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Abstract

Alzheimer's disease (AD) is a complex neurodegenerative disorder and the most common
form of dementia that affects people in their middle age, in the case of familial cases, and the
elderly causing significant losses to the health and economic sectors of countries. Several
hallmarks have been associated with AD, including but not limited to extracellular amyloid-
beta (AP) plaques, neurofibrillary tangle (NFT), compromised blood-brain barrier (BBB) and
neuroinflammation. Thus, targeting multiple pathways could be a novel therapeutic approach
to prevent and/or treat AD. In the last few decades, olive oil and olive leaf extract (OLE)
containing polyphenols have shown a beneficial health effect in experimental and clinical
studies. The major bioactive phenol enriched in OLE, named oleuropein, showed a beneficial
effect in memory and AP accumulation in AD transgenic mice, but the mechanism of these
positive effect were not fully elucidated. In the current study, we sought first to test the effect
of OLE consumption at advanced disease stage in homozygous 5XxFAD mice, starting at the
age of 3 months for 3 months treatment. The treatment group was compared to vehicle-treated
mice with refined oil. Next, we identified mechanism(s) by which OLE exerts the beneficial
effect. Our findings showed that long-term consumption of OLE enhanced the cognitive
performance and enhanced the brain function. In addition, OLE shifted the amyloid precursor
protein (APP) processing pathway toward the non-amyloidogenic pathway and reduced Ap-
related pathology by reducing neuroinflammation through inhibition of NLRP3
inflammasomes activation. This effect was associated with reduced release of pro-

inflammatory cytokines by the inactivation of the NF-xB signaling pathway. In conclusion,



our results suggested diet supplementation with OLE enriched with oleuropein, and a mixture

of polyphenols could provide a beneficial effect to slow and/or halt AD progression.
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1. Literature Review

1.1. Overview

Alzheimer’s disease (AD) is a complex neurodegenerative disorder characterized by memory
loss and progressive dementia, affecting the elderly population around the globe (1). First
described by a clinical psychiatrist and neuroanatomist, Alois Alzheimer’s in Tuebingen,
Germany, in 1906, when Augusta D, a 51 years old woman, was admitted to the hospital
experiencing problems with language and memory disturbance as well as various
physiological problems such as disorientation and hallucinations. Alzheimer presented the
case in the 37th Meeting of South-West German Psychiatrists as ‘peculiar disease process of
the cerebral cortex (2). Her case was known later as AD five years after her death (2). Later,
AD has been linked and characterized by memory loss and progressive dementia in advanced

stages, impairments in language and behavior (3).
1.2. Epidemiology

In 2019, Alzheimer’s disease Association (ADA) considered AD as the 6th leading cause of
death in the US and 5th leading cause of death for those aged 65 years or older. AD accounts
for an estimated 70% of all dementia cases, with 5.8 million Americans have AD (4), from
which an estimated 5.5 million people that are above 65 (5). By 2050, the cases number is
expected to reach 13.8 million (5). In addition, the total annual cost of health, long-term and
hospice care for people with AD or other dementias are expected to increase from $290 billion

in 2019 to more than $1.1 trillion in 2050 in the absence of cure (4).



1.3. AD types

The accumulation of amyloid beta (AB) protein causes synapse deterioration and neuronal cell
death (6). According to the Alzheimer’s disease Association, the prevalence of AD due to
autosomal dominant mutations is less than 1% (4). These mutations are encoded in the gene of
AP producing proteins causes familial AD (7,8), and affects people below 65 years of age. The

etiology that triggers the development of sporadic AD is not well known (9).
1.4. Early-onset AD

Early-onset AD (EO-AD) accounts for only less than 5% of all AD cases (10, 11). Most of EO-
AD cases develop symptoms between the 40s and 50s. The vast majority of EO-AD cases are
attributed to mutations of amyloid precursor protein (APP) (12, 13). Ap formed by a series of
enzymatic cleavage in the processing of APP by p-secretase followed by y-secretase, resulting

in higher production of Ap42 deposition in the brains (13-15).

1.5. Late-onset AD

Late-onset AD (LO-AD) is the most common type of AD, accounts for more than 95% of AD
cases (16). LO-AD is also known as sporadic AD and affects people above 65 years of age (17),
and do not exhibit autosomal dominant inheritance (18, 19). Patients with LO-AD express
different biomarkers, including the presence of Ap and Tau in the cerebrospinal fluid (CSF),
and apolipoprotein E &4 (APOe4) (20). APOEe4 allele is considered a major risk factor of
sporadic AD (8), observed in 50-65% of AD cases (21). On the other hand, APOEze2 allele

provides some protection against AD (21).



AD

< 5% Familial AD > 95% Sporadic AD

‘ mAPP ‘ ‘ mPS1 ‘ ‘ mPS2 ‘ ‘ApoEs4 H Diabetes‘ Unknown Inflammation Head

environmental trauma

factors

Fig 1. 1: Causes of AD. APP: mutations in the APPP gene; PS1: mutations in the PSEN1 gene;
PS2: mutations in the PSEN2 gene; APOEe4: apolipoprotein E epsilon 4 allele.

1.6. AD diagnosis

AD patients are diagnosed based on their clinical symptoms seen during their life, such as
deterioration in cognition, including behavior, memory, speech, and understanding. Doctors
utilize several tests to identify the severity, and extent of damage such as screening test named
Mini-Mental State Examination (MMSE), complemented by more sophisticated
neuropsychological tests, such as Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) or Wechsler Adult Intelligence Scale (WAIS) to observe and evaluate the degree of
impairment in attention, orientation, constructive abilities, perceptual skills, functional abilities
and problem solving (22, 23). These tests are performed in combination with brain imaging
techniques, such as positron emission topography (PET), and magnetic resonance imaging
(MRI) scans to confirm the AD diagnosis and exclude other types of dementia (24). The PET
scan is sensitive and specific enough for AD diagnosis (25). Several studies are trying to find a

non-invasive technique for AD Diagnosis (26).

Currently, AD therapies only treat the symptoms and barely slow disease progression. In
addition, mono-therapeutic agents are not expected to be enough to rescue the disease damage

4



over a long period of time. Scientific researchers continue to investigate the multiple
mechanisms associated with AD etiology in a wide range of clinical trials (27). Promising

drugs to treat and cure AD should attack all symptoms and address the causes of AD.
1.7. Clinical presentation and symptoms

In AD, the overall cognitive impairment is designated by impairment of memory, language,
praxis, visuospatial and executive functions (21). However, AD cases with focal cortical
symptoms, the memory might be retained for long time (21). In addition, the posterior cortical
atrophy symptoms are associated with younger subjects at onset around 60 years (28-30). Non-
memory phenotypes in EO-AD is seen roughly in one-fourth of cases in whom language

phenotypes and visual or apraxic are most frequent (31).
1.8. Etiology

Causes of AD are not fully understood yet. AD is a complex multi-factorial and multi—
mechanism neurological disorder combining genetic, lifestyle and environmental factors that
affect human brains and induce progression over time, which leads to structural and functional
changes in the brains, and eventually death. Individuals with APP mutations, PSEN1, PSEN2
are at higher risk of developing AD symptoms before age 65, sometimes as early as 30 years
(32). In addition, long-term exposure to environmental chemicals and solvents could cause AD
(33). Also, it has been reported in several studies that lack of exercise, diet lacking fruits and
vegetables, and poor sleep quality might cause memory impairment and cognitive dysfunction

(34).



1.9. Neuropathology of AD

AD causes significant structural and functional disruption of a healthy brain. There is a
progressive loss of pyramidal cells in the cortex, which mediate higher cognitive functions (35).
Moreover, early synaptic dysfunction and impairment of neuronal circuit communication are
observed in AD (36). Neurodegeneration starts in the entorhinal cortex and hippocampus (37),
triggering early memory impairment and learning shortage in AD (38). Subsequently, the
neurodegeneration spread throughout the temporal cortex and parietal areas, then to the frontal
cortex, and eventually to the remaining of neocortex (38). Furthermore, AD causes damage to
the limbic system (39), including the hippocampus and the fibers that connect the hippocampus
to the cerebral cortex, thalamus, amygdala, and cingulate gyrus (38), which result in behavioral
changes and cognitive impairment (39). AD patients cannot perform daily life activities, and

they experience emotional, personal, and psychiatric disturbances (38).

