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ABSTRACT
Changes in normal protein conformation followed by accumulation cause
neurodegenerative disease, among them Alzheimer’s disease (AD) is the most prevalent,
complex and multifactorial neurodegenerative condition. AD is a progressive dementia
characterised by the deposition of senile plaques (amyloid beta) and neurofibrillary
tangles (tau protein) leading to neuronal degeneration accompanied by a decline in
cognition and memory. In addition, complex pathology of AD includes oxidative stress,
metal deposition (iron and copper), alteration in enzymes such as cholinesterase, betasecretase, tyrosinase and histone deacetylase. The current therapeutic targets include the
enzymes involved in the formation or degradation of the amyloid and tau proteins.
Accumulating evidence suggests that diet may play an important role in lowering the risk
of developing AD. From the epidemiological studies, Mediterranean diet has received
major attention because of its association with low incidence of cardiovascular diseases,
cancers and other age-related chronic diseases. Amongst the chief constituents of the
Mediterranean diet are olives and their virgin oil.

Studies have suggested that pharmacological activities in olive are attributed to its
biophenolic constituents. Biophenols are universal plant constituents that have attracted
scientific attention due to their multiple pharmacological properties including their
antioxidant activities. Olive biophenols are attracting public and commercial interest due
to a number of health claims. Thus, there is an increasing number of olive fruit and olive
leaf extracts that have been introduced to the health market as nutraceuticals or food
supplements. My work is an extension of more than 18 years of research on olive
biophenols at Charles Sturt University. I am trying to move the focus beyond antioxidant
activities of biophenols and linking antioxidant activity with other pharmacological
activities. My aim is to understand the mechanism of action of olive biophenols in
xiv

combating AD. My research adopts a holistic approach where I have tried to investigate
the activities of olive biophenols at the molecular, cellular, tissue and functional levels. I
have also paid special attention to make understanding the activity of individual
biophenols versus their combined activity in biophenol extracts.

In the present study, the phenolic content and antioxidant activities of four commercial
olive extracts have been investigated. The bioactivities of the extracts have been
compared with the bioactivities of major olive biophenolic constituents viz.
hydroxytyrosol, caffeic acid, oleuropein, verbascoside, quercetin, luteolin, and rutin. The
enzyme inhibitory activity of olive biophenols have been investigated against four
enzymes involved in the pathology of AD. The anti-amyloid activities of olive biophenols
have been further investigated in a number of assays. Furthermore, the neuroprotective
activities of olive biophenols were assessed against four neurotoxic substances in
neuroblastoma cells (SH-SY5Y). Finally, olive biophenols have been evaluated in
amyloid precursor protein Swedish transgenic mice (APPswe) to assess their potential to
work in vivo. Both biochemical changes and behavioural changes were evaluated after
chronic administration of olive biophenol extracts.
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CHAPTER 1
PLANT BIOPHENOLS AND ALZHEIMER’S
DISEASE: TOWARDS A HOLISTIC
APPROACH

1

1.1. ABSTRACT
Alzheimer’s disease (AD) is the most common form of dementia affecting elderly people.
Though the exact mechanism of AD has not yet been fully elucidated, researchers have
proposed a number of hypotheses to account for AD pathology. The failure of
pharmaceutical research to develop effective therapeutic agents to treat or halt the
progression of AD and the multitude of adverse reactions reported for synthetic drugs
working at the central nervous system mandate the search for safer and more efficient
alternatives. The evidence for the role of diet to maintain and promote brain health is
steadily growing. Plant biophenols have potent antioxidant properties and a multitude of
pharmacological activities that distinguish them from the other phytochemicals as natural
weapons to fight neurodegenerative disorders. This review provides a critical appraisal
of the current literature on in vitro and in vivo activities of biophenols in the prevention
and treatment of AD. There is a need for a more holistic approach to evaluate anti-AD
activity of biophenols and to assess the current evidence. Consequently, we highlight
serious problems and the challenges facing the research in this area and offer
recommendations for future research.

2

1.2. INTRODUCTION
Aging is characterized by multiple physiological phenomena, progressive accumulation
of non-functional cellular components owing to oxidative damage and a decline in
turnover rates and fitness (Rajawat & Bossis, 2008). While, there is no generally agreedupon paradigm for the causes and theory of aging, well documented evidence has
accumulated in the last twenty years indicating that oxidative stress may play a significant
role in both aging and in many of the age-related maladies (Beckman & Ames, 1998;
Hagen, 2003). The decline in physiological function upon aging gives rise to a plethora
of age-related disorders such as cardiovascular diseases, cancer, arthritis, osteoporosis,
benign

prostatic

hyperplasia,

late-onset

diabetes,

macular

degeneration

and

neurodegenerative diseases (Villeponteau et al., 2000). Neurodegenerative diseases are
defined as hereditary and sporadic conditions characterized by gradual and progressive
loss of neural cells, leading to nervous system dysfunction (Brown et al., 2005). The most
prevailing neurodegenerative disorder worldwide is Alzheimer’s disease (AD). Being the
most common form of dementia with no real cure, AD constitutes an imperative public
health concern.

Hitherto, AD approved medications are dreadfully limited in their numbers and efficacy.
Scientists in various fields have embarked on a holy mission for discovering new
possibilities for the treatment and prevention of AD. There is accumulating evidence that
diet can play an important role in maintaining brain health (Gomez-Pinilla, 2008). Dietary
guidelines for the prevention of AD and healthy brain aging recommend generous
consumption of vegetables, whole grains, legumes, fruit, nuts and seeds on a daily basis
(Francis et al., 2006). Although there is no certainty that any particular nutritional
component causes or prevents AD, dietary components with antioxidant properties are
attracting increasing scientific and commercial interest to take advantage of a burgeoning
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market. During the last few decades, there has been a tidal wave of proposals linking
aging and age-related disorders to oxidative stress.

Reactive oxygen and nitrogen species (RONS) are inevitably generated during normal
physiological processes. Additionally, they play a pivotal role in the immune response
and cell signaling. Our bodies are endowed with an endogenous antioxidant defense
system that keeps RONS levels within the physiologically beneficial limits. Oxidative
stress is characterized by an imbalance between RONS production and elimination.
Hypothetically, the intake of antioxidant rich substances can supplement the endogenous
antioxidant defense system, counteract oxidative stress and arrest or even reverse
subsequent cellular damage (Obied, 2013). Dietary antioxidants are generally considered
the bioactive principles of fruits and vegetables. They include vitamins like ascorbic acid,
tocopherols and carotenoids; and non-vitamins such as biophenols. Research on
biophenols anti-AD activities has been more promising and rapidly growing (Obied et al.,
2012). There have been a number of attempts to review biophenols and their role in AD
(Choi et al., 2012a; Schaffer et al., 2012; Singh et al., 2008). However, none has offered
a holistic approach to help assessing the current evidence and introducing new researchers
to this vibrant multidisciplinary area of research. In this review, we have tried to
systematically evaluate the evidence generated from in vitro, animal and clinical
experiments, with critical appraisal of the strengths and limitations of various bioassays
so as to stress the necessity of adopting a holistic paradigm to investigate anti-AD of
biophenols.
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1.3. BIOPHENOLS
Biophenols are secondary metabolites of ubiquitous presence in the plant kingdom. The
term biophenol was introduced to replace the more commonly used but less chemically
accurate term “polyphenol”. The prefix “poly” gives wrong impression of polymeric
nature or multiple hydroxyl groups. Recently, biophenols were defined as “Phenolic
compounds isolated from plant tissues or products that are derived from shikimatephenylpropanoid and/or polyketide pathway(s) including their derivatives, conjugates,
degradation products and metabolites” (Obied, 2013). Generally, biophenols can be
divided into four different groups: phenolic acids or lignins, flavonoids or flavonols,
coumarins and secoiridoids (Giada, 2013). The major sources of biophenols in the human
diet are fruits and vegetables, though it is still debatable whether biophenols are the reason
behind the reduced morbidities related to consumption of fruits and vegetables (Martin et
al., 2013; Obied, 2013). Biophenols are the most frequently investigated plant secondary
metabolites (Obied, 2013). This surge in biophenol research is mainly fuelled by their
unique antioxidant properties and the wide spectrum of pharmacological activities, which
may be employed to counteract oxidative stress (Obied et al., 2012).

1.4. ALZHEIMER’S DISEASE
AD is a progressive neurodegenerative disorder and the most common form of dementia
among the elderly in the western world. Dementia is a syndrome of multiple disturbance
in higher cortical functions, including memory, thinking, orientation, comprehension,
calculation, learning capacity, language, and judgment (Camfield et al., 2012). To date,
there is no prevention or treatment for AD. The United States Food and Drug
Administration (FDA) has approved two classes of medications: cholinesterase inhibitors
and N-methyl-D-aspartate (NMDA) receptor antagonists. These drugs can offer modest
symptomatic relief in a limited number of patients and only during early stages of AD
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(Salomone et al., 2012). In 2009, caprylic triglyceride was approved as a medical food by
the FDA for the dietary management of mild to moderate AD. It may provide an
alternative energy source for brain cells that have lost their ability to use glucose
(Maynard & Gelblum, 2013).

1.5. PATHOPHYSIOLOGY OF AD
During the last two decades, epidemiological and clinical studies have suggested a
heterogeneous etiology, and identified two key risk factors for AD: primarily, aging and
secondary, genetic predisposition (Dartigues & Feart, 2011). The exact pathophysiology
of AD is not fully understood but based on the present diagnostic biomarkers; the causes
are excessive deposition of extraneuronal senile beta-amyloid (Aβ) plaques and
intraneuronal tau (τ) protein neurofibrillary tangles (NFT). What causes this is unclear,
but there are a number of hypotheses that have been put forward.

1.5.1. The Amyloid Cascade and Modified Amyloid Hypothesis
The most commonly accepted hypothesis is known as the amyloid hypothesis, which
invokes the participation of amyloid precursor protein (APP) in neuronal cell death
(Figure 1.1). It postulates that the deposition of partially aggregated soluble Aβ (39-43
peptide residues) triggers a neurotoxic cascade, thereby causing neurodegeneration and
AD (Hardy & Higgins, 1992). In support of this hypothesis, there is a correlation between
memory deficits, Aβ elevation, and amyloid plaques in AD transgenic mice models and
in humans (Hock et al., 2009; Hsiao et al., 1996; Naslund et al., 2000). The extracellular
non-fibrillar Aβ does not seem to cause overt damage to adjacent neurons or to induce
formation of neurofibrillary tangles (Kalimo et al., 2013). Over time, this hypothesis has
undergone modification and it is now proposed that the primary contributor to the etiology
of AD lies within the cytoplasmic domain of APP (Neve et al., 2001) and the emphasis
switched to the oligomeric, rather than fibrillar, forms of Aβ (Hardy & Selkoe, 2002;
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Lesne et al., 2006) supporting the view that intracellular Aβ oligomers are more
neurotoxic than extracellular Aβ deposits.

Figure.1.1. Schematic diagram illustrating amyloid pathology and the potential role of
biophenols. α-secretase (non-amyloidogenic pathway) cleaves APP within the Aβ domain to
liberate two peptides, including the neuroprotective soluble APPα, whereas β- and γ-secretases
(amyloidogenic pathway) act sequentially to cleave APP in the N- and C-terminal portions of the
Aβ region, respectively, producing extracellular Aβ peptide and ultimately leads to AD.
Biophenols covalently bond to Aβ and inhibit their further aggregation.

On the other hand, some researchers believe the amyloid hypothesis to be unjustified.
They consider Aβ to be an inconsequential bystander, or even a beneficial mediator of
cellular responses (Crews et al., 2008). Furthermore, it was suggested that Aβ is an artifact
of cell culture conditions and it does not reflect any in vivo or diseased conditions
(Rottkamp et al., 2001). On the basis of numerous supportive results, however, the
amyloid hypothesis still remains the best defined and most widely accepted theory for
AD.
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1.5.2. Cholinergic Hypothesis
It is suggested that the cholinergic system is strongly involved in the functional processes
that lead to AD (Goekoop et al., 2006). The major neurotransmitter in the cholinergic
system is acetylcholine (ACh). ACh plays an imperative role in memory and learning. As
memory impairment and dementia are primary symptoms of AD, this led to the
emergence of “cholinergic hypothesis”, which essentially states that a loss of cholinergic
function in the central nervous system contributes significantly to the cognitive decline
associated with advanced age and AD (Bartus, 2000a; Hodges, 2006). ACh is synthesized
by choline acetyltransferase (ChAT) and its pharmacological action is terminated by
cholinesterase. Vertebrates possess two isoforms of cholinesterase; acetylcholinesterase
(AChE),

which

is

principally

associated

with

neurons

and

axons,

and

butyrylcholinesterase (BChE), which is secreted by glial cells within the brain (Mesulam
et al., 2002).

The classical action of these enzymes is the catalytic hydrolysis of ACh within cholinergic
synapses of the nervous system. AChE is highly selective for the hydrolysis of ACh, while
BChE is able to metabolize other molecules (Lane et al., 2006). The majority of
cholinesterase activity in healthy human brain is AChE, because of its higher availability
(4:1) compared to BChE (Darvesh et al., 2003). In the late stages of AD, levels of AChE
decline by up to 85%, while BChE increases by up to 2-fold to be the predominant
cholinesterase in the brain (Darvesh et al., 2003; Loizzo et al., 2008).

Cholinesterase inhibitors prevent the breakdown of ACh and promote an increase in ACh
concentration and duration of action, contributing benefits to the patients (Rollinger et
al., 2004). In addition, results from clinical trials and non-invasive functional imaging
research (Ballard et al., 2007; Lopez et al., 2002) suggested that cholinesterase inhibitors
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might alter APP processing and therefore provide some degree of neuroprotection
(Francis et al., 2005; Nordberg, 2006).

1.5.3. Mitochondrial Cascade Hypothesis
Mitochondria are dynamic eukaryotic organelles, which have several roles. They are the
primary site of ATP production, by oxidative phosphorylation. They maintain calcium
homeostasis, participate in calcium signaling, and regulate intrinsic apoptosis. It is
generally accepted that mitochondrial function declines with age (Navarro & Boveris,
2007). Mitochondrial dysfunction has been described in the brain (Devi et al., 2006;
Gibson et al., 1998), fibroblasts and blood cells (Parker et al., 1990; Valla et al., 2006) of
AD patients, in transgenic mouse models of AD (Caspersen et al., 2005; Eckert et al.,
2008), as well as in cell-lines expressing mutant APP or treated with Aβ (Keil et al.,
2004). All these events led to the “mitochondrial cascade hypothesis”, which asserts that
inheritance determines mitochondrial baseline function and durability. Mitochondrial
durability influences how mitochondrial function changes with age. AD histopathology
and symptoms ensue when mitochondrial changes reach a threshold (Swerdlow & Khan,
2004). In AD, there is a severe reduction of many mitochondrial enzyme activities
(Swerdlow & Kish, 2002), which causes defects in electron transport and promotes RONS
production (Fig. 1.2). Moreover, impairment of mitochondrial-mediated autophagy could
potentiate Aβ deposition (Moreira et al., 2007a, 2007b). Early impairments of
mitochondrial function and oxidative stress may proceed to Aβ overproduction and
deposition (Young & Bennett, 2010).
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Figure 1.1. Schematic diagram illustrating mitochondrial hypothesis and potential role of
biophenols. Mitochondria enzymatically produce ATP through electron transport chain and
maintain the calcium (Ca2+) homeostasis, which ultimately produces reactive oxygen and nitrogen
species as end metabolic product; ageing and inflammation cause altering in mitochondrial
enzyme release, defecting the ETC cause more RONS production which leads to potentiate β-and
γ-secretase activity and ultimately increase in Aβ production; also altered calcium homeostasis;
defected ETC cause impairment in mitochondrial mediated autophagy which potentiates Aβ
deposition. Biophenols inhibited the increase in RONS production which ultimately leads to
decrease in production of Aβ.

1.5.4. Oxidative Stress Hypothesis
RONS are very reactive in nature, and physiologically they are natural by-products of
cellular function after utilizing oxygen or nitrogen. At minute physiological
concentrations, RONS show some beneficial effects to the cells (McCord, 2000). The
excess RONS are readily scavenged and eliminated by the intrinsic antioxidant system
(IAS). Otherwise, RONS can cause significant oxidative damage to neighboring cells via
reacting with important bioactive molecules such as nucleic acids, membrane lipids,
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proteins and enzymes. Overproduction of RONS or a reduction in their deactivation by
the IAS leads to a redox imbalance commonly referred to as “oxidative stress” (Figure
1.3). Oxidative stress is believed to be involved in the pathology of more than one hundred
diseases including neurodegenerative disorders such as AD (Obied et al., 2012).
Oxidative stress is inextricably linked to the etiology and progression of AD.
It is proposed that because of the relative paucity of antioxidant systems compared with
other organs, brain cells are highly prone to oxidative damage caused by RONS during
the early development of the AD (Pratico, 2008; Pratico & Sung, 2004).

Figure.1.3. Schematic diagram illustrating oxidative stress hypothesis and potential role of
biophenols. Schematic diagram illustrating oxidative stress hypothesis and potential role of
biophenols. Production of free radicals leads to oxidative stress, which induces more production
of Aβ, phosphorylated tau and mitochondrial damage. By reducing the increase in RONS
production and oxidative stress, biophenols cause decrease in mitochondrial damage, Aβ,
phosphorylated tau and normalize the oxidant-antioxidant balance.

1.5.5. Other Hypotheses
An early controversial hypothesis, the so called “Aluminum hypothesis” involves an
association of aluminum with both plaques and tangles in the Alzheimer’s brain (Crapper
et al., 1973). Aluminum was detected in amyloid fibers in the cores of senile plaques in
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AD patients (Yumoto et al., 2009). A systematic review of elevated aluminum exposure
through drinking water, diet, and occupation found twenty three studies showing
increased risk of AD, three studies with no connection, while eight studies were
inconclusive (Ferreira et al., 2008). In vitro, aluminum promoted a specific Aβ42
aggregation, and was able to produce marked toxic effects on neuroblastoma cells (Drago
et al., 2008). While feeding wild-type mice with high levels of aluminum impaired their
spatial learning (Uemura, 1984), no alteration of recognition memory or Aβ plaque loads
was observed in transgenic mice (Ribes et al., 2012).

Involvement of other transitional metals such as iron, zinc and copper was also suggested.
These metals take part in the physiological neuronal activity within the synapses. An
imbalance in such metal-ion homeostasis and non-physiological aluminum gives rise to
the “metal hypothesis”; whereby the neuropathogenic effects of Aβ are promoted by (and
possibly even dependent on) Aβ-metal interactions (Budimir, 2011; Bush & Tanzi, 2008).

Another hypothesis relates to abnormally prolonged release of glutamate, which causes
excitotoxicity and cell death (Myhrer, 1998). Glutamate-containing nerve terminals are
severely reduced in AD (Simpson et al., 1988), which leads to an increased calcium ion
influx via the NMDA receptor causing dysregulation of multiple calcium dependent
processes including learning and memory (Thibault et al., 2007). One of the four FDA
approved AD medications is the NMDA receptor antagonist, memantine.

The prion hypothesis states that a single infectious protein has an ability to cause disease.
Stanley Prusiner proposed that AD might be a prion disease, where both Aβ and priondisease proteins could fall into a state that was both toxic and self-replicating (Prusiner,
1982). This hypothesis was supported by some other researchers (Brundin et al., 2010;
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Soto et al., 2006). There are a few important questions to be answered, including whether
the prions are present in the normal brain or are generated during the aging process.

1.6. PLANTS FOR FIGHTING AD
To date, the greatest successes in AD treatment came from AChE inhibitor discovery
programs, which have provided three of the four approved drugs for the treatment of AD
(Huang et al., 2013). Currently available drugs are only effective for short-term (1-3
years) palliative treatment for mild to moderate AD (Gauthier et al., 2013). There is
accumulating empirical evidence for the potential application of natural products in the
prevention and treatment of AD (Houghton & Howes, 2005; Howes et al., 2003). Many
plants are being tested for their anti-AD potential. Some plants with outstanding anti-AD
potential are listed in Table 1.1. A plant rich diet has been frequently correlated to reduced
risk of AD. Regular consumption of fruits, vegetables, grains and nuts is recommended
for general wellbeing, healthy aging and low risk of age-related diseases including AD
(Dai et al., 2006; Gu & Scarmeas, 2011). Concomitantly, the escalating interest in natural
and traditional medicine has directed researchers towards evaluation of traditional
medicinal herbs and launching bioactivity-directed drug discovery programs from nature.
According to the number of published articles archived in the Scopus database, we could
rank the top 10 most studied plants for their anti-AD activities as: sage, gingko, green tea,
olives, grapes, coffee, ginseng, blueberry, St. John’s wort and garlic. Bioactive plant
constituents demonstrating anti-AD activities belong to a wide spectrum of
phytochemical groups: biophenols, alkaloids, terpenoids, carotenoids, among others
(Table 1.1).
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Table. 1.1. Plants with outstanding anti-AD and neuroprotective potential.
Plant
Ashwagandha

Botanical Name
Withania
somnifera

Part(s) Used
roots

Blueberry

Vaccinium species

fruits

Brahmi

Bacopa monnieri

mostly aerial
parts

Calabar bean
Coffee

Physostigma
venenosum
Coffea arabica

seeds

Coriander

Coriandrum
sativum

fruits

Garlic

Allium sativum

Ginger
Ginkgo
(Maidenhair
tree)

Zingiber officinale
Ginkgo biloba

leaves

Ginseng
Golden root

Panax ginseng
Rhodiola rosea

roots
roots

Gotu kola

Centella asiatica

leaves

Grapes

Vitis vinifera

Green tea

Camellia sinensis

seeds

modified
leaves (cloves)
rhizomes

fruits & seeds
leaves

Active constituents
Steroidal lactones: withanone
Biophenols: catechin
Biophenols: proanthocyanidins, anthocyanins,
catechins, ellagic acid, gallic acid, caffeic acid,
quercetin, rutin
Alkaloids: brahmine
Saponins: bacosides A and B
Biophenols: apigenin, quercetin, luteolin
Alkaloids: physostigmine
Biophenols: caffeic acid, chlorogenic acid
Alkaloids: Caffeine, Trigonelline
Terpenoids: linalool
Biophenols: quercetin, isoquercetin, rutin,
caffeic acid
Organosulfur compounds: S-allyl-cysteine, Sallyl-mercaptocysteine
Biophenols: caffeic acid , ferulic acid
Biophenols: curcumin, gingerol, zingerone
Terpenoids: ginkgolide, bilobalide
Biophenols: quercetin, kaempferol,
isorhamnetin
Steroid glycosides: ginsenosides
Biophenols: ferulic acid and its esters
Biophenols: rosavin, salidroside, rosin,
cinnamyl alcohol, tyrosol
Polyacetylenes
Triterpenes and their glycosides
Biophenols: quercetin, myricetin, kaempferol,
rutin, apigenin
Biophenols: resveratrol, quercetin, catechins
Biophenols: gallic acid, gallocatechin,
epigallocatechin, epicatechin, epigallocatechin
gallate
Alkaloids: caffeine
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Pharmacological Properties
nootropic, AChEI, BChEI,
anti-amyloid
antioxidant, AChEI, memory
enhancer

References
(Choudhary et al., 2005; Sehgal et al.,
2012)
(Malin et al., 2011; Papandreou et al.,
2009)

antioxidant, cholinomimetic,
memory enhancer

(Pase et al., 2012)

AChEI, BCEI, cognitive
enhancer
antioxidant, anti-amyloid,
cognitive enhancer
antioxidant, nootropic

(Asthana et al., 1995; van den Beukel
et al., 1998)
(Arendash et al., 2009; Cheng et al.,
2011)
(Cioanca et al., 2013)

anti-amyloid, anti-tangle

(Chauhan, 2006; Gupta et al., 2009)

antioxidant, AChEI
antioxidant and
anti-amyloid

(Lee et al., 2011a)

anti-amyloid, AChEI and
NMDA inhibition
antioxidant, cognitive
enhancer, BACE-1 inhibitor
anti-amyloid

(Chen et al., 2006; Kim et al., 2013;
Nah et al., 2007)
(Elameen et al., 2010; Li et al., 2010a;
Qu et al., 2009)
(Dhanasekaran et al., 2009)

antioxidant, anti-amyloid
Antioxidant, AChEI, antiamyloid

(Liu et al., 2011a)
(Biasibetti et al., 2013; Rezai-Zadeh
et al., 2008)

(Omar, 2013)

Lemon balm

Melissa officinalis

Lesser
periwinkle

Vinca minor

Marapuama

leaves
aerial parts

Marijuana

Ptychopetalum
olacoides
Cannabis sativa

roots

Moss

Huperzia serrata

Olive

Olea europaea

Pomegranate

Punica granatum

Rosemary

Rosmarinus
officinalis

Saffron

Crocus sativus

stigma

Sage

Salvia officinalis

leaves

Seneca
snakeroot
Snowdrop

Polygala
tenuifolia
Galanthus nivalis

roots

St John’s wort

Hypericum
perforatum

Turmeric

Curcuma longa

flowering
buds & leaves
aerial parts
oil, fruits &
leaves
fruits & seeds
whole plant

Aerial parts
and bulbs
Whole plant
rhizomes

Terpenoids: citral
Biophenols: protocatechuic acid, caffeic acid,
rosmarinic acid
Alkaloids: vinpocetine, apovincaminic acid
Biophenols: kaempferol glycosides,
hydroxybenzoic acids, chlorogenic acid
Terpenoids: ptychonal
Alkaloids: muirapuamine, theobromine
Terpenoids: tetrahydrocannabinol, cannabidiol

antioxidant, AChEI,
nootropic

(Akhondzadeh et al., 2003a; Iwasaki
et al., 2005)

antioxidant, NMDA
inhibition, memory enhancer

(Nyakas et al., 2009; Szatmari &
Whitehouse, 2003)

AChEI, nootropic

(da Silva et al., 2007; Figueiro et al.,
2011)
(Eubanks et al., 2006)

Alkaloids: huperzines
Flavonoids
Biophenols: oleuropein, tyrosol,
hydroxytyrosol, caffeic acid, verbascoside, rutin
Biophenols: ellagic acid, gallagic acid,
Punicalagin
Fatty acids: punicic acid
Terpenoids: 1,8-Cineole, α-pinene Biophenols:
rosmarinic acid, carnosic acid, ferulic acid
Carotenoids: crocin, crocetin, picrocrocin,
β-carotene
Terpenoids: safranal
Biophenols: Hydroxybenzoic and
hydroxycinnamic acids
Biophenols: rosmarinic acid
Terpenoids: thujone, cineol and camphor
Terpenoids: tenuigenin, tenuifolin
Biophenols: xanthone glycosides
Alkaloids: galanthamine, nivalidine, narwedine,
lycorine
Biophenols: hypericin, quercetin, isorhamnetin,
rutin
Hydrated phloroglucinol: hyperforin
Biophenols: curcumin, demethoxycurcumin,
Terpenoids: curcumenol, curlone

AChEI, anti-amyloid
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AChEI, anti-amyloid

antioxidant, antiinflammatory, anti-amyloid
antioxidant, Anti-amyloid,
BACE-1 inhibitor
AChEI, BChEI, anti-amyloid

(Ma & Gang, 2008; Wang et al.,
2006b)
(Bazoti et al., 2006a; Grossi et al.,
2013; Obied et al., 2012)
(Hartman et al., 2006a; Kwak et al.,
2005)

nootropic , antioxidant, antiamyloid

(Meng et al., 2013; Orhan et al., 2008;
Yan et al., 2001)
(Akhondzadeh et al., 2010;
Papandreou et al., 2006)

antioxidant, AChEI, BChEI

(Perry et al., 2003)

AChEI, BACE-1 inhibitor

(Jia et al., 2004; Park et al., 2002)

AChEI and BChEI

(Heinrich & Lee Teoh, 2004)

antioxidant, anti-amyloid,

(Brenn et al., 2013; Dinamarca et al.,
2006)

antioxidant and anti-amyloid

(Ringman et al., 2005; Smith et al.,
1999)

Biophenols stand out not only as sole active ingredients but also as universal
components in plant extracts. Anti-AD activities have been reported for many
biophenols representing all biophenol chemical classes: simple phenols and phenolic
acids; flavonoids; stilbenes; lignans; anthraquinones and tannins. A bibliographic
analysis of the Scopus database showed that flavonoids are the most frequently reported
biophenols in the treatment of AD. However, the most studied individual biophenols
are curcumin, resveratrol, epigallocatechin gallate (EGCG), and quercetin, respectively.
Flavonoids with frequently reported anti-AD include quercetin, catechin, luteolin,
kaempferol, apigenin, rutin, and many anthocyanins (Fig. 1.4). Ferulic, caffeic,
chlorogenic, gallic, and ellagic acids are the prime phenolic acids with potential antiAD activities (Fig. 1.4).

1.7. PHARMACOLOGY OF BIOPHENOLS IN AD
In a spate of studies, biophenols have revealed significant potential to attenuate
cognitive impairments and Aβ burden in AD (Ramassamy, 2006; Wang et al., 2008a).
Biophenols can exert their neuroprotective action via a number of mechanisms,
including: potentiating antioxidant pathways; interacting with cell signaling pathways;
modulating cholinergic pathways; attenuating NMDA neurotoxicity; and inhibiting Aβ
aggregation. In order to exert their pharmacological effects, biophenols need to cross
the blood-brain barrier and achieve high enough concentrations in brain tissues.
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Figure 1.4. Chemical structures of important biophenols with anti-AD activities.

In vitro studies have showed that the permeation of biophenols through the blood-brain
barrier is dependent on their lipophilicity, with higher uptake of the less polar
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biophenols and their metabolites, for example O-methylated derivatives, compared to
the more polar ones such as sulfated and glucuronidated derivatives (Youdim et al.,
2003). Moreover, biophenols undergo considerable biotransformation before and after
binding to their targets (Obied et al., 2012). More attention should be given to
comprehending the metabolism of biophenols, to determine active forms reaching to
their targets and how they are deactivated and prepared for excretion.

AD pathophysiology can be separated into three distinctive, yet interlinked, phases: (1)
biochemical changes at molecular and cellular level; which produce (2)
histopathological changes at the tissue and organ level; eventually these give rise to
behavioral and cognitive manifestations. Though pathophysiological stages can only
progress sequentially from molecular level and up to the functional level, therapeutic
intervention need not proceed in the same sequence. Many compounds might show
pharmacological activity at the molecular level, yet this activity is not carried over at
higher levels. Successful candidates in any drug discovery program should have their
therapeutic value stretching beyond cellular and tissue level to achieve a clinically
measurable outcome. To evaluate anti-AD activities of biophenols, we propose the use
of the cell-tissue-function (CTF) model which offers a more holistic approach that
allows developing and assessing experimental evidence (Fig. 1.5).
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Figure 1.5. A holistic approach is required to evaluate the anti-AD properties of phytochemicals
where activity is examined at cellular, tissue and functional levels.

1.8. CELLULAR AND MOLECULAR LEVEL: BIOCHEMICAL EFFECTS

1.8.1. Antioxidant activity
Due to high oxygen consumption, low levels of glutathione, and high proportion of
polyunsaturated fatty acids in membranes, the brain is more susceptible to free radical
damage than any other major organ (Mamelak, 2007). Animal and human studies have
demonstrated that oxidative damage can be a predisposing factor and/or a consequence
of Aβ deposition (Sonnen et al., 2008). It is suggested that the mutant APP and its
derivatives are involved in the excessive generation of RONS in the mitochondria
(Reddy & Beal, 2008). Oxidative stress can induce the production of the Aβ producing
enzymes β-secretase (also known as BACE-1) and γ-secretase (Tamagno et al., 2012).
Hydrogen peroxide can boost BACE-1 promoter activity in the brain (Tong et al.,
2005). Moreover, Aβ itself can behave as a source of RONS and generates free radicals
in the presence of metal ions (Butterfield et al., 2007a), especially the methionine 35
residue of Aβ42, (Butterfield, 2002).
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Antioxidants work in several ways to reverse oxidative stress including scavenging the
preformed RONS, inhibiting RONS formation, augmenting the action of indigenous
antioxidants or increase their expression (Fig. 1.2).

1.8.1.1. Evidence from in vitro studies
In vitro, antioxidant properties may be measured via free radical scavenging, heavy
metal chelation, reducing power or chain termination activities. Biophenols are multipotent antioxidants and usually exert their antioxidant effects via some or all of these
mechanisms. Ideally, antioxidants should be able to function under aqueous as well as
lipophilic environments. Thus, they can reach to and combat RONS at extracellular,
intracellular and membrane levels. Biophenols are essentially amphiphilic in nature,
containing a lipophilic benzene ring and hydrophilic hydroxyl groups.

Antioxidant activity of plant extracts is most commonly measured in model systems.
Biophenols from dietary and medicinal herbs have demonstrated high efficacy in
scavenging stable free radical models such as 2,2'-azino-bis(3-ethylbenzothiazoline-6sulphonic acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) in both online and
offline assays (Obied et al., 2012). Biophenols can effectively scavenge hydrogen
peroxide, singlet oxygen, superoxide radical, hydroxyl radical, hypochlorous acid,
alkoxyl radicals, peroxyl radicals, and peroxynitrite in vitro (Pereira et al., 2009). The
free radical scavenging property of biophenols increases with the number of hydroxyl
groups. The metal chelating potential of biophenols is largely dependent on
experimental conditions such as pH, metal type, oxidation state and competing
chelating agents.
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Antioxidant properties can also be measured in cell culture or in tissue homogenate.
Quercetin and rutin reduced lipid peroxidation and RONS generation in hepatic
carcinoma cells (Alía et al., 2006) and in brain tissue homogenate (Gao et al., 2002;
Wagner et al., 2006). Curcumin revealed radical scavenging and iron chelation
properties in brain tissue homogenate (Dairam et al., 2008). EGCG exhibited iron
chelating ability in neuroblastoma cells (Avramovich-Tirosh et al., 2007).

