman, 1996). Activation of these signaling molecules have also been noted 

through various growth factors, cytokines, through membrane depolarization and calcium influx. 

Activation of these signaling pathways in fact shifts the metabolism of APP away from the 

amyloidogenic pathway and towards the non-amyloidogenic pathway (Buxbaum, Koo, & 

Greengard, 1993; Solano et al., 2000). DHA is able to modulate signaling in the brain through 

several mechanisms including its effects at the level of nuclear transcription factors (Tippmann 

et al., 2009), through the regulation of membrane fluidity and through the activation of receptors 

which consequently result in the activation of second messengers involving PKC, MAPK and 

PI3-K/AKT (Thathiah & De Strooper, 2011). With respect to these membrane receptors, 
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unesterified-PUFAs, including DHA have been shown to activate the peroxisome proliferator-

activated receptor (PPAR), the chemokine-like receptor 1 and the G-protein-coupled receptor 32 

(GPR32) (Bazinet, 2014). EGCG due to its water solubility properties primarily activates 

signaling cascades through activation of extracellular receptors including the estrogen receptor-α 

(ERα) and the α7 nicotinic acetylcholine receptor (α7-nAChR) (X. Zhang et al., 2014), both of 

which have been implicated in the α-secretase mediated processing of APP through the 

activation of downstream signaling cascades (Fernandez et al., 2010; Mousavi & Hellström-

Lindahl; Nie et al., 2010; S.-Q. Zhang et al., 2013). Based on these findings, it seems likely that 

DHA and EGCG are acting through different receptors to activate downstream signaling 

pathways to increase ADAM10 expression and activity.  

 Activation or increases in the expression of α-secretase by PKCs are considered to be 

direct or indirect through phosphorylation and activation of the MAPKs, which are considered 

downstream of PKC  (Alkon et al., 2007). Our results which showed a greater involvement of the 

PKC pathway versus MAPK pathway aligns with this fact, given that PKC works through many 

direct and indirect avenues to increase the α-secretase processing of APP (Alkon et al., 2007; 

Díaz-Rodríguez et al., 2002; Skovronsky et al., 2000). Overall, it seems likely that these kinase 

pathways have a great deal of cross-talk and when taken together may be sufficient to block 

ADAM10 activity. 

 

Conclusion  

  Collectively, the results of our study elucidate some of the mechanisms by which the 

combined treatment of DHA and EGCG modulate the ADAM10 processing of APP. DHA and 

EGCG in combination have been shown to act through the PKC, MAPK and PI3-K/AKT 
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pathways to increase the protein expression of pro, mature and total ADAM10 levels. We 

speculate that DHA and EGCG are working through different mechanisms, and we were only 

partially able to demonstrate this through characterizing the effects of DHA, an unsaturated fatty 

acid distinct from the saturated fatty acid, stearic acid. These findings may have implications in 

preventing or slowing the progression of human conditions such as AD, where elevated levels of 

Aβ could be reduced through a shift to the α-secretase mediated non-amyloidogenic pathway. 

However, as many have noted, any side-effects concerning enhanced activation of ADAM10 

must be considered, including its role in cancer, development and the immune response.  
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Limitations 

 To study aspects of neurodegeneration and neuroprotection in vitro, both cell lines and 

primary neuron models are commonly used. Although there are advantages to both, they also 

have limitations and none truly replicate the pathological features of neurodegenerative disease. 

Neurodegenerative disorders are most often characterized by a high degree of oxidative stress. 