In AD, the neurological findings are characterized by extracellular disposition of senile plaques
and intracellular neurofibrillary tangles (NFT) of hyper-phosphorylated tau protein (40).
Disposition of senile plaques starts in the basal region of the temporal, frontal, and occipital
lobes and spread to affect the primary sensory areas (40). In contrast, NFT first affects the
transentorhinal region and progresses to the limbic system and eventually to the neocortex (41).
One study revealed two additional patterns of NFT distribution in AD, the predominant pattern,

and the hippocampal spread with less atrophy (41).
1.10. Hallmarks of AD

There are several hallmarks associated with AD, including:



1.10.1. Ap plaques

AP peptide is consists of several soluble monomeric isoforms. The most three common
isoforms are (APao, APa2, APzs) (42). APBss is less likely to aggregate compared to other isoforms
in the vasculature or the brain (43), while AB4o is prone to be deposited in the vasculature, as
seen in cerebral amyloid angiopathy (CAA), but ABs. that has two additional amino acids, is
more hydrophobic than AB4o and can form insoluble aggregates (44, 45). Insoluble aggregates
of ABs. form extracellular plaques (46). AB plaques consist of spherical and complex protein
accumulations with B-sheet structure, which is divided into diffuse and neuritic plaques (47).
AP cascade hypothesis assumes that A is the primary cause of AD, which triggers other
neuropathological changes, including memory loss, neuronal loss, oxidative stress, and

neuroinflammation (48, 49).

Several studies have shown that at low concentrations, AP has a neurotropic effect by enhancing
the synaptic long-term potentiation (LTP), and improving learning (50). However, in AD,
increased levels of AP aggregation and plaques formation has shown to induce
neuroinflammation by activation of astrocytes and microglial cells. The activated astrocytes
and microglia have been shown surrounding the Ap plaques, and mediates the release of pro-
inflammatory signals (51, 52). Other studies have shown that Ap induces neuronal death
through ROS release from activated astrocytes and microglia (53-56). In addition, activated
astrocytes also release a wide range of cytokines and chemokines, including IL-6, IL-1p, and

TNF-a, and promote cell death (57).
1.10.2. Neurofibrillary tangles (NFTS)

Tau protein, a microtubule-associated protein (MAP), is involved in modulating the stability

and promotion of microtubules (58); it is localized in the body cells and axons and generated
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by the neurons (59). Under normal conditions, nerve growth factors (NGFs) increase the
expression of tau protein during neuronal development (60). However, it is also produced by
glial cells in some pathological conditions (61). Although the main region of tau expression is
the central nervous system (CNS), the gene that encodes for tau protein is also found in
peripheral tissues. In the brain, there are six isoforms of tau from a single gene (62). The
expression of these isoforms is required for embryonic development, suggesting that regulation
of these isoforms is important for brain formation (63). Tau protein undergoes several post-
translational modifications, such as non-enzymatic glycosylation, glycosylation, and
phosphorylation, which represent the most post-translational modifications among all (64).
Fatal tau protein being more phosphorylated and result in NFTs production, neuronal death,
which leads to dementia (65). NFTs are composed of p-tau proteins and neurofilaments, which
directly associated with neuronal loss (66). The severity degree of dementia in AD brains is
associated with the number of NFTs (66). Studies suggested that the deposition of NFT and
AP occurs in years before the clinical signs and symptoms appearance of AD within the

hippocampus, neocortex, and other subcortical structures (67).
1.10.3. Compromised BBB

The BBB is a dynamic barrier that regulates and provides a constant, optimal environment for
neuronal function by keeping out harmful components and toxic substances from the CNS (68),
and allows nutrients to reach the brain (68). The BBB is also a selective barrier that regulates
the movement of molecules entering the brain, thus keeping RBCs, leukocytes, neurotoxic
plasma-derived components, and pathogens out of the CNS (69). The BBB is composed of
endothelial cells (ECs), astrocytes, pericytes, microglia, and basement membrane (70). In

addition to surrounding neurons, these components form the neurovascular unit (NVU) (71).



ECs are connected to each other by tight junction proteins (TJs) supported by junction adhesion
molecules (JAMSs) (70). The brain endothelium has no fenestrations with few pinocytotic
vesicles. Therefore, the BBB physical barrier is a result of the formation of TJs and JAMs

between adjacent ECs (71).

There are several endothelial transport systems, receptors that carry energy metabolites and
nutrients, and regulate molecules transport across the BBB from blood to brain and vice versa,
such as amino acid carriers (LAT1), glucose carrier (GLUTL), insulin receptor, transferrin
receptors, lipoprotein receptors, low-density lipoprotein receptor-related protein 1 (LRP1), as
well as ATP family of efflux transport proteins such as P-glycoprotein (P-gp) (72-76). The BBB
properties undergo significant changes during pathogen attacks, inflammatory conditions, and
neurological disorders. These changes affect the BBB integrity and its function, including
transport pathways (76). Several studies reported that P-gp expression is reduced significantly
in many neurological disorders, including AD (77). These results were supported by the
correlation between the expression of P-gp and the deposition of A in AD (78). Several human
studies confirmed BBB breakdown in AD-associated disease, with loss of TJs, brain capillary
leakiness, degeneration of pericytes and endothelial cells, perivascular accumulation of blood-

derived fibrinogen, albumin, thrombin, IgG and hemosiderin (79).
1.10.4. Neuronal loss

The pathogenesis of AD consists of an intense reduction in the number of neurons in different
areas of the brain compared to normal aging (80). Neuronal loss starts at an early age in the
preclinical stage of AD, when AP plaques and NFTs have not yet formed (81), which
significantly reduces the number of neurons in the cortex and hippocampus (82). This reduction

correlates with the degree and severity of memory impairments (83). The likely reason for this
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is a loss of the capacity for rearrangement of the neuronal organization of cerebral structures
and the addition of new neurons to them, which are required for normal learning processes to

take place (84).
1.10.5. Synaptic loss

Synaptic changes are crucial for AD, where the loss of synapse is considered the best
pathological marker correlating with cognitive dysfunction in AD (85). It has been found that
synapses loss is most prominent within senile plaques, suggesting that plaques may be a
reservoir of synaptotoxic molecules such as AP. It has been shown that the severity of synaptic
loss correlates with the duration of dementia (86). Since the loss of synaptic function was found
to parallel the cognitive state (87), studies showed a significant correlation between synaptic
count and the performance in MMSE in AD patients (84). Interestingly, another study
evaluated the detrimental effect of NFT, loss of neurons, and synaptic change and found a
significant impact on the cognitive decline (88). This finding is supported by the fact that

synapses are the main site for long term potentiation (LTP) and neuronal plasticity (87).
1.10.6. Oxidative stress

Oxidative stress is characterized as an imbalance between the production of reactive
oxygen/nitrogen species (ROS/RNS) and the ability of cells to neutralize them by the
antioxidant defense (89). When the production of (ROS/RNS) increased, it’s involved in the
production of highly reactive hydroxyl radical (OH"), in addition to other oxidant molecules,
which leads to tissue damage (89). It has been demonstrated that oxidative stress is increased
in aged brains (90). Several mechanisms have been associated with the brain damage via
oxidative stress, including but not limited to increases free intracellular Ca?* concentration,

neurotoxicity, and release of excitatory amino acids (91).
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Besides the well-established pathology of senile plagues and NFT in AD, accumulating
evidence has proved that the massive oxidative stress plays a significant role in AD and
considered a feature of AD (92). Two studies reported an increment in the level of protein
carbonyls and 3-nitrotyrosin which serve as a marker for intermediate of protein oxidation, as
well as the expression of as 8-hydroxydeoxyguanosine (80HdAG) and 8- hydroxyguanosine, an
indicator for oxidative damage of nucleic acids, in AD brains (93, 94). Also, the lipid
peroxidation’s products like malondialdehyde (MDA), 4-hydroxynonenal, and F2-isoprostanes
are augmented in different regions in the brain as well as the CSF of AD cases (95).
Furthermore, the biomolecules were also found to be affected adversely by the level of nitric
oxide (NO) and peroxynitrite, which is another sources of oxidative stress. These effects usually

result in structural and functional changes of the brain (96).
1.10.7.  Neuroinflammation

Brain neuroinflammation plays a key role AD progression. In 1980s, several reports confirmed
the presence of immune-related cells and proteins surrounding and in close proximity to AP
plaques (97, 98). Years later, a number of observational and epidemiological studies were
published suggesting the use of anti-inflammatory drugs approved for specific diseases, such
as rheumatoid arthritis (RA), could provide protective effects and reduce the risk of AD in the
long-term users of nonsteroidal anti-inflammatory drugs (NSAIDs) (99-102). In addition,
several studies in transgenic mouse models demonstrated that treatment with NSAIDs can help
in reduce AD-related pathology (102). Clinical trials in humans did not show beneficial effect

of NSAIDs on cognition and overall disease severity (103).