In addition to a closer simulation of physiological conditions, cell based assays have
the potential to measure the impact of biophenols on endogenous antioxidant levels,
antioxidant enzyme activities, antioxidant gene expression, epigenetics and redox
status. However, the biological activity of biophenols at this level is complex,
controversial and occasionally difficult to fathom. Quercetin increased the intracellular
glutathione content only at high doses (25-100 µM) (Alía et al., 2006). In another study,
quercetin showed opposing activities based on its concentration and position
(Robaszkiewicz et al., 2007). Low concentrations (< 10 µM) promoted cellular growth
and total antioxidant capacity, while higher concentrations (> 50 µM) prevented cell
growth and reduced total antioxidant capacity. Concomitantly, quercetin was an
intracellular antioxidant and a prooxidant in the assay medium (Robaszkiewicz et al.,
2007). The effects of rutin on glutathione content were inconsistent between studies,
suggesting a role for cell type and experimental conditions (Alía et al., 2006; JimenezAliaga et al., 2011). Furthermore, quercetin showed concentration-dependent opposing
effects on antioxidant gene expression and enzyme activities (Alía et al., 2006;
Robaszkiewicz et al., 2007). Similarly, the effects of plant extracts on glutathione and
antioxidant enzymes are also contradictory (Masella et al., 2005).
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1.8.1.2. Evidence from animal studies
Various oxidative damage markers have been reported in AD patients and/or in
transgenic animal models. Protein oxidation markers, protein carbonyls and tyrosine
nitrates, are found in AD brain (Butterfield & Lauderback, 2002; Sultana et al., 2006).
Altered composition of various phospholipids and elevated levels of lipid peroxidation
products such as malondialdehyde, 4-hydroxy-2-trans-nonenal and isoprostanes are
frequently described in AD patients (Markesbery & Lovell, 2007; Pratico & Sung,
2004; Sultana et al., 2006). Also, nucleic acid oxidation markers, 8-hydroxy-2deoxyguanosine and 8-hydroxyguanosine, are often detected in AD brain (Gabbita et
al., 1998; Lovell & Markesbery, 2001; Nunomura et al., 2001). Further, glucose
metabolism and cellular energy production are severely compromised in AD (Hoyer,
1998, 2000). Increased glycation and glycoxidation are commonly manifested (Vitek
et al., 1994). Impaired glucose metabolism in the brain limits the synthesis of
acetylcholine, glutamate, aspartate, γ-aminobutyric acid, glycine and ATP production.
This is further accompanied by decreased total plasma antioxidant activity (Mecocci et
al., 2002; Rinaldi et al., 2003) and enhanced Aβ deposition and neurofibrillary tangles
(Dumont & Beal, 2011).

Over the past two decades, enormous amounts of effort have gone into understanding
how biophenols exert their antioxidant properties in vivo using various rodent models.
Many plant extracts have shown antioxidant properties in rat brains, for example,
gingko, grape seeds, turmeric, garlic and tea (Balu et al., 2005; Banerjee et al., 2003;
Frei & Higdon, 2003; Ilhan et al., 2004; Mishra & Palanivelu, 2008). Individual
biophenols such luteolin, rutin, verbascoside, curcumin, and EGCG have been also
investigated (Javed et al., 2012; Lim et al., 2001b; Qiusheng et al., 2005; Srividhya et
al., 2008).
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1.8.1.3. Evidence from human studies
Epidemiological studies suggest that dietary habits and intake of antioxidants can affect
the incidence of neurodegenerative diseases including AD (Luchsinger & Mayeux,
2004). Adherence to a Mediterranean diet-rich in biophenols and fibers and low in
animal fat– has been linked to reduced incidence of Alzheimer’s disease (Tangney et
al., 2011). Low plasma antioxidants level and higher concentrations of oxidative stress
markers were frequently reported in the plasma and cerebrospinal fluid of dementia
patients (Blennow et al., 2010; Polidori et al., 2004). Ingestion of dietary antioxidants
might replenish endogenous antioxidants and reduce oxidation biomarkers (Mecocci &
Polidori, 2012). However, the results from clinical trials can be only described as
controversial. In one study, curcumin (500 mg, orally) increased the total plasma
antioxidant activity in healthy humans after 7 days (Pungcharoenkul & Thongnopnua,
2011). In another study, oral administration of curcumin (1 g) daily for six months
increased vitamin E levels, but it did not reduce isoprostane plasma levels in AD
patients (Baum et al., 2008). A single dose of green tea (2 g) was enough to increase
plasma antioxidant activity in healthy human subjects (Leenen et al., 2000). Similarly,
consumption of green tea extract (1g/kg) of meat patties increased the postprandial
plasma antioxidant activity (Young et al., 2002), yet daily ingestion of green tea extract
for three weeks did not show any long term effects on plasma antioxidant activity,
antioxidant enzyme concentration or other oxidative markers. The nature of the doseantioxidant effect relationship is very unpredictable. Typically, a gradual increase in
antioxidant activity should follow a gradual increase in dosage (Wang et al., 2000).
Prooxidant effects or reduced activity may be observed at higher doses (Lambert &
Elias, 2010). Biophenols and their enriched extracts occasionally show a hormetic
behavior, low concentration induction and high concentration inhibition of antioxidant
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activity, both in vitro and in vivo (Calabrese et al., 2010). The clinical results might be
further complicated with other co-administered foods. In one study, antioxidant activity
of black tea in human plasma was inhibited by milk, as measured by ferric ion reducing
antioxidant parameter (FRAP) (Serafini et al., 1996). Adding to this dilemma,
experimental design and bioassays used to measure antioxidant activity can affect or
alter outcome. Leenen et al. (2000) demonstrated that adding milk to tea did not change
its antioxidant activity in plasma using total radical-trapping antioxidant parameter
assay (TRAP).

1.8.1.4. Assessment of the evidence
The bioavailability of dietary biophenols is highly variable between individuals and
probably very low due to the glycosylation pattern and degree of polymerization. The
bioavailability of biophenols can be assessed by measuring the concentration of their
metabolites in plasma and urine after the ingestion of either pure compounds or via diet
with a known amount of biophenols (Marrugat et al., 2004; He et al., 2006; Fito et al.,
2007). Moreover, bioavailability can also be indirectly measured by an increase in the
antioxidant capacity of plasma after the consumption of biophenol-rich foods (Duthie
et al., 1998; King and Young, 1999). A few studies have demonstrated the effects of
biophenols in the brain after crossing the blood brain barrier. The best examples are
curcumin, resveratrol and tea biophenols, the most studied biophenols due to their
therapeutic potential in experimental models of CNS diseases (Mythri et al., 2012),
especially neurodegenerative diseases including Parkinson’s disease and Alzheimer’s
disease.
There is no relationship between the quantity of biophenols in food and their
bioavailability in human body. In general, it was found that aglycones can be absorbed
from the small intestine; however most of the food containing biophenols are present
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in the form of esters, glycosides or polymers that cannot be absorbed in native form.
Thus, the situation does not seem to lend itself to a quick and easy answer. In many
cases, antioxidant effects are mostly short term. The most well absorbed biophenols in
humans are isoflavones and gallic acid, followed by catechins, flavanones, and
quercetin glucosides, with different kinetics (Manach et al., 2005). In contrast, the least
well-absorbed biophenols are the proanthocyanidins, the galloylated tea catechins, and
the anthocyanins (Manach et al., 2005). Data for other polyphenols are still too limited.
Due to the origin and structural differences, each biophenol has a different
bioavailability and potential of bioactivity. For example, an animal study, showed that
the absorption at gastric level is possible for some flavonoids, such as quercetin, but not
for their glycosides (Crespy et al., 2002). In contrast, a few results from clinical trials
using biophenols as antioxidants against mild cognitive impairment and AD including
curcumin (Baum et al., 2008) and Ginkgo biloba (Snitz et al., 2009) were not
significant. There is no doubt that the bioavailability of dietary biophenols is highly
variable between individuals and probably very low due to the glycosylation pattern
and degree of polymerization. For instance, dietary flavonoids are the most poorly
absorbed glycosides, which require deglycosylation by mammalian β-glucosidases in
the small intestine before being absorbed as aglycones (Walle, 2004). Once absorbed,
dietary biophenols are subjected to conjugation such as methylation, sulfation, and
glucuronidation that facilitate their biliary and urinary elimination by increasing their
hydrophilicity. It is still very difficult to evaluate the accumulation and the biological
activity of the biophenols in human tissues, and the number of in vivo studies is still
very small, even though the number of them has rapidly increased over the last few
years.
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Many issues such as dose, dosage form, treatment duration, pharmacokinetic and
pharmacogenetic parameters, food and drug interactions, healthy subjects versus
patients, continuity of the effect, biomarker and bioassay limitations need to be sorted
out first before we can confirm the significance of the antioxidant role of biophenol in
AD. Biophenols appear in plasma, cerebrospinal fluid or urine, and act to increase
plasma antioxidant capacity, induce antioxidant enzymes or reduce oxidative
byproducts. Nevertheless, it is not clear how these effects are in any way correlated
with a therapeutic outcome in AD or other chronic diseases. A cause-effect relationship
of oxidative stress and disease etiology, progression or regression has not been
established so far. To sum up, assessment of antioxidant potential of biophenols and
their extracts will continue to serve as a useful indicator of biological activity. However,
overzealous interpretation of results should be avoided.

1.8.2. Neuroprotective activity
One of the most studied activities of biophenols is their ability to protect cells from
noxious effects, their cytoprotective potential. Different types of cells have been
investigated both in vitro and in vivo. Neuroprotection as a pharmacological mechanism
to treat neurodegenerative mechanisms is gaining increasing attention (Jain, 2011).
Cytotoxic, genotoxic, mutagenic effects are assessed using a battery of bioassays where
cell viability, integrity or oxidative markers are measured. In vivo, the mechanisms of
neuroprotection are very diverse, including suppressing apoptotic genes, up-regulation
of neurotrophic factors, increasing the concentration of indigenous enzymatic and nonenzymatic antioxidants, modulating neurotransmitters, induction of intrinsic
neuroprotective proteins, anti-inflammatory activity, improving cerebral blood flow
and induction of DNA repair enzymes (Jain, 2011).

26

Damage to the cells can be induced by various chemical or physical stimuli. Chemical
substances include free radical producers such as hydrogen peroxide, hydrogen
peroxide + ferrous ions, tert-butyl hydroperoxide, xanthine + xanthine oxidase, 1,4naphthoquinone, carbon tetrachloride, fenofibrate or oxidized LDL. Neurotoxic free
radical generators such as 6-hydroxydopamine, levodopa, beta-amyloid or toxic
concentration of glutamate are also used. Heavy metal cytotoxic substances include
methyl mercury, cobalt chloride, aluminum chloride, or cisplatin. Gas phase nicotine in
cigarette smoke and alcohol can also induce cytotoxic effects and oxidative stress.
Cytotoxic effects can be generated by ultraviolet, gamma or mobile phone radiation.
Hypoxia in animal models can be provoked by surgical procedures. Heavy exercise,
cigarette smoking and cancer chemotherapy are amongst the techniques used to test
cytoprotective potential clinically.

1.8.2.1. Evidence from in vitro studies
Due to the simplicity of the in vitro neuroprotective assays, many plant extracts have
demonstrated neuroprotective properties, for example, sage, ginkgo, green tea, black
tea, grape seeds, cocoa and blueberry (Ahlemeyer & Krieglstein, 2003; Bastianetto et
al., 2006; Lima et al., 2007; Narita et al., 2011; Zhu et al., 2008). Individual biophenols
have also displayed potent neuroprotective properties such as gallic acid, epicatechin,
epicatechin gallate, EGCG, curcumin, fisetin, quercetin, myricetin, luteolin, rosmarinic
acid, resveratrol and many anthocyanins (Bastianetto et al., 2006; Dajas, 2012; Dajas
et al., 2003; Tarozzi et al., 2007).

1.8.2.2. Evidence from animal studies
Animal studies provide ample evidence for the neuroprotective potential of biophenols.
Pomegranate, green tea, black tea, gingko, brahmi, olive leaf, blueberry, grape seeds
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and cocoa have all shown a neuroprotective potential in various animal models (Duffy
et al., 2008; Ilhan et al., 2004; Nehlig, 2013; Omar, 2010; Rojanathammanee et al.,
2013; Tasset et al., 2011; Uabundit et al., 2010; Wang et al., 2009; Weinreb et al., 2004).
Curcumin, quercetin, naringenin, EGCG, resveratrol, oleuropein and oleocanthal have
neuroprotective effects in animals (Avramovich-Tirosh et al., 2007; Frozza et al., 2013;
Haleagrahara et al., 2011; Obied et al., 2012; Zbarsky et al., 2005).

1.8.2.3. Evidence from human studies
Apart from antioxidant properties, there are hardly any clinical experiments that were
designed specifically to investigate the neuroprotective effects of biophenols. Clinical
trials looked into some possible neuroprotective effects such as enhancing cerebral
blood flow did not show any positive effects (Crews et al., 2008).

1.8.2.4. Assessment of the evidence
Though there are many reports on in vitro and in vivo neuroprotective activity of
biophenols, there are also some reports indicating a lack of activity or neurotoxic
potential which are less frequently highlighted. Quercetin and fisetin showed no
neuroprotective effects in a rat model of Parkinson’s disease (Zbarsky et al., 2005). At
higher concentrations, some flavonoids including apigenin, eriodictyol, 3hydroxyflavone, kaempherol, luteolin, naringenin, quercetin, rutin, and taxifolin
exerted cytotoxic effect at higher concentration toward normal human cells via
increasing intracellular ROS levels (Matsuo et al., 2005; Ugartondo et al., 2006). Very
scarce data are available about cytotoxic data from plant extracts (Polydoro et al., 2004).
An interesting point that has not been reviewed carefully is the difference between preexposure protection and post-exposure protection. In addition, there is still no clinical
data to support the neuroprotective role of biophenols. To conclude, the ability of
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biophenols to protect nerve cells from damage pre- and post-exposure to various
noxious agents involved in AD pathology is a rapidly growing area of research that
warrants further investigation to correlate with tissue and functional level outcomes.

1.8.3. Cholinesterase inhibition activity
One class of the FDA approved anti-AD drugs are AChE inhibitors, which act centrally
to restore ACh levels, which leads to some clinically observed symptomatic relief.
Many in vitro and in vivo studies have shown the ability of some plant extracts and their
biophenol constituents to inhibit AChE (Kaur et al., 2008; Khan et al., 2009; Okello et
al., 2004b; Papandreou et al., 2009) possibly via formation of strong hydrogen bonds
and multiple hydrophobic interactions with AChE (Khan et al., 2009). Both AChE and
butyrylcholinesterase (BChE) seem to play complementary roles in maintaining
acetylcholine brain levels and subsequently cognitive function (Lane et al., 2006).

1.8.3.1. Evidence from in vitro studies
AChE, BChE and their chromogenic substrates are commercially available at high
purity and reasonable price. A simple kinetic colorimetric enzyme inhibition assay is
widely cited, based on the original protocol developed 54 years ago (Ellman et al.,
1961), making AChE inhibition, no doubt, the most commonly investigated anti-AD
activity of natural products.

AChE inhibitory activities of tea, olive, blueberry, strawberry, walnut, peppermint,
sage, immortelle and many other herbal preparations have been reported (Ljubenkov et
al., 2008; Mukherjee et al., 2007; Okello et al., 2004a; Roche et al., 2009). Isolated
biophenols such as curcumin, EGCG and a number of flavonoids were also effective
AChE inhibitors (Ahmed & Gilani, 2009; Tu et al., 2011) (Zhang et al., 2009b).
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Inhibitory activity is structurally specific and biophenols can inhibit AChE, BChE or
both. Flavonoids showed the highest activity compared with other studied biophenols,
and quercetin was the most potent inhibitor (Khan et al., 2009; Orhan et al., 2007).
Glycosylation of flavonoid aglycones reduced or abolished their activity. While caffeic
and quinic acids inhibited neither AChE nor BChE, 3-O-caffeoylquinic acid and
chlorogenic acid could inhibit BChE (Orhan et al., 2007). Although AChE and BChE
are both available commercially, some researchers studied the anti-AChE activity using
isolated enzymes from cell culture (Chung et al., 2005) or from brain tissue homogenate
which showed biophenol may improve cognitive ability (Choi et al., 2012b).

1.8.3.2. Evidence from animal studies
In a scopolamine impaired memory model of six week-old rats, oral administration of
rosemary extract (200 mg/Kg) and rosmarinic acid (10 mg/Kg) for 4 weeks inhibited
AChE and stimulated BChE activities in the brain (Ozarowski et al., 2013). It is worth
mentioning that rosmarinic acid was less effective than the rosemary extract. A single
oral administration of EGCG (100 mg/Kg) to adult rats enhanced the extent and the
duration of AChE inhibition by huperzine A. This synergistic effect is most likely due
to improved huperzine trasport (Xiao et al., 2008). The AChE inhibitory activity of
quercetin was demonstrated in vivo using streptozotocin-treated mice, improving
cerebral blood flow along with preventing memory impairment, oxidative stress, altered
brain energy metabolism and cholinergic dysfunction (Tota et al., 2010). Moreover,
quercetin improved cognitive ability of mice and exhibited neuroprotective activity via
inhibiting AChE (Choi et al., 2012b).
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1.8.3.3. Evidence from human studies
There were a few clinical studies conducted using biophenols to inhibit AChE activity.
A comparative 22-week, multicenter, randomized, double-blind controlled trial of
Crocus sativus (saffron) showed that the effectiveness of saffron biophenols was similar
to donepezil (FDA approved AChE inhibitor, increases intrasynaptic cholinergic
activity by inhibiting the degradation of acetylcholine) in the treatment of mild-tomoderate AD (Akhondzadeh et al., 2010).

1.8.3.4. Assessment of the evidence
As always expected, it is not certain how in vitro conditions can accurately mimic the
cellular environment or the more complicated and difficult to extrapolate into, the entire
organism. Results from in vitro assays may not be reproducible under ex vivo or in vivo
situations. Curcumin inhibited AChE significantly in the in vitro assay but it has no
significant effect in the ex vivo AChE assay (Ahmed & Gilani, 2009). Furthermore, lack
of a standard protocol to perform the Ellman’s assay resulted in some controversial
results. While flavonoid glycosides showed reduced or no activity in some studies
(Katalinić et al., 2010; Khan et al., 2009), other researchers argued that a sugar moiety
is essential for activity (Fan et al., 2008). A number of biophenols have shown an
inhibitory effect on cholinesterase, accompanied by improvement of cognitive
functions (Choi et al., 2012b), like learning and memory (Wu et al., 2012), but the exact
mechanism of interaction of biophenols with the cholinergic system is still unclear.

1.8.4. NMDA receptor antagonistic activity
The N-methyl-D-aspartate (NMDA) receptor is a member of the family of glutamate
receptors. They play a pivotal role in memory and learning. It can produce cognitive
defects in AD when excessively stimulated. Although one of the four FDA approved
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medications for AD is an NMDA receptor antagonist, research into this area is largely
undervalued (Albensi et al., 2004). Curcumin antagonized the excitotoxic properties of
glutamate in rat neurons via a neuroprotective effect, yet it did not block NMDA
receptors (Wang et al., 2008b). In an animal study, EGCG alone (Bae et al., 2002) or
in combination with memantine showed significant protection against excitotoxic
injury (Chen et al., 2008). NMDA receptor blocking activity of biophenols has not been
given enough attention and more research is necessary before any conclusion can be
drawn.

1.8.5. Mitochondrial protective activity
The free radical scavenging activity of biophenols can result in potential mitochondrial
protective effects (Figure 1.3). An in vitro study using black tea extract, rosmarinic acid
and morin as potential drug candidates enhanced membrane resilience towards damage
by Aβ42 in mitochondria isolated from human neuroblastoma cells (Camilleri et al.,
2013). Curcumin demonstrated neuroprotective potential against Aβ-induced
mitochondrial metabolic deficiency and abnormal alteration of oxidative stress in vitro,
an effect which at least in part was ascribed to inhibition of glycogen synthase kinase3β (Huang et al., 2012b). A few studies showed the protective effects of hydroxytyrosol
(HT) in promoting mitochondrial biogenesis. HT increased the activity and protein
expression of mitochondrial complexes I, II, III and V; enhanced oxygen consumption;
and reduced free fatty acid contents in the adipocytes (Hao et al., 2010). Furthermore,
HT treatment inhibited both exercise-induced increase in autophagy and mitochondrial
fission and the decrease in peroxisome proliferator-activated receptor γ-coactivator 1α
(PGC-1α) expression in rats (Feng et al., 2011). Although the mitochondrial protective
effect is a viable mechanism to slow down the aging process and protect against AD,
very few studies have examined the mitochondrial protective properties of biophenols.
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1.8.6. Epigenetic activity
A few genes associated with early-onset AD have been identified, including
apolipoprotein E, presenellin-1, presenellin-2, and amyloid precursor protein. The
modifications in gene expression influenced by DNA methylation, acetylation or
chromatin structure, RNA editing, and RNA interference without any changes in DNA
sequences are called epigenetics. A number of recent studies point to the fact that
histone acetylation is an essential mechanism for the formation of long-term memories
(Levenson & Sweatt, 2005). In young adult rats, associative learning induced a transient
increase in hippocampal histone acetylation (Levenson et al., 2004b). The most widely
studied histone modification is that regulated by two groups of enzymes, histone
acetyltransferases and histone deacetylases (HDACs). Increasing histone acetylation by
the administration of the HDAC inhibitor sodium butyrate to rats prior to contextual
fear conditioning improved memory formation (Guan et al., 2009).
A number of studies have suggested a role for biophenols in regulating the epigenetic
processes. EGCG was reported to inhibit enzymes involved in DNA methylation,
inhibited HDAC activity and increased histone acetylation in prostate (Pandey et al.,
2010), skin (Nandakumar et al., 2011), and breast cancer cells (Li et al., 2010b). While
curcumin inhibited HDAC1 in a dose- and time-dependent manner in hepatoma cells
(Tarozzi et al., 2007), it stabilized HDAC2 protein expression and increased HDAC
activity in lung (Meja et al., 2008). Quercetin was shown to increase histone acetylation
by HDAC inhibition in leukemia HL60 cells (Lee et al., 2011b). Despite this, whether
biophenols influence the epigenetic processes associated with AD remains largely
unknown.
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1.8.7. Anti-prion activity
The pathology of prion proteins has been inhibited by EGCG and ECG (Rambold et al.,
2008). Resveratrol demonstrated anti-prion activity via autophagy activation in
neuroblastoma cells (Jeong et al., 2012) and protection of mouse neurons against PG14PrP (mutant prion protein) expression (Bizat et al., 2010). Curcumin downregulated the
prion pathology in N2a cells (Caughey et al., 2003), and neuroblastoma cells (HafnerBratkovic et al., 2008).

1.9. TISSUE LEVEL: EFFECTS ON HISTOPATHOLOGY
A multitude of neuropathological changes can be recognized in AD brain tissues.
Besides the two hallmarks: amyloid plaques and neurofibrillary tangle, cerebral
amyloid angiopathy, glial responses, neuronal and synaptic loss can all be observed
(Serrano-Pozo et al., 2011). Tissues can be stained for microscopic examination.
Amyloid plaques and cerebral amyloid angiopathy can be stained with Congo red or
thioflavin S, while neurofibrillary tangle can be visualized by silver impregnation or
fluorescent dyes such as thioflavin S. Immunohistochemical techniques can be used to
examine NFT and amyloid plaques (Serrano-Pozo et al., 2011).
Histopathological evidence can be only assessed at autopsy or postmortem. In vivo,
macroscopic features can be examined by modern imaging techniques such as CT
scanning, volumetric MRI and PET scanning for brain function. Neuropathological
features can be detected long before observing any clinical symptoms. While the
incidence of amyloid plaques are not parallel to the progression of disease,
neurofibrillary tangle and loss of neurons and synapses are strongly linked to dementia
(Serrano-Pozo et al., 2011).
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1.9.1. Anti-amyloidogenic activity

1.9.1.1. Evidence from in vitro studies
Reduction in Aβ production could serve as preventive or therapeutic approaches against
AD by controlling the cleavage of the larger transmembrane APP, or inhibition of its
aggregation by using small molecules, which may interact non-covalently with Aβ and
stabilize its structure. The anti-amyloidogenic mechanism involves the ability of
bioactive compounds to prevent Aβ production, cytotoxic effects or fibril formation and
extension. To study the ability of biophenols to inhibit Aβ production, an Aβ
pathogenesis model should be employed. A few primary cell culture-based models are
available, such as Tg APPswe-derived neuronal cells. Alternatively, transfected cell line
over-expressing Aβ can also be utilized, such as human embryonic kidney cells or a
mouse neuroblastoma (N2a) cell line. The ability of biophenols to prevent formation of
Aβ can be also assessed in a cell free assay via measuring the ability of the compound
to inhibit β-secretase 1 (BACE1) enzyme. Exposure of neuronal or non-neuronal cells
to Aβ42 insult results in a range of toxic effects that can be ameliorated by coadministration or pre-treatment with biophenols. In a cell free assay, the ability of
various compounds to reduce or reverse oligomerization and aggregation of Aβ fibrils
can be evaluated via incubation with Aβ and monitoring subsequent spectroscopic
changes.

EGCG decreased Aβ generation (both Aβ40 and Aβ42) in SweAPP N2a cells and primary
Tg APPswe-derived neuronal cells in a dose dependent manner (Rezai-Zadeh et al.,
2005). Both EGCG and grape skin extract showed a protective effect against exposure
to preformed Aβ40 fibrils in PC12 cells (Harvey et al., 2011). While EGCG
demonstrated an ability to disrupt fibrils, grape seed extract was not an absolute
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requirement for conferring protection against Aβ-evoked toxicity. In hippocampal
neurons, EGCG showed protective effects against Aβ-induced apoptosis, enhancing
hippocampal neuronal survival by inhibiting caspase activation (Choi et al., 2001).
Moreover, EGCG inhibited the fibrillization of Aβ, with a half maximal inhibitory
concentration of 7.5 mg/L (Lee et al., 2009). EGCG most probably binds to the unfolded
or misfolded peptides, with non-covalent random interactions involving the peptide
backbone, a redirecting aggregation towards the formation of small off-pathway
oligomers or amorphous material. EGCG can also bind to the native form of the Aβ,
through interactions with the side-chain specific residues that maintain the peptide
native configuration, preventing its aggregation (Zhao et al., 2012). In addition, EGCG
significantly inhibited BACE-1 activity in a non-competitive manner, as did other
catechins (catechin gallate and gallocatechin) of green tea (Jeon et al., 2003). The study
suggested that the pyrogallol moiety in the catechin skeleton may be essential for the
stronger inhibitory activity. Furthermore, green tea infusion inhibited BACE-1 activity
by 27% after 5 min incubation, whereas after 60 min the inhibition reached 38%,
suggesting that tea infusions contain biologically active principles which act
synergistically (Okello et al., 2004a).

Turmeric biophenols prevented the production of Aβ42 in APPswe HEK293 cells via
reducing the APP protein expression (Liu et al., 2010). Curcumin protected PC12 rat
pheochromocytoma and normal human umbilical vein endothelial cells from Aβ42
insult with an ED50 of 3-7 µg/mL (Kim et al., 2001). Treatment with low doses of
curcumin (5 and 10 µg/mL) showed cytoprotective effects against Aβ-induced toxicity
in PC12 cells, while higher doses (50 µg/mL) actually increased the cytotoxicity
induced by Aβ (Park et al., 2008). Curcumin also in vitro inhibited the formation and
extension of Aβ fibrils and destabilized preformed Aβ fibrils in a dose-dependent
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fashion (Ono et al., 2004). It is suggested that the interaction between curcumin and Aβ
takes place via breaking of β-sheets, while maintaining the contacts between the
monomers (Zhao et al., 2012).

Resveratrol reduced the levels of Aβ in a kidney cell line (HEK293) transfected with
human APP695 and in mouse neuroblastoma cells (N2a) (Marambaud et al., 2005). The
compound may be acting by stimulating the degradation of Aβ by a proteasome, a
barrel-shaped multi-protein complex that can specifically digest proteins into short
polypeptides and amino acids. Resveratrol inhibited Aβ42 fibril formation, aggregation
and cytotoxicity but could not prevent Aβ42 oligomerization (Feng et al., 2009; Richard
et al., 2011; Rivière et al., 2010).

Cell culture experiments verified that pomegranate extract, attenuated nuclear factor of
activated T-cell activity in a reporter cell line, and decreased Aβ-stimulated TNF-α
secretion by murine microglia (Rojanathammanee et al., 2013). In a cytoprotective
activity study, an extract containing rosmarinic acid from the leaves of sage (Silvia
officinalis) prevented the neurotoxicity induced by Aβ42 in PC12 cells (Iuvone et al.,
2006).

Olive biophenols were capable of altering Aβ aggregation and provided neuroprotective
benefits (Pitt et al., 2009). Oleuropein formed a complex with Aβ or oxidized Aβ and
“locked” them in a non-toxic conformation (Bazoti et al., 2006b) via non-covalent
interaction with Aβ amino acid segments (Bazoti et al., 2008). In addition, oleuropein
increased the formation of the non-amyloidogenic and neuroprotective sAPPα fragment
and decreased Aβ oligomers in HEK695 cell supernatants, by increasing matrix
metalloproteinase-9 secretion (Kostomoiri et al., 2013). Oleocanthal interacted with
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soluble Aβ species and altered the oligomeric Aβ structure significantly (Pitt et al.,
2009) and it reduced the binding of soluble Aβ derived diffusible ligands and the
subsequent deterioration of dendritic spines while enhancing the clearance of Aβ
derived diffusible ligands from synapses using oligomer-specific antibodies.
Furthermore, oleuropein aglycon was able to inhibit cytotoxic Aβ aggregation and
hinder the transition of Aβ42 into a β-sheet-rich structure (Rigacci et al., 2011).
Quercetin and its glycoside, rutin, prevented the formation of Aβ25-35 fibrils and
disaggregated Aβ fibrils. Meanwhile rutin, but not quercetin, significantly inhibited
BACE1 (Jimenez-Aliaga et al., 2011). Moreover, rutin dose-dependently reduced Aβ42
fibrillization and attenuated Aβ42-induced cytotoxicity in SH-SY5Y neuroblastoma
cells (Wang et al., 2012).

Similarly, in vitro anti-amyloidogenic properties of extracts from ginkgo (Luo et al.,
2002; Yao et al., 2001), pomegranate husk (Kwak et al., 2005), sage leaves (Iuvone et
al., 2006), fresh garlic (Gupta et al., 2009), and cinnamon bark have been demonstrated.
Feeding blueberry extract significantly enhanced the microglial clearance of Aβ,
inhibited Aβ42 aggregation, and suppressed microglial activation. This is possibly due
to suppression of p44/42 mitogen-activated protein kinase module (Zhu et al., 2008).
The rosemary biophenol, carnosic acid, reduced Aβ42 production by activating tumor
necrosis factor-α-converting enzyme, without promoting BACE1 in human
neuroblastoma cells (Meng et al., 2013). In a cell free assay, many flavonoids
(myricetin, quercetin, kaempferol, morin and apigenin) could directly inhibit BACE-1
enzymatic activity in a concentration dependent manner (Shimmyo et al., 2008a).
Furthermore, myricetin, morin and quercetin inhibited Aβ fibrillization (Ono et al.,
2003).
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1.9.1.2. Evidence from animal studies
In order to study the anti-amyloidogenic potential of bioactive molecules in vivo,
transgenic mouse models that accumulate Aβ1–42 in brain are commonly employed. In
addition, injecting Aβ1-42 into an animal brain has been found to induce
pathophysiological and behavioral changes resembling AD (Jhoo et al., 2004). Nonrodent transgenic models such as Drosophila melanogaster and Caenorhabditis elegans
are less frequently used.

In a short term study (1 and 3 weeks), using both mutant PS2 AD and Aβ-induced
models, treatment with green tea EGCG (3 mg/kg body weight) enhanced memory
function and brain α-secretase activity but reduced brain β- and γ-secretase activities as
well as Aβ levels (Lee et al., 2009). Administration of EGCG to Tg2576 which
overexpress a mutation form of human APP mice decreased Aβ levels and reduced
plaque load by 50% (Rezai-Zadeh et al., 2005). Oral administration of EGCG proved
more effective for attenuation of amyloid pathology compared to intra-peritoneal
administration (Rezai-Zadeh et al., 2008). In transgenic (CL2006) nematode
Caenorhabditis elegans (expressing cytoplasmic human Aβ3-42 in the body wall muscle
cells), EGCG decreased the formation of Aβ deposits and oligomerization (Abbas &
Wink, 2010).

Curcumin effectively disaggregated Aβ and prevented fibril and oligomer formation in
Tg2576 mice (Yang et al., 2005). Treating aged rats that have received an intracerebroventricular infusion of Aβ with oral curcumin (500 ppm) for 2 months, reduced
Aβ deposition (Frautschy et al., 2001). In a longer study, feeding curcumin (160 ppm)
to mice (Tg2576) transgenic for amyloid precursor protein Swedish mutation (APPswe)
for six months showed a decrease in the levels of Aβ and inflammatory cytokines in the
39

brain (Lim et al., 2001b). Moreover, curcumin could reverse existing amyloid
pathology and associated neurotoxicity in APPswe/PS1dE9 mice (Garcia-Alloza et al.,
2007).