This is most notably the case in Alzheimer's disease (AD), where there is an Aβ-mediated 

production of reactive oxygen species (ROS) resulting in the exacerbation of oxidative stress 

through the initiation of additional ROS generators via the mitochondria, the plasma membrane 

and peroxisomes (Beal, 2005; Dasuri, Zhang, & Keller, 2013). ROS can in turn modify and alter 

the biological functions of several biomolecules including proteins, lipids, sugars and DNA 

(Aiken, Kaake, Wang, & Huang, 2011; Barry Halliwell, 2006). The SH-SY5Y model used in this 

experiment is a homogenous cell-line and is not characterized by an extensive amount of 

oxidative stress. Unlike other studies, which have utilized N2a cells transfected with the 

"Swedish" mutant human APP (SweAPP N2a) to favour the β-secretase processing of APP, our 

model does not accurately depict an AD model, and is therefore not characterized by an 

abundance of either Aβ, or oxidative stress. Consequently, the effects of the antioxidant 

epigallocatechin gallate (EGCG) may have been greatly underestimated in our model. As 

oxidative stress is an initiator of the proteosome-mediated protein degrading pathway for the 

effective removal of oxidized and damaged proteins (Dasuri et al., 2013), the effects of EGCG 

may have been more pronounced in an oxidative stress model. These effects could have been 

present through two facets: one where EGCG may have rescued the oxidization and subsequent 

degradation of proteosome-mediated proteins as indicated above, and secondly through EGCG's 

ability to counteract the oxidative damage caused by the lipid peroxidation products of 
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docosahexaenoic acid (DHA), as recently shown by Fernandez-Iglesias et al. (2013). It is also 

important to note that the study was conducted in a highly controlled setting that did not account 

for the vast array of possible confounding variables (genetics, environment, etc.) present in a 

typical in vivo or clinical setting.   

 Given that DHA is amongst the most vulnerable fatty acids to lipid peroxidation in the 

presence of oxidative stress (Porter, Caldwell, & Mills, 1995), the individual effects of DHA 

treatment may have been more pronounced in our current SH-SY5Y, where there is generally an 

inadequate measure of oxidative stress. This is not to undermine the fact that the DHA by-

product of lipid peroxidation, namely 4-hydroxy-2-hexenal (4-HNE) is generated in all cells at 

minimal levels and has a role in physiological signaling (Forman & Dickinson, 2004). With 

respect to our SH-SY5Y model, the levels of lipid peroxidation or 4-HNE were not measured. 

However, based on the high viability of the cells used in this experiment, the levels of 4-HNE 

likely did not reach known cytotoxic levels of greater than 5 μM to cause mitochondrial-

mediated apoptosis and oxidative stress (Abarikwu, Pant, & Farombi, 2012).  

 The majority of our experiments in this study utilized 25 μM doses of DHA. 

Physiologically relevant doses of DHA in the plasma have been recently reported to be in the 

range of 7.2 to 237.5 μM, with a mean value of 88.8 μM in an ethnically diverse population of 

young healthy Canadians (Abdelmagid et al., 2015). With the majority of our experiments 

employing 25 μM DHA, our treatments are on the lower quartile of what is considered the 

physiologically relevant dose of DHA in the plasma of healthy adults. This physiological range 

is however not representative of plasma levels in the cognitively impaired and AD population, 

where there is a not only a reduction of DHA transport to the brain of those expressing the 

APOE4 allele, but also reductions of DHA concentrations in the brain and plasma levels 
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(Conquer et al., 2000; S. C. Cunnane et al., 2012; Phillips, Childs, Calder, & Rogers, 2012; 

Vandal et al., 2014).   

 Finally, it is noteworthy to mention that the inhibitors used to block the activity of PKC, 

MAPK and PI3-K were assumed to be specific for those respective signaling molecules. 

Although there was a lack of evidence showing that inhibition was in fact taking place, several 

other groups have shown the effects of  Bis-1, U0126 and LY294002 at the same dose, including 

previously lab members who have used these inhibitors to inhibit up-regulation of genes in 

multiple cell lines to preferentially block PKC, MAPK and PI3-K respectively (Bekhite et al., 

2011; Binnington & Kalisch, 2007; René Etcheberrigaray et al., 2004; Grana, LaMarre, & 

Kalisch, 2013; Ren et al., 2009).  