These various studies serve as a root to support that neuroinflammation is playing an important

role in AD development. Unlike other genetic causes and risk factors of AD pathology,
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neuroinflammation is not thought to be the cause itself, but rather, a result of other AD-related
pathologies, which in association, increase the disease severity by exacerbating Ap and tau

pathologies (104, 105).

Neuroinflammation in the brain has two functions; first, by playing a neuroprotective effect
during the acute phase response, while on the long-term, neuroinflammation becomes
detrimental when the chronic phase response is mounted (106). Activated microglia release
various pro-inflammatory mediators and toxic products, includes reactive oxygen species
(ROS), nitric oxide (NO), and cytokines, which could regulate AB synthesis. For example,
several studies demonstrated an increase in Ap deposits post-injury in people suffering from
head trauma that was simultaneously associated with upregulated levels of interleukin 1 (IL-1)
(107, 108). In addition, it has been shown that elevation of IL-1f was associated with increased
production of other cytokines, such as IL-6, which in turn stimulates the activation of CDKS5, a
kinase known to hyperphosphorylate tau (109). In AD brains, neuroinflammation has been

observed, which could provide a primary sign for exacerbating A and p-tau pathology.
1.10.7.1. Astrocytes

Astrocytes are a sub-type of glial-cells like in the CNS. They are known as astrocytic glial cells,
characterized by star-like shape, highly plastic cells that communicate with each other and other
cells including neurons and ECs (110-112). Astrocytes are the most abundant cells in the brain
representing about 50% of the CNS. Previously, astrocytes were called the ‘brain glue,” with
the main function to organize the neuronal network in the brain without the ability to
communicate with other cells (110). The presence of astrocytes is important for brain
homeostasis as well as neuronal functions and survival. They provide several roles as a part of

the defense system for BBB maintenance and formation, in addition to transferring the energy
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via lactate shuttle system to neurons, and modulating the synaptic activity, formation and
remodeling (113,114). Astrocytes are highly organized in the form of ‘astrocytic domain’ in
arrange to sense the encompassing and quickly react to changes within their environment in the
brain (41). Like microglia, astrocytes have phagocytic capabilities and also produce several
harmful molecules which has been shown to be involved in several neurodegenerative disorders

(113,115).

In AD brains, the number of astrocytes surrounding and in close proximity to AP plaques
increase significantly (115). Additionally, from in-vitro and in-vivo studies, in response to A,
spontaneous osclaition of intercellular Ca2* levels have been observed in astrocytes (116, 117).
Astrocytes contribute to AD pathogenesis by releasing cytotoxic compounds in response to A,
which might lead to microglia activation and other chronic inflammation cycles (52).
Furthermore, a study has shown that rat primary astrocytes treated with AP induce deleterious
neurotoxic effect in co-culture with neurons and induced tau phosphorylation (118). An
additional function of astrocytes is to support the neurons, and in case of failure in astrocytes-
neurons interaction, this could result in astrocytes neglecting the neurons in a phenomenon
called ‘neuro-neglect’ as revealed by Fuller and his colleagues (119), who collectively
demonstrated that Ap-induced activation of astrocytes neglect the neuroprotective role in AD
and expose neurons to toxic insults (119). Whether astrocytes themselves produce AP requires
more evidence. However, it has been suggested that they directly contribute to the disposition
of AP plaques. Rossner and colleagues found in Tg2576 mice that BACEL is synthesized and
expressed in astrocytes surrounding and in close proximity to AB plaques, suggesting A is
produced by astrocytes (120, 121). However, the expression could also be influenced by the

production of pro-inflammatory cytokines released by microglia.
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1.10.7.2. Microglia

Microglia cells derive from the mesenchymal myeloid precursor cells and migrate to the brain
during embryogenesis (122). The microenvironment in the CNS induces mesenchymal myeloid
precursor cell maturation to fully developed microglia (122, 123). During the late phase of
embryogenesis, the fetal macrophages from the myeloid origin arising from monocytes enter
the brain and become a part of mature microglia (124). Microglial cells are plastic, and based
on age and different brain regions, they display different phenotypes (125). Microglial cells
may be found in two conditions ‘resting’ or ‘activated’. In the resting state, microglial cells
morphology are characterized by ramified, long, and dynamic processes, and they move and
scan the environment for surveillance. Live imaging of resting microglia from in vivo study,
showed the brain undergoes surveillance by microglia multiple times daily (126). In response
to a chemical or cell-based stimulus, microglia become activated and undergo phenotypic
changes morphologically characterized for an amoeboid shape and short process (127).
Microglial activation occurs slowly and gradually from partial to a fully activated state (124).
Several activated microglial phenotypes have been proposed to receptor expression in the cell
surface and cytokines. Generally, microglia cells are classified into M1 and M2; M1 promotes
the expression of pro-inflammatory cytokines via toll-like receptor (TLR), and M2 promotes

the expression of anti-inflammatory cytokines, such as IL-4, IL-13, and other molecules (128).

In AD, microglial tend to disrupt the balance between their phenotypes favoring a pro-
inflammatory phenotype with less phagocytic abilities (129). AB, as a stimulus, cannot be
adequately removed. Thus microglial cells act as housekeeping to maintain the brain
homeostasis and enhance the clearance of AB (130), suggesting microglia has two faces:

neuroprotective in the early stage of the disease; and harmful at late stages of AD (131).
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Furthermore, one study showed that pro-inflammatory cytokines could inhibit microglial
phagocytosis of AP in vitro (132). The inhibitory effect was achieved by activation of NF-xB
and subsequent production of prostaglandins binding to the E prostanoid receptor. Interestingly,

ibuprofen was able to rescue Ap-elicited phagocytosis in a pro-inflammatory milieu (132).
1.10.7.3. Cytokines

Cytokines are small and soluble signaling molecules classified into pro-inflammatory,
including IL-1B, IL-6, and TNFa; or anti-inflammatory, such as IL-4, and IL-10. Both are
associated with the immune response, and they have an important role and function in normal

conditions.

IL-1 is a well-known pro-inflammatory cytokine. In normal conditions, the expression level of
IL-1 is low in different types of cells. IL-1 family is consist of three members, IL-1a, IL-1,
and IL-1, these members are encoded by three separate genes, IL-1p is secreted and working
intracellularly and converted to the active form by enzymatic cleavage (133) However, the level
of IL-1 in the brain of AD patients increases dramatically and is associated with neurotoxic
effect (96). It was proven that the overexpression of these cytokines is responsible for Ap
plaques formation and NFTs (134). The microglial cells are the primary cell type that increases
the IL-1 expression (96). Interestingly, the up-regulation of IL-1 levels has been associated with
AD-related pathologies (96). To support that IL-1 polymorphisms increase the risk of

developing LO-AD.

In 1986, Hirano and colleagues discovered that lymphocyte cells within the CNS release an
agent which was named IL-6 (135). Later, IL-6 was detected in astrocytes, microglia, and
neurons. Signaling pathways such as NF- kB and C/EBP are the most important transcriptional

factors (TFs) regulating IL-6 expression. It was also reported that IL-6 stimulates releasing the
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cytotoxic and chemotaxis molecules from the astrocytes as well as influence their proliferation.
However, in some conditions, IL-6 acts as a neurotrophic factor and enhances neuronal survival,

regeneration, and differentiation (136).

In AD progression, IL-6 levels increased significantly in humans and AD-mouse models (137-139),
where it servers dual function: neuroprotective at early stages, but harmful when the AP plaques
increase significantly. Different IL-6 have been associated with AD, but the exact mechanism is
debated (140-142), several studies reported that IL-6 influence the APP processing and expression

(143, 144), as well as p-tau (145).

1.10.7.4. Nuclear Factor-Kappa B

Nuclear factor-Kappa B (NF-xB) plays a key role in innate immunity, and upregulation of
cytokines and chemokines levels. It has been proven that NF-xB was detected in the brains of
human AD (146, 147). The activation of NF-xB was significantly increased in response to Ap
in vitro (148, 149). In 1986, NF-xB was first discovered by Sen and Baltimore in mature B-
cells (150). The family of NF-xB signaling consists of five members; p65, p50, p52, c-Rel, and
RelB. The NF-xB dimers are regulated by the protein of inhibitors of kB (IxB), which are
normally in the inactive state. In the cytoplasm, IxB can be rapidly degraded to its
phosphorylated form and resynthesized. Upon exposure to stimuli, the level of IkB kinase
complex (IKK) increases, and it is responsible for the degradation of 1kxBa., which increases its
phosphorylated level (p- IkBa). Once phosphorylated, 1kBa, the NF-xB subunits became free

and releasing to the nucleus and activate transcription.