Grape seed extract, which is high in biophenols, showed high anti-AD activity, but
treatment with individual biophenols did not. Indeed, it is still unclear which biophenols
in the grape extract are the major contributors to the anti-AD activity. Grape seed
phenol extract (GSPE) administered to Tg2576 mice for a period of five months
resulted in significantly lower brain levels of Aβ*56, a 56-kDa Aβ oligomer (Feng et
al., 2011). When APPswe/PS1dE9 transgenic mice were fed on grape seed extract for 9
months, Aβ levels in the brain and serum were reduced by 33% and 44%, respectively,
compared with the transgenic mice fed with a control diet (Wang et al., 2009). The
mechanism through grape seed extract showed benefit might be by simultaneously
interfering with the generation and stability of neurotoxic Aβ and tau oligomeric
conformers.

Feeding pomegranate juice to APPsw mice for 3 weeks lowered the accumulation of
soluble Aβ42 and deposition of hippocampal amyloid plaques (Hartman et al., 2006b).
These animals also demonstrated improved learning in water maze tasks and swam
faster than control animals (Hartman et al., 2006b). In another study, pomegranate
extract inhibited PC12 neuronal cell death caused by Aβ-induced oxidative stress and
Aβ-induced learning and memory deficiency mice (Choi et al., 2011). In an APP/PS1
mouse study, pomegranate attenuated microgliosis as well as Aβ plaque deposition
(Rojanathammanee et al., 2013). Long-term treatment (16 months), but not short-term
treatment (one month), with gingko biophenol extracts in mice cerebral transgenic for
human APP (Tg2576) significantly lowered human APP protein levels by
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approximately 50% as compared to controls but not in the hippocampus (Augustin et
al., 2009).

Quercetin could also inhibit Aβ fibrillization, but not its toxic oligomerization, hence
increasing Aβ toxicity in a C. elegans model of Aβ deposition (Jagota & Rajadas, 2012).
Myricetin, a quercetin isomer, significantly decreased the Aβ1-40 and Aβ1–42 level in
vitro culture media, as well as inhibition of Aβ1–42 aggregation by 65.2%, along with
reduction of BACE 1 activities of neuronal cells by 75% and up-regulation of alphasecretase (ADAM10) protein levels (Shimmyo et al., 2008b). It was found that the antiaggregation effect of myricetin, which contains an additional hydroxyl group, is more
effective than quercetin against Aβ aggregation (Shimmyo et al., 2008b). A six-month
administration of oral tannic acid mitigated cerebral amyloidosis and promoted nonamyloidogenic APP processing by inhibiting BACE1 expression and β-secretase
activity (Mori et al., 2012). This was accompanied by improved behavioral impairment.
Olive biophenol, oleuropein aglycone, showed protective effects against Aβ42
aggregation in tissues using C. elegans (Diomede et al., 2013). Oleuropein aglycone
interfered with the Aβ aggregation skipping the appearance of toxic species. Moreover,
the dietary supplementation of oleuropein aglycone to transgenic (TgCRND8) mice
(overexpressing the Swedish and Indiana mutations in the human amyloid precursor
protein) showed remarkably reduced Aβ levels and plaque deposits in the cerebral
tissue (Grossi et al., 2013).

1.9.1.3. Evidence from human studies
A six-month clinical trial on curcumin in 34 patients with AD, failed to demonstrate
any impact on clinical measures (Baum et al., 2008). The results showed high levels of
glucuronidated curcuminoids in plasma and a trend for increased Aβ40 with a 4 gram
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dose of curcumin was noted, possibly reflecting mobilization of Aβ40 (Baum et al.,
2008). A phase two double-blind study on mild to moderate AD patients, receiving
curcumin for 6 months also showed no significant improvement in cognitive function
or changes in the levels of Aβ, total tau and phosphorylated tau in plasma and
cerebrospinal fluid (Ringman et al., 2008).

1.9.1.4. Assessment of the evidence
There is a lack of consistency in in vitro method using biophenols against AD. There is
no standard in vitro protocol to produce Aβ40 or Aβ42 from the lyophilized powder
including the incubation time with or without biophenols. Most of the assays were cell
free or used non-neuron cell line. SH-SY5Y human neuroblastoma cells were also
commonly used. Researchers are gradually moving away from the aged non-transgenic
mice model to the rapidly developing genetically engineered AD mice models.
Compounds with pyrogallol (1,2,3-triphenol) functional group demonstrate more
effective anti-amyloidogenic activity compared with ortho-diphenols. As previously
stated, the evidence from clinical trials is weak and largely inconclusive. Anti-amyloid
activity will continue to be a legitimate drug discovery target for anti-AD, yet inhibitory
activity should be assessed in different in vitro and in vivo systems.

1.9.2. Anti-tau aggregation activity
Intra-neuronal hyperphosphorylation of the protein tau in the form of neurofibrillary
tangles, is the second major hallmark of AD pathology (Goedert & Spillantini, 2001).
The “tau hypothesis” posits that dysfunction of tau in response to unknown stimuli
results in its intracellular assembly into filaments that eventually prove toxic to the cells
that produce them (Grundke-Iqbal et al., 1986a). The structural modification of tau such
as hyperphosphorylation and aggregation interferes with tau function leading to the
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neuronal dysfunction that ultimately may cause AD (Grundke-Iqbal et al., 1986b) (Fig.
1.6). This tau hypothesis is supported by numerous neuropathological and genetic
observations of authentic human disease cases (Iqbal & Grundke-Iqbal, 2008). There is
a strong correlation found between cognitive dysfunction and tangle load and
localization in AD (Thal et al., 2000).

Figure 1.6. Tau pathology and the role of biophenols. Soluble tau attached with the
microtubules and supports axonal transport, become hyperphosphorylated in AD, cause
detachment of tau from microtubules. Soluble tau form aggregates and insoluble paired helical
filaments leads to the formation of neurofibrillary tangles. Few preliminary results from the in
vitro studies on olive biophenol (oleuropein, oleuropein aglycone, hydroxytyrosol and
oleocanthal), which inhibits the fibrillization or aggregation along with inhibition of unfolding
of tau from microtubule.

1.9.2.1. Evidence from in vitro studies
A tau fibrillization assay can be performed in mammalian cell culture using neuronal
cells that can be transfected to overexpress tau protein and/or tau phosphorylating
enzymes. The level of phosphorylated tau can be measured by Western blot analysis.
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Alternatively, the ability of biophenols to inhibit tau aggregation and/or dissociate
preformed tau aggregates can be examined under cell-free conditions using
recombinant tau protein or synthetic tau peptides. Heparin, a polyanion protein, is
commonly used to catalyze the in vitro aggregation of tau protein. Tau aggregates are
usually assessed by thioflavin S fluorescence or electron microscopy.

Grape seed phenol extract was capable of inhibiting tau peptide aggregations, as well
as dissociating preformed tau peptide aggregates (Ho et al., 2009). Myricetin,
gossypetin, and epicatechin-5-gallate inhibited heparin-induced tau filament formation
and assembly by binding to soluble tau oligomers (Taniguchi et al., 2005). Tannic acid
reduced in vitro aggregation of tau peptide R3, corresponding to the third repeat unit of
the microtubule-binding domain (Yao et al., 2013). Oleuropein, oleuropein aglycone
and hydroxytyrosol, showed potential inhibition of tau fibrillization or aggregation
against the reference tau aggregation inhibitor methylene blue on both wild-type and
P301L tau proteins (Daccache et al., 2011). Oleuropein aglycone proved to be more
effective inhibitor than oleuropein or hydroxytyrosol (Kostomoiri et al., 2013). In
another study, oleocanthal abolished fibrillization of tau by locking tau into the
naturally unfolded state (Li et al., 2009b).

Pre-treatment of PC12 cells with caffeic acid prevented the elevation of intracellular
calcium levels induced by Aβ, along with a significant attenuation of Aβ induced tau
hyperphosphorylation (Sul et al., 2009). The decrease of tau phosphorylation paralleled
a decreased phosphorylation of GSK-3β (Sul et al., 2009). Curcumin and
demethoxycurcumin inhibited both APP and tau dependent initiation of translation in a
murine neuroblastoma (N2A) cell model (Villaflores et al., 2012).
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1.9.2.2. Evidence from animal studies
Numerous vertebrate and invertebrate animal models expressing tau pathophysiology
have been developed. Though transgenic mice expressing tau and AD-related kinases
and phosphatases are the most widely used experimental models, studies using
invertebrates such as Drosophila melanogaster, Caenorhabditis elegans and
Petromyzon marinus are also reported (Götz et al., 2007).

Using two mutant tau mice models, oral administration of grape seed phenol extract
(150 and 200 mg/kg/day) could interfere with tau-mediated neurodegenerative
mechanisms and attenuate the phosphorylation of tau, respectively (Santa-Maria et al.,
2012; Wang et al., 2010). Both i.p. and orally administered EGCG markedly suppressed
phosphorylated tau isoforms in APPswe mice (Rezai-Zadeh et al., 2008). Morin was an
effective inhibitor of GSK3β-mediated tau hyperphosphorylation in cell culture and in
a mouse model of AD (Gong et al., 2011).

1.9.2.3. Assessment of the evidence
Though wild-type mice have demonstrated many aspects of tau pathology, they failed
to produce neurofibrillary tangle. Thus, it was necessary to develop mutant tau
transgenic models to overcome this limitation. A few tau transgenic mice models have
been created that successfully could generate neurofibrillary tangle upon aging.
Nevertheless, none of the transgenic mice models could reproduce the massive
neurodegeneration observed in AD (Götz, 2001). Clinical trials on anti-tau effects of
biophenols are still missing. Therefore, anti-tau activity is another promising research
venue for anti-AD activity of biophenols, though much work still lies ahead.
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1.10. FUNCTIONAL LEVEL: EFFECTS ON COGNITION AND BEHAVIOUR
Substances that can enhance brain functions (cognition, memory and attention) without
significant CNS stimulation are known as cognitive/memory enhancers or nootropics
(Stolerman, 2010). They facilitate learning and reduce the cognitive decline associated
with aging (Budhiraja, 2005). A number of epidemiological studies have been
conducted to correlate a diet rich in biophenols with the prevention of dementia and
cognitive impairment (Feart et al., 2010). The exact mechanism of action of biophenols
in cognitive improvement is not fully understood but a positive effect on the brain is
postulated to be via their antioxidant properties, modulating synaptic transmission, or
engaging signaling pathways that link molecules that act at the interface between
cellular metabolism and synaptic plasticity (Gomez-Pinilla & Nguyen, 2012).

1.10.1. Evidence from in vitro studies
To study cognitive changes, the behavior of a living organism need to be monitored and
evaluated. Thus, in vitro or ex vivo experiments which investigate isolated animal organ
or tissues are scarce and their outcome is largely questionable. Fisetin showed
activation of signaling pathways in hippocampal slices that are implicated in the
development of long-term memory (Maher et al., 2006). This activation can facilitate
long-term memory in rats.

1.10.2. Evidence from epidemiological studies
One dietary model that is reputedly healthy for the brain is the so called Mediterranean
diet, which is characterized by biophenol-rich foods such as vegetables, fruits, grains,
nuts, virgin olive oil and moderate intake of red wine (Serra-Majem et al., 2006). A
number of studies have showed that the Mediterranean diet has been associated with
slower cognitive decline (Tangney et al., 2011), a reduction in the incidence of mild
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cognitive impairment (Scarmeas et al., 2009), an improved cognitive performance in
normal aging (Nurk et al., 2009), and better language and verbal memory (Kesse-Guyot
et al., 2012). A lower risk of AD was correlated to high frequent intake of fruit and
vegetable juices (Dai et al., 2006); higher consumption of nuts, tomatoes, cruciferous
vegetables, fruits, dark and green leafy vegetables (Gu et al., 2010); berries (Devore et
al., 2010); green tea (Kuriyama et al., 2006); black or oolong tea (Ng et al., 2008);
moderate and regular consumption of wine (Pinder, 2009); cocoa and chocolate
(Sokolov et al., 2013); curry (Ng et al., 2006); intensive olive oil use (Berr et al., 2009);
and intake of dietary flavonoids (Commenges et al., 2000a).

1.10.3. Evidence from animal studies
Cognitive and memory enhancing agents can be examined in rodent cognitive assays
that measure learning and memory. The influence of biophenols on cognitive behavior
has been studied in both mice and rats. The genetically engineered murine models are
more attractive due to simple to breed, maintain and train, and having many advantages
over other species for use in research (Harper, 2010; Wong et al., 2001). Until now, it
was not possible to develop a successful genetically modified rat model having all the
pathological features of AD. Wild type young and aged models as well as genetically
modified models have been employed in a variety of bioassays: fear conditioning, radial
arm maze, Morris water maze and spontaneous alternation. Cognitive dysfunction can
be introduced spontaneously through senescence or induced via genetic modification
or administration of neurotoxins such as aluminum or Aβ; or amnesic pharmacological
agents such as scopolamine.

Intra-peritoneal administration of blueberry extract at 30 and 60 mg/kg body weight to
wild type adult mice for a week enhanced their cognitive performance in a fear
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conditioning assay (Papandreou et al., 2009). Senescence Accelerated Mouse-Prone 8
(SAMP8) is a naturally occurring mouse model that displays features of accelerated
aging. Diet supplementation with extra virgin olive oil for six weeks to SAMP8 mice
improved learning and behavioral deficits in a dose dependent manner (Farr et al.,
2012). In the same model, oral administration of green tea catechins (>71% EGCG; for
six months) enhanced spatial learning and memory in Morris water maze (Li et al.,
2009a).

Feeding 10-month old male rats on a diet supplemented by different doses of extra
virgin olive oil for 12 months, improved learning and behavioral deficits (Pitozzi et al.,
2010). Meanwhile, one month of blueberry-enriched diet (2%) in aged rats (19 months)
was enough not only to prevent object recognition memory loss but it could reverse
these deficits as well (Malin et al., 2011). Green tea catechins (ca 53 mg/Kg body
weight; for 7 months) prevented the age related spatial learning and memory decline in
Morris water maze in 12 months old Wistar rats (Assuncao et al., 2011). In young male
rats (5 week old), oral administration of Polyphenon E for 5 months, but not for 2
months, improved their performance in radial arm maze tasks (Haque et al., 2006).
Long term (26 weeks) pretreatment with Polyphenon E effectively reduced memory
problems in rats infused with Aβ40 and aluminum chloride into the left cerebral ventricle
(Haque et al., 2008). Intraperitoneal injection of either rutin or quercetin (50 mg/kg
twice) to male Wistar rats ameliorated spatial memory impairment induced by cerebral
ischemia and evaluated in the 8-arm radial maze task (Pu et al., 2007). In the same
experiment, catechin (200 mg/kg twice) and EGCG (50 mg/kg) were not effective.
Moreover, treatment with EGCG produced high mortality (70%) (Pu et al., 2007).
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Transgenic mice models offer closer resemblance to AD pathophysiology compared to
non-transgenic models, especially in behavioral assays. Chronic (6 months) treatment
with ginkgo extract (70 mg/kg/day) in eight-month old Tg2576 female mice blocked an
age-dependent decline of spatial cognition in the Morris water maze test (Stackman et
al., 2003). Oral administration of blueberry extract (20 g/Kg of diet) to four-month old
(APP + PS1) mice for 8 months restored cognitive function-associated neuronal
signaling (Joseph et al., 2003). In mice that overexpress Presenilin-2 (PS2), oral
administration of EGCG (1.5 and 3 mg/kg) for as short as one week could boost
memory function (Lee et al., 2009). Diet enriched with the olive biophenol, oleuropein
aglycone, (50 mg/kg of diet for 8 weeks) improved the cognitive performance of
young/middle-aged double transgenic TgCRND8 mice, with respect to age-matched
littermates on an un-supplemented diet (Grossi et al., 2013). At low (3 mg) and medium
(15 mg) but not at high dose (30 mg), (−)-epicatechin added to diet or water enhanced
the retention of spatial memory female C57BL/6 mice, especially when combined with
exercise (van Praag et al., 2007). In APPswe/PS1dE9 double transgenic mice, oral
administration of fisetin (0.05%) from 3 to 12 months of age prevented the development
of learning and memory deficits in a number of behavioral assays (Currais et al., 2014).

1.10.4. Evidence from Clinical studies
No doubt, clinical studies are the gold standard, especially for the assessment of
cognitive benefits. Cognitive function can be measured clinically using a number of
assessment scales such as Mini Mental State Examination and The Alzheimer’s Disease
Assessment Scale – Cognition. Most of the time, other scales which assess depression,
response to treatment or social function are also co-opted. A few biophenol extracts
have been assessed in well-designed clinical trials with large number of subjects. Oral
administration of ginkgo extract (120 mg/day; for 52 weeks) to AD and multi-infarct
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dementia patients showed a significant improvement in learning, memory, visual and
spatial orientation, and social behavior in a placebo-controlled, double-blind,
randomized trial (n=309; power of 80%) (Le Bars et al., 1997).

In a placebo-controlled, double-blind, randomized clinical trial (n=39), consumption of
an ethanolic extract of sage for four months enhanced cognitive functions in patients
with mild to moderate AD (Akhondzadeh et al., 2003b). A major shortcoming of this
study is that neither the chemical composition nor the exact dosage of sage extract was
described. Krikorian et al. investigated the cognitive enhancing properties of grape juice
and blueberry juice (6-9 mL/kg/day) in a small number (n=12 and n=9, respectively) of
older adults with mild cognitive impairment. After 12 weeks intervention, grape and
blueberry juice improved subjects performance in some cognitive activities (Krikorian
et al., 2010a; Krikorian et al., 2010b). Blueberry juice showed more significant effects
on learning and memory as well as some antidepressant potential. Unexpectedly,
administration of grape juice for longer period (16 weeks) and to more subjects (n=21)
did not give more robust results and its augmenting effects on learning scores were not
reproducible (Krikorian et al., 2012). Other frequently studied biophenol-rich extracts
are cocoa drinks and chocolate. Improvement of cognitive performance after acute
consumption of cocoa drink containing flavonol content of 520 mg or 994 mg was
reported in healthy young volunteers (n=30) using double-blind, placebo-controlled,
three period crossover design (Scholey et al., 2010). Furthermore, cocoa flavonols
augmented visual contrast sensitivity in young adult volunteers (n=30) upon a single
consumption of a bar of dark chocolate containing 720 mg flavonols, in a randomized,
single-blinded, order counterbalanced, crossover study (Field et al., 2011). On the other
hand, though administration of a daily cocoa drink with flavonol content of 250 or 500
mg for 30 days to middle-aged volunteers (n=63) did not show any significant
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behavioral changes, increased neural efficiency in spatial working memory function
was observed (Camfield et al., 2012). Similarly, in a randomized, placebo-controlled,
double-blind trial in middle-aged healthy volunteers (n=79), neither a high (500
mg/day) nor low (250 mg/day) dose of cocoa biophenols significantly altered cognitive
performance acutely, or after 30 days of treatment (Pase et al., 2013). Moreover, a
longer administration (6 weeks) of dark chocolate or cocoa drink to healthy elderly
volunteers (n=101) did not produce any cognitive benefits in a double-blind, placebo
controlled, parallel-grouped randomized clinical trial (Crews et al., 2008). It is worth
noting that biophenol content was expressed as total proanthocyanins which ranged
between 350-400 mg/g and the subjects consumed what is equivalent to 11 g natural
cocoa. Sparking more controversy, a five-day consumption of cocoa drink (150 mg
flavonols/day) increased blood flow to key areas of brain in healthy young volunteers,
but did not significantly improve cognitive function (Francis et al., 2006). Brain
function is dependent on increased delivery of blood-borne metabolic substrates.
Hence, in the long run, improving cerebral blood flow and perfusion may benefit brain
function. The famous grape biophenol, resveratrol, increased cerebral blood flow but
did not show any short term effects on cognitive performance in a double-blind, placebo
controlled, crossover investigation (Kennedy et al., 2010).

1.10.5. Assessment of the evidence
Currently available medications which target pathological features of AD, AChE and
NMDA receptors, possess mild and temporary clinical effects. Taking into
consideration the uncertainty about the etiology and pathology of AD, behavioral
studies should provide a great advantage for assessing therapeutic endpoint, cognitive
deficit (Puzzo et al., 2014).
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Epidemiological, population-based, studies play an important role in directing general
attention towards observed phenomena and opening new territories for experimental
research. Fundamentally, population-based studies can only be used to study
association between exposure variables and outcomes. It should be always remembered
that association does not imply causality. Though dietary epidemiological studies can
establish a link between consumption of certain foods and the incidence or prevalence
of AD, the observed activity is the result of complex direct and indirect interactions of
various constituents amongst each other, and with other co-ingested foods (Dai et al.,
2006). In addition, epidemiological studies are vulnerable to research bias and the
influence of confounding factors that can distort the validity of the results.

Preclinical studies in animal models are mandatory in the drug development process to
explore safety and efficacy. We must acknowledge that behavioural assays in rodent
models of AD are very valuable for assessing efficacy of biophenols and their extracts.
Nevertheless, they have their own limitations and shortcomings. Practical
considerations and guidelines for using mouse models of AD in behavioural assays
have been reviewed extensively elsewhere (Puzzo et al., 2014). However, in the current
context, we are going to shed the light on the most important pitfalls of behavioural
studies in animal models of AD. Firstly, a specific animal model may show cognitive
impairment in some behavioural assays but not in others (Götz et al., 2004). Secondly,
the dose used in most animal studies is much larger than that required for humans. For
instance, humans need to consume 3 L/day of green tea extract to obtain similar results
(Haque et al., 2008). Thirdly, and most importantly, many of the cognitive functions
related to AD are distinctive to humans and cannot be reproduced in rodents, such as
verbal and mathematical skills (Puzzo et al., 2014). These factors can explain why
fewer compounds showed efficacy in clinical studies compared with animal studies.
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From our discussion of clinical trials conducted to examine biophenol cognitive
enhancing activities, it can be clearly seen that the current body of evidence is lacking
both qualitatively and quantitatively. Overall, there are a few clinical trials which
mostly recruited healthy volunteers. In most cases, the study population did not reflect
the target population. The age of participants stretched between 18 to 83 years. The
sample size has rarely been justified and power analysis is frequently missing. The slow
progression of AD necessitates longer clinical trials. For example in one six-month
placebo controlled experiment, the placebo control group did not show significant
reduction in cognitive abilities (Baum et al., 2008). Furthermore, dose, dosage regimen
and duration of experiment varied extensively, and in most cases did not take in
consideration participants’ weight. Accurate determination of exact biophenol dosage
is typically missing. No trial to determine biophenol concentration in blood is reported,
though plasma drug concentration often correlates better with therapeutic effect. Most
importantly, there is no consensus on which cognitive activities to be assessed and
which assay or assessment tool to be utilized. Thus, extreme caution should be
exercised before making any conclusion about the efficacy of biophenols in the
treatment of AD from currently available clinical trials.

1.11. CONCLUSIONS
At present, AD is recognized as a disease process that contains multiple phases and
begins years to decades before symptoms emerge. No specific clinical criteria have yet
been established for accurate diagnosis of AD. Various hypotheses are put forward to
explain AD etiology and pathology, but none have completely uncovered the tangled
roots of this ailment. Thus, the current therapeutic targets are essentially hypothetical
and their clinical outcomes are unpredictable. The few FDA-approved drugs for AD
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can only provide modest symptomatic benefits, with usually a long list of adverse
effects. There is ample but anecdotal evidence about the role of diet and some medicinal
herbs in maintaining general health and reducing the incidence of chronic diseases.
Therefore, directing research towards dietary prevention and drug discovery programs
of bioactive chemical entities from Mother Nature seems sensible.

Biophenols are surrounded by many overblown claims and simplicities. Amongst all
phytochemicals, biophenols stand out as the most promising candidates to exert
beneficial health promoting attributes, not only because of their antioxidant activities
but also due to their widely touted multipotent properties. There is an extensive proof
of the remarkable pharmacological properties of biophenols, although this is still mostly
driven from in vitro or animal studies. Hitherto, the evidence from clinical studies is
still insufficient, contradictory and inconclusive. As with all previous literature reviews
on this topic, we recommend more clinical trials to be done, however, we stress that
clinical research on biophenols faces serious problems and challenges. Clinical trials
are very demanding in terms of time, experimental design, effort, ethical approvals, and
funding. Drug companies are not willing to invest in this type of research due to
patenting troubles. Meanwhile, the academic funding is drying up and funding bodies
are not favoring natural product research. Furthermore, the ubiquitous presence of
biophenols in diet, their disease preventive potential, and the slow progression of AD
require a special experimental design to assess short and long term outcomes. Finally,
Provided that AD patients could be recruited, a control group with no therapeutic
intervention will pose an ethical question.

In the meantime, every effort is required to decipher the mystery of biophenols and AD.
We advocate a more holistic approach to evaluate the anti-AD activity of biophenols
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and their extracts. We need to develop a fuller understanding of biophenol action at the
molecular and cellular level and all through the functional level (cognition, learning,
and memory). In vitro, in vivo and clinical trials are all mandatory to fill the numerous
gaps in our contemporary understanding of the role of biophenols in AD prevention and
treatment. First of all, biophenols are a massive group of phytochemicals, more than
8000 members, with very diverse chemical nature. Any attempt to present a generalized
concept about their pharmacodynamics or pharmacokinetics is an unacceptable
oversimplification. Secondly, topics such as the mechanism of action at the
physiological level, bioavailability, capacity to cross the blood brain barrier, adverse
effects, drug interactions, food interactions, synergism and antagonism in plant extracts
need to be unfolded. Thirdly, there is a tendency to underestimate the impact of
chemical and pharmaceutical considerations in assay results and their interpretation. In
many situations, chemical considerations such as solubility, type of solvent and the
stability in assay media; and pharmaceutical consideration such as the dosage form,
dose and dosage regimen can explain the discrepancies observed in literature. A case in
point is curcumin absorption, which is doubled from capsule compared to its powder
form (Baum et al., 2008). Also, higher doses can show lower or no activity
(Pungcharoenkul & Thongnopnua, 2011). Finally, though there are many in vitro and
in vivo assays, none have been standardized. This will jeopardize the validity of assay
results; create a major hurdle towards comparing literature data; and evaluating the
experimental evidence.

Even with these reservations, there is enough gathered evidence to incite more research
on biophenols and AD, where new lessons can be learnt not only on anti-AD activity
of these compounds but also on AD pathology and etiology. Biophenols are a huge
family of phytochemicals with very diverse chemical structures, hence generalizations
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should be always avoided and much more insight is required into how they work alone
and in association with other plant extract components. Importantly, what distinguish
biophenols from other antioxidants are their multipotent activities at various levels of
functionality. Therefore, a systematic holistic approach should be adopted in designing
new studies to assess anti-AD properties of biophenols and to interpret the evolving
evidence.
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CHAPTER 2
ANTI-ALZHEIMER’S DISEASE
ACTIVITIES OF OLIVE BIOPHENOLS:
THE KNOWN & THE UNKNOWN
(TOWARDS A RATIONALE FOR THESE
STUDIES)
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2.1. Mediterranean Diet: where it all began
Since antiquity, it has been believed that diet can play an important role in prevention
of diseases (Solfrizzi et al., 2011; Willett et al., 2006). A number of observational
studies hypothesized a potentially important role for diet in the prevention and
occurrence of AD (Luchsinger & Mayeux, 2004). Epidemiological studies have
suggested that a Mediterranean diet is associated with lowering the risk of AD
(Scarmeas et al., 2006). The past three decades has seen a tidal wave of proposals that
aimed to fathom the role of the widely celebrated Mediterranean diet in the prevention
of cardiovascular (Keys et al., 1986) and neurological disorders (Sofi et al., 2010;
Solfrizzi et al., 2011). Research has suggested that biophenols are the main contributors
to the health attributes of the Mediterranean diet, including better cognitive function in
elderly subjects (Valls-Pedret et al., 2012).

2.2. Olive Biophenols: the chemistry
Olives (Olea europaea L.), an integral component of the Mediterranean diet, are
receiving escalating attention due to the versatile pharmacological activities of its
biophenols and its reputation as a traditional medicine (Obied et al., 2012). Although
the primary focus of research has always been the world famous virgin olive oil, an
increasing number of studies have targeted olive fruits and olive leaves, due to their
very high phenol content. Consequently, many companies have started patenting and
commercializing olive fruit and leaf extracts as nutraceuticals or food supplements with
a long list of claimed pharmacological properties, based mainly on anecdotal evidence.

The phenolic composition of olive samples (fruits, leaves and oil) varies greatly.
Further, the phenolic composition of an olive sample relies on various parameters
including climate, genes, biotic and abiotic stress factors, and extraction techniques
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(Ryan et al., 2003). The main classes of phenolic compounds in olives are: simple
phenols such as hydroxytyrosol, tyrosol and caffeic acid; secoiridoid derivatives of
hydroxytyrosol and tyrosol such as oleuropein and ligstroside; flavonoid and their
glycosides such as quercetin, rutin and luteolin; and the unique hydroxytyrosol and
caffeic acid glycoside, verbascoside (Figure 2.1). Generally, it was found that olive fruit
contains 2-3% biophenols, with hydroxytyrosol, tyrosol and their secoiridoids
derivatives as the major bioactive ingredients (Kountouri et al., 2007). In olive leaf,
oleuropein was found as the most abundant biophenol (up to 6-9 %). Other major
biophenols are verbascoside (1.1%), luteolin-7-O-glucoside (1.4%), apigenin-7-Oglucoside, hydroxytyrosol (1.5%) and tyrosol (0.7%) (Bianco & Uccella, 2000).

2.3. Olive biophenols: the antioxidant activity
A number of in vitro and in vivo studies have reported potent antioxidant activities of
olive biophenol extracts and isolated biophenols (Obied et al., 2012). An animal study
showed a strong antioxidant activity along with reduction of the circulating lipids
(Andreadou et al., 2006). In addition, another animal study using hydroxytyrosol
showed improvement in antioxidant status in animals against markers associated with
the atherogenic process (Gonzalez-Santiago et al., 2006). Moreover, the antioxidant
activities of oleuropein and hydroxytyrosol were found to be higher than known
antioxidants such as vitamins E and C, while tyrosol showed no antioxidant activities
(Le Tutour & Guedon, 1992). The olive leaf extract as a whole also showed antioxidant
activity higher than those of vitamin C and vitamin E (Benavente-Garcı́a et al., 2000).
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2.4. Olive biophenols and AD
A small number of in vitro studies, using olive biophenols (oleuropein, oleuropein
aglycone and hydroxytyrosol) showed potential inhibition of tau fibrillization and
aggregation (Daccache et al., 2011). Moreover, an in vitro study targeting Aβ,
demonstrated the successful detection of a non-covalent complex between Aβ or
oxidized Aβ and OL (Bazoti et al., 2006b). The study suggested that OL forms a
complex with Aβ or oxidized Aβ, “locking” them in a non-toxic conformation. Thus
OL may act as a potential anti-amyloidogenic agent offering a protective alternative
against Aβ toxicity. Moreover, results from an analytical study showed that oleocanthal
(a minor olive biophenol component) can interact with soluble Aβ species and alter the
oligomeric Aβ structure in such a way that increases immunoreactivity and sodium
dodecyl sulfate stability (Pitt et al., 2009). Additionally, oleocanthal treatments reduced
the binding of the soluble Aβ derived diffusible ligands and the subsequent
deterioration of neuron dendritic spines while enhancing the clearance of Aβ derived
diffusible ligands from synapses using oligomer-specific antibodies. Such an
interaction was likely based on the phenolic properties of oleocanthal. The authors
suggested that oleocanthal are capable of altering Aβ aggregation and provide
neuroprotective effect in synaptopathological effects of oligomerization state that may
show potential as therapeutic drugs (Pitt et al., 2009).

There is a lot of research to be done to allow a fuller understanding of olive biophenols
potential role in preventing and/or treating AD. First, the mode of action of olive
biophenols at the molecular level needs to be carefully investigated with a focus on
potential synergistic activities and how individual compounds interact alone and in
presence of other active or inactive constituents. Second, activities beyond antioxidant
effects need to be explored further and their correlation with other pharmacological
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actions need to be examined. Third, neuroprotective potential of olive biophenols is an
attractive area for further research where minimal work is present. Finally, there is a
need to find out if in vitro activities are transferable into in vivo situation or not.

Figure 2.1 Chemical structure of the major olive biophenols
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2.5. The aim & objectives of the current study

The aim of the present study is to characterise the anti-AD activities of major olive
biophenols and selected commercial olive leaf and fruit extracts.