Summary & Significance 

 The significance of increasing the non-amyloidogenic pathway above its constitutive 

level (i.e. regulated α-secretase), is that the increased sAPPα generation is accompanied by 

reductions in the amyloidogenic pathway, including the generation of Aβ. This has been shown 

genetically through the over-expression of ADAM10 (Postina et al., 2004) and through 

pharmacological means such as with muscarinic agonists and treatment with statins (S 

Bandyopadhyay et al., 2007; Kojro et al., 2001). Subsequent increases in sAPPα via the non-

amyloidogenic pathway are also known to have neuroprotective effects through promotion of 

neurite outgrowth (Small et al., 1994), regulation of synaptogenesis (Morimoto, Ohsawa, 

Takamura, Ishiguro, & Kohsaka, 1998), and through the prevention of neuronal injury (Thornton 

et al., 2006). These findings have led to the concept that the α- and β-secretases compete for the 

APP substrate and as such, activation of α-secretases may be a therapeutic approach for AD. In 
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the present study, we have demonstrated that the dietary modulators, DHA and EGCG are able to 

effectively increase the mRNA and protein expression of the α-secretases, with the largest effects 

on ADAM10, which is considered to be the most physiologically relevant α-secretase.  

 Our study was the first documented investigation looking at how co-treatments with 

DHA and EGCG can increase the expression of  the α-secretases, ADAM9,-10 and -17, 

including the respective mechanisms of action involved in increasing ADAM10 expression. The 

results of this study therefore support our hypothesis that combined treatments have enhanced 

effects relative to individual treatments with DHA and EGCG. The mRNA results obtained in 

our study took place over a 48-hour time course and the protein expression results over a 72-hour 

time course. Unlike most studies which have focused on the effect of DHA and EGCG over a 

transient time period, our longer time points are more consistent with how DHA and EGCG 

treatment is able to induce the non-amyloidogenic processing of APP "chronically".  

  Although the concentrations of DHA used were lower than the plasma concentrations 

found in healthy Canadians (Abdelmagid et al., 2015),  all doses increased ADAM10 protein 

expression and combined treatments using 25 μM DHA and 10 μM EGCG showed increases that 

were roughly equivalent to the highest doses of either DHA or EGCG alone. We also found the 

effects of DHA were particular to its uniqueness as an n-3 PUFA and not a simply a result of its 

categorization as any fatty acid. This has been consistent with several studies demonstrating how 

fatty acid status can affect the processing of APP. It is generally agreed upon that unlike 

saturated and trans fatty acids, omega-3 unsaturated fatty acids increase the non-amyloidogenic 

processing of APP, while decreasing the amyloidogenic processing through modulation of 

membrane fluidity and through downstream signaling pathways (Al., 2011; Marcus O.W. Grimm 

et al., 2012; Oksman et al., 2006; Yang et al., 2011).  



78 
 

 When determining whether DHA and EGCG in combination are increasing the protein 

stability of ADAM10, we unexpectedly found the inverse phenomenon. DHA and EGCG with 

its ability to increase the precursor and mature forms of ADAM10 by about 2-fold was rapidly 

degraded in the presence of the translation inhibitor, CHX. We speculate that various cellular 

mechanisms may be at work here to increase the turnover of ADAM10, likely when levels are 

excessively above constitutive levels. However, we still did see a greater presence of both 

precursor and mature ADAM10 following 36 hours of CHX treatment with the combined treated 

group relative to no treatment. This may hold a greater degree of practicality in an AD model 

given that a consistent up-regulation of ADAM10 may aid in the processing of APP to preclude 

Aβ formation.    

 Finally, when looking at the potential pathways involved in the DHA and EGCG 

mediated increases in ADAM10, we focused on specific kinase signaling molecules that have 

been previously implicated in increasing sAPPα levels. Our results suggest that the PKC, MAPK 

and PI3-K/AKT pathways are all involved in the constitutive expression of pro-ADAM10 and 

activation of PKC and AKT are also potentially involved in its processing. When examining 

which of the signaling pathways DHA and EGCG may be functionally activating, we again 

found that all of the pathways were necessary but not solely responsible for increasing pro-

ADAM10 expression levels. As for mature ADAM10 levels, we found DHA and EGCG to be 

sufficient for enhancing the processing of the ADAM10 through the PI3-K/AKT pathway.  