NF-kB is expressed in both astrocytes and microglia (151). Results from pre-treated primary

astro-microglial cells with Ap and IL-1p induced the activation of NF-kB (152). Taken
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together, multiple evidences suggest that NF-«B plays a significant role in Af plaque formation

and even a more critical role in inflammation and cytokine signaling in AD development.
1.10.7.5. High mobility group box 1

High mobility group box 1 (HMGb1), also known as HMG-1 or amphoterin, is a DNA binding
protein localized in the nucleus. During cell activation and apoptosis, HMGDb1 translocates from
the nucleus, and it is released to the extracellular space in the cytoplasm (153). Upon
stimulation, HMGb1 undergoes post-translational modification that initiates the production of
pro-inflammatory cytokines via TLR4 (153). HMGb1 becomes a double-edged sword during

neural development and neurodegeneration when released extracellularly (154, 155).

Recently, several studies indicate that activation of HMGb1 has been observed in hippocampal
neuron cultures (156). A study in hippocampal neuronal cells, AP used as a marker to induce
neuroinflammation, result showed the levels of pro-inflammatory cytokines, such as IL-1p, IL-
6 and TNF-a increased and associated with upregulation in HMGb1/RAGE, which activates
NF-kB signaling pathway (157), suggesting neuroinflammation plays a significant role in AD
pathology through HMGb1 mediated activation of RAGE/ NF-«B signaling pathway (157). In
vitro study used N9-mouse microglial cells treated with AB (1uM), which significantly
increased the level of IL-13, HMGbI, and NLPR3 inflammasome, suggesting that HMGb1
induced the activation of the microglial cells thus contributing to neuroinflammation (158). The
implication of HMGb1 was also shown in transgenic mice of AD, named 5xFAD, TQCRNDS,
and Tg2576 (159-161).

1.10.7.6. NLR Family Pyrin Domain Containing 3 inflammasome

Inflammasomes are intracellular multi-protein localized in the cytoplasm and regulate the

inflammatory signals in the innate immune system in response to pathogens (162). An example
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of such inflammasomes is NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome
(162). NLRP3 belongs to the subfamily of NLRP, which induces the production of pro-
inflammatory cytokines, such as IL-1p and IL-18, through activation of caspase-1 (162).
Activation of NLRP3 inflammasome is divided into two steps, priming, and activation (163).
The priming of NLRP3 is provided by a stimulus, which activates the NF-xB pathway. This
pathway promotes the transcription and expression of NLRP3, and allow the translocation of
pro-1L-1pB and pro-IL-18 from the nucleus to the cytoplasm. In addition, the activation step is
triggered by pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), which activate caspase-1 and pro-inflammatory cytokines
release. NLRP3 inflammasome has been involved in several metabolic and neurological
disorders, including AD, T2DM, and multiple sclerosis (164, 165).

In AD, several studies showed that AB could initiate the NLRP3 inflammasome signaling
pathway, which causes the release of pro-inflammatory cytokines and induces the activation of
microglia (166, 167). Another study showed that NLRP3 knockout reduced Ap accumulation
and improved memory dysfunction in AD transgenic mice (168), an effect that was consistent
with the use of NLRP3 inhibitor (JC-124) in AD transgenic mice (169).

On the other hand, various studies showed the activation of microglia in response to Ap plaques
phagocytosis induces the expression of IL-1p in mouse models and AD brains through
lysosomal destabilization and production of cathepsin B, which make the NLRP3

inflammasome active (170, 171).
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1.11. Risk factors of AD

1.11.1. Advanced age

Aging is considered the major risk factor to cause dementia (172). Several cohort studies
conducted in Europe and the US showed that the risk of dementia increased exponentially with
advanced age (173-176). This association has been observed in all dementia subtypes,
including AD (177). A study performed in 1995, showed that the prevalence of AD in a
community of 32,000 individuals was 10% among people above 65 years of age, and 47% in
people above 85 years of age (178). The majority of AD cases are not able to live independently
because they have severe cognitive impairment (178). The incidence rate of AD cases among
people above 85 years of age was 14 times higher than people age between 65-69 years.
Another study found that the incidence increased by 23% per/year after 65 years of age (179).
While age is considered a high and out of control risk factor, lifestyle changes, exercise, and

diet could help in reducing the development of AD (180).

1.11.2. Cerebrovascular diseases

Existing evidence suggests that patients with comorbidities are at higher risk of developing AD
or dementia. Findings from clinical trials demonstrated that patients with comorbidities have
poorer cognitive function compared to healthy subjects (181). Cerebrovascular changes such as
small and large ischemic cortical infarcts, and hemorrhage infarcts increase the risk of
dementia, but the exact mechanism is unclear (182). Cerebrovascular diseases have been shown
to damage the cognitive function regions, thalamus, and thalamo-cortical in the brain. However,
they may also increase the disposition of Ap plaques, and induce the inflammatory response,
which leads to cognitive impairment (182). Hypoperfusion, which increases the expression of

CDKS5, an important serine-kinase for synaptic formation and plasticity plays an important role
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in AD (183), and involved in the formation of NFTs and abnormal p-tau (184), which could be
a key protein linking NFT to amyloid plaques pathology (184). Data from observational and
cross-sectional studies also revealed that hypertension might increase AD risk through
disrupting vascular BBB integrity, which leads to cell damage by protein extravasation in brain
tissues (185), as well as a reduction in synaptic plasticity, neuronal apoptosis, and increases Af

accumulation resulting in memory impairment (186).
1.11.3. Type 2 diabetes mellitus

Diabetes mellitus (DM) is one of the most common risk factors associated with memory
impairment in AD elderly patients (187). Type 2 diabetes mellitus (T2DM) patients are at
higher risk for developing AD compared to healthy subjects (188). T2DM is one of the risk
factors that has been associated with multiple CVVD-related diseases such as hypertension,
stroke, and hyperlipidemia (189). However, other studies reported the non-CVD mechanisms
linked to T2DM with AD, such as hyperinsulinemia and the advance glycated end-products

(AGEs) (190), but the underlying mechanisms are not fully understood.

Insulin-degrading enzyme (IDE) has been associated with AP clearance from the brain; insulin
and Ap are competing substrates of IDE (191). Insulin can increase AD hallmarks in the brain,
such as AP deposition, and p-tau (192). Interestingly, it has been shown that treatments for
T2DM were able to improve memory and cognitive function in AD patients, an effect could be

due to the anti-inflammatory properties of anti-diabetic therapies (193).
1.11.4. Traumatic brain injury

The incidence of traumatic brain injury (TBI) is growing rapidly worldwide, affecting the

healthcare and socioeconomic of society (194). Patients with TBI suffer from physiological and
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neurological morbidities that affect their life quality (195). TBI patients are at higher risk of
AD and dementia compared to healthy individuals (196-198). Men with TBI are at higher risk
from women according to two meta-analysis studies (199, 200). Existing evidence supporting
TBI-AD association increased accumulation of Af and tau pathology in brain tissues and CSF
of TBI patients (201). TBI is considered as the most significant environmental risk factor

associated with AD (202).
1.11.5. Smoking

Existing studies have shown controversial results with regard to smoking as a risk factor for
AD. Some indicated that tobacco smoking increases the risk of developing AD (203-205), while
others showed no effect (206). Case-controlled studies showed that tobacco smoking could be
neuroprotective against AD via nicotine acetylcholine receptor (nAChR) (207, 208). However,
other studies linked tobacco smoking with AD risk by increasing free radicals generation, thus
leading to high oxidative stress, or by affecting the inflammatory immune system, which

activates the phagocytosis and induces oxidative damage (209).
1.11.6. Triggering receptor on myeloid cells 2

Triggering receptor on myeloid cells 2 (TREM2) is a transmembrane receptor of the
immunoglobulin superfamily expressed on the plasma membrane of myeloid cells and
microglia, and is active in the innate immune response (210). Heterozygous mutation (R47H)
of TREM2 causes a rare genetic disorder called Naus-Hakola Disease (NHD) (211). Recently,
loss of function of TREM2 has been associated with LO-AD due to its role in inflammation
(212). The loss of function of TREM2 showed that the level of AP deposits increased

significantly in AD (212).
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1.11.7. Down syndrome