In order to achieve this aim, the following objectives have been proposed:
2.5.1. To characterize some commercially available olive biophenol extracts and to
compare their phenolic composition.
2.5.2. To evaluate the in vitro antioxidant activity of olive biophenols at the
molecular level and compare individual biophenols with phenolic extracts.
2.5.3. To evaluate the in vitro inhibitory activity of olive biophenols against a
number of enzymes involved in AD and compare individual biophenols with
phenolic extracts.
2.5.4. To evaluate the in vitro anti-amyloid activities of olive biophenols and
extracts.
2.5.5. To evaluate the neuroprotective activities of olive biophenols and extracts at
the cellular level against various neurotoxic substances.
2.5.6. To evaluate the capability of olive biophenol extract to exert anti-AD activities
in vivo using a genetically-modified mouse model of AD.
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CHAPTER 3
PHENOLIC COMPOSITION OF OLIVE
BIOPHENOL EXTRACTS AND IN VITRO
ANTIOXIDANT ACTIVITY IN
COMPARISON WITH INDIVIDUAL OLIVE
BIOPHENOLS
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3.1. Abstract
In this chapter, the commercial olive extracts were analysed by evaluating their total
phenol content and total flavonoid content. Furthermore, high performance liquid
chromatography (HPLC) coupled with diode array detection (DAD), mass
spectroscopy (MS), and online ABTS radical scavenging activity assay were used to
analyse and confirm the phenolic composition and antiradical activity of commercial
olive extracts. Olive Leaf Extract Comvita

TM

(OE); Olive Fruit Antioxidants Juice

Blend Concentrate Nature’s Goodness TM (OF), Hydroxytyrosol Extreme TM ProHealth
(HE), and Olivenol Plus TM CREAGRI (OP) were investigated. A selection of in vitro
oxidative stress model systems: superoxide radical (SOR) scavenging activity,
hydrogen peroxide scavenging activity, and ferric reducing antioxidant power (FRAP).
In addition, bioactivities of extracts were compared with the major olive phenolic
constituents. Hydroxytyrosol and oleuropein were the major antioxidant biophenols in
all studied extracts. Generally, olive biophenol extracts showed higher activity than
individual biophenols. Amongst extracts, HE had the highest phenolic content and the
most potent antioxidant activity. Olive biophenols behaved differently in different
antioxidant assays. While flavonoids were very potent SOR scavengers and iron (III)
reducing agents, they were the least potent as hydrogen peroxide scavengers.
Verbascoside stands out as the most powerful antioxidant amongst non-flavonoid
biophenols. Though hydroxytyrosol and oleuropein were the chief biophenols in the
commercial extracts, they ranked low in the antioxidant assays. This suggests a strong
synergistic activity with other constituents in the extracts. Moreover, the olive
biophenols showed a significant metal sequestering activity which suggest the
beneficial effects of olive biophenols in metal induced toxicity degenerative diseases
like AD.
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3.2. Introduction
Oxidative stress is suggested to have a crucial role in AD pathology (Markesbery, 1997;
Smith et al., 2000). Reactive oxygen and nitrogen species (RONS) mediated injury is
often observed in AD brains, manifested by elevated lipid peroxidation, protein
oxidation, advanced glycation endproducts, and nucleic acid oxidation (Butterfield &
Lauderback, 2002). Neurons appear to be particularly vulnerable to attack by free
radicals and a dual relationship exists between Aβ and the production of free radicals
(Butterfield et al., 2007b). Superoxide anion radical (O2•¯) and hydrogen peroxide
(H2O2) are two major RONS which are mainly generated by mitochondria and found in
all tissues (Kowaltowski et al., 2009). Being a non-radical species, H2O2 has limited
reactivity, yet it readily crosses biological membranes. In contrast, O2•¯ is more reactive
but has little diffusibility (Multhaup et al., 1997). Thus, H2O2 can serve as a more
important contributor to pathological events than O2•¯due to its mobility and toxicity.

To counteract the oxidative stress, biological systems are equipped with some
protective strategies, including repair mechanisms and the antioxidant defence system.
The endogenous antioxidant defence system includes enzymatic (superoxide dismutase,
catalase, and glutathione peroxidase) and non-enzymatic (vitamins C and E, β-carotene,
uric acid, and glutathione) mechanisms (Birben et al., 2012). Under oxidative stress
conditions, the endogenous antioxidant defence system can be forfeited and subsequent
damage to molecular and cellular targets can take place. Thus, it has been proposed that
supplementation with exogenous antioxidants may prevent or rectify this situation.

Biophenols from olive (Olea europaea L.) are important components of the
Mediterranean diet. They have received considerable attention due to their versatile
pharmacological activities including potent antioxidant activities. Though virgin olive
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oil is widely celebrated for its biophenol content, olive fruits and leaves contain much
more biophenols and present a good source for extracting biophenols (Obied et al.,
2012). The biophenol composition of olive fruits and leaves varies a lot and is affected
by agricultural, environmental, pathological and experimental factors. Olive fruit and
leaf extracts have shown strong antioxidant activity both in vitro and in vivo (Obied et
al., 2012). Due to enormous biological activities and valuable biophenol compounds,
usage of whole olive leaf and olive leaf extract has increased rapidly in both the
pharmaceutical and food industries as food additives and functional food materials
(Delgado-Pertı́ñez et al., 2000; Fernández-Escobar et al., 1999).

For a fuller understanding of the pharmacological activity of olive biophenols, a good
comprehension of their chemistry and mode of action at the molecular level is
mandatory. Determination of the chemical composition of extracts allows linking
chemical structures with pharmacological activities and helps in explaining the
variability in biological response. Olive biophenols are well prized for their antioxidant
activities. However, most studies focused on crude extracts prepared in research
laboratories with minimal attention to the increasing number of commercially available
purified or semi-purified extracts. Activity of extracts is always looked at superficially,
either based on chief constitutes or as a sum up of the individual components.

In this chapter, several leading commercial olive leaf extract preparations were
investigated. Total phenol and total flavonoid contents of extracts were compared. The
extracts were profiled for their biophenol composition by high performance liquid
chromatography (HPLC) coupled with diode array detection (DAD), mass
spectroscopy (MS), and online ABTS radical scavenging activity. Superoxide radical
(SOR) scavenging activity, hydrogen peroxide scavenging activity, and ferric reducing
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antioxidant power (FRAP) were used to compare relative antioxidant properties of
individual biophenols and olive extracts.

3.3. Materials and Methods
3.3.1. Chemicals and plant extracts
Olive leaf extract (OE) from ComvitaTM, olive fruit extract (OF) from Nature
GoodnessTM, hydroxytyrosol extreme capsule (HE) from ProHealth®, olivenol plus
capsule (OP) from CREAGRITM. Oleuropein (OL), hydroxytyrosol (HT), vebascoside
(VB) and luteolin (LU) were purchased from Extrasysthase, France. All the chemical
were purchased from Sigma Aldrich, Australia including caffeic acid (CA), quercetin
(QR), rutin (RU), nitrotetrazolium blue chloride (NBT), potassium phosphate
monobasic, phenol red (ACS reagent), reduced β-nicotinamide adenine dinucleotide
disodium salt (NADH), phenazine methosulfate, horseradish peroxidase (HRP) (type
IV), hydrogen peroxide (H2O2), Sodium acetate trihydrate, hydrochloric acid and ferric
chloride (FeCl3.6H2O) hexahydrate, TPTZ (2, 4, 6-tripyridyl-s-triazine), (±)-6hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox). Glacial acetic acid
(C2H4O2) was purchased from Merck Pty Ltd, Australia.

3.3.2. Sample preparation
All standard non-flavonoid biophenols (OL, HT, VB, CA), standard flavonoid
biophenols (LU, RU and QR) (Fig. 3.1) and the commercial olive extracts (OE, OF, OP
and HE) were prepared in 50% methanol followed by ultra-sonification and filtration
(nylon syringe filter 0.25 μ) and the assays were performed within 4 h after preparation
to avoid any possible auto oxidation.
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Figure 3.1. Chemical structure of non-flavonoid and flavonoid olive biophenols

3.3.3. Determination of total phenol content in commercial extracts
The total phenol content in commercial olive extract (OE, OF, HE and OP) was
determined as previously described (Obied et al., 2005). Briefly, an aliquot (100 μL) of
various concentrations of olive extract or a blank (methanol 50% v/v) was added to a
volumetric flask containing 7-8 mL of water. Folin-Ciocalteu reagent (500 μL) was
added, followed by 1.5 mL of Na2CO3 solution (20% w/v) after one min. Immediately
after gentle shaking, the volume was made up to 10 mL with water and incubated for
one hour at room temperature followed by reading absorbance at 760 nm. Results were
expressed as milligrams of gallic acid equivalent per gram dry weight of air-dried
material (mg GAE/g). All samples were analyzed in triplicates.
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3.3.4. Determination of total flavonoid content in commercial extracts
Total flavonoid content in olive extracts was determined according to the AlCl3
colorimetric assay (Qawasmeh et al., 2012) with minor modifications. In 3 mL of 80%
methanol, 500 μL of the extract or QR was added to a 10 mL volumetric flask followed
by 300 μL of NaNO2 (5% w/v). After 5 min, 300 μL of AlCl3.6H2O (10% v/v) was
added, followed by 2 mL of 1M NaOH. The reaction mixture was shaken well before
the volume was made up to 10 mL with water. After gentle mixing, the absorbance was
read against a blank solution at 510 nm. Total flavonoid content was expressed as
milligrams of quercetin equivalent per gram dry weight of air-dried material (mg QE/g).
Each crude extract was analyzed in triplicates.

3.3.5. HPLC-DAD-online ABTS radical scavenging analysis
The HPLC analysis was performed on a Varian Prostar 240 solvent delivery system
equipped with a Varian Prostar 335 diode array detector (DAD) and a controller Varian
Prostar 410 auto-sampler along with Star Chromatography workstation version 6.41
(Varian, Australia) controller. A flow rate of 0.7 mL/min and an injection volume of 10
μL were used. The outflow from the DAD was connected to a reaction coil through a
T-intersection. 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) ABTS•+ (diluted
from a stock solution of 3 mM to result in a absorbance of 0.70 at 734 nm was pumped
to the reaction coil through the T-intersection by a Perkin-Elmer series 10 isocratic
HPLC pump. PEEK reaction coil, 3.4 m × 0.178 mm i.d., was maintained at 37 ± 1 °C
in a Varian HPLC column temperature controller. Detection of ABTS•+ absorbance was
monitored at 414 nm by a Varian 9050 UV-Vis detector. Data collected from the Varian
9050 UV-Vis detector generated positive peaks by reversing the polarity of the
analogue signal. Sample analysis was performed by gradient elution on a 250 mm × 4.6
mm i.d., 5 μM, Gemini C-18 column (Phenomenex, Sydney, Australia) with a Security
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Guard (Phenomenex) guard cartridge. The mobile phases were freshly prepared,
degassed under vacuum using Phenomenex nylon 45 μm membranes, and sonicated in
a Sanophon ultrasonic bath (Ultrasonic Industries Pty. Ltd., Sydney, Australia) for 15
min prior to HPLC analysis. Solvent A was 0.3% formic acid in a mixture of
acetonitrile/water (50 + 50, v/v), and solvent B was 0.3% formic acid in a 10 mM
ammonium acetate solution. The system was allowed to equilibrate for 20 min between
runs.

3.3.6. Liquid Chromatography-Mass spectrometry (LC-MS)
Samples were analyzed by an Agilent 1200 series liquid chromatographic equipment
(Agilent Technologies, Waldbronn, Germany) by gradient elution on a 150 mm × 4.6
mm i.d., 3 μm, Phenomenex C-18 column (USA). The flow rate was 0.7 mL/min, and
the injection volume was 5 μL. The mobile phase used was a gradient of solvent A
(0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile/water 50:50,
v/v). The total run time was 70 min. A linear gradient was conducted as follows: from
0% solvent B to 5% solvent B in 7 min; isocratic for 3 min; then to 10% solvent B in 5
min; to 20% B in 5 min; to 30% B in 10 min; to 80% B in 25 min; back to initial
composition 100% A in 5 min; then isocratic for 10 min. The DAD was set to record
chromatograms at 235, 260, 280, 330, and 420 nm. The effluent from the DAD was
directed to a 6410 triple-quadrupole mass analyzer (Agilent Technologies, Santa Clara,
CA, USA) equipped with an electrospray ionization (ESI) interface. MS analysis was
performed in the negative ion mode (m/z 100-1200) under the following conditions:
nitrogen gas; gas temperature= 300 °C; gas flow rate= 12L/min; nebulizer pressure= 45
psi; capillary voltage= 4 kV; cone voltage= 100V. Data were analyzed using Agilent
Mass Hunter workstation version B.01.04 2008 (Agilent Technologies, Waldbronn,
Germany).
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3.3.7. Superoxide radical (SOR) scavenging assay
The SOR scavenging activity method was adopted from a previously described method
(Obied et al., 2009) with some modifications. Fifty μL of different concentrations of
olive biophenols, 50 μL of NBT (200 μM), 50 μL of NADH (624 μM), and 50 μL of
phenazine methosulfate (80 μM) were sequentially added. The reaction mixture was
incubated at room temperature for 5 min, and the absorbance was read at 560 nm by
Versamax Tunable (Molecular Devices, Sunnyvale, United States) automated
microplate reader. Phosphate buffer was used as a negative control. Fresh phenazine
methosulfate solution was prepared for every set of experiments due to its instability
(Obied et al., 2009). The scavenging percentage was calculated as
%

⦋1

Absorbance of sample at 560 nm
⦌
Absorbance of control at 560 nm

100

3.3.8. In vitro H2O2 scavenging assay
The H2O2 scavenging assay method was described previously (Obied et al., 2009). 50
μL of freshly prepared 2 mM H2O2 solution was mixed with 50 μL of different
concentrations of olive biophenols prepared in 0.1 M phosphate buffer. The reaction
mixture was incubated at room temperature (20 ±2 °C) for 20 min. A mixture (100 μL)
made from freshly prepared HRP (0.3 mg/mL) and phenol red (4.5 mM) in 0.1 M
phosphate buffer was added to the reaction mixture. After 10 min of incubation at room
temperature, the absorbance was measured at 610 nm by Versamax Tunable (Molecular
Devices, Sunnyvale, United States) automated microplate reader. All samples were
prepared in 50% methanol while the reagents were prepared in 0.1 M phosphate buffer
(pH 7.4). H2O2 solution was prepared freshly, and the concentration of H2O2 was
determined by measuring the absorbance at 230 nm using ЄH₂O₂, 230 nm = 81 M–1cm–
1

. The scavenging percentage was calculated as
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%

⦋1

Absorbance of sample at 610 nm
⦌
Absorbance of control at 610 nm

100

3.3.9. Ferric reducing/antioxidant power (FRAP) assay
The ferric reducing/antioxidant power assay procedure was conducted according to a
method described earlier (Benzie & Strain, 1996), with slight modification. The
working FRAP reagent was prepared by mixing 300 mM acetate buffer (pH 3.6), 5 mM
2,4,6-tripyridyl-triazine (TPTZ) solution in 40 mM HCl and 5 mM FeCl3·6H2O
solution. Twenty five mL acetate buffer, 2.5 mL TPTZ solution, and 2.5 mL
FeCl3.6H2O solution were mixed together and warmed at 37ºC prior to use. A total of
200 µL FRAP reagent was added with 10 μL of olive biophenols along with 40 μL of
distilled water followed by reading, taken at 593 nm using Fluostar omega plate reader
(BMG-Labtech) after incubation at 37°C in water bath. Trolox was used as standard.
The final result was expressed as the concentration of antioxidant having a ferric
reducing ability in 1 gm of sample (mM/g). Total reducing power was expressed as
trolox equivalent and samples were analyzed in triplicate.

3.3.10. Statistical analysis
Data are expressed as means ± SD. EC50 and One-way ANONA was applied to
determine the differences between experimental groups using Graphpad Prism version
5 software. P value <0.05 was considered significant.
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3.4. Results and discussion

3.4.1. Total phenol and total flavonoid contents
The total phenolic content was examined for olive extracts using Folin-Ciocalteu’s
reagent (the standard curve equation: y = 1.1476x – 0.085, r2 = 0.998) in the range from
4 to 19.1 mg GA/g (Fig. 3.2A). Samples were ranked as following: HE (19.1 ± .03) >
OE (8.3 ± 0.004) > OP (5.0 ± 0.01) > OF (4.0 ± 009).
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Figure 3.2. (A) Calibration curve of gallic acid and (B) quercetin

An in vitro study has shown that the maximum theoretical yield of total biophenol
content determined by the Folin-Ciocalteu’s assay was 250.2 mg gallic acid equivalents
(GAE) per 100 g dry weight of olive leaf extract (Hayes et al., 2011). The results
showed more than the double amount of total phenol in HE, while the condition and
quality of extract was quite different. Indeed, scientifically we cannot compare our
results with the previous published results. The flavonoids concentration in various
olive extracts was determined (the standard curve equation: y = 0.2935x + 0.0354, r2 =
0.993) (Fig. 3.2B). Results were in the range from 20.9 to 263.4 mg QE/g. The highest
flavonoid content was determined in HE (263.4 ± 0.008) followed by OE (33.7 ± 0.01),
OP (29.1 ± 0.006) and least in OF (20.9 ± 0.01). Again the commercial HE extract
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showed the highest flavonoid content which is regardless of sampling parameters (olive
cultivar, leaf age or sampling date).

3.4.2. HPLC-DAD-ABTS analysis and LC-MS
Generally, phenolic substances in leaf, fruit or in oil extracts are measured by the two
most widely used methods, either a colorimetric reaction (Favati et al., 1994; Orak et
al., 2012) or a high-performance liquid chromatography (HPLC) procedure (Montedoro
et al., 1992). There are other methods too which have been used for the characterization
of phenolic compounds in olive oil, such as high-performance liquid chromatography
(HPLC) coupled with ultraviolet detection (Tsimidou et al., 1992), diode array
detection (Pirisi et al., 1997) coulometric electrochemical detection (Brenes et al.,
2000), mass spectrometry (Suarez et al., 2008), gas chromatography coupled to MS
(Garcia-Villalba

et

al.,

2011),

nuclear

magnetic

resonance

spectroscopy

(Christophoridou et al., 2005) and infrared spectroscopy (Montedoro et al., 1993).
Among these techniques, LC/MS is the predominent method used for the quantification
of phenolics in olive oil. In the present study, the maximum wavelength value of 280
nm was chosen for detection because of the characteristic absorbance of secoiridoids
detected at 240 nm wavelength, which are abundant in the oleaceae family (Cardoso et
al., 2005) and considerable covers the wide range detection.

The biophenol constituents of olive extracts could vary depending upon a number of
factors, including origin, variety, storage conditions, climatic conditions, moisture
content, and degree of contamination with soil and oil (Bianco & Uccella, 2000).
Hydroxytyrosol glucoside (peak 3) was found in OE (Fig. 3.3A) and HE (Fig. 3.3C),
while HT (peak 4) was common in all the olive extracts (Table 3.1). Caffeic glucoside
(peak 5) was identified only in OE (Fig. 3.3A), while tyrosol (peak 6) was identified
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only in OP (Fig. 3.3D). Enolic acid (peak 8) was identified in OE (Fig. 3.3A), while
their glucoside (peak 9) was identified only in HE (Fig.3.3C). Oleosides, an elenolic
acid derivative are not necessarily phenolic compounds but may include due to presence
of a phenolic moiety as a result of esterification (Ryan et al., 2002b). VB was the
second most common biophenol after HT, identified in all of the commercial olive
extracts (Table 3.1). Secoiridoids, the characteristic feature of oleaceae family, where
oleuropein aglycone derivative (peak 7; RT-8.3) was identified in OE (Fig. 3.3A), HE
(Fig. 3.3C) and OP (Fig. 3.3D). The major secoiridoid in olive, oleuropein (peak 18)
was identified in OE and OF (Fig. 3.3A and B). Interestingly, there was a non-phenolic
secoiridoid (peak 19) derivative identified in OP (Fig. 3.3D) but with 320 nm. The two
compounds were partially identified as secoiridoid class but unidentified to a particular
compound found on peak 12 and 13 in OE (Fig. 3.3A) while peak 13 was also identified
in OF (Fig. 3.3B). The flavonoid biophenol was also identified in olive extracts, where
luteolin-7-O-glucoside (peak 11) was identified in OE, OF and HE, while the other two
belongs to flavonoid glycoside on peak 15 and 16 in OE (Fig. 3.3A). The HPLC
chromatograms distinguished sixteen peaks in OE, while a few peaks 1, 2 and 25 peaks
remain unidentified (Table 3.1; Fig 3.3A). The HPLC/ABTS scavenging activity
suggested the antioxidant activities of OE by all major peaks except peak 8, 12, and 25
(Table 3.1; Fig 3.3A). The OF showed seven major peaks and all have ABTS
scavenging activity except peak 17 (Table 3.1; Fig 3.3B). HE represented seven major
peaks and identified while enolic acid glucoside (peak 9) doesn’t showed ABTS
scavenging activity (Table 3.1; Fig 3.3C). OP screening showed five major peaks were
identified as biophenolic compounds and all except the compound tyrosol (peak 6) nonphenolic secoiridoid (peak 19) showed ABTS scavenging activity (Table 3.1; Fig
3.3D).
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Two of the commercial extracts HE and OP are semipurified extracts where the
manufacturer hydrolyzed other HT containing compounds to maximize the recovery of
HT. Thus, they are mainly (>65% of peak area) composed of HT with few other minor
constituents. On the other hand OE and OF are more of the crude extracts where there
are a number of constituents, yet OL and HT are still the major components in these
extracts. VB and Lut-7-glucoside come in the second place after OL and HT. It can be
noticed that there are unknown very polar compounds (peak 1) with prominent
antioxidant activity in OE. Similarly, OF had the highest peak at 280 nm as known
compound (peak 17). These two compounds have never been reported in olive fruit or
leaf extracts prepared for research purpose. Therefore peak1 and peak 2 are most likely
pharmaceutical excipients added by the manufactures. Furthermore, QR and its
glycoside RU were not detected in commercial extracts, while they have been
repeatedly found in experimental extracts (Obied et al., 2012).
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Figure 3.3. HPLC-DAD-ABTS chromatograms of (A) OE, (B) OF, (C) HE and (D) OP: (i) at
280 nm (ii) ABTS scavenging at 414 nm (For identification of peaks 1-25 refer to Table 3.1).

Earlier studies have showed that olive leaf extract constitute six major biophenols: OL
(24.5%), VB (1.1%), luteolin-7-Oglucoside (1.4%), apigenin-7-O-glucoside, HT
(1.5%) and tyrosol (0.7%) (Hayes et al., 2011; Niaounakis & Halvadakis, 2006). In
addition, LU, and apigenin-7-O-glucoside (1.4%) were also isolated from the leaves.
Our results showed that HT and VB were dominant in all the four extracts (OE, OF, HE
and OP) having strong ABTS scavenging activity (Table 3.1). Oleuropein aglycone
derivatives was found in three extracts (OE, HE and OP). Luteolin-7-O-glucoside was
detected in all the extracts apart from OP (Table 3.1). OL was dominant in OE and OF
(Table 1). The results showed some similarity to the previous reported results
(Benavente-Garcı́a et al., 2000) having biophenols in olive leaves consists of
secoiridoids (OL and VB), flavones (LU, diosmetin, apigenin-7-glucose, luteolin-7glucose, and diosmetin-7- glucose), flavan-3-ols (catechin), and substituted phenol
(tyrosol, HT, vanillin, vanillic acid, and CA). In contrast, we didn’t find any trace of
the flavonoid QU and RU in the commercial olive extracts. The presence of QU and
RU in olive leaf extract found in a very low concentration, such as 0.04% (Dekanski et
78

al., 2009) and the presence/absence greatly varies, depending on species, maturation of
leaf and extraction or processing methods (Taamalli et al., 2012).

Table 3.1. Major peaks identified in olive extracts
Peak

RT

UV-Vis

Identification

ABTS

M-1

Samples

1

3.6

231, 278

Unknown

Yes

191

OE

5.1

231, 279

Yes

487

OE

3

6.1

283

Unknown
Hydroxytyrosol
glucoside

Yes

315

OE, HE

4

6.8

231.33,
275

Yes

153

OE, OF, HE,
OP

5
6

7.4

232, 333

Hydroxytyrosol
Caffeic
glucoside

Yes

339

OE

8.2

277

No

NI

OP

8.3

229, 278

Tyrosol
Oleuropein
aglycone
derivative

Yes

377

OE, HE, OP

8.5

233

Elenolic acid

No

241

OE

9.1

237

Elenolic acid
glucoside

No

403

Yes

623

HE
OE, OF OP,
HE

Yes

447

No

581

Yes

577

Yes

447

OE

Yes
No

461
NI

OE
OF

Oleuropein
non-phenolic
secoirdoid
derivative

Yes

539

OF, OE

No

285

OP

2

7
8
9
10

11.3
11

Verbascoside
Luteolin-7Oglucoside
Unknown
secoirdoid
Unknown
secoirdoid
Flavonoid
glycoside
Flavonoid
glycoside
Unknown

12.3

254,267,
340

13.0

278

13

14.0

15
16

14.5

278
265, 325,
359

17

14.8
15.126

266, 341
260

18

15.48

237, 280

19

16.0

232

16.42

234

Oleuroside

Yes

539

OF, OE

19.1

287, 290

Yes

377

HE

21.2

234, 280

Oleuropein
aglycone
derivative
Unknown

No

415

OE
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20
22
25

OE, OF, HE

References

(Kontogianni et
al., 2013)
(Kontogianni et
al., 2013)
(Chen et al.,
2012)
(Obied et al.,
2005)
(Kontogianni et
al., 2013)
(Visioli et al.,
2002)
(Ryan et al.,
2002a)
(Herrero et al.,
2011)
(Herrero et al.,
2011)

OE
OE, OF,

(Kontogianni et
al., 2013)

(Herrero et al.,
2011)
(Kontogianni et
al., 2013)

According to the manufacturers claim, the two commercial extracts, OE and HE, were
mainly prepared from olive leaf, while OF and OP were prepared from olive fruit pulp.
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In addition, the manufacturers showed that OL was the main constituent in OE (4.4
mg/mL) and OF (5 mg/mL), while HT was the main constituent in HE (25 mg/100 mg
extract) and OP (12 mg/capsule). We found that OL was the main biophenolic
constituent in OE and OF, which was similar to the manufacturers claim. Similarly we
found that HT was the main constituent in HE and OP, again in line with the
manufacturer claims. Unfortunately, quantitative analysis of the extracts was not
possible due to a lack of basic information about the commercial extract, which was not
provided by the manufacturer.

3.4.3. SOR scavenging activities
The non-enzymatic phenazine methosulfate-NADH system generates superoxide
radicals, which reduce NBT to a purple formazan dye. In brief, the generated SOR
reduces the yellow, water-soluble NBT2+ radicals to blue, water-insoluble diformazan.
In an aqueous solution and at physiological pH, phenols or their phenoxide ions can
reduce SOR forming H2O2 (Jovanovic et al., 1994). Thus, the decrease of absorbance
at 560 nm with olive biophenols indicates the consumption of superoxide anion in the
reaction mixture. Lower the absorbance at 560 nm, the more potent SOR scavenger the
sample is (Table 3.2).
VB showed maximum potency (EC50 = 119.4 µM) followed by OL (EC50 = 258 µM),
while the HT showed EC50 of 291.4 µM and the least activity showed by CA of EC50
436.3 µM (Fig. 3.4A-D). In the flavonoid group of biophenols, QR showed the
maximum SOR scavenging activity having EC50 83.71 µM, while RU was the
immediate next active to QR having EC50 of 143.2 µM (Fig. 3.5A-C). The results
showed the superiority of QR over other flavonoids (RU and LU) against SOR
scavenging activity, which was suggested by earlier studies too (Cai et al., 2014;
Masuoka et al., 2012).
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Figure 3.4. SOR scavenging activities of non-flavonoids olive biophenols (A) CA, (B) OL, (C)
HT and (D) VB. The results are mean ± S.D. analyzed by one way ANOVA, *p < 0.05 vs
control. *Note: SOR-superoxide radical, CA-caffeic acid, OL-oleuropein, HT-hydroxytyrosol
and VB-verbascoside.

LU was the least active among flavonoids, having an EC50. From the commercial
extract group of olive biophenols, OE showed maximum scavenging potency as seen
in Table 3.2. We noticed a hermetic behaviour for OE, at 50 µg/mL showed maximum
SOR scavenging activity, while a decrease in activity was observed at higher
concentration.

The

activity

amongst

QR>VB>RU>LU>OL>HT>CA.
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Figure 3.5. SOR scavenging activities of flavonoids olive biophenols (A) QR, (B) RU and (C)
LU. The results are mean ± S.D. analyzed by one way ANOVA, *p < 0.05 vs control. *Note:
SOR-superoxide radical, QR-quercetin, RU-rutin, and LU-luteolin.

Generally, flavonoids are more active than the non-flavonoids except VB, which was
found to be more potent than RU and LU. As seen before (Kwon et al., 2004),
glycosidation has resulted in reduced SOR scavenging activity of flavonoids (Fig.3.1).
Non-flavonoid olive biophenols have VB as the most potent SOR scavenger. This
comes in according with earlier findings (Obied et al., 2009). OL showed higher SOR
scavenging activity compared with HT as reported previously (Obied et al., 2009).
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Figure 3.6. SOR scavenging activity of olive extracts (A) OE, (B) OF, (C) HE and (D) OP. *
Note: SOR-superoxide radical, OE-olive leaf extract, OF-olive fruit extract, HE-hydroxytyrosol
extreme, and OP-olivenol plus. The results are mean ± S.D. analyzed by one way ANOVA, *p
< 0.05 vs control.

Extracts can be ranked due to their SOR activity as follows OE>HE>OP>OF (Fig.
3.6A-D). The extract with the lowest total phenol content and total flavonoid content,
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OF, had the lowest SOR scavenging activity. HE had the highest total phenol and total
flavonoid content, but was second after OE as an SOR scavenger.
Indeed, olive biophenols, especially the extracts showed significant high potential in
SOR scavenging which may reduce the further aggregation of formed Aβ and lipid
peroxidation. A few studies have demonstrated the synergistic effect of polyherbal
extract formulations, which may give a new direction for research into effective
combination therapies (Barrajon-Catalan et al., 2015; Micucci et al., 2015). The exact
mechanism behind the higher activity of extracts is not clearly understood but possibly
due to the synergistic mechanism between their biophenol components (non-flavonoids
and flavonoids).

3.4.4. H2O2 radical scavenging activities by olive biophenols
Olive biophenols behave as good electron donors due to the phenolic hydroxyl group,
mostly via hydrogen atom donation from the hydroxyl group(s) attached to the benzene
ring (Sawa et al., 1999). Thus, they can accelerate the conversion of H2O2 into H2O.
The unreacted H2O2 is consumed by HRP to oxidize phenol red and the oxidation
products is measured at 610 nm. Non-flavonoid olive biophenols showed poor H2O2
scavenging activity, only at mM range (Table 3.2). VB showed the highest H2O2
scavenging activity at EC50 = 0.66 mM. Higher activity of VB supported the earlier
published result (Obied et al., 2009). Flavonoid olive biophenols showed very poor
H2O2 scavenging activity and none of the compounds reached 50% inhibition. QR
showed maximum scavenging of 47% followed by LU 45% and RU 41% at the
concentration of 1.25 mM. Regarding olive biophenols extracts, HE showed the highest
activity followed by OE. Contradictory to SOR scavenging, OF showed higher H2O2
scavenging activity than OP. Results of H2O2 scavenging activity suggest that olive
biophenols are not potent scavengers of H2O2. The commercial olive biophenols
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extracts showed higher activity than individual compounds, which suggests a potential
synergistic effect.

3.4.5. Iron (III) reducing power in FRAP
FRAP assay depends on the reduction of the colourless ferric complex (Fe3+
tripyridyltriazine) to blue-coloured ferrous complex (Fe2+ tripyridyltriazine) by the
action of electron donating antioxidants at low pH (Benzie & Strain, 1996). The
standard curve was prepared using different trolox concentrations ranging from 0-1200
µM, given R2 = 0.9999 (Fig. 3.7A). Olive biophenols showed significant reducing
power in the FRAP assay (Table 3.2; Fig. 3.7B-D). As with SOR and H2O2, VB showed
the highest activity from the non-flavonoids. QR had the highest activity followed by
LU and RU amongst flavonoids. HE showed the highest antioxidant activity from the
extract group of olive biophenols followed by OE. Commercial extracts can be ranked
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Figure 3.7. Ferric reducing antioxidant power (FRAP) assay (A) standard curve (B) nonflavonoids olive biophenols, (C) flavonoid olive biophenols, and (D) commercial biophenolrich olive extracts. The results are mean ± S.D. analysed by one way ANOVA, *p < 0.05 vs
control. * Note: , CA-caffeic acid, OL-oleuropein, HT-hydroxytyrosol and VB-verbascoside,
QR-quercetin, RU-rutin, and LU-luteolin, OE-olive leaf extract, OF-olive fruit extract, HEhydroxytyrosol extreme, and OP-olivenol plus.
Table 3.2. SOR scavenging, H2O2 scavenging and FRAP value of olive biophenols
Non-flavonoids

SOR scavenging (EC50)

FRAP mM TE/g

436.3 µM

H2O2 scavenging
(EC50)
1.01 mM

CA
OL

258 µM

1.02 mM

0.713

HT

291.4 µM

1.02 mM

0.775

VB

119.4 µM

0.66 mM

1.173

QR

93.97 µM

ND

1.272

RU

143.2 µM

ND

0.957

LU

234 µM

ND

1.011

OE

1.89 µg/mL

120.6 µg/mL

2.261

OF

6.71 µg/mL

217 µg/mL

1.708

HE

1.98 µg/mL

115.8 µg/mL

2.824

OP

2.46 µg/mL

280.3 µg/mL

1.421

0.830

Flavonoids

Extracts

Note: SOR-superoxide radical, FRAP-ferric reducing antioxidant power, TE-trolox equivalent,
EC50-effective concentration at 50%, CA-caffeic acid, OL-oleuropein, HT-hydroxytyrosol,
VB-verbascoside, QR-quercetin, RU-rutin, LU-luteolin, OE-olive leaf extract, OF-olive fruit
extract, HE-hydroxytyrosol extreme, and OP-olivenol plus, ND: not determined (> 1.25 mM).

Iron plays an important role in AD pathology. Studies showed that iron accumulates in
the same brain regions where the Aβ is deposited, such as hippocampus, parietal cortex,
and motor cortex (Connor et al., 1992; Zecca et al., 2004). Moreover, iron accumulation
was also observed in neurons with neurofibrillary tangles (Smith et al., 1997). Ferrous
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iron (Fe2+) showed better absorption than ferric iron (Fe3+) because ferric iron
precipitates out of solution at around pH 7 or under normal physiologic conditions.
Interestingly, binding of ferric iron to the tau protein precedes the aggregation of
hyperphosphorylated tau and the subsequent formation of neurofibrillary tangles
(Yamamoto et al., 2002). By reducing the Fe3+ into Fe2+, olive biophenols may increase
their absorption for GIT as well as reducing the availability of Fe3+ binding to tau
protein which can lead to a decrease in further aggregation in AD brain.