 Overall, our results imply that combining DHA with EGCG activates multiple signalling 

pathways to enhance ADAM10 levels and the non-amyloidogenic processing of APP. If similar 

effects also occur in vivo, particularly under conditions of oxidative stress or elevated Abeta, this 



79 
 

suggests combining DHA and EGCG may be an  effective therapeutic strategy to prevent or slow 

down the progress of AD.  

Future Directions 

 Our study involving the effects of DHA and EGCG on the expression and activity of the 

α-secretases was assessed at a mechanistic level through analysis of key signaling molecules 

implicated in the non-amyloidogenic processing of APP. In order to expand our scope towards a 

greater relevance to AD, the associative effects of DHA and EGCG on the amyloidogenic 

pathway must be further explored. While others have reported reductions in Aβ formation 

following treatments with EGCG or DHA, limited studies have focused on the mediators of the 

amyloidogenic processing pathway of APP. Grimm et al. (2011) revealed that DHA is unable to 

decrease the mRNA and protein expression of BACE or presenilin 1/2, but is able to decrease the 

activity of β- and γ-secretases in a dose-dependent manner in the membranes of both SH-SY5Y 

cells and mice brains. As for EGCG, treatment of mice with 3 mg/kg reduced the protein 

expression of BACE by 2-fold in the hippocampus (Lee et al., 2009). Nonetheless, the effects of 

combined treatments of DHA and EGCG at the level of the β- or γ-secretases have not been 

explored. With EGCG`s protective effects on DHA, combined treatments may enhance the 

decrease in the protein levels of BACE and presenilin1/2, thus decreasing the levels of Aβ 

products. This would align with the shift from the amyloidogenic to non-amyloidogenic 

processing of APP. 

 The trend towards increased levels of sAPPα following treatment with DHA and EGCG 

in our study cannot be accurately attributed to processing by ADAM10 alone. Future 

experiments can address this either through inhibition of ADAM9 and ADAM17 together, or 

through inhibition of ADAM10 alone. This can be achieved via transfection with siRNAs or 



80 
 

shRNAs, with proteins that block individual ADAM proteinases, such as tissue inhibitors of 

metalloproteinases (TIMPs) or through pharmacological agents such as GI 254023x which is 

selective for ADAM10 (Amour et al., 2000; Blume et al., 2012; Obregon et al., 2006).  

 Finally, we found various pathways to be involved the DHA and EGCG-mediated 

increases in pro-ADAM10 expression, while inhibition of only the PI3-AKT pathway blocked 

the DHA and EGCG-induced maturation process of ADAM10. It will be of great importance for 

future experiments to look at how combining the various pathway inhibitors can affect mRNA 

levels and whether there is detectable cross-talk between pathways. It will also be of interest to 

identify the various upstream and downstream signaling molecules associated with these various 

pathways. Many retinoic X receptor (RXR) heterodimer binding partners and their ligands are 

thought to play a role in the transcriptional activation of ADAM10, which contains two retinoic 

acid binding sites at positions -203 and -302 bp upstream of the translation start site (Tippmann 

et al., 2009). While DHA is known to be a ligand of the RXR, it has shown no effects on the 

ADAM10 promoter region (Tippmann et al., 2009). With DHA's signaling capacity at the level 

of the cell membrane and at the level of the nuclear receptor, it would be of interest to determine 

how DHA is mediating its effects to increase ADAM10 expression.  

 With combined treatments showing benefits along the lines of the non-amyloidogenic 

pathway, further research in needed to test this hypothesis in other cell-lines and in animal 

models, with preference for transfected cell-lines and transgenic mice models. With EGCG in the 

third phase of clinical trials for its effect on the early stages of AD, further characterization of 

EGCG in combination with DHA may lead the way to further testing at the human clinical trial 

level, where outcomes may be enhanced relative to EGCG alone.  
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