Down syndrome (DS) is a genetic disorder characterized by a chromosomal abnormality in
trisomy 21 (213). The life span of DS patients is between 55-60 years (214), DS has been
associated and linked to developing AD. The majority of DS patients suffer from AD, because
APP is encoded on the same chromosome as DS, which leads to higher accumulation of Ap and

induces disease progression.
1.11.8. APOE 4

ApoE is a protein produced in the CNS by astrocytes and located on chromosome 19 (215).
Genome-wide association studies (GWAS) identified APOE ¢4 as a mutant isoform with the
greatest risk of developing AD (216). The presence of APOE &4 at an early age of life showed
a poorer cognitive function and considered as a sign of developing AD (217). Other risk factors,

such as head injury, increased the risk of AD ten times for APOE ¢4 carriers (218).
1.12.  Amyloid precursor protein

APP plays a central role in AD pathology by sequential proteolytic cleavage, results in AP
peptides formation. APP is a protein localized on the cell membrane or in the intracellular
vesicles in a wide variety of cells in the body (219). It is highly expressed in the brain and
rapidly metabolized (219). APP belongs to a gene family that includes amyloid precursor-like
protein-1 (APLP-1), and amyloid precursor-like protein-2 (APLP-2), which are type-1
transmembrane proteins. APLP-1 and APLP-2 share significant homology sequences in their
ectodomains (220). APP gene encodes 3 different isoforms, as shown in Fig 1.2, APP695,
APP770, and APP751, highly expressed in both neuronal and non-neuronal cells. APP695 is

the most predominant isoform expressed in the neuronal cells in the brain (221). APP isoforms
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exist in two forms, the immune form (imAPP) and mature form (mAPP). imAPP traffics
through the Golgi to form the mAPP (222). The physiological role of APP is still unclear.
However, it has been suggested to be involved in neurodegeneration, and required for neuronal
growth (223). Full-length APP can be processed through two different enzymatic pathways, the
amyloidogenic and non-amyloidogenic pathways, using three proteases named a, 3, and y

secretases, (224).
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Fig 1. 2: Schematic representation for the structure of 3 APP isoforms and the APP-like proteins
(APLP), APLP1, and APLP2. APP isoforms range in size from 695 to 770 amino acids. APP
695 is considered the most abundant isoforms in the brain (285; permission requested). [URL:
https://www.nature.com/articles/aps201728]

In the amyloidogenic pathway, as shown in Fig 1.3, APP is proteolyzed by B-secretase and
generates a soluble fragment from the N-terminal domain called sAPPp, as well as the CTFf
fragment that remains attached to the membrane. Then, CTF is proteolyzed by the y-secretase

enzyme to form AB-40 and AB-42 (225). In non-amyloidogenic pathway, as shown in Fig 1.3,

23


https://www.nature.com/articles/aps201728

APP is proteolyzed by a-secretase and generates a soluble fragment from the extracellular N-
terminal domain called sAPPa, which possesses different neurotropic and neuroprotective
properties (226), in addition to the C-terminal fragment of APP that remains anchored to the
membrane (CTFa), which again proteolyzed by the y-secretase producing short p3 fragment.

P3 fragment has low toxic properties (227).
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Fig 1. 3: Schematic representation of APP structure and metabolism showed amyloidogenic
and non-amyloidogenic pathways. The red portion of APP signifies the toxic AB, which is
cleaved in the non-amyloidogenic  pathway (228). [URL:
https://www.tandfonline.com/doi/full/10.1080/02648725.2018.1523521]

1.13. BBB

Blood vessels deliver oxygen and nutrients to organs and tissues throughout the body. CNS
vessels are continuous non-fenestrated vessels, which tightly regulate molecules and ions within
the CNS through a physical barrier called the BBB (229). The BBB is composed of the
basement membrane, astrocytes, pericytes, and endothelial cells (ECs). ECs are tightly
connected by junction proteins, such as Zo-1, claudin-5, and occludin. The BBB controls the

passive and active transport mechanisms within the endothelium (230). This tightness is critical
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for proper protection of the CNS from pathogens, injuries, and inflammation, and to maintain
the neuronal function. However, due to the BBB nature, it could limit drugs delivery to the CNS,
because of this obstacle, several studies and efforts have been made to modulate, overcome, or
bypass the BBB to enhance CNS drugs delivery (231). BBB breakdown has been linked to AD
due to disruption of the TJs, which alter the transport and movement of toxic molecules between
blood and brain and vice versa, vessel regression aberrant, brain hypoperfusion, angiogenesis,
and inflammatory responses (232). Targeting BBB has been considered as a novel therapeutic

approach to cure AD.
1.14. A clearance across the BBB

Functional BBB allows the transport of A from brain interstitial space to the blood and vice
versa (Fig 1.4). Soluble AB is transferred from the interstitium to the brain through LRP1, and
P-gp (233). Several studies suggested that both transporters have been strongly involved in AB
clearance across the BBB (234). On the other hand, free Ap transfers to the brain across the
BBB through the advanced glycosylation end product-specific receptor (RAGE) (235). In AD,
the accumulation of brain Ap could be due to an imbalance between its production and
clearance. Several other mechanisms are associated with AP clearance across the BBB,
including insulin-degrading enzyme (IDE), the soluble form of RAGE (SRAGE), and serum

amyloid P component (236), as shown in Fig 1.4.
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Fig 1. 4: AP efflux and influx through the BBB. LRP1 mediates the rapid efflux of a free,
unbound form of AB. (APOE2). Several cells in the brain, including EC’s, pericytes, neurons,
astrocytes, and microglia, express different Ap degrading enzymes, which contribute to AP
clearance and maintain the brain levels low. In the circulation, Ap bounds mainly to sSLRP1,
which normally prevent its entry to the brain and mediates its removal by the liver and kidney.
At the same time, the unbound A could return to the brain through RAGE. Taken from
reference (237). [URL.: https://pubmed.ncbi.nlm.nih.gov/22048062/).
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1.15. History of olive leaf biophenols

Plants not only provide food macromolecules such as carbohydrates, proteins, and lipids, they
also provide a variety of other compounds, which play diverse roles in health promotion (238).
Plants provide us with numerous bioactive compounds that maintain health or prevent diseases.
Among those bioactive compounds, biophenols have received an enormous amount of interest
due to their multipurpose actions (239). Over the last three decades, they have been extensively
investigated in a large number of studies for their biological activities. Experimental and
clinical evidence suggests that olive oil biophenols may play a pivotal role in maintaining
health or preventing disease (240-242).

Olive leaves and leaf extracts have been used for centuries, as complementary medicines for
the treatment of different diseases including malaria fever, alopecia, colic, hypertension,
rheumatic pain, sciatica, paralysis, arrhythmia, and cancer (243-246). Several biophenols have
been reported in olive products (fruits, oil, and leaves). The concentrations of these biophenols
vary in different products. Olive leaves are a richer source of biophenols than olive oil, and
can contain up to 2% of total phenols on a fresh weight basis (246).

Evergreen trees belonging to the family Oleaceae, olive trees can grow up to 9 m tall. They
have a lifespan of up to 2,000 years and can produce fruit for over a thousand years with
minimum care (247). There are about 2500 known varieties of olives, but only 250 cultivars
have been classified as commercial cultivars by the International Olive Oil Council (248).
Olives can be grown in the cold as well as in warmer climates, but for most varieties, some
winter frost is preferred (249). For most of the olive-growing regions of the world, the average
maximum temperature in the hottest month is about 30°C; however, very high temperatures of

up to 45°C have minimal effect on mature olives (249).
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1.16.  The role of biophenols in health

Consumption of olive fruits, oil, and leaves have never been restricted to dietary and culinary
applications. Olive oil and leaf extract have been continuously incorporated in cosmetic and
traditional medicine recipes since antiquity (250). The active ingredients responsible for the
observed biological activities have been identified as phenolic in nature (251). Olive phenolic
compounds, i.e., olive biophenols, are very well prized for their antioxidant properties (252).
With the introduction of the oxidative theory of aging and the role of oxidative stress in disease
pathology, biophenols are discovered for potential disease prevention and health promotion
(246, 253).

1.17. Oleuropein and neuroprotective effect on AD

Oleuropein, CzsH32013 (Fig 1.5), a secoiridoid (monoterpene), is an ester of hydroxytyrosol
(HT) with the oleoside skeleton. It is the major biophenol found in olive leaves (244, 254-256).
The pharmacological properties of oleuropein have been extensively studied. Oleuropein is
associated with most of the health-promoting properties of olive leaves (257, 258). The
glycosylated form of Oleuropein gives rise to many compounds found in olive fruit and leaves
via aglycon, through the opening of the elenolic acid ring (259). Its quantity is almost
negligible in olive oil as compared to olive leaves, because of its extensive enzymatic
degradation during oil extraction and low partitioning in oil (260).