3.5. Conclusion
The present study showed that in the composition of extracts HE and OP, HT is the
most dominant component and the chief antioxidant ingredient, though they still have
a few minor ingredients. OF and OE have OL and HT as main antioxidant biophenols,
followed by VB and Lut-7-glucoside. The results also showed that the extract HE has
the highest phenol content, more than 5-times what other HT enriched extracts contain,
which is in accordance with the manufacturer’s claims. The total phenol content was
not always parallel to the activity in the various antioxidant model systems and suggests
that the total phenol content is not the factor responsible for the antioxidant activity, but
more due to the specific phenolic compound. Thus, measuring antioxidant activity in a
variety of model systems with differing underlying chemistry is to be always
encouraged. The extract OE showed the highest SOR activity, which suggests that
oleuropein is the principal active ingredient. The pure HPLC grade compound
verbascoside showed the highest SOR scavenging activity rather than the pure
individual HPLC grade oleuropein, which counters the statement provided for the
extract OE, that oleuropein was the most potent scavenger of SOR. The overall results
suggested a synergistic activity of extract compounds in which the combination of the
different compounds increased the activity of oleuropein as a principal SOR scavenger.
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The extract HE was the most effective H2O2 scavenging agent among the extracts,
which suggests that the principal constituent hydroxytyrosol has a higher potential than
the extracts containing oleuropein as principal constituent to scavenge not only the
H2O2 but also SOR. Among the non-flavonoid olive biophenols, VB showed the highest
H2O2 scavenging activity. This could be due to its structure, which is a combination of
three different moieties: two antioxidants and a sugar part (Vertuani et al., 2011). In
contrast, none of the flavonoids (QR, RU and LU) reached an EC50 value for H2O2
scavenging activity, which suggests that the flavonoids have poor H2O2 scavenging
activity. The results from the ferric reducing antioxidant power (FRAP) assay showed
that the extract HE had the highest reducing power among the extracts, and suggested
that HT has high antioxidant efficiency, attributed to the presence of the odihydroxyphenyl moiety, allowing a high capacity for free radical scavenging during
the oxidation process and reducing power on Fe3+ (Torres de Pinedo et al., 2007). In
general, the extracts were more effective SOR, H2O2 scavengers and FRAP agents
compared with the individual olive biophenols, suggesting significant synergism. The
extracts HE and OE had superior antioxidant activities in all the applied assays.
Amongst the individual biophenols, VB stands out as the most effective antioxidant.
Interestingly, VB is a conjugated glycoside of both HT and CA, but HT and CA were
less effective in extracts. Similarly, the extract HE is mainly formed from HT, yet its
antioxidant activity was much higher than the HPLC grade HT alone. Thus, presence
of minor constituents in HE has a very significant impact on boosting the activity of
HE.
Taking these results as a whole, they show that olive biophenols have the capacity to
counter the production of free radicals and as such have the potential to be effective
compounds against the pathogenesis of AD. In doing so, they appear to be more
effective as an extract of olive leaves, rather than as purified isolated biophenols.
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CHAPTER 4
MODULATION OF SOME ENZYMES
INVOLVED IN ALZHEIMER’S DISEASE BY
OLIVE BIOPHENOLS
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4.1. Abstract
In Alzheimer’s disease (AD), a number of enzyme activities are affected and changed
from the normal function such as amyloid producing beta secretase site 1 cleaving
enzyme (BACE1) and gamma secretase, amyloid beta (Aβ) degradation and clearance
(neprilysin and insulin degrading enzyme), histone deacetylase and tyrosinase. The
classical enzyme targets such as acetylcholinesterase inhibitors (AChEIs) for improving
the neurotransmitter system participating learning memory, fail to decline disease
progression due to several side effects arising from synthetic preparations that reduce
patient’s adhesion to pharmacotherapy. In the present study, we targeted some
important enzymes [BACE1, acetylcholinesterase (AChE), butyrylcholinesterase
(BChE), tyrosinase and histone deacetylase (HDAC)] involved directly or indirectly in
the progression of AD by using natural plant origin olive biophenols (non-flavonoids,
flavonoids and commercial extracts). We found that rutin (IC50: 3.8 nM) and olive fruit
extract (IC50: 18 ng) showed highest inhibition activity against BACE1 enzyme.
Quercetin showed the highest inhibitory activity against both the cholinesterases: AChE
(IC50: 55.44 µM) and BChE (IC50: 19.08 µM), and tyrosinase (IC50: 10.73 µM). In the
HDAC inhibition, again quercetin was the significant potent inhibitor (IC50: 105.1 μM)
followed by hydroxytyrosol extreme extracts (IC50: 62.22 μg).
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4.2. Introduction
A number of diseases caused by protein deposition involve the aggregation of normally
soluble proteins, leading to both fibrillar and amorphous deposits (Carrell & Lomas,
1997; Uversky & Fink, 2011). There are more than twenty enzymes involved in the
pathogenesis of AD. The leading enzymes involved in the production of Aβ are protease
enzymes: beta secretase site 1 cleaving enzyme (BACE1) and gamma secretase which
act by trimming off amyloid precursor protein and offering the first step in the buildup
of microscopic balls of debris known as toxic amyloid (Chow et al., 2010; Vassar et al.,
1999). On the other hand, enzymes involved in Aβ degradation and clearance are:
neprilysin, insulin degrading enzyme, various matrix metalloproteinases that degrade
Aβ and low-density lipoprotein receptor-related protein-1 located in the blood-brain
barrier, which causes efflux of Aβ from brain to blood (Miners et al., 2014). From the
extensive research, enzyme inhibition is considered one of the major therapeutic
options for the AD treatment and prevention (Ghosh et al., 2008; Wolfe, 2012; Zou &
Michikawa, 2008).
β-Secretase (BACE1) is the first rate limiting enzyme in the production of Aβ, (Cai et
al., 2001). Thus it’s considered a major target for developing anti-AD drugs. Many of
the synthetic BACE1 inhibitors have serious clinical problems including narrow safety
margin and poor penetration of BBB. Biophenols constitute attractive candidates as
BACE1 inhibitors due to their small molecular sizes and low molecular weights
(Youdim et al., 2004). Moreover, biophenols showed potent antioxidant and freeradical scavenging activities along with a wider range of safety compared with synthetic
inhibitors (Ross & Kasum, 2002) such as rosiglitazone and LY2886721 (Willis et al.,
2012) which cause cardiac risk and liver disorders. In an in vitro study (Shimmyo et al.,
2008a) using a BACE1 inhibition assay, the biophenol myricetin showed the highest
inhibitory activity (IC50: 2.8 µM), followed by quercetin (IC50: 5.4 µM), kaempherol
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(IC50: 14.7 µM), morin (IC50: 21.7 µM) and apigenin (IC50: 38.5 µM). In addition,
another in vitro study (Sasaki et al., 2010) reported that the biflavonoids (2,3dihydroamentoflavone and 2,3-dihydro-6-methylginkgetin) exhibited potent inhibitory
effects against BACE1 with an IC50 values of 0.75 and 0.35 μM, respectively.
Cholinesterases: acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are a
ubiquitous class of serine hydrolases that hydrolyze choline esters (Massoulie et al.,
1993). AChE is responsible for the rapid hydrolysis of acetylcholine (ACh) at
cholinergic synapses while BChE shares some of these functions but its role in the brain
is still unclear (Taylor & Radic, 1994). According to the cholinergic hypothesis of AD,
cholinergic neurons in the basal forebrain are severely affected in AD. There is a loss
of neurons accompanied by reduction in enzymes for ACh synthesis and degradation
(Bartus, 2000b). Kar et al, found that Aβ induces basal forebrain cholinergic cell loss
(Kar et al., 2004). As a result, there is a deficit in cerebral cholinergic transmitters which
leads to memory loss and other cognitive symptoms that are characteristic of AD. This
served as the rationale for the development of cholinesterase inhibitors (ChEIs), which
have shown consistent but modest clinical efficacy against cognitive decline (Lanctot
et al., 2003). ChEI, such as physostigmine, tacrine and donepezil show severe adverse
effects, including hepatotoxicity and gastrointestinal problems (Gauthier, 2001).
Deficiency of presenilins (a transmembrane protein in Aβ production) leads to aberrant
accumulation of tyrosinase (a key and rate-limiting enzyme in the biosynthesis of
melanin) which ultimately causes γ-secretase dependent trafficking (Wang et al.,
2006a). Studies have shown that tyrosinase activity could be higher in substantia nigra
(dopamine rich region) and involved in neuromelanin (NM) biosynthesis (Greggio et
al., 2005; Tief et al., 1998; Xu et al., 1997), whilst the exact role of tyrosinase in brain
whether beneficial or detrimental to neurons is still unclear. Targeting tyrosinase and
their inhibition could be helpful for blocking the sequences of the events which are
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involved the progression of AD. Biophenols are strong tyrosinase inhibitors (Kim &
Uyama, 2005).
Memory consolidation in the hippocampus, which is linked with histone (basic protein),
particularly susceptible to dysfunction including the synthesis memory-promoting
proteins during the early stages of AD (Kilgore et al., 2010). The activity of histones
mainly governed by the enzymes called acetyltransferases (HAT) and histone
deacetylases (HDAC) involved in the acetylation and deacetylation, exists in the
hippocampus (Kleff et al., 1995), which is required for memory formation (Fischer et
al., 2010). Histone acetylation is responsible for contextual learning (Levenson et al.,
2004a), while their reduction in acetylation by preventing HAT activity promotes
amnesia and interferes with the consolidation of hippocampus-dependent memories
(Alarcon et al., 2004; Korzus et al., 2004). Moreover, a few in vitro and in vivo studies
have reported that histone directly binds to tau, and influences the phosphorylation and
incorporation of tau into neurofibrillary tau tangles causing AD (Cook et al., 2014; Ding
et al., 2008). A number of studies have shown that inhibition of HDAC could be
beneficial in AD cognitive decline (Fischer et al., 2007; Mai et al., 2009). In addition,
it was found that biophenols interact with epigenetic mechanisms and gene expression
resulting in an increase in cognition, memory and other impaired functions related to
AD (Sezgin & Dincer, 2014). Although, many epigenetic mechanisms underlie AD
pathophysiology, the value of pharmacologic modulation of these mechanisms is still
to be uncovered.
In the light of the described role of enzymes involved in the development and
progression of AD, the present study was designed to target the following enzymes by
using olive biophenols including non-flavonoids (oleuropein, hydroxytyrosol, caffeic
acid and vebascoside), flavonoids (quercetin, rutin and luteolin), and commercial olive
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extracts (olive leaf, olive fruits extracts, hydroxytyrosol extreme and olivenol plus): (1)
BACE1, (2) AChE and BChE, (3) tyrosinase, (4) and HDAC.

4.3. Materials and methods
Oleuropein (OL), hydroxytyrosol (HT), vebascoside (VB) and luteolin (Lut) were
purchased from Extrasysthase, France. Caffeic acid (CA), quercetin (QR) and rutin
(RU) were purchased from Sigma Aldrich, Australia. Olive leaf extract (OE) from
ComvitaTM, olive fruit extract (OF) from Nature GoodnessTM, hydroxytyrosol extreme
capsule (HE) from ProHealth®, olivenol plus capsule (OP) from CREAGRITM. L-3,4Dihydroxyphenylalanine

(L-DOPA),

mushroom

tyrosinase,

kojic

acid,

acetylcholinesterase (AChE) from electric eel (type V-S), butyrylcholinesterase
(BChE), acetylthiocholine iodide, S-butyrylthiocholine chloride, 5,5′-dithiobis (2nitrobenzoic acid) (DTNB), galanthamine from Sigma Aldrich, Australia. Histone
deacetylases (HDAC) kit Lot 80140 and Lot 80740 from BioVision, Australia.
Cayman’s BACE inhibitor screening assay kit; Lot 0451811 and Lot 0452109,
Australia. Sterile black and white flat bottom 96 well plate from VWR, Australia.

4.3.1. Beta-secretase (BACE-1) inhibition assay
The β-secretase inhibitory assay was carried out according to the manufacturer
protocol. For the blank well, in the black sterile 96 well plate, 95 μL of assay buffer (50
mM sodium acetate, pH 4.5) and 2.5 μL of solvent (50% methanol) was added. 92.5 μL
of assay buffer and 2.5 μL of recombinant BACE were added to each well followed by
2.5 μL of solvent (50% methanol) and 2.5 μL of different concentrations of olive
biophenols (2.5-125 μM) in the positive control well. The reaction was initiated by
adding 2.5 μL of substrate to all wells followed by gentle shaking of the microplate for
10 seconds. Epigallocatechin gallate was used as reference inhibitor for the BACE1
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assay (Jeon et al., 2003). The plate was incubated for 40 minutes at room temperature
and absorbance was taken by removing the plate cover in the Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies, Australia) using excitation wavelengths of
335-345 nm and emission wavelengths of 485-510 nm. The percentage initial activity
using one way ANOVA and IC50 (concentration at which there is 50% inhibition) was
determined by using Graphpad prism version 5.
⦋

%

100% Initial activity

⦌

100 %

4.3.2. Acetylcholinesterase and butyrylcholinesterase inhibition assay
The AChE and BChE inhibitory activity of the olive biophenols were adapted from
previously described methods (Sharififar et al., 2012) with slight modifications.
Different concentration of olive biophenols (100 µL) added to the 7.5 mM
acetylthiocholine iodide and S-butyrylthiocholine chloride (60µL) followed by 240 µL
of Ellman’s reagent (3.96 mg of DTNB and 1.5 mg sodium bicarbonate dissolved in 10
ml sodium phosphate buffer pH 7.4). Sodium phosphate buffer (0.1 M, pH 7.4) was
used for all the preparation and reaction except AChE and BChE (2 Units/ml), which
were prepared in 0.02 M sodium phosphate buffer of pH 7. After incubation for 5
minutes at room temperature, AChE (20 µL) and BChE (30 µL) was added to the
reaction mixture and subjected for reading absorbance at 412 nm (UV-Vis
Spectrophotometer- Cary 4000-Agilent Technologies, Australia). Galanthamine was
used as reference inhibitor for both enzymes. Concentrations of tested samples that
inhibited 50% of AChE and BChE activity under the experimental conditions were
defined as the IC50 values and determined by using Graphpad Prism version 5.
%

⦋1

Absorbance of sample at 412 nm
⦌
Absorbance of control at 412 nm
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100

4.3.3. Determination of tyrosinase enzyme kinetic parameters
Mushroom tyrosinase (0.02 ml, 1380 units/ml) was incubated with various
concentrations of L-DOPA as substrate in 0.1 M phosphate buffer (pH 6.8) at room
temperature. Kojic acid, a known tyrosinase inhibitor, served as a positive control.
Kinetic parameters, Km and Vmax, of the tyrosinase activity were calculated by linear
regression from Lineweaver-Burk plots. The inhibition constant (Ki) of an inhibitor was
obtained from the secondary plot of Lineweaver-Burk plots, the slope for the vertical
axis, and inhibitor concentration for the horizontal axis. The intercept on the horizontal
axis, (I), was the absolute value of the Ki.

4.3.4. Tyrosinase inhibition assay
The tyrosinase enzyme inhibitory assay was conducted according to the previously
described methods with slight modifications (Kubo & Kinst-Hori, 1999). Tyrosinase
(1380 units/mL) and L-DOPA (2.5 mM) were prepared in 0.1 M phosphate buffer of
pH 6.8. Different concentrations of olive biophenols (100 μL) and L-DOPA (200 μL)
solution in phosphate buffer were added and incubated for 5 minutes at room
temperature. Tyrosinase (20 µL) was added to the final solution and immediately
monitored for the formation of dopachrome by measuring the linear increase in optical
density at 475 nm for 5 minutes with UV-Vis Spectrophotometer-Cary 4000 (Agilent
Technologies, Australia). Tyrosinase and L-DOPA solution was used as positive
control, while kojic acid was used as a negative control for tyrosinase inhibition (Chen
et al., 1991). Concentrations of tested samples that inhibited 50% of tyrosinase activity
under the experimental conditions were defined as the IC50 values by using Graphpad
Prism version 5.
%

⦋1

Absorbance of sample at 475 nm
⦌
Absorbance of control at 475 nm

96

100

4.3.5. Histone deacetylase (HDAC) inhibition assay
The HDAC inhibitory assay was performed according to the manufacturer protocol in
sterile black 96 well microplate. Eighty three µL of double distilled water was added to
the positive control well, while 81μL was used in the negative control. Different
concentrations of olive biophenols (100-1000 µM and µg) were added to each well
except positive and negative control. Two µL of HeLa nuclear extract (5 mg/ml) was
added to each well followed by addition of 10 µL of HDAC in manufacturer buffer. For
the negative control, the reference inhibitor trichostatin A (1 mM) (Yoshida et al., 1990)
was added and 5 µL of HDAC fluorometric substrate [Boc-Lys(Ac)-pNA, 10 mM] was
added to each well followed by 30 min incubation at 37°C. The reaction mixture was
stopped by adding 10 µL of lysine developer and with well mixing followed by further
incubation at 37°C for 30 min. The fluorescence was taken by using a Cary Eclipse
Fluorescence Spectrophotometers (Agilent Technologies, Australia) with excitation
350-380 nm and emission 440-460 nm. Inhibitor activity can be expressed as inhibition
of relative fluorescence (RFU) units and the concentrations of tested samples that
inhibited 50% of HDAC activity under the experimental conditions were defined as the
IC50 values by using Graphpad Prism version 5.
%

RFU of sample
⦌
RFU of control

⦋

100

4.3.6. Statistical analysis
Data are expressed as means ± SEM. LD50 or IC50 and One-way ANONA along with
Tukey-Kramer Multiple Comparisons Test was applied to determine the differences
between experimental groups using Graphpad Prism version 5 software. P value p<0.05
was considered significant.
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4.4. Results and discussion

4.4.1. BACE1 enzyme inhibition by olive biophenols
The BACE1 inhibitor screening assay utilizes a synthetic Swedish mutant APP peptide
(EVNLDAEF) that has been linked to a fluorophore (EDANS) at one end and to a
quenching agent (Dabcyl) at the other (Mancini et al., 2007). After cleavage by BACE1,
the product (peptide-EDANS) is brightly fluorescent and can be easily analyzed using
a fluorescence plate reader or a fluorometer with excitation wavelengths of 335-345 nm
and emission wavelengths of 485-510 nm. In the present study olive non-flavonoid
biophenols (CA, OL, HT and VB) showed significant inhibition against BACE1
enzyme. EGCG (RI) showed the maximum inhibition of 60% as a negative control (Fig.
4.1A-C). VB showed the highest inhibition (79%) with a very low IC50 value of 0.0063
μM in Fig 4.1A-C. HT was the second most potent inhibitor among the non-flavonoid
compound which showed (Fig. 4.1A) inhibition of 81% at IC50 value of 0.035 μM. OL
showed (Fig. 4.1A) inhibition of 73% with an IC50 value of 2.76 μM followed by CA
65% (Fig. 4.1A) of inhibition with an IC50 value of 16.67 μM.
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Figure. 4.1. β-Secretase (BACE1) inhibition by olive biophenols: (A) non-flavonoid olive
biophenols (grey columns) and flavonoid olive biophenols (yellow), (B) flavonoid biophenols
(yellow) and commercial biophenol-rich olive extracts (green). The results are mean ± SEM,
analysed by one way ANOVA, *p < 0.05 vs control.

The flavonoid (QR, RU and LU) group of olive biophenol showed better inhibition in
terms of IC50 values. Rut showed (Fig. 4.1B) the highest potency of inhibition 86% with
an IC50 value of 3.8 nM. While LU 75% and QR 93% showed almost similar inhibition
(Fig. 4.1B) potential with an IC50 value of 0.52 μM and 0.55 μM. Regarding olive
biophenols extracts, OF showed (Fig. 4.1C) the most potent inhibition 80% with an IC50
value of 0.018 μg. HE and OP showed (Fig. 4.1C) similar efficacy (82% and 76%) with
the IC50 values of 0.26 μg and 0.28 μg respectively. OE showed (Fig. 4.1C) the least
efficacy and potency (57%) with an IC50 value of 2.73 μg.
For the first time, olive extracts have revealed potent inhibitory effects against BACE1
enzyme, while only OE was not so active at higher concentration (Fig. 4.1C) and
suggesting hermatic effect. The exact mechanism behind the higher activity of the
extracts is not clearly understood but is possibly due to a synergism between their
biophenols components (non-flavonoids and flavonoids). In addition, an increase in the
amount of hydroxyl groups in biophenols is associated with increased bioactivities
including antioxidant activity (Zettersten et al., 2009). In contrast, a few biophenols are
very prone to autoxidation in the alkaline buffer solution, especially flavonols, due to a
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keto-hydroxypyrene group (Bravo, 1998). To overcome the autoxidation, the solvent
and the incubation time should be changed.
BACE1 inhibitors are an even higher-stakes bet than usual in the field of neuroscience,
due to strong research support when it comes to inhibiting the build-up of amyloid
protein. Since its identification in 2000, inhibitors covering many different structural
classes have been designed and developed. Greatly reducing amyloid levels through
synthetic beta-secretase-1 inhibitor gives rise to harmful side effects such as liver
toxicity and retinal pathology (Jia et al., 2014). Olive biophenols which are natural
sourced compounds from olive tree. They could be promising molecules in the field of
drug discovery to inhibit BACE1.

4.4.2. AChE and BChE inhibition by olive biophenols
Galantamine, a tertiary amine alkaloid isolated from the bulbs of the Caucasian
snowdrops called Galanthus woronowi, is a reversible and competitive inhibitor of
AChE (Albuquerque et al., 2001). Galantamine also inhibits BChE but to a lesser extent
than AChE. In vitro studies showed that galantamine has a 53-fold greater inhibitory
activity against AChE (IC50: 0.35 µM) than for BChE (IC50: 18.6 µM), respectively
(Thomsen & Kewitz, 1990; Thomsen et al., 1991). The inhibitory activity of
galantamine against both the enzymes AChE (Fig. 4.2A) and BChE was investigated
(Fig. 4.2B). The IC50 for AChE was 0.59 µM and for BChE 5.48 µM respectively.
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Figure 4.2. Dose dependent inhibition of (A) AChE and (B) BChE inhibition by galantamine.
The results are mean ± SEM and analysed by one way ANOVA, *p < 0.05 vs control.

The non-flavonoid olive biophenols were unable to achieve IC50 values and showed
low efficacy against AChE. HT showed only 15% inhibition followed by OL 13%, VB
12%, and the least effective was CA with 7% inhibition (data not shown). Only the
significant results have IC50 values shown in the paragraph, while the non-significant
data is not shown graphically. Among the flavonoids group, QR inhibited AChE (Fig.
4.3A) competitively with an IC50 value of 55.44 µM while LU showed good inhibition
(Fig. 4.3B) with IC50 value of 113.3 µM. RU failed to result in any significant inhibition
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at the concentrations range (0.33-133.33 µM).
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Figure 4.3. Dose dependent inhibition of AChE by olive biophenols: (A) QR, (B) LU, (C) OP,
(D) HE, (E) OE and (F) OF. The results are mean ± SEM and analysed by one way ANOVA,
*p < 0.05 vs control.

Olive extracts showed marked inhibition against AChE. OP, which the manufacturer
claim has HT as a major constituent, showed significant inhibition of 90% (Fig. 4.3C)
against AChE with an IC50 20.05 μg. The maximum inhibition showed by HE was 95%
(Fig. 4.3D) with an IC50 37.58 μg followed by OE 79% (Fig. 4.3E) with an IC50 of 101.7
μg and OF 71% (Fig. 4.3F) with an IC50 of 175.1 μg. The results suggested that HT
containing extracts (OP and HE) have a higher inhibitory activity than the OL
containing extracts (OE and OF), interestingly the results favors the inhibition by
individual biophenol HT, which showed higher inhibitory than other non-flavonoid
biophenols.
To identify the reason why the inhibitory activities of biophenols in extracts were
significant compared to pure individual compounds, we used equimolar combinations
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of non-flavonoid biophenols and flavonoid biophenols. There was no inhibition from
the non-flavonoid equimolar group while the flavonoid group showed inhibition with
an IC50 value of 142.6 μM. The results do not suggest the meaning of synergism activity
by mixing of each biophenols. In contracts, the extract biophenols showed higher
inhibitory activity. In AD, the majority of cholinergic neurons were degenerated and
there is severe decline in ACh level in the brain, ultimately leading to memory decline.
Olive biophenols could improve the level of ACh, if they were able to make penetrate
the blood brain barrier and may be beneficial to memory decline problems in AD.

Olive biophenols showed the same pattern of inhibition against BChE and AChE. From
the non-flavonoid group of biophenols, OL (333.33 µM) showed maximum 18%
inhibition of BChE followed by HT 11% and CA 4% at the same concentration.
Amongst flavonoids, QR showed statistically significant inhibition of 92% (Fig. 4.4A)
with an IC50 value of 19.1 µM. LU inhibited BChE by 76% (Fig. 4.4B) with an IC50
value of 49.43 µM, while there was no inhibition found from RU which resembles
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earlier findings from the AChE inhibition assays.
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Figure 4.4. BChE inhibition by olive biophenols: (A) QR, (B) LU, (C) OE, (D) OF, (E) HE and
(F) OP. The results are mean ± SEM and analysed by one way ANOVA, *p < 0.05 vs control.

Olive biophenol extracts showed higher inhibition potential than both flavonoids and
non-flavonoid biophenols against BChE enzyme inhibition. HE, which the
manufacturer claims has HT as a major constituent showed 95% inhibition (Fig. 4.4E)
with an IC50 value of 30.6 µg. OP produced a maximum of 74% inhibition (Fig. 4.4F)
with an IC50 value of 63.66 µg, followed by OE with a maximum inhibition of 92%
(Fig. 4.4C) at IC50 84.77 µg and OF inhibited maximum 62% (Fig. 4.4D) with an IC50
value of 185.4 µg.

The results suggest that olive biophenols were more effective and potent inhibitors of
AChE than BChE. In search of synergistic effects, the equimolar mixture of nonflavonoid and flavonoids were assayed against the BChE and there was not any
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synergistic effect. The equimolar mixture of flavonoids was able to achieve an IC50 with
a value of 94.31 µM against BChE, which is more effective than equimolar mixture of
flavonoids against AChE inhibition (146.2 µM). Extracts showed higher inhibitory
activity against both the AChE and BChE. Olive biophenols could be promising natural
remedies for the AD patients, which work on the same principle of action as synthetic
drugs and having no know side effects.

4.4.3. Tyrosinase and L-DOPA Kinetics
Velocity curves of each activity were obtained from the corresponding reactions carried
out in the presence of a constant amount of the tyrosinase enzyme, and of different
concentrations of substrates L-DOPA from the range 10-2500 µM. Michaelis-Menten
equation gives the Vmax value 0.326 µM/s of substrate concentration (Fig 5A). The
Michaelis-Menten constant Km for the substrate concentration was found 317.3 µM.
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Figure 4.5. (A) Michaelis-Menten curve for L-DOPA and (B) Lineweaver-Burk plot for the
determination of Km and Vmax for L-DOPA at room temperature.

The double-reciprocal (also known as the Lineweaver-Burk) plot was created by
plotting the inverse initial velocity (1/V0) as a function of the inverse of the substrate
concentration (1/[S]) represented in Fig. 5B. The Vmax can be accurately determined
and thus Km can also be determined with accuracy because a straight line is formed. The
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slope of the resulting line is Km/Vmax (731.85 µM/µL/s), the y-intercept is 1/Vmax
(3.067), and the x-intercept is -1/Km.

4.4.4. Tyrosinase inhibition assay
Studies have reported tyrosinase inhibition by kojic acid (IC50: 30.61 µM) suggesting
activity to be due to chelation with copper in tyrosinase active site (Lee et al., 2006).
In the present study, we used kojic acid as a reference inhibitor (Fig. 6A) and found the
IC50 of 12.61 µM (data not shown), which supported the previously published result
(Kubo & Kinst-Hori, 1999). There is a variation found in IC50 (10-300 µM) for the
inhibition of tyrosinase by kojic acid. This may depend upon the reaction conditions,
whether investigated in situ or using cell lines, or due to the purity of the enzymes used
(Neeley et al., 2009).
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Figure 4.6. Tyrosinase inhibition by (A) kojic acid and (B) QR. The results are mean ± SEM.
of each parallel measurements analysed by one way ANOVA, *p < 0.05 vs control.

None of the olive biophenols from the non-flavonoid group significantly inhibited
tyrosinase. CA showed maximum inhibition 14% at a concentration of 13.3 µM,
followed by OL showed 12% at 3.3 µM, HT 7% at 1.7 µM and VB could only produce
6% inhibition at 1.3 µM concentration. A few studies have reported the mechanism of
higher λmax (absorbance) value with biophenols, suggested biophenols (CA) significant
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oxidized during tyrosinase inhibitory assay, where biophenol (CA) itself behaving as a
substrate for tyrosinase likewise L-DOPA and resulting intense colourful end product
with higher λmax (Haghbeen & Wue Tan, 2003; Pati et al., 2006).
From the flavonoid group of olive biophenols, only QR was able to inhibit tyrosinase
competitively (Fig. 4.6B) with an IC50 of 10.7 µM. RU at a concentration of 1.33 µM
showed the maximum inhibition of 43% against tyrosinase. It was reported earlier that
RU could inactivate tyrosinase in a complex manner at higher IC50 (6.8 mM) (Si et al.,
2012). LU do not show any inhibition till 2 mM of the inhibition concentration. A few
studies reported that there was no in vitro inhibition of tyrosinase by LU using L-DOPA
or tyrosine as substrate, while in α-MSH cell line LU inhibited tyrosinase activity and
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melanin production with an IC50 4.16 µL (Choi et al., 2008).

Tyrosinase inhibition by flavonoid mixtures (conc. in M)

Figure 4.7. Tyrosinase inhibition by equimolar mixture of olive biophenols (flavonoid mixture).
The results are mean ± SEM. analyzed by one way ANOVA, *p < 0.05 vs control.

None of the extracts from olive leaf or fruit inhibited tyrosinase enzyme activity.
Meanwhile, mild oxidation was evident by the increase in background absorption. The
equimolar combination of non-flavonoid biophenol did not show any increase in
activity, while the equimolar combination of flavonoid biophenols showed maximum
inhibition of 69% (Fig. 4.7) with an IC50 value of 110.6 µM, which is approx. 10 times
higher IC50 value showed by QR alone.
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The results suggested that there is no synergistic effect of combinations of biophenols
against tyrosinase inhibition. The inability of some olive biophenols to inhibit
tyrosinase may possibly be due to the presence of a catechol moiety which hinders the
ability to inhibit the enzyme by forming a chelate with the copper on the enzyme and
ultimately leading to a higher λmax than the control λmax.

4.4.5. HDAC inhibitions by olive biophenols
From the standard curve, equation y = 48.986x + 17.865, which gives the concentration
of the standard used in the assay was determined 48.98 μM (Fig 4.8).
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y = 48.986x + 17.865
R² = 0.9979
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Figure 4.8. Standard curve of HDAC kit. Plot fluorescence signal (y-axis) versus concentration
of the deacetylated standard (x-axis) gives the absolute amount of deacetylated lysine generated
in the sample.

Olive non-flavonoids and flavonoids showed significant HDAC inhibition at various
concentrations. Trichostatin A, used as negative control provided by manufacturer
showed 86% of HDAC inhibition. VB showed the highest inhibition 84% (Fig. 4.9A)
with an IC50 of 188.6 μM followed by CA 78% inhibition (Fig. 4.9A) with an IC50 value
of 237.6 μM, HT 78% inhibition (Fig. 4.9A) with IC50 262.2 μM, and OL 81%
inhibition (Fig. 4.9A) with IC50 value of 288.6 μM. All the non-flavonoid samples
showed statistically significant inhibition relative to the control.
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Figure 4.9. HDAC inhibition by olive biophenols (A) non-flavonoids, (C) flavonoids, and (B)
extracts. The results are mean ± SEM and analysed by one way ANOVA, *p < 0.05 vs control.

Olive flavonoids showed higher inhibition than non-flavonoid groups. QR showed the
highest inhibition of 94% (Fig. 4.9B) with an IC50 value of 105.1 μM, followed by RU
91% inhibition (Fig. 4.9B) with an IC50 value of 128.8 μM. LU showed 75% inhibition
(Fig. 4.9C) with a higher IC50 value of 551.5 μM, except for the initial concentration of
75.5 μM, which did not show any inhibition.
Olive extracts showed inhibition in a dose dependent way. HE showed the highest
inhibition (90%) (Fig. 4.9C) with an IC50 value of 62.22 μg followed by OP 89% (Fig.
4.9C) of inhibition with an IC50 value of 69.4 μg. OE and OF showed the least inhibition
with the same IC50 value of 1.1 mg and the same percentage inhibition of (76%) (Fig.
4.9C). The initial concentration (75.5 μM) of OE and OF were not significant.
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The proposed mechanism by which olive biophenols showed HDAC inhibition may
enhance memory by increasing the strength of functional connectivity between the
hippocampus and interconnected structures (Stafford et al., 2012), which is beneficial
to AD patients. In conclusion, olive biophenols showed promising results and may
constitute future targets for HDAC inhibition.

4.5. Conclusion
The current results showed that olive biophenols modulate a number of enzymes
implicated in the development of AD, including BACE1, AChE, BChE, HDAC and
tyrosinase, suggesting that perhaps these have anti-AD activity. One of the major causes
of the histological hallmarks of AD is BACE1, an enzyme which is involved in the
abnormal production of the amyloidogenic peptide Aβ42. Since the discovery of BACE1
a decade ago, there has been an intense search for BACE1 inhibitors, which have the
potential to be effective drugs for the treatment of non-symptomatic AD.
The OF extract showed a higher level of BACE1 inhibitory activity than the other
extracts, suggesting that the principal constituent oleuropein may have a major role in
inhibiting BACE1 activity. In general, the flavonoid olive biophenols showed higher
BACE1 inhibitory activity than the non-flavonoid olive biophenols. The flavonoids are
based chemically upon a fifteen-carbon skeleton consisting of two benzene rings (A
and B) linked via a heterocyclic pyrene ring (C). The B ring hydroxyl configuration is
the most significant determinant of the ability to scavenge RONS because it donates
hydrogen and an electron to hydroxyl, peroxyl, and peroxynitrite radicals, stabilizing
them and giving rise to a relatively stable flavonoid radical (Cao et al., 1997). The RU
extract showed higher BACE1 inhibitory activity than the other flavonoids, possibly
due to higher levels of a glycoside derivative of quercetin (quercetin-3-O-rutinoside),
which has higher enzyme affinity than the quercetin alone. Similarly, the non-flavonoid
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biophenol VB was more a potent inhibitor of BACE1 than the other non-flavonoid olive
biophenols (OL, CA, and HT) possibly due to the presence of a two antioxidant moiety
(Vertuani et al., 2011).
Inhibitors of the cholinesterase enzymes (AChE and BChE) are considered to be the
first line pharmacotherapy for mild to moderate AD (Birks, 2006). These drugs
(donepezil, galantamine and rivastigmine) have slightly different pharmacological
properties, but they all work by blocking the breakdown of acetylcholine, an important
neurotransmitter associated with memory (Birks, 2006). In the present study, all of the
olive biophenols inhibited AChE and BChE. Of the extracts, OP showed the highest
inhibitory activity against AChE, while HE had the highest level of inhibitory activity
against BChE. The similarity in these results suggests that in both these extracts, HT is
the principal constituent to show significant cholinesterase inhibitory activity. When
comparing the pure biophenols, the flavonoid olive biophenols showed greater
inhibitory action on AChE and BChE compared to the non-flavonoid olive biophenols.
Of the flavonoids, QR had highest inhibitory action against both AChE and BChE. This
could be due the higher antioxidant activity of QR. Conversely, its derivative RU did
not show any inhibition of AChE or BChE. This failure is possibly due to the structural
difference from QR through blocking of hydroxyl groups by sugar or alkoxyl
substituents (Materska & Perucka, 2005). LU showed an intermediate level of
inhibition of AChE and BChE because of the addition of sugar groups to the phenolic
moiety of LU, which increases the polarity of the molecule as well as the enzyme
inhibitory activity (Ozgen et al., 2011). The non-flavonoid olive biophenols showed
poor AChE and BChE inhibitory activity, suggesting a lower affinity of the nonflavonoid olive biophenols for the AChE and BChE enzymes. Overall, however the
olive biophenols showed significant inhibitory activity against cholinesterases.
Considering the evidence for loss of acetylcholine in the loss of memory during the
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development of AD (Kar et al., 2004), this suggests that they could be preventative
compounds useful in reducing the memory deterioration in AD.
Tyrosinase is a copper-containing enzyme that catalyzes four steps in the synthetic
pathways for melanin and catecholamines. It is considered one of the most well studied
multi-copper oxygenases (Chang, 2009). Moreover, it can catalyze the formation of LDOPA in the brain and nervous system generally, and there is evidence that it is
involved the progression of AD (Wang et al., 2006a). The current results show that
olive biophenols are able to inhibit the activity of the tyrosinase enzyme. Specifically,
the flavonoid biophenol QU, showed the highest inhibition of tyrosinase, which is in
line with previous studies (Xie et al., 2003). The possible mechanism for this is through
hydroxyl groups in the QU molecule, which bind to the active site on tyrosinase,
resulting in steric hindrance or conformational changes. Furthermore, QU fits loosely
into the active site of tyrosinase and prevents entry of L-DOPA, which ultimately causes
suppression of the enzymatic activity. An additional hydroxyl group at the 3’-position
also somewhat affects the activity, which might explain why QU exhibited slightly
more potent activity than RU and LU (Kim & Uyama, 2005). In contrast, the nonflavonoid olive biophenols showed poor inhibitory activity of the tyrosinase enzyme,
while, surprisingly, the biophenol-rich olive extracts didn’t show any inhibition. The
possible reason could be a lower amount of QU content than is required for the
inhibition of tyrosinase enzyme, or the poor affinity of extracts with the enzyme.
Epigenetic modifications like DNA methylation and histone acetylation play an
important role in a wide range of brain disorders, including AD, (Kazantsev &
Thompson, 2008), as well as being involved in synaptic plasticity, and learning and
memory, (Xu et al., 2011). The histone deacetylase (HDAC) enzymes regulate the
homeostasis of histone protein acetylation. Abnormal function of this enzyme has been
implicated in AD (Narayan et al., 2015; Zhang et al., 2012). A few studies (Didonna &
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Opal, 2015; Volmar & Wahlestedt, 2015) have shown that histone deacetylase
inhibitors could be promising therapeutic targets in AD. The present results showed that
olive biophenols can significantly inhibit HDAC enzyme activity. Among the flavonoid
olive biophenols, QU showed the highest inhibitory activity. This is most likely to be
due to its structural conformation, containing O-dihydroxyl groups; 4-oxo groups in
conjugation with 2,3 alkene and the 3- and 5- hydyoxyl groups, which makes them
more stable and better antioxidants (Hollman & Katan, 1997). Of the non-flavonoid
olive biophenols, VB showed the highest HDAC enzyme inhibitory activity. The
superiority of VB activity against HDAC enzymes is possibly due to the presence of
two catechol groups in its structure, which confer antioxidant properties, are
hydrophilic in nature, and have an affinity for negatively charged membrane
phospholipids (D'Imperio et al., 2014). Of the olive biophenol extracts, HE was the
most effective in the HDAC enzyme inhibition assay. This may be because the principal
compound in this extract, HT, has a higher affinity for the HDAC enzyme binding site
and exerts its antioxidant activity by transforming itself into a catechol quinone
(Rietjens et al., 2007).
Taken as a whole, this study has shown that a number of enzymes that are believed to
be important in the development of AD are targets for olive biophenols. These
compounds, to varying degrees, exert inhibitory actions on the activity of these
enzymes. As such, olive biophenols, either alone, or more so as biophenol enriched
extracts of olive leaf, show promise as potential anti-AD therapeutic agents.
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CHAPTER 5
ANTI-AMYLOID PROPERTIES OF OLIVE
BIOPHENOLS

114

5.1. Abstract
Alzheimer’s disease (AD) is a major neurodegenerative disease, which is associated
with the hallmark proteinacious constituent called amyloid beta (Aβ) of senile plaques.
Moreover, it is already established that the metals (particularly copper, zinc and iron)
have a key role in the pathogenesis of AD. Continuing investigations of the
pathogenetic effect of Aβ showed their complex nature of self-assembly processes, and
suggested that inhibitors should reduce their production or inhibit aggregation or
destabilize. In order to reduce the plaque burden and overcome the side effects from the
synthetic inhibitors, the current study was designed to focus on Aβ fibril formation and
aggregation inhibition along with protection from Aβ induced toxicity by using natural
origin olive biophenols. We measured the fibril formation or aggregation of Aβ by
using electron microscopy and fluorescence spectroscopy with thioflavin T (ThT) and
congo red. All the examined olive biophenols dose-dependently inhibited Aβ42 fibril
formation where non-flavonoid verbascoside (IC50: 22.59 µM) and oleuropein (IC50:
22.89 µM) showed significantly higher activity than flavonoids luteolin (IC50: 36.95
µM) and quercetin (IC50: 45.87 µM). In addition, a metal binding assay, using copper
with Aβ, showed a complex chelate product suggesting higher affinity of copper with
Aβ. In conclusion, beyond the antioxidant properties, biophenols could be key
molecules for the development of preventives and therapeutics for AD by inhibiting the
amyloid fibril in different in vitro model systems involved in neuronal plaque formation
to prevent oxidative stress.
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5.2. Introduction
AD is associated with abnormal accumulations of a protein called Aβ in the brain. In
all forms of AD, the level of Aβ in the brain is a reflection of the relative rates of Aβ
production and clearance over time. In healthy individuals, the production and
clearance of Aβ are rapid (estimated at ~7.6% and 8.3%, respectively, of the total
volume of Aβ produced per hour (Bateman et al., 2006; Mawuenyega et al., 2010). The
discovery of Aβ and their accumulation in brain resulted in the formulation of the
“Amyloid Cascade hypothesis” which states that the deposition of Aβ which
subsequently leads to the formation of neurofibrillary tangles, neuronal cell death and
dementia (Hardy & Higgins, 1992; Selkoe, 1991). The end product of aggregation that
ultimately forms the insoluble protein fibrils as components of amyloid plaques is a
peptide of 39-43 amino acids. Studies have showed that the Aβ42 fragments are more
aggregation prone than the more prevalent but less active Aβ40 fragment and an increase
in the Aβ42: Aβ40 ratio is also associated with increased neurotoxicity (Kuperstein et al.,
2010). Continuing investigations of the pathogenetic effect of Aβ showed their complex
nature of self-assembly processes, and suggested inhibitors should reduce their
production or inhibit aggregation or destabilize. Moreover, the disease-modifying
strategies currently being pursued for AD mainly focus on Aβ, a major hallmark that
has attracted most attention so far.
In order to attempt to alter the amyloid cascade, three sub-classes of strategies were
attempted including secretase modulators (which decrease Aβ production), antiaggregants (which prevent Aβ aggregation), and immunotherapies (which increase Aβ
removal). The Aβ production inhibitor therapy led naturally to a focus on secretases βand γ-secretase (Vassar & Citron, 2000). Due to the aggregation prone nature and
higher neurotoxicity, the strategy of inhibiting Aβ42 aggregation has emerged as a valid
disease modifying therapy for AD (Estrada & Soto, 2007).
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The brain requires metal ions for a number of important activities including the
neuronal activity within the synapses and metalloproteins cellular processes (Takahashi
et al., 2001). The growing evidence suggests that metals such as copper (Cu), zinc (Zn)
and iron (Fe), which concentrate in and around amyloid plaques, play an important role
in the pathogenesis of AD (Barnham & Bush, 2014; Barnham et al., 2004). Studies have
suggested that these metals enhance the aggregation of Aβ peptide (Miller et al., 2006)
and production of reactive oxygen species (ROS), while Aβ itself acts as an inducer of
ROS production (Maynard et al., 2005). A few studies have shown biophenols such as
green tea catechins exert their anti-oxidative action by chelating metal ions (Fe2+ and
Cu2+), and prevent the generation of hydroxyl radical via Fenton reaction (Mandel et
al., 2006). In addition, quercetin was found to prevent the oxidative damage induced in
the erythrocyte membrane via intracellular chelation of iron (Ferrali et al., 1997).

Despite short-term symptomatic benefits to patients with AD, enhancement of
remaining cognitive function through the use of acetyl cholinesterase inhibitors
(AChEI) and the N-methyl-D-aspartate (NMDA) receptor antagonists to interfere with
the accumulation/aggregation of Aβ in the brain is still eagerly awaited ("Drugs for
cognitive loss and dementia," 2013). The commonly used strategies against amyloid
“applied” so far (e.g., immunotherapy agents, anti-aggregants, secretase modulators,
inhibitors of oxidative stress) have their own potential but unfortunately confer many
side effects (e.g., acute allergic encephalitis, toxicity) in preclinical and clinical studies
("Drugs for cognitive loss and dementia," 2013). Currently, the drug development for
AD focuses on protection from or delay in the progression of the disease. There are
opportunities for alternative methods of prevention/treatment. Commonly used
commercial supplementation containing biophenols from plants and nutraceuticals,
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such as Hypericum perforatum and Ginkgo biloba leaf extract EGb761, is popular for
the delay of AD (Howes et al., 2003).
In the light of previous studies on biophenols, the current study was designed to focus
on Aβ fibril formation and aggregation inhibition by using olive biophenols including
non-flavonoids biophenols (caffeic acid, oleuropein, hydroxytyrosol and verbascoside),
flavonoids biophenols (quercetin, rutin and luteolin) and commercial available
supplements olive extracts (olive leaf extracts, olive fruit extracts, hydroxytyrosol
extreme and olivenol plus).

5.3. Material and methods
Oleuropein (OL), hydroxytyrosol (HT), vebascoside (VB) and luteolin (Lut) were
purchased from Extrasysthase, France. Caffeic acid (CA), quercetin (QR) and rutin
(RU) were purchased from Sigma Aldrich, Australia. Olive leaf extract (OE) from
ComvitaTM, olive fruit extract (OF) from Nature GoodnessTM, hydroxytyrosol extreme
capsule (HE) from ProHealth®, olivenol plus capsule (OP) from CREAGRITM. Human
amyloid beta (Aβ42) was purchased from APExBIO (Batch.No.1), USA. Dimethyl
sulfoxide (DMSO), Tris-HCl buffer, Copper chloride (CuCl2), acetylcholinesterase
(AChE) from electric eel (type V-S), butyrylcholinesterase (BChE), neuroblast cell line
(SH-SY5Y), dulbecco's modified eagle medium (DMEM), fetal calf serum (FCS), 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium

bromide

(MTT),

dimethyl

sulfoxide (DMSO), Thioflavin-T (ThT), Congo red (CR) were purchased from SigmaAldrich, Australia. Nordihydroguaiaretic acid (NDGA) was purchased from Santa Cruz
Biotechnology, USA.
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5.3.1 Aβ42 fibril preparation
Human amyloid beta (Aβ42) was purchased from APExBIO (Batch.No.1), USA. The
lyophilized powder was stored at -20°C. Stock solutions of 3.5 mM was prepared by
dissolving the lyophilized Aβ42 peptides in 10% DMSO followed by 2 minutes
vortexing and sonification then stored at -80°C. 20 μM of Aβ42 in 10 mM Tris-HCl
buffer having pH 7.4 was used for fibril formation after 7 days incubation at room
temperature without disturbing the solution tube.

5.3.2. Acetylcholinesterase and butyrylcholinesterase induced Aβ42 fibril
preparation
In order to check the Aβ aggregation induced by AChE/BChE the assay was performed
according to the previously described method with slight modification (Hudson et al.,
2009). Briefly, from the prepared stock solution (3.5 mM Aβ42 in 10% DMSO), 20 μL
Aβ42 aliquot was added to 680 μL of Tris-HCl pH 7.4. For the aggregation experiments
performed with AChE/BChE, 20 μL of freshly prepared 2.31 μM of AChE/BChE in
0.02 M phosphate buffer pH 7 was added to the reaction tube incubate for 7 days at
room temperature.

5.3.3. Aβ42 fibril formation and aggregation inhibitory assay
Amyloid fibrils have a typical measurement of 1μm in length and 7-12 nm in diameter,
with a definite β-sheet structure. In general they appeared to be composed of a few
filaments ranging between 2-6 and were likely wrapped or twisted around each other
with regular helicity (Makin & Serpell, 2005). Numerous analytical techniques have
been used to evaluate the Aβ aggregation process in vitro whereas simple turbidity, dyebinding (e.g., thioflavin T or congo red) assays (Murphy, 2002; Naiki & Gejyo, 1999)
and electron microscopy (EM) are very popular as measures of kinetics of aggregation
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and inhibition study sensitive only to fibrils. In addition, neurotoxicity assessment of
Aβ samples such as the MTT reduction assay (Loo et al., 1993), lactate dehydrogenase
assay (Fezoui et al., 2000), trypan blue assay (De Felice et al., 2001) and the propidium
iodide assay (Martin et al., 2001) are popular too.

5.3.3.1 Transmission electron microscope (TEM) imaging
The Aβ42 fibril imaging with or without olive biophenols was obtained by TEM
described elsewhere (Kodali et al., 2010). Twenty μM Aβ42 fibril were incubated in the
presence or absence of 200 µM of each olive biophenol (OL, Quer and OLE) for 24 hrs
at 37 °C. 10 µL aliquot of each sample was spotted onto a glow-discharged, carboncoated Formvar grid and incubated for 30 min. The droplet then was displaced with an
equal volume of 2.5% glutaraldehyde (v/v) and incubated for an additional 5 min.
Finally, the grid was stained with 10 μL of 3% 0.22 µm filtered uranyl acetate (v/v)
twice, and the solution was gently wicked off using Whatman grade-1 qualitative filter
paper and the grid was then air-dried. Samples were examined by using a Hitachi
H7100FA TEM (Hitachi, Japan) at the Centre for Advanced Microscopy, Australian
National University, Canberra. All images were captured at a voltage of 125 kV and
an instrumental magnification of 2000X.

5.3.3.2. Thioflavin-T (ThT) fluorometric assay
The ThT assay was performed according to the method described elsewhere (Feng et
al., 2009) with some modification. Five μM of ThT was prepared in Tris-HCl buffer
pH 7.4 and stored in an aluminium foil wrapped vial to protect from photo-oxidation.
Different concentrations of olive biophenols ranging from 10-1000 µM/µg were
prepared including 50 µM of NDGA in final concentration as the reference fibrillization
inhibitor (Naiki et al., 1998). Two hundred µL of Tris-HCl buffer pH 7.4 was used as
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blank, while 20 µL Aβ42 alone was used as a control. Twenty µL of various
concentrations of olive biophenols were incubated along with 20 µL pre formed Aβ42
fibril and incubated unshaken for 24 h in a black sterile 96 microwell plate at room
temperature. The absorbance was measured at excitation 450 nm and emission 480 nm
on Cary Eclipse Fluorescence Spectrophotometer (Agilent technologies, Australia).

5.3.3.3. Congo red binding assay
Congo red (CR) binding with Aβ42 assay was assessed according to the previously
described method (Walsh et al., 1999). Two hundred and twenty five ml of 20 mM
congo red in phosphate buffer saline (20 mM potassium phosphate, pH 7.4, containing
0.15 M sodium chloride), was added to 25 µl of fibrilized Aβ42 in a sterile black 96 well
micro plate. Different concentration of olive biophenols ranging from 10-1000 µM/µg
were prepared including 500 µM of NDGA as the reference fibrillization inhibitor.
After gentle mixing of the reaction mixture, the plate was incubated for 30 min at room
temperature. The absorbance of the resulting solutions was then measured at excitation
480 nm and emission 540 nm using a Cary Eclipse Fluorescence Spectrophotometers
(Agilent technologies, Australia).

5.3.3.4. HPLC analysis of Aβ42 with or without olive biophenols
Twenty μM of Aβ42 in 10 mM Tris-HCl buffer pH 7.4 was used for the fibril formation
after 7 days incubation at room temperature without disturbing the solution tube. After
fibril formation, Aβ42 was incubated with or without 500 μM/μg olive biophenols for
24 h followed by assessment using gel chromatography described elsewhere (Huang et
al., 2012a) with minor modifications. The treated Aβ42 with olive biophenols were
sonificated 2 minutes followed by loading into a high performance liquid
chromatography with the Phenomenex, BioSep-SEC-S3000 column and eluted at 0.4
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mL/min by phosphate buffered saline (50 mM PBS, 150 mM NaCl, pH 7.4) by the
gradient solutions of 0.5 % trifluoroacetic acid in water (TFA)-acetonitrile (from 90:10
to 40:60 TFA vs. acetonitrile). The peak area of the absorption at 215 nm was integrated
and the percentage of total aggregation was calculated as the ratio of the difference
between control and test samples divided by control as following:
% Aβ₄₂

⦋Area of control

Area of sample ⦌
Area of control

5.3.4. In situ copper and amyloid binding assay
Aβ42 is known to bind copper, Cu2+, in vitro and binding results in aggregation of the
peptide which is very much pH dependent (Syme et al., 2004). Different concentrations
of CuCl2 ranging from 10-500 μM were prepared in Tris-HCl buffer of pH 7. Twenty
μM of Aβ42 fibril was incubated with or without various concentrations of CuCl2
followed by 5 μM of ThT and incubated for 2 h at room temperature. The reading was
taken in triplicate by a Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies, Australia) at excitation 444 nm and emission 485 nm.

5.3.5. Statistical analysis
Data are expressed as means ± SD. One-way ANOVA was applied to determine the
differences between experimental groups. P value p<0.05 was considered significant.

5.4. Results and discussion

5.4.1. The effect of olive biophenols on Aβ42 aggregation (TEM)
TEM showed images of the Aβ42 control (Fig. 5.1A) with numerous amyloid fibrils
displaying the characteristic twist found in Aβ42 fibrils with brief network appearance.
On the other hand, Aβ42 with AChE (Fig. 5.1B) and BChE (Fig. 5.1C) forms long fibrils
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with a characteristic dense mesh like network. A few studies have suggested that AChE
may play a key role in the development of the senile plaques, by promoting Aβ peptide
fibrils assembly and accelerating Aβ deposition (Bartolini et al., 2003; Inestrosa et al.,
1996). Moreover, the toxicity of the AChE-amyloid complexes is higher than that of
the Aβ aggregates alone (Hudson et al., 2009). Our results suggested the AChE induced
acceleration of Aβ fibril formation and follows the past studies results (Inestrosa et al.,
1996).

A

D

B

C

E

F

Fig. 5.1. Aβ42 (20 µM) fibril formation of was monitored by TEM using ThT fluorescence in
the (A) absence and presence of (B) AChE (C) BChE (D) OL (E) QR and (F) OE.

Aβ42 incubated in the presence of the OL showed (Fig. 5.1D) a reduction in both the
size and number of fibrils. While, Aβ42 incubated with QR (Fig. 5.1E) revealed a
moderate reduction in fibril formation with some QR attached fibrillar species evident.
Aβ42 incubated with OE (Fig. 5.1F) revealed a significant reduction in both aggregate
size and occurrence, with the dominant species appearing to be broken particles of fibril
approximately 10 nm in diameter. Recently, a few studies (Churches et al., 2014; Ono
et al., 2012) have shown the inhibitory activity of biophenols against Aβ fibrillization
and aggregation. Our studies showed that biophenols from olive have potential to
inhibit the Aβ aggregation, which may protect against AD.
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5.4.2. ThT fluorometric assay of Aβ42 fibril inhibition by olive biophenols
ThT, a benzothiazole dye, is widely used for in vitro identification and quantification
of amyloid fibrils, including monitoring the fibrillation kinetics in real-time (Bolder et
al., 2007). The exact molecular mechanism of interaction between ThT and amyloid
fibrils are still unknown. A few theories propose the outline mechanism involve ThT
molecules intercalation within grooves between solvent-exposed side chains of the
amyloid fibril that run parallel to the fibril axis (Hawe et al., 2008; Krebs et al., 2005).
The fluorescence from the amyloid-ThT complex provides accurate quantification of
amyloid fibril formation as a function of amyloid fibril length and number (Bolder et
al., 2007). In the present study, olive biophenols led to a concentration-dependent
decrease in the apparent ThT fluorescence, which on its own suggests the efficient
concentration-dependent inhibition of Aβ42 fibril formation in a cell free system. NDGA
showed the maximum 70 % of inhibition against Aβ42 fibrillization as a reference
inhibitor (Fig. 5.2A). In the non-flavonoid biophenols, VB showed maximum inhibition
potency of 61% (Fig. 5.2A) with an IC50 of 22.59 µM, followed by almost similar
activity shown by OL, 61% (Fig. 5.2A) of inhibition with an IC50 of 22.89 µM. While
the CA and HT showed maximum inhibition of 46% and 45% (Fig. 5.2A). In the
flavonoid biophenols, LU showed maximum inhibition of 64% (Fig. 5.2B) with an IC50
of 36.95 µM followed by QU, having 57% (Fig. 5.2B) of inhibition with an IC50 of
45.87 µM. While RU showed the maximum inhibition of 49% (Fig. 5.2B) only. Among
the investigated biophenols-rich olive extracts, HE showed the highest inhibitory
activity of 64% (Fig. 5.2C) with an IC50 of 30.38 µg followed by OE having 60% (Fig.
5.2C) of inhibition with an IC50 of 45.04 µg, while OF showed their maximum activity
of 50% (Fig. 5.2C) with an IC50 of 95.95 µg. OP showed the least activity of 45% (Fig.
5.2C) among extracts.
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Figure. 5.2. Thioflavin T assay: Different concentration of olive biophenols (A) Non-flavonoids
olive biophenols, (B) flavonoids olive biophenols and (C) extracts were used for inhibition of
Aβ42 aggregation with the reference inhibitor (RI) NDGA. The results were mean ± S.D.
analysed by one way ANOVA, *p < 0.05 vs control.

A number of studies have shown that the biophenols are one of the most actively
investigated categories of potential amyloid inhibitors including curcumin (Lim et al.,
2001a), epigallocatechin gallate (Bieschke et al., 2010), resveratrol (Feng et al., 2009),
quercetin (Hudson et al., 2009), rutin (Wang et al., 2012) and luteolin (Churches et al.,
2014). In terms of order of potency (IC50) our results showed that VB>OL, LU>QR and
HE>OE>OF. The exact mechanism regarding the amyloid inhibition by biophenols is
still not fully understood. On the basis of earlier proposed mechanism (Shoval et al.,
2007), we can suggest that the number of hydroxyl groups and their positions on
biophenols structure is impo+rtant for amyloid β-sheet interaction and stabilization of
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the inhibition and protein complex. However, researchers are still trying to understand
the molecular link between phenol positional substitution and corresponding antiaggregatory activity.

5.4.3. Congo red assay of Aβ42 inhibition by olive biophenols
CR is a commonly used histological dye in amyloid staining having linear and
amphiphilic molecule striking spectrophotometric properties. The mechanism of
binding with amyloid protein is still unclear but a few studies suggested CR binds to
amyloid fibrils formed by both hydrophobic and hydrophilic interactions (Klunk et al.,
1999). In the present study, Aβ42 fibril was inhibited by olive biophenols using CR.
NDGA, used as negative control showed 69% of significant Aβ42 inhibition (Fig. 5.3A).
The non-flavonoid olive biophenols, OL showed highest inhibition of 65% (Fig. 5.3A)
with an IC50 of 36.51 µM. While VB showed 57% of inhibition (IC50: 59.56 µM)
followed by HT 50% with an IC50 of 97.75 µM and the least active CA reached
maximum inhibition of 47% (Fig. 5.3A). In the flavonoids, LU showed higher activity
in the inhibition amyloid fibril 61% (Fig. 5.3B) with an IC50 of 46.31 µM, followed by
QR 55% of inhibition (Fig. 5.3B) with an IC50 of 73.79 µM, while RU showed
maximum inhibition of 48% (Fig. 5.3B). In the extracts, HE showed highest inhibition
of 69% (Fig. 5.3C) with an IC50 of 28.39 µM followed by OE 65% of inhibition (IC50:
41.11 µM) and OF 53% (IC50: 80.92 µM), while OP showed only 47% of inhibition
(Fig. 5.3C).
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Figure 5.3. Congo red assay: Different concentration of olive biophenols (A) Non-flavonoids
olive biophenols, (B) flavonoids olive biophenols and (C) extracts were used for inhibition of
Aβ42 aggregation with the reference inhibitor (RI) NDGA. The results were mean ± S.D.
analysed by one way ANOVA, *p < 0.05 vs control.

Studies have suggested that CR acts as a weak aggregation inhibitor and reduces Aβ
neurotoxicity (Lorenzo & Yankner, 1994), whereas ThT is not known to inhibit fibril
formation. The results of our study suggested that olive biophenols effectively
disaggregates Aβ fibril as well as prevents fibril formation, supporting the rationale for
therapeutic use and future clinical studies preventing or treating AD.

5.4.4 Effect of olive biophenols on Aβ42 fibril formation (HPLC analysis)
The area under curve (AUC) from the HPLC chromatogram showed the statistically
significant difference between the control (Aβ42) and the test (Aβ42 + olive biophenols)
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after 24 hours incubation which suggested that the olive biophenols significantly inhibit
the Aβ42 as well as the degrading of formed fibril. Figure 5.4 shows chromatograms
that illustrate the effect of incubating Aβ42 with various olive biophenols; CA, OL, HT
and VB. Olive biophenols showed the maximum inhibition of Aβ42 fibril in the range
between 26-30% (data not shown), though there were no statistically significant
differences found between the biophenols, which each showed activity.

A
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Figure 5.4. HPLC-chromatograms of 20 µM of Aβ42 incubated with 500 µM of olive biophenols
at 215 nm: (A) CA, (B) OL, (C) HT and (D) VB. All the figures represent the control
unincubated Aβ42 (control) and incubated Aβ42 with olive biophenols. The gel chromatography
diagram of unincubated Aβ42 (control) gave a sharp peak while Aβ42 co-incubated olive
biophenols showed a bifid peak in A-C.

Incubation of Aβ42 with olive biophenols resulted in a significant inhibition of amyloid
fibrillization, as shown by the AUC. The eluted peak 7 shown in figure 5.5A from
Aβ42 (control) and QR, peak 8 with RU (Fig. 5.5B), peak 9 with LU (Fig. 5.5C). All the
flavonoids showed similar activities against the Aβ42 fibril inhibition, while there were
no statistically significant differences found between the biophenols, which each
showed activity.
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Figure 5.5. HPLC-chromatograms of 20 µM of Aβ42 incubated with 500 µM of olive biophenols
at 215 nm: (A) QR, (B) RU, (C) LU. All the figures represent the control unincubated Aβ42
(control) and incubated Aβ42 with olive biophenols. The gel chromatography diagram of
unincubated Aβ42 (control) given a sharp peak while Aβ42 co-incubated olive biophenols
showed a bifid peak in A-C.

The extracts olive biophenols showed poorer inhibition activity against Aβ42 fibril
formation compared to control. The eluted peak 10 shown Aβ42 (control) and OE
incubated with Aβ42 (Fig. 5.6A), followed by peak 11 with OF (Fig. 5.6B), peak 12
with HE (Fig. 5.6C), and peak 13 with OP (Fig. 5.6D). The calculated AUC for control
versus extracts were statistically significant while no significant differences found
between each extract.
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Figure 5.6. HPLC-chromatograms of 20 µM of Aβ42 incubated with 500 µM of olive biophenols
at 215 nm: (A) OE, (B) OF, (C) HE and (D) OP. All the figures represent the control
unincubated Aβ42 (control) and incubated Aβ42 with olive biophenols. The gel chromatography
diagram of unincubated Aβ42 (control) gave a sharp peak while, Aβ42 co-incubated olive
biophenols showed a broader base but non-significant area under curve compared with control.

There are a few in vitro methods used for the separation and quantitation of Aβ
including enzyme-linked imunosorbent assay (ELISA), western blotting of Aβ
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separated by gel electrophoresis, mass spectrometry and liquid chromatography mass
spectrometry (LC–MS) (Ford et al., 2008; Oe et al., 2006). In addition, there are a few
studies that have used HPLC techniques for quantification as well as amyloid inhibition
assays using biophenols (Huang et al., 2012a). In the present study, we used an HPLC
technique for the detection of amyloid inhibition by olive biophenols, where all the
olive biophenols showed the almost similar activities against amyloid. Significant
differences were found between the control and test treatments, as verified by one way
ANOVA, while there was no significant difference was detected between individual
olive biophenol. The possibility of similar non-significant result between each
biophenol could be due to ten times dilution of olive biophenols in the buffer solvent
system for HPLC analysis, where the biophenols showed a very high reactivity with
alkaline buffer solution and air oxidation (data not shown). The limitation of the current
assay was the higher dilution, solvent system, and single concentration used for the
biophenols. There is a need to design a future study to overcome this rapid oxidation of
olive biophenols including a change in the solvent system to a neutral or slightly acidic
buffer which should be non-reactive to the biophenols and also does not interact with
the amyloid fibril.

5.4.5. Copper-chelation activity with Aβ42
Studies have suggested that copper (Cu) accumulation in brain capillaries generates
hydroxyl free radicals by the Fenton/Haber-Weiss Reaction (Huang et al., 1999).
Furthermore, cupric ion (Cu2+) is reduced to cuprous (Cu+) by suitable electron donor
species, specially Aβ, and Cu+ in turn reacts with hydrogen peroxide to generate the
hydroxyl radical, which finally leads to protein oxidation and lipid peroxidation
(Butterfield & Lauderback, 2002). In vitro evidences suggested that Cu avidly binds
Aβ via mainly histidine and tyrosine residues (Atwood et al., 2004; Syme et al., 2004),
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and induces oxidative stress mechanism of Aβ toxicity, where Aβ itself a Cu reductase
(42 > 40), generates reactive oxygen species consequently to Cu/Aβ interaction (Huang
et al., 1999).
After incubation of 20 µM of Aβ42 with various concentrations of CuCl2, there was a
significant ∼73% of quenching in the fluorescence as shown in Fig. 5.7A and giving
rise to the chelation product (Fig. 5.7B). The ThT assay with Cu and Aβ42 results
suggested that Cu has a tendency to bind with Aβ42 which may potentiate the amyloid
toxicity in AD conditions.
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Figure 5.7. Copper chelating activity of Aβ42: (A) quenching of absorbance by Cu and (B)
increase in chelation product with Aβ42. The results were mean ± S.D. and analysed by one way
ANOVA, *p < 0.05 vs control (ThT + Aβ42).