Oleuropein accounts for about 25% of the total biophenols of olive leaf (244). The
concentration of oleuropein is lower in ripe olives due to hydrolysis and/or conversion to other
compounds (243). During virgin oil extraction, glycosylated oleuropein (OLEG) is hydrolyzed
to a number of compounds, including HT, elenolic acid, oleuropein aglycone (OLEA, Fig. 1.5),

and glucose based on the hydrolysis conditions.
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In AD, olive leaf extract (OLE) improved the neurologic deficit scores in rats after transient
middle cerebral artery occlusion and cerebroprotection from ischemic reperfusion as well as
reduced BBB permeability, brain edema, and LDL/HDL ratio (260). Another study reported
that oleuropein has a potential anti-amyloidogenic effect as it forms a noncovalent highly stable
complex with AB and prevents its aggregation (261). Schaffer and colleagues reported that 100
mg/kg of HT-rich olive extract for 12 days enhanced resistance of dissociated brain cells to

oxidative stress in mice and reduced basal and stress-induced lipid peroxidation (262).
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Fig 1. 5: Oleuropein and Oleuropein Aglycone Structures. Modified from the (Annalisa
Romani, 2019) article (263). [URL:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6724211/]

1.18. Pharmacological activity of olive leaf extract

1.18.1. Antimicrobial activity

OLE is reported to be an effective antimicrobial agent against a variety of pathogens, such as
viruses, bacteria, fungi, and protozoa. In addition, it can activate the immune system response
against all microbes and directly stimulate phagocytosis (264), as well as interfere with the
critical amino acid production necessary for microbes. Olive leaf extract reportedly counteracts
antibiotic-resistant strains of bacteria and yeast; it is also useful against microorganisms that

produce chronic fatigue and immune dysfunction syndromes (264).
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1.18.2. Cardiovascular Protection

It has been established that consuming a Mediterranean diet (MD), which is rich in biophenols
is associated with a reduced risk of cardiovascular diseases (CVDs) (245, 265). It has been
proposed that polyphenols impede biochemical events that are associated with atherosclerotic
disease (266). Biophenols may protect the cardiovascular system from free radical damage by
scavenging ROS (267). They are believed to inhibit the oxidation process of low-density
lipoprotein (LDL) (268), which is responsible for atherosclerosis, suggesting olive leaf

biophenols can play a vital role in decreasing the risk of cardiovascular diseases.

Oleuropein has been shown to increase coronary flow and left intraventricular pressure in rabbit
myocardium (269). Due to the antioxidant effects, oleuropein is considered a cardioprotective
agent to prevent the acute complication post coronary obstruction (270). Oleuropein is involved
in inhibition of 5-lipooxygenase and 12-lipooxygenase, and eicosanoid production (244).
Oleuropein prevents the membrane lipid peroxidation and protects against oxidation-related
myocardial injury due to either ischemia or reperfusion. A significant reduction of oxidized
glutathione was observed in ischemic hearts pre-treated with oleuropein. The cardioprotective
role of it to counteract the oxidation surge post-ischemic was examined by detecting the level
of oxidized glutathione, which is a reliable indicator of cardio-myocyte’s exposure to oxidative

stress in the coronary effluent (270).
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1.18.3. Antioxidant

Oxidative stress is defined as a disturbance in the balance between the production of toxic
species like free radicals and the antioxidants. This imbalance diminishes the biological
system’s ability to get rid of these harmful products or efficiently fix the resulting injury (250,
271). The active phenolic ingredients in the olive extract, belong to secoiridoid family, are
responsible for scavenging H>O> (265). The antioxidant capacity of the olive extract is higher
than that of vitamin C, vitamin E or hydroxytyrosol. Le Tutour and colleagues found that the
olive leaf extract contains a large amount of oleuropein, as well as hydroxytyrosol, that are
more effective than vitamin E in extending the induction period for oxidation (253). In was
found that oleuropein-rich extracts from olive leaves, significantly decreased thiobarbituric acid
reactive substances content of liver, heart, kidneys, and aorta, increased the activities of
superoxide dismutase and liver catalase, as well as improved the serum antioxidant potential in
rats (272). It was suggested that oleuropein, oleuropein aglycone, and hydroxytyrosol-rich
extracts could delay the lipid peroxidation process and increase the activity of antioxidant

enzymes.

1.18.4. Anti-inflammatory activity

Oxidative stress plays a vital role in inflammatory processes as it activates NF-kB signaling
pathway (250, 273). Biophenols possess anti-inflammatory activity and act as modifiers of
signal transduction pathways, modulate pro-inflammatory gene expression, and important
cellular signaling processes (273). It has been proposed that these anti-inflammatory effects are
due to various mechanisms including: scavenging effect of ROS directly or via glutathione
peroxidase activity and modulation of nuclear redox factor activation, inhibition of pro-

inflammatory enzymes, such as COX-2, lipoxygenase and inducible nitric oxide synthase
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(INOS), downregulation of various pro-inflammatory cytokines such as TNF-a, IL-1p and IL-
6 and inhibition of NF-kB signaling pathway (264, 273). Oleuropein and hydroxytyrosol were
found to reverse chronic inflammation and oxidative stress (274), suggesting that olive leaves

may have a therapeutic potential in the treatment of inflammatory diseases.
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2. Introduction

Alzheimer's disease (AD) is a progressive, most prevalent neurodegenerative disorder and the
most common cause of dementia (1). While the cause of AD is not clear, several factors play a
role solely or in a combination of lifestyle, environmental, and genetic factors (278).
Worldwide, AD cases account for 60-80% of dementia cases (279), while in the United States,
AD is considered the sixth leading cause of death, and the fifth among Americans above 65
years old (280). To date, no effective treatments exist. With the lack of a clear understanding
of AD pathogenesis, it is difficult to find a cure as the available drugs treat the symptoms, not
the underlying causes of the disease. AD is characterized by the deposition and accumulation
of amyloid-beta (AB) peptides in the brain (281, 282), hyperphosphorylated tau protein (p-tau)
aggregation, cerebral amyloid angiopathy (CAA), astrogliosis, microglial activation, synaptic

dysfunction and neuronal loss (283, 284).

AP peptides are derived from the proteolytic cleavage in the amyloid precursor protein (APP)
to form mainly APs and APs42 isoforms (285). Accumulation of AB could directly induce
neuroinflammation by activating the NF-«B that could cause BBB disruption (286). Astrocytes
and microglia are major cellular components of the innate immune of the CNS, and they have

a vital role in the neuroinflammation processing in AD (286).

Disruption in the BBB results in neuronal toxicity associated with A accumulation and reduced
the clearance across the BBB, as well as neuroinflammation leading to AD progression.
Therefore, to maintain a healthy BBB function and/or improve BBB function could provide a
novel strategy to prevent or treat AD.

Functional BBB is composed of the basement membrane, astrocytes, pericytes, and endothelial

cells (ECs). ECs are tightly connected at a junctional complex via tight junction (TJs) and
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adherence junction proteins (231), which prevent the transport of solutes from blood to the brain
and vice versa (287). AP peptides can be transported bi-directionally across the BBB (231); it
has been reported that AP transport from the brain to blood across the BBB requires carrier- or
receptor- mediated transport systems (287). Efflux transporters, P-gp, and low-density
lipoprotein receptor-related protein-1 (LRP-1) regulate the traffic across BBB and play a key

role in brain AP homeostasis (288).

In AD, neuroinflammation also plays a pivotal contribution to disease progression. Several
pieces of evidence have demonstrated that activation of astrocytes can secrete a high level of
pro-inflammatory cytokines, such as IL-1p, TNF-a, and IL-6 (115). Studies suggest that
blocking the signaling pathway of IL-1B significantly reduced the development of AD
progression, as well as cognitive dysfunction. IL-1p exerts its function upon maturation from
caspase-1, which itself is activated by cytosolic mutliprotein complexes named NLR family
pyrin domain containing 3 inflammasome (NLRP3). NLRP3 acts as an upstream protein that
activates IL-1p, IL-18, and regulates caspase-1 molecule, the importance of NLRP3 has been
studied and documented in human disease, but the exact mechanism of NLRP3 activation
remains unclear. NLRP3 activation has been observed by the continuous presence of a stimulus,
such as AP in AD brains, which promotes the formation of the inflammasome complex results

in the production of the pro-inflammatory cytokines IL-1p, IL-6 through caspase -1 (289-291).