5.5. Conclusion
The present results showed that olive biophenols exert significant actions to inhibit the
fibrillization of Aβ. The in vitro inhibition of Aβ fibril production and aggregation by
olive biophenols were assessed via ThT and Congo red spectroscopic assays. In both
the assays the activity of the non-flavonoid olive biophenols was superior to the
flavonoid olive biphenols. Of the non-flavonoid olive biophenols, OL showed the
greatest anti-amyloidogenic activity, most likely due to its non-polar and non-covalent
moiety interaction with the hydrophobic end of the Aβ fibril (Bazoti et al., 2008). In
addition, a few studies (Rigacci et al., 2011; Rigacci et al., 2010) have been suggested
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that OL is an aggregation inhibitor of Aβ, and does not suppress the final growth of
mature Aβ fibrils, but instead it triggers peptide precipitation into amorphous
aggregates devoid of toxicity, avoiding the formation of toxic oligomers. Verbascoside,
another non-flavonoid olive biophenol showed similar inhibitory potency to OL in the
ThT assay. Of the flavonoid olive biophenols, LU was also a potent anti-amyloidogenic
compound in both the ThT and Congo red assays. The inhibitory activity of LU against
Aβ fibrillization was possibly due to the presence of a C2-C3 double bond on the C ring
and possession of both a catechol group in the B-ring and the 3-hydroxyl group (Liu et
al., 2011b). Furthermore, a few studies observed the modification of LU in humans by
enzymes produced in the liver and intestines, which results in the addition of a
glucuronide modification to the hydroxyl group in position 7 of the A-ring, decreasing
the activity (Lu et al., 2011). It is possible that the higher activity of LU is observed
only in an in vitro system, and the activity is affected by enzymes in vivo causing it to
be a less effective anti-amyloidogenic compound. QU was the second most potent
flavonoid in these assays. It was suggested that the 3-hydroxy, 4-keto groups of QU
are essential for inhibition of Aβ fibril growth (Stefani & Rigacci, 2013), while a few
studies (Akaishi et al., 2008) have suggested that the 3-hydroxyl group is not necessary,
while the 3′,4′-dihydroxyl group of the B ring is essential.
Of the biophenol rich olive extracts, HE was the most powerful inhibitor of Aβ fibril
formation. The high potency relative to the individual biophenols suggests a high
degree of synergy between the individual components in the extract. This might also
reflect the very high levels of the biophenol HT. It is notable that the relative order of
effective inhibitors of Aβ aggregation changed based on the type of assay used. Hence,
more than one assay should be always performed to access the anti-amyloid potential
of any tested compounds’.
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The results of the anti-amyloidogenic assays suggested that even if a compound showed
higher free radical scavenging activity and enzyme inhibitory action, it is not certain
that it will have higher anti-amyloidogenic activity. The possible reasons could be a
change in conditions including the pH, solution system, temperature, enzymatic
modification and affinity to the amyloid fibril of the inhibitory molecules.
Overall, this study indicated that olive biophenols exert actions to inhibit the formation
of Aβ fibrils in an in vitro environment. Whether this translates to the in vivo
environment remains to be determined, but this does raise the possibility that olive
biophenols may be effective in the inhibition of Aβ in the development of AD.
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CHAPTER 6
NEUROPROTECTIVE EFFECTS OF OLIVE
BIOPHENOLS AGAINST SOME
NEUROTOXIC SUBSTANCES
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6.1. Abstract
To understand the pathogenesis of AD at the cellular level, a number of past and
continuing investigations have shown that neuronal cell cultures allow for rapid
high-throughput screening and the identification of novel compounds and drug
targets. The present study investigated the neuroprotective effect of olive
biophenols on toxicity induced in SH-SY5Y cells by various neurotoxins (H 2 O2 ,
Aβ42, L-DOPA and Copper). In the H2 O 2 -induced oxidative stress model, nonflavonoid olive biophenols showed higher neuroprotective activity than the
flavonoid olive biophenols. In addition, the olive biophenol extracts were also
potent at higher concentrations. When Aβ42 was used as the toxin, again the
biophenols had neuroprotective activity, with the overall order of activity being extracts
> non-flavonoids > flavonoids. Again, biophenols proved protective against copperinduced toxicity of SH-SY5Y cells, with the extract, Hydroxytyrosol Extreme showing
92% of protection followed by verbascoside 72%.
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6.2. Introduction
A number of neuronal cell lines are commonly used for understanding the cellular and
molecular pathogenesis of AD, including PC12, HEK-293, and SH-SY5Y cell (Gordon
et al., 2013). However, neuroblastoma (SH-SY5Y) cells have become popular for in
vitro research on AD (Agholme et al., 2010), due to their cells having synaptic
structures, functional axonal vesicle transport systems, and because they express
neurospecific proteins including nuclear proteins (Zheng et al., 2006).
The neurons are highly susceptible to oxidative stress due to their high rate of aerobic
metabolism, and the presence of catalysts such as heavy metals that leads to generate
free radicals, excitotoxic amino acids, and low levels of endogenous antioxidant
(Gilgun-Sherki et al., 2002; Halliwell, 2006). Hydrogen peroxide (H2O2), is widely
used as an induced oxidative stress model in SH-SY5Y cells (Soundararajan et al.,
2008). Moreover, Aβ peptide, a well-known and frequently used neurotoxic compound
in in vitro models of AD, which cause reduced cell viability, increased the number of
apoptotic-like cells, and increased RONS production (Zhang et al., 2009a). In addition,
Aβ causes the release of lactate dehydrogenase (LDH), morphological alterations, and
neuronal DNA condensation in SH-SY5Y cells (Zhang et al., 2010). A few studies have
shown the neuroprotective effect of biophenols against induced neurotoxicity in SHSY5Y cells (Soundararajan et al., 2008).
Levodopa (L-DOPA), is an intermediate compound formed during melanin synthesis,
under the influence of tyrosinase which catalases the conversion of L-DOPA and
dopamine to their specific O-quinones (Ogawa et al., 2005). The enzymatic oxidation
or auto-oxidation of an excess amount of dopamine generates RONS which induce
apoptotic or non-apoptotic cell death. Thus, tyrosinase can show a neurotoxic effect by
producing dopamine-quinones (Basma et al., 1995). Studies have shown that L-DOPA
is associated with adverse metabolic effects in relation to methylation and increased
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levels of plasma total homocysteine (Zoccolella et al., 2009), a well-established
independent risk factor for AD (Zhuo et al., 2011). Furthermore, in vitro and animal
studies showed that the elevated L-DOPA levels result indirectly in increased
phosphorylation of tau protein (second hallmark in AD) (Bottiglieri et al., 2012). An
in vitro study showed the inhibitory effect of biophenols (resveratrol, quercetin and
epigallocatechin gallate) against L-DOPA induced toxicity in SKNSH neuronal cells
(Peritore et al., 2012).
Heavy metals such as copper can enhance neurotoxicity of the Aβ peptide through
conformational change of the peptide (Bush & Tanzi, 2008). The underlying
mechanism of the heavy metal such as copper induced neurotoxicity in SH-SY5Y cells
via production of RONS, along with impairment of the capability of mitochondrial
dehydrogenases and the loss of the integrity of the plasma membrane (Arciello et al.,
2005). Thus, correcting copper imbalance in the brain could be a preventative measure
to slow down of the development of AD (Lin et al., 2010).

The current study investigated the neuroprotective effect of olive biophenols against
neurotoxicity in an in vitro model of AD, in human neuroblastoma (SH-SY5Y) cells.

6.3. Material and methods
Olive leaf extract (OE) from ComvitaTM, olive fruit extract (OF) from Nature
GoodnessTM, hydroxytyrosol extreme capsule (HE) from ProHealth®, olivenol plus
capsule (OLP) from CREAGRITM. Oleuropein (OL), hydroxytyrosol (HT), vebascoside
(VB) and luteolin (LU) were purchased from Extrasysthase, France. Neuroblast cell
line (SH-SY5Y), Dulbecco's modified eagle medium (DMEM), fetal calf serum (FCS),
non-essential amino acid solution (NEAA), L-glutamine solution, PenicillinStreptomycin solution, trypsin-EDTA solution, trypan blue, dimethyl sulfoxide
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(DMSO), Tris-HCl buffer, hydrogen peroxide (H2O2), copper chloride (CuCl2), caffeic
acid (CA), quercetin (QR), rutin (RU), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO) were purchased from SigmaAldrich, Sydney, Australia. Human amyloid beta (Aβ42) was purchased from APExBIO
(Batch.No.1), USA.

6.3.1. Aβ42 fibril preparation
Human amyloid beta (Aβ42) was purchase from APExBIO (Batch.No.1), USA. The
lyophilized powder was stored at -20°C. Stock solutions (3.5 mM) of Aβ42 were
prepared by dissolving the lyophilized Aβ42 peptides in 10% DMSO (0.1% working
DMSO solution concentration in each assay) (Broersen et al., 2011) followed by 2
minutes vortexing and sonification then stored at -80°C. Twenty μM of Aβ42 in 10 mM
Tris-HCl buffer having pH 7.4 was used for fibril formation after 7 days incubation at
room temperature without disturbing the solution tube.

6.3.2. Cell culture
SH-SY5Y cells were grown in clear sterile 96 well microplates with 50% Minimum
Essential Media (MEM), 50% Ham’s F-12, 15% inactivated fetal calf serum, and 1%
of 100 units/ml penicillin/streptomycin, 1% L-glutamine and 1% NEAA. When the
cells reached 80-90% confluency, they were detached from the T-75 flask with trypsinEDTA solution, and subsequently cultured in fresh medium. Viable and dead cells were
quantified using a hemocytometer following the addition of 10% trypan blue. The cells
were seeded at a density of 5×103 cells to the 96 well microplate and maintained at
37°C under 5% CO2/95% humidified air incubator for 24 h.
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6.3.3. H2O2-induced toxicity in SH-SY5Y cells and neuroprotective potential
H2O2 was freshly prepared (from 30% stock solution) in different concentrations
ranging from 50-1000 µM. In order to produce oxidative stress, the cells were treated
with the different concentrations of H2O2 for 24 h. The LD50 (50% lethal concentration)
of H2O2 toxicity against SH-SY5Y cells was determined. In the second part of the assay,
SH-SY5Y cells were again seeded at a density of 5×103 cells per well and incubated
for 24 h. Olive biophenols were prepared in various concentrations and incubated with
cells for a further 24 h. In order to produce oxidative stress, freshly prepared H2O2 was
added to the cells that were pre-treated with olive biophenols, and incubated for another
24 h at 37°C.

6.3.4. Aβ42 induced SH-SY5Y cell toxicity and olive biophenols treatment
SH-SY5Y cells were seeded in sterile clear 96-well plates at a density of 5×103 cells
per well for 24 hrs. Aβ42 fibril was produced from the stock solution in 5 days of
incubation at room temperature. In order to produce Aβ42 induced toxicity and oxidative
stress, different concentrations of Aβ42 fibril ranging from 5-25 µM were added to the
SH-SY5Y cells for 24 h. The LD50 of Aβ42 toxicity against SH-SY5Y was determined.
In the second phase, the seeded SH-SY5Y cells were pre-treated with different
concentrations of olive biophenols, over 24 h at 37°C, under 5% CO2/95% humidified
air. Subsequently, 20 µM Aβ42 fibril was added to SH-SY5Y cells incubated over 24h
with or without olive biophenols.

6.3.5. L-DOPA-induced SH-SY5Y toxicity and protection by olive biophenols
The cells were incubated at a density of 5×103 cells per well and maintained at 37°C
under 5% CO2/95% humidified air incubator for 24 h. In the first phase of the assay,
LD50 values of L-DOPA were determined using freshly prepared eight dilutions ranging
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from 10-2000 µM in 0.1 M phosphate buffer (pH 6.8). In order to produce toxicity, SHSY5Y cells were treated with different concentrations of L-DOPA for 24 hours. In the
next phase of the assay, SH-SY5Y cells were pre-treated with different concentrations
of olive biophenols including standard (2.5-125 µM) and (2.5-125 µg/mL) extracts for
24 h. In order to produce the toxicity in the SH-SY5Y cells, freshly prepared L-DOPA
was added to the pre-treated cells with olive biophenols for another 24 h at 37°C.

6.3.6. Copper induced SH-SY5Y toxicity and protection by olive biophenol
Copper enhanced APP dimerization and increased extracellular release of Aβ42 (Noda
et al., 2013). Both Aβ and APP have strong Cu-reductase activity, generating Cu+ from
Cu2+. This reaction produces hydrogen peroxide as a by-product. Cu+ is a potent
mediator of the highly reactive hydroxyl radical (OH•) and APP or Aβ-associated Cu+
may contribute to the elevated oxidative stress characteristic of AD brain (Valko et al.,
2007). Moreover, copper ions have more affinity to Aβ42 than Aβ40, which suggested
that copper can promote Aβ aggregation (Eskici & Axelsen, 2012). SH-SY5Y cells
were seeded in 96-well plates at a density of 5×103 cells per well at 37°C under 5%
CO2/95% humidified air incubator for 24 hours. The neurotoxic concentration of Cu
was determined using a previously described method (Arciello et al., 2005) with slight
modifications. Different concentrations (5-2000 µM) of CuCl2 were added to SH-SY5Y
cells and incubated for 24 h at 37°C under 5% CO2/95% humidified air.
In the second phase, SH-SY5Y cells were seeded in sterile clear 96-well plates at a
density of 5×103 cells per well with different concentrations of olive biophenols and
incubated for 24 h. Two hundred μM CuCl2 was added to SH-SY5Y cells pre-treated
with or without olive biophenols except the control well, and further incubated over 24
h.
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6.3.7. Cell viability assay
Cell viability was determined by a colourimetric method using MTT which is based on
the conversion of MTT to dark blue formazan crystals by mitochondrial dehydrogenase
enzyme. Briefly, 10 μl of 5 mg/ml MTT solution in phosphate buffer saline was added
to each well and incubated for 4 h at 37°C (Shaykhalishahi et al., 2009). Supernatants
were then aspirated off and formazan crystals were dissolved with 50 μl of DMSO to
each well followed by reading absorbance after 15 min at 570 nm using POLARstar®
Omega (BMG, Labtech Australia) micro plate reader.

6.4. Results and discussion

6.4.1. Neuropreventive effect against H2O2-induced oxidative stress
In the present study, the toxicity of H2O2 at different concentrations from 0-1000 μM
was evaluated against SH-SY5Y cells (Fig. 6.1A). The LD50 of H2O2 against SH-SY5Y
cells to be 654.6 μM. This is similar to earlier findings (EC50 = 703 μM) (Huang et al.,
2014). Based on earlier finding and current result, I used 700 µM H2O2 to evaluate the
protective effects of the olive biophenols in SH-SY5Y cells. CA (500 µM) showed (Fig.
6.1B) the highest protection (77%) against H2O2 induced SH-SY5Y toxicity, followed
by 71% protection by VB (500 µM) (Fig. 6.1B), while OL and HT showed equal
protective action (69%) in protection (Fig. 6.1B). QR and RU showed equal strength of
protection (63%), as shown in Fig. 6.1C, while LU reached up to 59% of protection
against H2O2 toxicity (Fig. 6.1C). The flavonoid biophenols showed lesser activity than
the non-flavonoid biophenols in the in vitro assay by the cell line assay. Of the
commercial extract, HE showed the highest protection, of 98% at the highest
concentration followed by OE with 92% (Fig. 6.1D). OP showed the activity of 80%,
while the OF showed the lesser activity of 73% among extracts (Fig. 6.1D). The activity
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of commercial olive extracts was significantly higher than the individual olive
biophenols, possibly due to the synergy between the flavonoids, oleuropeosides, and
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Figure. 6.1. H2O2 induced SH-SY5Y cell toxicity and protection by olive biophenols: (A) H2O2
neurotoxicity (B) olive biophenols protection: non-flavonoids, (C) flavonoids and (D) extracts.
The results are mean ± S.D. analysed by one way ANOVA, *p < 0.05 vs control.

H2O2 is a normal by-product of cellular metabolism and at a low micromolar
concentration, it has been considered a signaling molecule that can modulate processes
such as cell growth, differentiation, and migration (Miller et al., 2010), whereas higher
concentrations cause severe oxidative stress. H2O2 interaction with iron and copper
generates highly toxic RONS (Milton, 2004). In addition, studies showed that H2O2
may activate γ-secretase (Shen et al., 2008) and β-secretase which may play a role in
the oxidative-stress-induced BACE1 expression in AD (Jo et al., 2010). The results
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suggested a significant neuroprotective effect for olive biophenols, especially
commercial extracts. While, olive biophenols are not very effective H2O2 scavengers in
situ model system, yet the high activity in protecting neuroblastoma cell line (SHSY5Y) cannot be only ascribed to direct scavenging action of H2O2. We suggest the
involvement of other neuroprotective effects.

6.4.2. Aβ42 induced SH-SY5Y toxicity and protection by olive biophenols
The morphology of SH-SY5Y cells at a density of 5 × 103 cells/well with or without
Aβ42 were shown in Fig. 6.2A-C.

Aβ42 + cells

A

C

B

Figure 6.2. SH-SY5Y cells morphology with or without Aβ42: (A) control 0 h, (B) control 24
h, and (C) 20 µM Aβ42.

Aβ42 (25 µM) achieved a maximum toxicity of 62% (Fig. 6.3A) and LD50 was 20 µM.
The anti-amyloid effects of olive biophenols were assessed by pre-incubation of cells
with different concentrations of olive biophenols prior to the exposure to 20 µM Aβ42.
CA showed the highest protection, with 64% (Fig. 6.3B) followed by OL 61% (Fig.
6.3B), VB 58% (Fig. 6.3B) and the least by HT 52% (Fig. 6.3B). CA showed in vitro
neuroprotective activity against Aβ induced toxicity at 10 and 20 μg/mL in PC12 cells
(Sul et al., 2009). In the flavonoid group, the highest preventative activity was shown
by LU 59% (Fig. 6.3C), while QR (Fig. 6.3C) and RU (Fig. 6.3C) showed the same
activity 51% upon the same concentration. Among the extract biophenols, HE showed
a significant higher protective activity 86% (Fig. 6.3D), followed by nearly similar
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activity 83% by OE (Fig. 6.3D), while the least activity was shown by OP 68% (Fig.
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Figure 6.3. Aβ42 induced (A) SH-SY5Y toxicity and protection by olive biophenols: (B) non
flavonoids, (C) flavonoids, (D) extracts. The results were mean ± S.D. of each parallel
measurements analysed by one way ANOVA, *p < 0.05 vs control.

Due to differentiation into neuron like cells and consistent biochemical features of
mature neurons along with axonal expression of mature tau protein isoforms, SH-SY5Y
neuroblastoma cells are widely used in AD disease models (Agholme et al., 2010). In
vitro studies showed that 20 µM of Aβ42 is a high enough concentration to produce
substantial toxicity in SH-SY5Y cells (Chonpathompikunlert et al., 2011; Wang et al.,
2012). Our results showed that extracts of olive biophenols have great potential as
inhibitors of amyloid fibril formation.
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6.4.3. L-DOPA toxicity and SH-SY5Y protection by olive biophenols
L-DOPA caused 70 % kill to SH-SY5Y cells at a concentration of 100 μM (Lai & Yu,
1997). The results showed the maximum toxicity of 54% to SH-SY5Y cells (Fig. 6.4A),
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which was achieved by using 100 μM of L-DOPA with an LD50 value of 98.34 μM.

Dose dependent L‐DOPA oxidation in SH‐SY5Y cell (conc. in M)

Figure 6.4. L-DOPA induced SH-SY5Y toxicity. (A) Dose dependent SH-SY5Y toxicity, (B)
dose dependent increase in oxidation. The results are mean ± SEM. analysed by one way
ANOVA, *p < 0.05 vs control.

The possible mechanism for the SH-SY5Y neurotoxicity is via RONS and higher
quinones levels which were produced by the metabolism and/or the auto-oxidation of
L-DOPA (Martin et al., 2005). The increase in the molar concentration of L-DOPA
after 100 μM, decreased SH-SY5Y toxicity and finally at a concentration of 2 mM, LDOPA did not cause any toxicity to SH-SY5Y cells (Fig 6.4B). The possible reason
could be an auto-oxidation of L-DOPA at higher concentrations, where the alkaline
phosphate buffer turns a dark brown colour, as already documented (Takahashi &
Fitzpatrick, 1964). The second possibility which may be cause L-DOPA-derived
quinones reacted with cellular nucleophiles to produce stable quinoprotein adducts
(Graham et al., 1978). After increasing the L-DOPA (>100 μM) concentration, the
quinoprotein adduct formation was unaffected and doesn’t produce further toxicity to
the SH-SY5Y cells, and any further increased L-DOPA concentration may reverse the
toxicity condition to SH-SY5Y cells.
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Olive biophenols were analysed for the protection of SH-SY5Y cells against L-DOPA
induced cellular toxicity. Amongst non-flavonoid olive biophenols, CA showed the
highest potency with EC50 of 24.75 µM and 72% protection (Fig. 6.5A) followed by
OL (EC50: 31.1 µM) and VB (EC50: 34.1 µM) with 67%, while HT had EC50: 57.5 µM
with only 57% protection (Fig. 6.5A).
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Figure 6.5. Olive biophenols and L-DOPA induced SH-SY5Y toxicity. The neuroprotective
effect showed by (A) non-flavonoids, (B) flavonoids, and (C) extracts olive biophenols. The
results are mean ± SEM. analysed by one way ANOVA, *p < 0.05 vs control.

Olive flavonoids, protected the SH-SY5Y cells in a dose dependent manner (Fig. 6.5B).
RU (EC50: 7.5 µM) showed the highest cell protective activity 74% (Fig. 6.5B) followed
by LU (EC50: 16.2 µM) having 65% protection (Fig. 6.5B). Meanwhile, QR showed the
least protection of 58% (Fig. 6.5B) among flavonoids with EC50 of 23.2 µM.
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Olive extracts showed marked significant protection of SH-SY5Y cells against LDOPA toxicity. The HE showed (EC50: 12.8 µg) the highest protection of 97% at a
concentration of 83.33 µg (Fig. 6.5C) followed by OF (EC50: 11.34 µg) with 96%
protection, OE (91%) EC50 28.64 µg and OP (81%) EC50: 15.59 µg at the same
concentration as showed in figure 6.5C.
In the cell free tyrosinase inhibition assay, not all of the olive biophenols showed
significant activity, while in the neuroblastoma SH-SY5Y cell system they showed
marked protective activity against L-DOPA induced toxicity.
Studies have suggested that long term administration of L-DOPA to Parkinson’s disease
patients may cause side effects in the form of increased toxicity and inflammatory
response, as well as disturbances in biothiols metabolism. Therefore, in Parkinson’s
disease patients treated with L-DOPA, monitoring of oxidative stress markers (8-oxo2’-deoxyguanosine, apoptotic proteins) and inflammatory factors (high-sensitivity Creactive protein, soluble intracellular adhesion molecule), as well as biothiol
compounds (homocysteine, cysteine, glutathione) is highly recommended (Dorszewska
et al, 2014).
A

few

studies

have

shown

detrimental

effects

of

L-DOPA

causing

hyperphosphorylation of tau protein and leading to AD (Bottiglieri et al., 2012). It may
be possible that using L-DOPA for therapeutic effect in Parkinson’s disease patients
can cause an increase in the risk of AD. Furthermore, a few studies have suggested the
use of L-DOPA in AD may cause disaggregation of the amyloid fibril (Li et al, 2004).
In contrast, my results oppose the use of L-DOPA in an in vitro model of AD due to
toxicity in SH-SY5Y cells.
Olive biophenols may decrease the L-DOPA toxicity and protecting the neuron which
could be a promising neuroprotective compound against the neurodegerative disease
like Parkinson’s or AD.
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6.4.4. Copper induced SH-SY5Y cells toxicity and protection by olive biophenols
Studies have shown that Cu overload to human-derived lung, liver cells (A-549 and
HepG2) (Arnal et al., 2012) and neuroblastoma SH-SY5Y cells (Watt & Hooper, 2001)
significantly increased the concentration of this metal inside the cells in a dosedependent manner. In addition, these Cu overloads and which is ultimately cause
concomitant increase in ROS production and more specifically in hydrogen peroxide,
which ultimately a risk factor for AD.
By using different concentrations of CuCl2 incubated with SH-SY5Y cells after 24 hrs,
determined the LD50 169.2 µM causing the maximum toxicity of 77% compared to
control (Fig. 6.6A). In the non-flavonoid olive biophenols group, VB showed the
highest protective activity 72% against Cu induced SH-SY5Y toxicity (Fig.6.6B). CA
showed the second highest protective activity 64% (Fig. 7B), while OL and HT showed
(Fig. 6.6B) almost similar protective abilities 56% and 53% respectively. The
flavonoids biophenols showed inferior protective activity to the non-flavonoids against
Cu-induced SH-SY5Y cells. QR showed max protection of 54% followed by RU 51%,
while LU was the least active flavonoid 44% (Fig. 6.6C) against Cu-induced SH-SY5Y
toxicity. Olive extracts showed significantly higher protective activity, where HE was
the most protective compound showing 92% of activity (Fig. 6.6D). OE was the second
most protective compound showing 73% of protection (Fig. 6.6D), while OF showed
only 59% of protection followed by the least active OP 51% activity (Fig. 6.6D).
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Figure 6.6. Copper induce SH-SY5Y cells toxicity. (A) Cu induced SH-SY5Y cell toxicity, and
protection by (B) olive biophenols (non-flavonoids), (C) olive biophenols (flavonoids) and (D)
olive biophenols (extracts). The results were mean ± S.D. analysed by one way ANOVA, *p <
0.05 vs control.

The metal-ion-binding sites on Aβ provide a very promising target for the development
of new therapeutics, where copper-treated SH-SY5Y cells may represent a model of
copper overload in the brain leading to neurodegeneration of AD. The ongoing research
in Cu-specific chelating agents, chaperones, or antioxidants are focuses on the
prevention of Cu mediated Aβ neurotoxicity and ROS production in AD by Cu
chelating therapy, which is an emerging trend in current research (Deane et al., 2009).
Our results suggested that olive biophenol extracts are superior to the individual nonflavonoid and flavonoid olive biophenols in the protection of SH-SY5Y cells against
Cu-induced toxicity, which raises the possibility that these could be promising
compounds in AD therapy. Olive flavonoids showed relatively poor protection and a
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possible reason behind their poor activities is a susceptibility to auto-oxidation and
conversion into O-methylated metabolites, which lack a hydroxyl group and ultimately
lead to a slight cytotoxicity to the SH-SY5Y cells (Bandaruk et al., 2014).

6.5. Conclusion
Human neuroblastoma (SH-SY5Y) cells possess synaptic structures, exhibit functional
axonal vesicle transport, and express neurospecific proteins. As a result they are
extensively used in neuroscience research, including research into AD (Agholme et al.,
2010). In the present study, the effect of four different neurotoxins (H2O2, Aβ, high
doses of L-DOPA and Cu2+) was studied in this cell line. These neurotoxins belong to
four important chemical groups; RONS (H2O2), peptides (Aβ), catecholamines (LDOPA), and heavy metal ions (Cu2+). They are all naturally present in the human body
and hence provide a close simulation to the physiological conditions. All four of them
exert toxic effects on the SH-SY5Y cells and therefore are great models to examine the
neuroprotective potential of olive biophenols.
The non-flavonoid olive biophenol CA offered the strongest protection against H2O2induced cell death. The possible mechanism for this protection is its high lipophilicity
and the presence of the 3ˊ, 4ˊ-catechol ortho-dihydroxy structure, which is known to be
responsible for free radical scavenging properties (Bors et al., 1990). In addition, CA
undergoes chemical structural modifications upon interaction with lipid peroxyl
radicals in the SH-SY5Y cells, to form alkyl quinone radicals (Laranjinha et al., 1994).
The flavonoid olive biophenols QU and RU shared similar cell protection, most likely
because of the presence of a catechol structure in the B-ring and their affinity for
phospholipid membranes. The olive biophenol extract, HE also showed very high
neuroprotective activity against H2O2-induced toxicity. It is suggested that this is due
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to higher activity of HT as principal constituent, in addition to synergism with other
minor constituents.
Olive biophenols showed significant protection of human neuroblastoma (SH-SY5Y)
cells against Aβ induced toxicity. This is in accord with previous studies (Dasilva et al.,
2010; Porat et al., 2006), and from these studies a general mechanism of action has been
proposed by which they protect cells against Aβ. This model is based on an interaction
between phenolic rings of the biophenols and an aromatic residue of amyloidogenic
proteins, which prevents a π-π interaction, disturbing π-stacking between protein units
within the β-structure and blocking the self-assembly that leads to amyloid fibril
formation. In this assay the non-flavonoid olive biophenols showed higher
neuroprotective activity than flavonoid olive biophenols in SH-SY5Y cells, with CA
the most efficient anti-amyloidogenic compound. The mechanism by which this occurs
is not known, but is possibly attenuated intracellular calcium influx, by the reduction
of GSK-3beta activation (Sul et al., 2009).
OL was second most effective agent in decreasing or preventing Aβ aggregation. This
action may be by forming a non-covalent complex with Aβ, thereby protecting the SHSY5Y cells against aggregate cytotoxicity (Bazoti et al., 2006a). The flavonoid olive
biophenol LU showed high neuroprotective activity in SH-SY5Y cells, possibly due to
the presence of catechol hydroxyl groups on the A and B rings that may form quinones
capable of binding covalently to Aβ peptide (Cheng et al., 2010). The extract olive
biophenols HE and OE showed almost equal neuroprotective activity in SH-SY5Y cells
against Aβ induced toxicity, suggesting that the principal constituents of them, HT and
OL, have similar neuroprotective ability.
Levodopa (L-DOPA), one of the most popular drugs used for the treatment of
Parkinson's disease for decades is a close structural analogue of the amino acid Ltyrosine. A few studies have shown a dose-dependent toxic effect of L-DOPA at higher
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concentrations in SH-SY5Y cells (Martin et al., 2005), and the presence of accumulated
L-DOPA-containing proteins in the brain of L-DOPA-treated Parkinson's disease
patients (Chan et al., 2012). In addition, through its ability to generate radicals, proteins
containing incorporated L-DOPA are toxic to SH-SY5Y cells by a mechanism
independent of oxidative stress and resistant to antioxidants (Chan et al., 2012).
Moreover, a few studies have shown L-DOPA causing hyperphosphorylation of tau
protein, leading to AD (Bottiglieri et al., 2012) and suggested that the use of L-DOPA
in AD may cause disaggregation of the amyloid fibril (Li et al., 2004). In the present
study, olive biophenols showed significant protection in L-DOPA-induced toxicity in
neuroblastoma (SH-SY5Y) cells. Olive biophenols showed a protective action against
this toxicity, with the flavonoid biophenols showing higher protection than the nonflavonoid biophenols. The flavonoid RU exerted the highest protective activity of all
the individual biophenols, while in general, QU showed higher peroxyl radical
scavenging activity than its glycoside derivatives such as in RU because of a hydroxyl
group at position C-3. The presence of rutinose at position C-3 in rutin may block its
C-3 hydroxyl group, which plays an important role in antioxidant activity such as
radical scavenging and (or) transition metal chelating, and results in a reducing of
antioxidant activity (Heim et al., 2002). The present results suggested two possible
mechanisms by which RU has higher activity than the QU: (i) the glycoside
substructure of C-3 in the C rings of the flavonol skeleton showed relatively higher
neuroprotective activity in SH-SY5Y cells than the corresponding aglycone QU and the
substitution of the sugar moiety to hydroxyl group in flavonol glycosides could
decrease their scavenging activity, (ii) QU has higher intestinal absorption than RU,
and undergoes conjugation and/or methylation, which probably plays a role in lowering
the reactivity of quercetin which arises from the presence of two -OH on the B-ring, or
the presence of -OH in 3 and 5 position at the vicinity of the 4-oxo group. Of the non157

flavonoid olive biophenols, CA was the most active neuroprotective agent against LDOPA-induced toxicity, whilst of the extracts, HE showed, as usual, the highest
neuroprotective activity.
Studies have shown that metal ions, including copper, iron, zinc, and the exogenous
contaminant aluminium are involved in the assembly and neurotoxicity of Aβ species
(Giuffrida et al., 2007; Zatta et al., 2009). In particular, copper, iron and zinc
dyshomeostasis was evident within AD-affected brains (Crouch et al., 2007; Lovell et
al., 1998). In the related metal ion dyshomeostasis, high concentrations of copper have
been found within the amyloid deposits. APP and Aβ both have a copper binding
domain (Multhaup et al., 1996; Smith et al., 2007). In the present study, non-flavonoid
olive biophenols showed higher neuroprotective potential than flavonoid olive
biophenols in Cu-induced oxidative stress and toxicity in SH-SY5Y cells. Of the nonflavonoid olive biophenols, CA was the most active neuroprotective compound,
possibly due to its antioxidant activities, which are based on structural factors as well
as the medium used to assay these activities. The free radical scavenging activity is
thought to be dependent on the presence and the number of catechol and hydroxyl
groups, as well as on the number of H-donating groups (Son & Lewis, 2002). CA could
behave as a ligand to a copper coordination sphere (Nkhili et al., 2014), thus
demonstrating Cu modulatory potential. The results suggested the mechanisms by
which CA rescued SH-SY5Y cells from Cu-induced toxicity could be explained by two
distinct pathways. Firstly, CA may not be cell-permeable and is attaching to the
membrane of the SH-SY5Y cells, forming a bond with the surface, thereby limiting Cu
contact and association, forming a neutral complex with Cu, with no cellular toxicity.
Secondly CA chelates copper ions (Cu2+) at catechol position, contributing
neuroprotective activity via inhibition of copper-catalyzed free radical formation.
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In the current model system, we used the four toxins (H2O2, Aβ, higher L-DOPA and
Cu2+) which cause severe oxidative stress conditions in the SH-SY5Y cells, leading to
cell death. Overall, olive biophenols either individual or in extracts showed significant
neuroprotective properties against these four neurotoxins. Of the non-flavonoid olive
biophenols, CA demonstrated the highest neuroprotective properties showing both
H2O2 scavenging activity as well as preventing Aβ induced toxicity in SH-SY5Y cells.
In contrast, our in vitro H2O2 scavenging assay and anti-amyloidogenic results showed
that VB had higher potency than other flavonoid olive biophenols. Furthermore, CA
was a potent neuroprotective agent against L-DOPA induced SH-SY5Y toxicity, which
follows the result of our SOR scavenging activity assays. The results suggested that the
differences in activity of compounds also depends upon the working conditions of
assays or systems (with cell and without cell). The extracts were potent and efficient
neuroprotective agents against all four neurotoxins. In line with other in vitro studies,
HE and OE showed the highest neuroprotective potential. In a nutshell, our studies
provided an experimental evidence that application of olive biophenols targeting
multiple disease-mechanisms may yield a greater likelihood of therapeutic efficacy in
AD.

159

CHAPTER 7
ANTI-ALZHEIMER’S ACTIVITY OF OLIVE
BIOPHENOLS IN VIVO
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7.1. Abstract
Animal models have been used for decades in AD research and have been crucial for
the advancement of understanding of the disease. Mouse transgenic models of AD
continue to gain credibility as more features of the human disease are shown to be
represented in the mice. These include Aβ-induced synaptic and memory deficits but
they do not fully recapitulate the other key pathological events of AD, including distinct
neurofibrillary tangle pathology. One of the most commonly used models, amyloid
precursor protein Swedish mice (APPswe) shows amyloid protein deposition in
early age. In the present study, APPswe and wild type mice were fed olive leaf
extracts or normal mouse chow for four months. Wild type mice did not show
any amyloid plaques regardless of diet. APP swe mice showed a significant
amyloid plaque burden, while four months treatment with olive leaf extracts to
APP swe mice showed a significant amyloid plaque reduction in the cortex and
hippocampal region of the brain. Despite this, APPswe mice did not show any
significant differences in plasma cholesterol, triglyceride and glucose levels
compared to the control animals, regardless of diet. In addition, there were no
statistically significant differences in an array of behavioural and learning
memory tests; the novel objection test, light and dark test for anxiety and Barnes
maze for the learning memory. The results suggest that olive biophenols may
reduce the amyloid plaque burden in APPswe mice but cannot change the blood
biochemistry along with associated behavioural activities.
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7.2. Introduction
To understand the molecular pathogenesis for the drug targeting and development
various non-transgenic animal models indeed essential in Alzheimer’s disease (AD)
research. Although none of the existing non-transgenic models fully reproduce the
complete spectrum of this insidious human disease, critical aspects of Alzheimer’s
pathology and disease progression can be experimentally recapitulated. The
development of novel transgenic (genetically modified) animal models have helped
advance our understanding of the underlying mechanisms of disease and have proven
to be invaluable in the preclinical evaluation of potential therapeutic interventions
(LaFerla & Green, 2012). Finally, it was considered for choosing and development of
animal models of AD, primarily on the basis of extracellular accumulation of Aβ
peptides and cognitive decline pathology has been a common target. The first model
with convincing extracellular amyloid pathology was called PDAPP. It expressed very
high levels of APP protein (approx. 10-fold higher than endogenous APP) as well as
extracellular diffuse and neuritic plaques, dystrophic neurites, gliosis, and loss of
synapse density (Games et al., 1995; Irizarry et al., 1997). In the meanwhile another
APP overexpressing mouse model of AD (Hsiao et al., 1996), Tg2576 line was
developed with the double Swedish mutation (K670N and M671L) and produced APP
at 5.5 fold over endogenous levels and develop diffuse and neuritic plaques (fivefold
increase in the concentration of Aβ40 and a 14-fold increase in that of Aβ42) in the
hippocampus, cortex, subiculum, and cerebellum at around 9-11 months of age similar
to those seen in AD and PDAPP mice. In addition, a new mice model PSAPP was
developed by crossing Tg2576 mice with PS1 M146L mutant mice which showed
additionally an elevation of Aβ42/Aβ40 levels and an acceleration of amyloid deposition
evident in a reduced time period by 6 months of age compared with 9 months in Tg2576
mice (Holcomb et al., 1998). Strain APP23 mice, overexpress human APP cDNA with
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the Swedish mutation under control of the murine Thy1.2 promoter and developed both
amyloid plaques and cerebral amyloid angiopathy starting at around 6 months of age
(Sturchler-Pierrat et al., 1997). APP23 mice also developed memory deficits similarly
to the PDAPP and Tg2576 models, assessed by behavioral tests (Van Dam et al., 2003).
Another genetically modified strain TgCRND8 mice, expressed both the Swedish
mutation and the V717F mutation accelerated amyloid deposition quite early from 3
months to 1 month of age and performed poorly in the water maze which indicated
memory deficits (Chishti et al., 2001; Dudal et al., 2004).

Despite a large number of preclinical and clinical studies, and a great deal of data
derived about the pathogenesis of AD, few drugs have been developed and out of 101,
only 3 were successful during the clinical trials (Becker et al., 2008; Citron, 2010).
There was a growing interest focused on dietary antioxidants contained in many foods
due to their natural origin and the quite good safety profile (Mancuso et al., 2007).
Numerous studies have reported the protective effects of biophenols, including
flavonols and flavones, against various insults, such as Aβ (Commenges et al., 2000b).
In the current study, the effect of olive biophenols (olive leaf extract) on learning
memory assessment, Aβ burden and biochemical parameters in APPswe (PS1)
transgenic mouse model have been investigated.

7.3. Materials and methods

7.3.1. Materials
Olive leaf extract (OE) was purchased from ComvitaTM, Australia. The plasma
cholesterol, triglyceride and glucose kits (Lot. No. V42099; 982620 and 024201) were
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purchased from Thermo Scientific, Australia. The Eppendorf tube and clear sterile flat
bottom 96 well microplates were purchased from VWR, Australia.

7.3.2. Animals
A total of 29 (16 wild and 13 APPSwe PS1) male mice were received as a generous gift
from University of Queensland, Australia and in-housed at the animal house, School of
Biomedical Sciences, Charles Sturt University. Age-matched non-transgenic littermate mice (WT) were used as controls. APPswe PS1 mice overproduce human Aβ40 and
Aβ42 peptides and develop progressive cerebral amyloid beta deposits and learning and
memory impairment (Borchelt et al., 1997; Garcia-Alloza et al., 2006). All experiments
were performed in accordance with the guidelines of the Animal Use Ethics Committee
of Charles Sturt University, Australia.

7.3.3. Diet
The animals were in housed in a specific pathogen-free barrier facility under a 12/12-h
light-dark cycle, with ad libitum access to food and water. A few animal studies have
been used oleuropein (Sarbishegi et al., 2014) and its aglycone (Grossi et al., 2013) in
a dose of 50 mg/kg of diet. In the present study, the treatment groups of animals
received olive leaf extract containing (50 mg/kg of diet) oleuropein (OE), while the
control groups received normal pellets for the period of 4 months. The mice were
weighed routinely including their consumed diet.

7.3.4. Behavioral analysis
For the behavioral tests, each group comprised of 6-8 mice and during behavioural
testing only one animal was tested at a given time.
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7.3.4.1. Novel Objection Recognition in mice
The Novel Object Recognition (NOR) test is based on a spontaneous behaviour: the
main assumption at the base of this test is that access to novelty (e.g. an object or an
environment) can elicit approach behaviours in animals. The NOR test has been used
in different variants, but typically consists of two trials as described elsewhere (De Rosa
et al., 2005). In the first trial task (acclimation) the animal is exposed to one or two
identical objects (sample object). Following the sample object exposure, the animal is
returned to his home cage for a retention period. In the second trial (test), the animal is
returned to the environment (arena) and presented with a familiar (sample) and a novel
object. When the subject ‘remembers’ the previous exposure to the familiar object, it
will explore the novel object to a greater degree than that of the familiar one.

Table 7.1. Novel objection recognition task in mice

Day

Task

Phase

Time

1st

Acclimation

2nd

5 min per mice
5 min per mice
5 min per mice
5 min per mice

Test

Without any objects
2 novel objects training
Phase-I: 4 identical novel objects
Phase-II: 4 identical novel objects
with different positions
Phase-III: 4 identical novel
objects with different positions

5 min per mice

Day 1: Acclimation
a. Clean the testing arena with soap and water. Allow the arena to dry before use.
b. Begin recording. Hold the test card (with the date, test name, and testing
conditions) in view. Hold the mice’s cage card in view.
c. Place the mice into the center of the arena.
d. After five minutes, return the mice to its home cage.
e. Test the remaining mice.
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f. Clean the arena with soap and water.
g. Place two novel objects into the arena.
h. Begin recording. Hold the test card (with the date, test name, and testing
conditions) in view. Hold the mice’s cage card in view.
i. Place the mice into the center of the arena.
j. After five minutes, return the mice to its home cage.
Day 2: Testing
a. Set up the video camera.
b. Configuring the location of the objects.
c. Phase I: Place four identical, novel objects in the arena.
d. Begin recording. Hold the test card (with the date, test name, and testing
conditions) in view. Hold the mice’s cage card in view.
e. Place the mice into the center of the arena.
f. After five minutes, return the mice to its home cage
g. Phase II: Place four identical, novel objects in the arena according to the
configuration, “Sample Two.”
h. Begin recording. Hold the test card (with the date, test name, and testing
conditions) in view. Hold the mice’s cage card in view.
i. 50 minutes after end of Phase I, place the mice into the center of the arena.
j. After five minutes, return the mice to its home cage.
k. Phase III: Place the objects in the arena according to the configuration,
“Sample Two.”
l. Begin recording. Hold the test card (with the date, test name, and testing
conditions) in view. Hold the mice’s cage card in view.
m. 50 minutes after end of Phase II, place the mice into the center of the arena.
n. After five minutes, return the mice to its home cage.
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Their activity was recorded by an overhead video camera (BL-C131, Panasonic,
Fukuoka, Japan) connected to a Windows PC, and horizontal locomotion and rearing
scores were calculated by using any-maze software.

7.3.4.2. The light and dark test
In the light and dark test, the distance travelled and time spent in a brightly illuminated,
aversive test arena compared to a dark area are indicators of anxiety in rodents (Crawley
& Paylor, 1997). The test was conducted as the previously described method with slight
modification (Holmes et al., 2002). The apparatus consisted of a non-transparent
polypropylene cage separated into two compartments by a partition having a small
opening at floor level. The larger compartment was open topped, transparent, and
brightly illuminated by white light from a 60 W desk lamp positioned above the light
chamber. The smaller compartment, was close-topped and painted black. Mice were
individually placed in the centre of the light compartment, facing away from the
partition, and allowed to freely explore the apparatus for 10 min. The apparatus was
cleaned with a 30% ethanol solution between each mice run. The number of light dark
transitions between the two compartments, and the total time spent in the dark
compartment, were automatically recorded via photocells located at the opening
between compartments, connected to a data storage device.

7.3.4.3. Barnes maze test
Barnes maize protocol described elsewhere (Attar et al., 2013) consists of habituation
phase where the mice will be trained to the environment and task for 1 day. The mice
will be trained to learn the task in the training phase (2-4 days) followed by the probe
phase which will normally be performed after 24 hr where mice will be tested for
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remembering about their previously learned lesson for 1 day. Before starting the
experiment mice were acclimatised to the room for about 1 h.
Table 7.2. Barnes maze task in mice

Day
1st
2nd

Phase
Habituation: followed by acclimatization (1 h)3 trials
Training: 4 mice at a time-2 trails

4th

Test: measurement of time spend per quadrant

Time
3 min per mice
5-7 min per
mice
2 min per mice

a. In habituation phase, mice will be placed in the center of the maze underneath
a clear 3500 ml glass beaker for 30s while white noise will be played through a
sound system. The mice will be guided slowly by moving the glass beaker over
10-15s to the target hole that leads to the escape cage. Mice will be given 3 min
to enter independently through the target hole into the escape cage. Mice will
be allowed to stay in the escape cage for 1 min before being then returned to the
holding cage. Once all the animals complete the habituation phase, they will be
returned to their home cage.
b. In the training phase, mice will be placed inside an opaque cardboard cylinder
in the center of Barnes maze for 15s. At the end of the holding period, a buzzer
will be turned on, the cylinder will be removed and the mice will be allowed to
explore the maze for a period of 2 min. When a mouse found the target hole and
entered the escape cage during that time, which was the end-point of the trial, it
was allowed to stay in the escape cage for 1 min before being returned to the
holding cage. If it did not find the target hole, the mouse was guided to the
escape hole and allowed to enter the escape cage independently. The buzzer will
be turned off once a mice enter the escape cage. The process takes normally 57 min for each mouse and can be done with 4 mice at a time with 20-30 min
inter-trial intervals. The total number of 5 trials will be use for short training,
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including 3 trials on day 1 and 2 trials on training day 2, or 15 for long training
with 3 trials on day 1 and 4 trials for days 2-4. During the training phase,
measure of the primary latency and primary holes searched (HS) will be
recorded. Primary latency can be defined as the time to identify the target hole
the first time, as mice didn’t enter the hole upon first identifying it. HS can be
defined as nose pokes and head deflections over any hole. Primary HS can be
defined as the HS before identifying the target hole for the first time.
c. On the probe day, normally 48hrs after the last training day, the escape cage
will be removed, mice will be place inside the opaque cylinder in the center of
the maze for 15s, the buzzer will be turn on and the cylinder will be removed.
Each mice will be given 2 min to explore the maze, at the end buzzer will be
turned off and the mice will be returned to its holding cage. During the probe
phase, the measures of time spent per quadrant and HS per quadrant will be
recorded. The maze should be divided into quadrants consisting of 5 holes with
the target hole in the center of the target quadrants. The other quadrants going
clockwise from the target quadrant label positive, opposite and negative. The
potential observation value should be 8 mice at 15 months of age and 2 mice at
4 months of age fell off the Barnes table during the trails on the first day of
training.

7.3.5. Histology
After completing the behavioral tests, the mice were sacrificed by using lethal dose of
pentobarbital and the brains were rapidly removed and divided sagittal. For protein
analysis, cortical and hippocampal samples from one hemibrain were immediately
sectioned, snapfrozen and stored at -80°C. The other hemibrain was postfixed in
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phosphate-buffered 4.0% paraformaldehyde, pH 7.4, at 4°C for 48 h, rinsed in PBS and
paraffin embedded for Congo red staining.

7.3.5.1. Amyloid plaque burden counting
After mounting the brain with the wax, the hippocampal specified samples were
subjected to microtome and slicing the brain in 10 μ thickness film and prepared on the
slide in triplicate in the water bath. After air drying the slides were subjected to congo
red staining followed by mounting. Congo red was prepared as 0.5% in 80% of ethanol
and sonicate 15 minutes followed by Whatman’s paper filtration. The working congo
red solution was prepared by adding 1% of NaOH in a ratio of 100:1. Cresol violet 1%
solution was prepared in acetate buffer having pH 3.85-3.90.
Table 7.3. Staining protocol of brain sample

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Reagents
Xylene × 2
Ethanol 100% × 2
Ethanol 95%
Ethanol 70%
Distilled water
Congo red working solution
Distilled water rinsing
NaOH 1% in ethanol
Ethanol 70%
0.05% Cresol violet
Ethanol 70%
Ethanol 95%
Ethanol 95%
Ethanol 100%
Ethanol 100%
Ethanol 100%
Xylene
Xylene
Xylene

Duration
5 minutes and 2 minutes
1 minute and 2 minutes
1 minute
1 minute
1 minute
10 minutes
2-3 dips
5-10 dips
1 minute
1-2 dips
1 minute
1 minute
1 minute
1 minute
1 minute
1 minute
3 minutes
3 minutes
3 minutes

After staining the slides and air drying, the specimen was mounted and fixed by using
mounting media and cover slip. Each slide was encoded with a related animal code and
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randomized blindly for the microscopy. The plaques were counted in specific area in
triplicate.

7.3.6. Blood sampling and plasma collection
Blood samples were collected from the retro-orbital plexus of mice under phenobarbital
anaesthesia condition. The blood samples were collected in Eppendorf tubes and
subjected to immediate centrifugation (3000 g) in an Eppendorf centrifuge 5424R for
10 minutes at 4°C. The plasma were collected and stored at -80°C.

7.3.6.1. Biochemical analysis
The plasma cholesterol, triglyceride and glucose levels were determined by using
Thermo Scientific Kits (Lot. No. V42099; 982620 and 024201). The assay was
performed according to the manufacturer protocol and done on the white clear sterile
96 well plate.
a. Plasma cholesterol determination: Three hundred μL of reagent with 3 μL
distilled water gives the blank well, while 300 μL of reagent with 3 μL of
calibrator, normal control and abnormal control gives standard, normal control
and abnormal standards. 300 μL of reagent with 3 μL of plasma gives the test
measurement. The plate was incubated for 5 minutes and reading was measured
on a Versamax Tunable (Molecular Devices, Sunnyvale, United States)
automated microplate reader at 500nm. The results were calculated as follows:
/
/

b. Plasma triglyceride determination: Three hundred μL of reagent with 3 μL
distilled water gives the blank well, while 300 μL of reagent with 3 μL of
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calibrator, normal control and abnormal control gives standard, normal control
and abnormal standards. 300 μL of reagent with 3 μL of plasma gives the test
measurement. The plate was incubated for 10 minutes and reading was
measured on a Versamax Tunable (Molecular Devices, Sunnyvale, United
States) automated microplate reader at 500 nm. The results were calculated as
follows:
/
/

c. Plasma glucose determination: Three hundred μL of reagent with 3 μL distilled
water gives the blank well, while 300 μL of reagent with 3 μL of calibrator,
normal control and abnormal control gives standard, normal control and
abnormal standards. 300 μL of reagent with 3 μL of plasma gives the test
measurement. The plate was incubated for 3 minutes and reading was measured
on a Versamax Tunable (Molecular Devices, Sunnyvale, United States)
automated microplate reader at 340nm. The results were calculated as follows:

7.3.7. Statistical analysis
Statistical significance was evaluated by using GraphPad Prism 5.0 and any maze
software, one-way analysis of variance (ANOVA) and Tukeys tests, and two ways
ANOVA was carried out using SPSS software (version 14.0; SPSS for Windows,
Chicago, IL, USA). All experiments were performed in triplicate. The data are
presented as mean ± standard deviation (SD). A significant difference was considered
at the level of p<0.05.

7.4. Results and discussion
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7.4.1. Novel object recognition
The analysis in the novel object recognition test revealed that no significant differences
were found in the total amount of exploration time between the APPswe and wild mice
treated with olive leaf extract and normal diet (Fig. 7.1). While the exploration mean
time for APPswe mice fed on normal diet was slightly higher than the familiar object
exploration (p = 0.969). APPswe mice on olive extract diet did not show any significant
(p = 0.952) improvement in exploration of object compared to the normal diet group.

Figure. 7.1. Novel object recognition task. The comparison between two APPswe mice and wild
mice with normal and olive leaf extract diet. WT-wild mice, APPswe-transgenic mice, NDnormal diet, OE-olive leaf extract diet. The results were analysed by one way ANOVA p<0.05.

7.4.2. Light and dark test

The total time spent in the dark side have been determined and did not show any
significant difference between the olive leaf extract fed and normal diet fed in both the
group, wild and APPswe mice (Fig. 7.2). The results showed that olive fed diet group
mice either wild (p<0.23) or APPswe (p<0.321), both spent slightly less time in the dark
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side compared to the normal diet fed group. A study suggested that light and dark test
effects is only observed in certain strains of mice or with certain drugs (Bourin &
Hascoet, 2003).

Figure. 7.2. Light and dark test. The total time spent in the dark phase by the wild and APPswe
mice. The results were analysed by univariate ANOVA p<0.05.

7.4.3. Barnes test
The Barnes maze was divided into quadrants including the target, positive, opposite and
negative quadrant. The primary goal of each test animal was to reach the target quadrant
in the proper time, if they failed then their score would be zero. The results did not show
significant difference to reach the target quadrant as well as other quadrants between
the normal diet and olive leaf extracts diet fed wild mice (Fig. 7.3). In the APPswe mice
group, there was also no significant difference found between the olive leaf extract and
normal diet fed group. While, there was slight improvement in time to reach the east,
south and opposite quadrant, which was statistically non-significant.

174

Figure 7.3. Barnes maze test. The comparison between two APPswe mice and wild mice with
normal and olive leaf extract diet. WT-wild mice, APPswe-transgenic mice, ND-normal diet,
OE-olive leaf extract diet. The results were analysed by one way ANOVA p<0.05.

7.4.4. Amyloid plaque burden
In the 4 months of the study, wild type and APPswe mice fed the normal diet were
compared with mice fed a diet supplemented with olive leaf extract. The APPswe mice
fed a normal diet showed a significant Aβ load in the cortex and hippocampus area
(Fig.7.4). In contrast, the normal diet fed wild type mice didn’t show any plaque load.
OE fed APPswe mice showed a significant lowering in Aβ load.
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Figure. 7.4. Amyloid plaque burden and olive biophenol protection. The results was analysed
by one way ANOVA, p<0.05.
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The results demonstrated that OE treatment, APPswe mice caused an amelioration of
cortical neuropathological aspects, leading to reduction in the amyloid plaque burden.
An earlier study on olive leaf extract diet fed to TgCRND8 mice, showed improvement
in behaviour with a significant reduction in Aβ levels (Grossi et al., 2013).

7.4.5. Biochemical analysis
7.4.5.1. Serum cholesterol level
The results showed that there was no significant difference of cholesterol level between
the OE fed diet and normal diet in wild mice. While there was slight decrease in serum
cholesterol level (1.65±0.36 mmol/L) amongst OE fed APPswe mice from the normal
fed diet APPswe mice (2.09±0.56 mmol/L), but it was not statistically significant (Fig.
7.5). A number of in vitro and in vivo studies suggested that the high intracellular
cholesterol levels facilitate the processing of APP by β- and γ-secretase, thereby
enhancing the release of Aβ (Burns et al., 2003; Refolo et al., 2000; Wahrle et al., 2002).
In contrast, an animal study, suggested that total cholesterol levels were not
significantly different between transgenic and wild-type mice during the development
of AD neuropathology (Burgess et al., 2006).
3.0

ND
OE

Cholesterol mmol/L

2.5
2.0
1.5
1.0
0.5

AP
Ps
w
e

W
T

0.0

APPswe/WT mice on normal and olive diet

Figure. 7.5. Cholesterol level in APPswe and wild mice. The results was analysed by two way
ANOVA, p<0.05.
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7.4.5.2. Plasma triglyceride level
Elevated triglyceride levels have been reported in subjects with AD (Sabbagh et al.,
2004; Suryadevara et al., 2003). The present study showed no significant difference
between the OE fed diet and normal diet amongst APPswe and wild mice (Fig.7.6).
While, there was a slight decrease in triglyceride level found (0.548±0.07 mmol/L) in
APPswe mice compared to normal diet fed APPswe (0.726±0.26 mmol/L) controlled
mice. However, an in vivo study has found no significant associations between plasma
triglyceride in AD model of mice has compared to controls (Olsson et al., 2011).
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Figure. 7.6. Triglyceride level in APPswe and wild mice. The results was analysed by two way
ANOVA, p<0.05.

7.4.5.3. Plasma glucose level
Amyloid deposits are found in the pancreatic islets of most individuals with noninsulin-dependent diabetes mellitus (Hoppener et al., 2000). The results showed that
there was no significant difference between the OE fed and normal diet fed APPswe
mice. There was no change found in wild mice fed with OE and normal diet, while a
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slight decrease in plasma glucose level was found between APPswe OE diet (12.72±2.3
mmol/L) and APPswe normal fed diet 13.73±2.75 mmol/L).
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Figure 7.7. Glucose level in APPswe and wild mice. The results was analysed by two way
ANOVA, p<0.05.

7.5. Conclusion
AD is considered a multifactorial disorder leading to progressive memory loss and
eventually death. One of the pathological hallmarks of the disease is the abnormal
accumulation of toxic Aβ peptides in the brain accompanied by increase in free radicals
and metal ion deposition (Hardy & Higgins, 1992). To understand the pathological
mechanism and drug development, AD has been widely studied in vitro models and
with the development of molecular biology methods, transgenic mouse models have
become increasingly popular. One of the most extensively used transgenic mouse
model of AD is the APPswe mice, which overexpresses the Swedish mutation of APP
together with PS1 deleted at exon 9, resulting in an Aβ load with Aβ plaques starting
from the age of four months, with deficits in cognitive functions starting at the age of 6
months (Duyckaerts et al., 2008). We found that the chronic consumption of olive leaf
extracts was well tolerated, and effectively reduced the Aβ plaque burden by 80% in
the brain. As there are a number of minor phenolic constituents in olive leaf extracts, it
is not known which biophenol plays a major role in these events. However, we assume
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that oleuropein which serves as the principal constituent or the combination of all
biophenols could be important in achieving these desirable effects. The exact
mechanism by which these biophenols reduce the amyloid burden is not known. It
seems likely that the olive biophenols possess multiple functions, potentially including
potent antioxidant activity, inhibition of the BACE1 enzyme and metal ion scavenging
activity. Despite this, there was no significant improvement in the cognitive function of
the mice at the end 4 month trial. It is difficult to interpret this finding. It is possible
that a longer time period of treatment is required before changes in tissue pathology
translate into functional changes. It may also relate to the choice of experimental
model, since a cognitive deficit is not always manifest with every transgenic mice
model of AD that produces abnormal Aβ peptide (Duyckaerts et al., 2008).
Studies have suggested a link between AD and metabolic syndrome, including obesity,
hypertension, hyperglycaemia, and dyslipidaemia (Razay et al., 2007; Velayudhan et
al., 2010). Moreover, a few studies have shown an effect of olive biophenols on the
plasma lipid profile, resulting in a decrease in cholesterol, triglycerides, and low density
lipoproteins, with an increase in high density lipoproteins. (Filip et al., 2015;
Namayandeh et al., 2013) and antidiabetic activity (de Bock et al., 2013; Eidi et al.,
2009). Despite this, in the present study, we have measured total cholesterol,
triglyceride and glucose level in the plasma of the mice and found no significant
differences with olive leaf extract treatment. It is difficult to interpret this result, due
to a number of variables, including the duration of treatment, as well as the low body
fat normally found in both the wild type and transgenic mice models, and the low
sample size of this study.
Indeed, one of the important limitations of the current study is the small number of
animals used, a result of the transgenic mice being prone to seizures. Certainly greater
numbers of animals would have produced data with greater statistical power. Another
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limitation was the duration of study. A longer duration of treatment may well have been
enough to pronounce the behavioural changes. Consequently, interpretation of this
study need to be guarded and the present findings should be considered indicative of a
potential role for olive biophenols in vivo. A future study should be designed with larger
number of animals and with more biochemical assessments to tell if the anti-amyloid
actions of biophenols observed in in vitro studies are carried over to the organs and the
functional level. In addition, a detailed study is also needed to explore the mechanism
behind the synergistic action of the antioxidant biophenols on the target in the wider
population.
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CHAPTER 8
GENERAL CONCLUSIONS AND FUTURE
DIRECTIONS
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8.1. Concluding remarks
It is already well-known that diets rich in biophenols provide significant protection
against the development and progression of many chronic pathological conditions
including cancer, diabetes, cardio-vascular problems and aging (Pandey & Rizvi,
2009). There are considerable gaps in our understanding of the molecular pathology of
AD, which causes delaying in drug development and therapy. There are a number of
causes of delay in the development of an exact therapy, including (1) the fact that AD
does not have a single cause and there are numerous risk factors involved, (2) no one
in vitro or in vivo model is ideal for research aimed at increasing our understanding of
the pathogenesis of AD, (3) synthetic drugs have limited benefit because they cause
prominent side effects, (4) failure of the highly expensive clinical trial during the Phase
II and Phase III.
Oxidative stress is considered a cardinal hallmark in a number of diseases. There are
multiple lines of evidence that have implicated oxidative stress and free radical damage
to the pathogenesis and possible etiology of AD. This has been targeted for research
into AD in the hope of developing either preventative or therapeutic agents. Supporting
to the ‘Oxidative hypothesis in the pathogenesis of AD’, the present study on
antioxidant assays results suggested that the olive biophenols, especially those from
olive extracts significantly scavenged RONS in cell free systems, as well as in
neuroblastoma (SH-SY5Y) cells. Moreover, the non-flavonoid biophenols had greater
RONS scavenging properties than the flavonoid biophenols. We may hypothesize that
the pathogenic role of oxidative stress was attenuated by the phenolic moiety in olive
biophenols, which normalised the cellular conditions.
The transition metals such as copper (Cu), zinc (Zn), and iron (Fe) play an important
role in a broad range of biological activities including brain function and catalytic roles
in various enzymes (Porcheron et al., 2013). Levels of these transition metals and their
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transport are strictly regulated, as aberrant metal homeostasis can result in neurotoxic
free-radical production (Smith et al., 1997). Moreover, the presence of excess copper
or iron with hydrogen peroxide produces hydroxyl radicals via the Fenton reaction
(Buettner & Jurkiewicz, 1996). Evidence has shown that abnormal levels of Cu, Zn,
and Fe have been observed within the amyloid deposits in AD patients, as well as in
transgenic mouse models (Lee et al., 1999; Lovell et al., 1998). In support to the ‘Metal
hypothesis in the pathogenesis of AD’ the present study has shown that the flavonoid
olive biophenols were more potent than the non-flavonoid olive biophenols, while the
olive biophenol extracts were highly effective in the ferric oxide reducing power assay.
The results were suggested the use of olive biophenols may decrease the iron toxicity,
while there is need of further study to determine the effectiveness of olive biophenols
in AD patients. The present study also showed reduction of copper-induced toxicity in
neuroblastoma cells (SH-SY5Y) by the olive biophenols. Notably, the extracts were
more effective than the isolated individual biophenols. These results suggest that olive
biophenols acted as sequestering agents, which may reduce the metal induced toxicity
leading to AD and normalize the cellular condition towards homeostasis in the AD
brain.
Since 1992, the amyloid cascade hypothesis has held the top position for explaining the
etiology and pathogenesis of AD (Hardy & Higgins, 1992). The hypothesis suggested
the involvement of two hallmarks; the deposition of Aβ, leading to the formation of
senile plaques and the abnormal tau protein deposition as neurofibrillary tangles. These
lead to neuronal cell death, and ultimately dementia. In support to the amyloid cascade
hypothesis of AD, the current study showed the process of Aβ fibrillzation from the
protofibrils which was potentially inhibited by olive biophenols, mainly non-flavonoid
olive biophenols. Moreover, the extracts olive biophenol were also showed the same
potent inhibition of Aβ fibrillzation. The results suggested the anti-amyloid activity of
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olive biophenols and supported the earlier findings of Aβ inhibition by a single olive
biophenol, oleuropein (Bazoti et al., 2006a). The currents study also provide the
evidence of Aβ-induced cellular toxicity, while olive biophenols were significantly
provide the neuroprotection in the neuroblastoma (SH-SY5Y) cellular model of AD.
These assay results again supported the higher neuroprotective ability of non-flavonoid
olive biophenols over the flavonoid olive biophenols against Aβ insult. According to
the amyloid cascade hypothesis, the senile plaques (Aβ deposition) and neurofibrillary
tangles (tau hyperphosphorylation) were more or less equally responsible for the
pathogenesis of AD, while the present study only provide a piece of information about
olive biophenols protection against Aβ pathology. The whole pathogenesis and
protection by olive biophenols against tau pathogenesis remains unanswered. A future
in vitro and animal study should be required to answer the gap of present study.
Regarding the bioavailability of olive biophenols in brain cells, it was partially
answered by using neuroblastoma (SH-SY5Y) cells, while there is a need of further cell
line and animal studies to confirm the bioavailability and neuroprotective effect of olive
biophenols in AD conditions.
As AD is a multifactorial disease, a number of enzymes altered from their normal
physiological functions were involved in their pathogenesis. The present study provides
the evidence first time, where olive biophenols significantly inhibited the activity of
key enzymes including BACE1, AChE, BChE, tyrosinase, and HDAC are actively
participated in the progression of AD. By inhibiting BACE1 (β-secretase), olive
biophenols could be a potential preventative compound which targeted the prime and
rate limiting steps in the production of Aβ (Citron et al., 1992). Furthermore, AChE and
BChE involved in the breakdown of ACh, a neurotransmitter in brain and involved in
memory function. The current study provide the evidence of AChE and BChE
inhibition by olive biophenols (mainly by flavonoid olive biophenols) and overcome
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the toxicity of synthetic AChE or BChE inhibitors (donepezil, rivastigmine and
galantamine) with limited therapeutic value (Colovic et al., 2013).
Moreover, tyrosinase and HDAC enzyme inhibition also provides additional evidence
of enzyme irregularities in AD disease and their inhibition by olive biophenols, while
these results are preliminary information, which need to be confirmed by further cell
line and animal studies.
Thus, the olive biophenols showed potential as functional food/or nutraceuticals in the
management of neurodegenerative diseases such as AD as it exhibited inhibitory
activity on key enzymes (BACE1, AChE, BChE, tyrosinase and HDAC) linked to the
AD.
The current animal study using APPswe transgenic mice, having a tendency to develop
AD pathology by deposition of further Aβ in the brain, supported the amyloid cascade
hypothesis too. The study supported that amyloid deposition in mice brain leads to
behavioural changes mainly disruption the memory. Olive biophenols provides the antiamyloidogenic effect and protecting the neuron from the amyloid deposits. In contrast,
olive biophenols was unable to improve the behavioural changes including the memory
and anxiety by using Barnes maze, novel object recognition task and light and dark test
for anxiety. It was difficult to understand that one way olive biophenols decreasing the
amyloid beta toxicity while on the other-side, it doesn’t improve the behavioural
changes. The possible reason could be too small a sample size and too short a study
duration. To overcome this gap, a future study need to require more number of animal
in the same strain of mice or different strain along with longer duration of study.
In a nut shell, there is a need of such natural compound having no side effects and
multiple pharmacological activity, while AD is not a single cause disease. In the
present study, olive biophenols showed its versatile anti-Alzheimer’s activity from
anti-oxidant to key enzymes inhibition and amyloid inhibition. But, the tau pathology
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in AD was not addressed in the current study and also the molecular changes study in
the APPswe mice was also missing. A future study should be needed to fill these
missing gap in the present study to further cell line and transgenic animal study and
moving the whole effects towards the clinical trial needed to verify the effect of olive
biophenols in human AD patients
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