Two steps are required for NLRP3 activation, the first step called the priming signal that
activates the NLRP3 and releases the pro-inflammatory cytokines through activation of NF-xB
signaling pathway, the second signal through various stimuli including; PAMPs and DAMPs,
which directly activate NLRP3 inflammasomes (292, 293). NF-kB has been involved in AD

progression (294). Bauernfeind and colleagues suggested that activation of NLRP3
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inflammasomes is mediated by NF-«xB signaling (295), where the activation of NF-«xB and
NLRP3 inflammasome contributes to inflammation and tissue damage in AD. Previous studies
have shown that inhibition of inflammatory pathways could rescue AD neuropathology in mice
models (296, 297). Thus, targeting NF-xB and NLRP3 signaling pathways could serve as a

novel therapeutic approach to slow, prevent, or treat AD.

Recent epidemiological studies have reported that long-term adherence to the MD could protect
from neurodegeneration (298, 299). Adherence to MD is one of the top five modifiable factors
against cognitive decline (300). MD demonstrated its beneficial effects in preventing age-
related defects, including AD, and cardiovascular diseases (301). In 2011, a 4 years study in
New York (2258 participant) showed that increased adherence to MD reduced the risk of
conversion of mild cognitive impairment (MCI) to AD where participant who adheres to MD
had a 40-50% lower risk of progression to AD compared to non-adherent (302). Another study
conducted by the Bordeaux center for people above 65 years of age (1410 participant)
investigated the effect of adherence to MD on changes to cognitive performance; results showed
MD resulted in a reduction in cognitive impairment as measured by the cognitive test Mini-
Mental State Examination (303). This neuroprotective effect was associated with several types
of food from MD, including high intake of whole cereals, fruits, vegetables, and fish, and extra-
virgin olive oil (EVOO) as the main source of fats, which exerts an anti-inflammatory and anti-

oxidant effect in addition to other health benefits (304-307).

Secoiridoids found in EVOO, such as oleocanthal (OC), oleuropein aglycone (OLEA), and
hydroxythyrosol (HT) have been suggested to be responsible for the positive effect of the
EVOO (308-310). Studies from our lab showed that EVOO added to the diet of AD mouse

models 5xFAD and TgSwDI significantly reduced Ap-related pathology, enhanced AP
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clearance and reduced its production, reduced A deposits in cerebral vessels and restored the

BBB function (311-313).

Glycosylated oleuropein (OLEG) is the major polyphenol in the olive leaves and olive fruits,
while EVOO contains oleuropein aglycone (OLEA) and its derivatives, demethyloleuropein
and ligstroside (314). OLEA interferes with AB, tau, and amylin (308, 315-319). In particular,
Rigacci and his colleagues showed that OLEA did not induce the release of Ap oligomers, and
was effective when added at the beginning of AB aggregations, suggesting that OLEA as an
anti-aggregate molecule (308). In TJCRNDS, a mouse model of AD, diet supplementation with
(8 mg/kg B.W. daily dose OLEA) for 8 weeks results in a significant reduction in Ap load,
reactive astrocytes, cognitive impairment, and autophagy induction (320). Another study found
that OLEA mixed with olive oil in TQCRNDS8 for 2 months reduced Ap plaques in mice
hippocampi and cortexes and showed a neuroprotection effect in a dose-dependent manner

(320, 321).

The beneficial effects of olive oil biophenols and OLEA on AD disease models, mainly at the
early and middle stages of the disease, have been studied (320, 321). In addition, studies from
our lab showed OC and EVOO significantly reduced Ap-related pathology in early and late
stages of AD in mice models (313, 322, 323). However, the effect of OLE and the mechanism(s)
by which it exerts its beneficial effects against AP pathology remain unclear. The aim of this
study was to evaluate the beneficial effect of 3-months consumption of OLE on memory
function and ApB-related pathology in 5XFAD mice, and to identify potential mechanism(s) for

the observed effects.

5XFAD mouse model rapidly develops severe AP-related pathology. These mice accumulate

high levels of AP, beginning around 1.5 months of age (324). Astrogliosis and microgliosis
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begin at 2 months of age, developing in parallel with AP plaque deposition (324). As the
purpose of this work is to evaluate OLE as a treatment of AD, 5XFAD mice were treated with
OLE at the age of 3 months i.e. after developing AD associated pathological hallmarks
including AP deposition and gliosis in order to study OLE effect on brain AP load and
inflammation. This is unlike prevention studies where treatment should start before the
development of the pathological hallmarks. OLE treatment continued for 3 month until they
reached the age of 6 months where at this age 5XFAD are characterized with memory
impairment, and this is important in order to be able to evaluate OLE effect on modulating

cognitive function.

OLE dose selection was based on the dietary intake of olive oil in Greek population (50
ml/day)(325), which corresponds to 20uL/day/30g mouse body weight considering a 75 kg
human body weight. Based on the olive oil we received, which contains about 550 mg/L (550
pg/ml) of OLEG, this means that each mouse approximately received 11 pg/mouse OLEG

corresponding to 366 pg/kg body weight.

Brain inflammation markers selected for analysis included astrogliosis, gliosis, and
proinflammatory cytokines including IL-1p and IL-6, which are characteristics of and produced
in the brains of 5XFAD mice. It has been reported that cytokines levels increase as the
pathology advance in 5XFAD mice as confirmed by Angel and colleagues who showed at 6
months of age, 5XFAD mice demonstrated a significant memory impairment correlated with
upregulation in pro-inflammatory cytokines such as IL-1p and IL-6 (326). Changes in the
cytokines IL-1p and IL-6, as well as HGMB1 which is a cytokine mediator of inflammation
(327), are linked to the activation of NLRP3 inflammasomes and NF-xB (157). Thus, in our

study besides these pro-inflammatory cytokines, the expression levels of NLRP3
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inflammasomes and NF-«kB pathways were investigated as a potential mechanism of the anti-
inflammatory effect of OLE in 5XFAD. Besides, RAGE, an inflammatory receptor, is highly
expressed in activated astrocytes, which induces neuroinflammation by releasing a high level
of inflammatory cytokines (328). RAGE recognizes multiligand implicated in diverse chronic
inflammatory states (329). RAGE binds and mediates the cellular response to a range of
damage-associated molecular pattern molecules (DAMPS) including HMGBL1 (329). Several
studies reported that RAGE/NF-«B signaling pathway is involved in AD surrounding the AP

plaques (146, 330). Thus, changes in RAGE levels was also investigated in our study.
2.1. Hypothesis and Aims

AB is considered one of the key pathological hallmarks of AD; its accumulation as deposits has
been suggested to induce neuroinflammation and progressive memory impairment (275-277).
Evidence (or several pieces of evidence) suggested that OLE polyphenols have a
neuroprotective effect. However, the mechanism of this protective effect is not fully evaluated.
Thus, we hypothesized that OLE reduces neuroinflammation by reducing the activation of
NLRP3 inflammasomes in an AD mouse model via NF-kB signaling pathway. To test this

hypothesis, the following aims were investigated:
Aim 1: Effects of OLE on memory function in 5XxFAD mice.
Aim 2: Effects of OLE on Ap-related pathology and neuroinflammation.

Aim 3: Mechanism by which OLE reduces neuroinflammation in 5XxFAD mice.
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3.

3.1. Material and chemicals

Methodology

The material sources and reagents used in this study are listed in (Table 3.1) below.

Table 3. 1: Materials and chemicals used

Materials/Chemicals

Company

Country

Oleuropein glycosylated (OLEG) Selleckchem USA
Oleuropein aglycone (OLEA) Gift from Dr. Khalid EI- LA, USA
Sayed (University of
Louisiana at Monroe)
Refined olive oil, and refined olive oil Boundary Bend Olive Australia
enriched with olive leaf extract (OLE)
NP-40 lysis buffer Alfa Aesar MA, USA
RIPA buffer Thermo-fisher Scientific IL, USA
Bovine Serum Albumin (BSA) Millipore Sigma OH, USA
Non-fat dry milk SCBT TX, USA
PBS liquid (pH=7.4) Corning VA, USA
Protease arrest G-Biosciences MO, USA
EDTA (ACS grade) Alfa Aesar MA, USA
Donkey serum Sigma Aldrich Mo, USA
10x Tris-Glycine-SDS Bio-Rad USA
10x Tris-Glycine Bio-Rad USA
Resolving gel buffer Bio-Rad USA
Stacking gel buffer Bio-Rad USA
30% Acrylamide Bio-Rad USA
Tetramethylethylenediamine (TEMED) Bio-Rad USA
Ammonium persulfate (APS) Bio-Rad Japan
4x Laemmli sample buffer Alfa Aesar MA, USA
Pierce™ ECL WB substrate Thermo-fisher Scientific IL, USA
FemtoLUCENT™ PLUS-HRP G-Biosciences MO, USA
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Polyvinylidene fluoride (PVDF) Millipore Sigma Ireland
Thioflavin S Sigma Aldrich MO, USA

Primers Invitrogen USA
Master mix Promega CA, USA
Tissue kit O.C.T Sakura CA, USA
Anti-fade mounting with DAPI Vector Laboratories CA, USA
Ketathesia (Ketamine HCL) HENRY SCHEIN Ohio, USA
Anased injection (Xylazine) AKORN IL, USA
MWM Tub PanLab-Harvard Apparatus MA, USA

DNA ladder Promega USA
Protein ladder Abcam MA, USA
Methanol (ACS grade) Millipore Sigma MA, USA
Acetonitrile (LC-MS grade) Millipore Sigma MA, USA
Ethyl Alcohol (ACS grade) VWR PA, USA
Tris-Boric acid-EDTA (TBE) Growcells CA, USA
Agarose VWR PA, USA

SyberSafe EDVO-TEK USA

Nuclease free water Promega USA

DNA extraction reagent Quanta USA

DNA stabilization buffer Quanta USA
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3.2. Preparation of food with olive oil spiked with olive leaf extract

Refined olive oil spiked with olive leaf extract (OLE) enriched with oleuropein (550 ppm =
0.55 mg/ml), was delivered in multiple bottles from the same batch, each bottle contains 50 ml,
closed and sealed. The 50 ml bottle aliquoted into 4 ml vials and stored at room temperature.
For mice treatment, the food mixture was prepared by the geometric dilution method. One
milliliter of OLE was added to 30 g of food and mixed for 5 min, followed by adding another
30 g food to the mixture with mixing for another 5 min. This procedure continued by adding 30
g food to the mixture with mixing to prepare the final amount of 250 g food containing OLE.
This preparation will yield a daily dose of 366 pg/kg b.w. for 5g food. The mice dose was
calculated bases on dietary intake of olive oil in the Greek population (50g/day) (325), in
addition to previous studies that showed the effect of different doses of OLEA namely 8, 2 and
0.08 mg/kg b.w. on Ap-related pathology (320, 321). In these studies, OLEA administered at 8
and 2 mg/kg b.w showed a significant reduction in A level in TJCRND8 mice, a mouse model
of AD, while at 0.08 mg/kg b.w. OLEA did not show effect. Thus, in our study, we chose to
evaluate at a dose that is lower than 2 mg/kg and higher than 0.08 mg/kg b.w. Prepared food
was changed daily. The major bioactive compound in OLE is OLEG representing about 50%

of phenolic content, as described in Table 3.2.

41



Table 3. 2: The bioactive compounds in OLE

Biophenols (ppm) ' Refined Oil OLE
Hydroxytyrosol 93.66
Tyrosol 0
Vanillic acid & Caffeic acid 0
Vanillin 13.82
Para-coumaric acid 0
Hydroxytyrosyl acetate 0
Ferulic acid 81.66
Ortho-coumaric acid 0
Decarboxymethyl oleuropein aglycone, oxidised dialdehyde form 159.63
Oleacein 105.08
Oleuropein glycoslated (OLEG) 549.56
Oleuropein aglycone, dialdehyde form 0
Tyrosol acetate 0
Decarboxymethyl ligstroside aglycone, oxidised dialdehyde form 0
Oleocanthal 5.02
Pinoresinol, 1 acetoxy-pinoresinol 0
Cinnamic acid 0
Ligstroside aglycone, dialdehyde form 0
Oleuropein aglycone, oxidised aldehyde and hydroxylic form 1491
Luteolin 18.51
Oleuropein aglycone, aldehyde and hydroxylic form 0
Ligstroside aglycone, oxidised aldehyde and hyroxylic form 0
Apigenin 0
Methyl-luteolin 0
Ligstoside aglycone, aldehyde and hydroxylic form 0
Total biophenol content mg/kg <10 1041.848
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3.3. Mice
All animal treatment and surgical procedures were conducted in this study are approved

according to the Institutional Animal Care and Use Committee (IACUC protocol 2018-3296)
of Auburn University, and according to the public health services (PHS) guidelines. Transgenic
5xFAD mice were purchased from Jackson Laboratory (Ban Harbor, ME) and were maintained
on C57BI/6 background. Mice delivered to the biological research facility (BRF) for animal
care at Auburn University. Mice were cross-breed, and pups were isolated for genotyping

analysis.

3.4. Mice genotyping

At three weeks of age (21 days), pups were weaned and divided into different cages and tattooed
for genomic DNA analysis. Genomic DNA was isolated from the tail biopsies according to the
approved IACUC protocol. For each mouse, 0.2-0.3 cm of mouse tail was cut into small pieces,
then 75ul of extraction reagent was added to ensure that the tail pieces are submerged within
the extraction reagent. The samples were heated at 95°C for 30 min. After heating, samples
were settled down and cooled to room temperature. An equal volume, 75ul, of stabilization
buffer was then added. For DNA quantification, 2 ul of the sample was measured by Nano-
Drop spectrophotometer 2000C (Thermo-Scientific). Samples from 5xFAD mice that carry the
transgene needed for this study were identified by Real-Time Polymerase-Chain-Reaction
(gPCR) as follows: A reaction mixture including the DNA for PCR was setup according to
(Table 3.3), and the sequences of the primers are listed in (Table 3.4). The PCR cycling protocol
is listed in (Table 3.5). After this, samples from 5xFAD mice were subjected into agarose
electrophoresis to determine transgenes as follow: 10x TBE was diluted to 1x TBE, then 3g of
agarose was added to 100 ml of 1x TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA) and

heated in a microwave for 1 min until the agarose dissolved completely, then cooled down to
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reach 65°C, followed by addition of 10 ul of SyberSafe to the 100 ml mixture. The gel was cast
in a casting tray with a comb to form wells and solidified. After this, 15 pl from the PCR mixture
were loaded into the wells. The agarose gel was run in a horizontal electrophoresis chamber
(Bio-Rad). For size detection, two wells were filled with 10 pl of 100 bp DNA ladder and ran
in TBE buffer for approximately 30 min at 110 V constant current. The agarose gel was
visualized using the Chemi-Doc (Bio-Rad). Transgenic mice were identified according to the
Jackson laboratory manual; only homozygous and WT mice were selected for this study.

Table 3. 3: PCR reaction mixture for DNA analysis

Reagent Volume (ul)

The PCR mixture volume is 50 pl
Gotaq green 25
Primer 23767 1.25
Primer 37589 1.25
Primer 37599 1.25
DNA 2
Nuclease free water 19.25
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Table 3. 4: List of PCR primers

Primer

Primer 23767

Sequence

CGGGCCTCTTCGCTATTAC

Primer type

Mutant Reverse

Primer 37598

ACCCCCATGTCAGAGTTCCT

Common

Primer 37599

TAT ACA ACC TTG GGG GAT GG

Wild Type Reverse

Table 3. 5: PCR cycling protocol

Temperature (°C)

Duration (s)

1 94 120
2 94 20
3 65 15
4 68 10
5 Repeat Step (2-4)-10x -
6 94 15
7 60 15
8 72 10
9 Repeat Step (6-8)-28x -
10 72 120
11 4 Hold
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3.5. Mice protocol and treatment

Homozygous 5xFAD and WT mice were used in this study. Mice had free access to water and
food and maintained on a 12h: 12h light: dark cycle. At the age of three months, mice were
divided into three groups as follows. WT control (Refined oil), vehicle-treated (Refined oil),
and OLE treated 5xFAD mice group. The powdered food was changed daily to maintain the
freshness for 3 months. During the treatment period, mice body weights and health status were
measured weekly. Visual observation indicated mice were healthy, and mice body weights were
not significantly different ranging from 27.4 + 2.8g, and 27.1 + 2.6g for OLE and vehicle-
treated mice, respectively. At the end of the treatment period, behavioral studies were conducted
to assess learning and cognitive performance, and then mice were sacrificed with ketamine
anesthesia and decapitated for brain collections. In the experiments, male mice were used with

n=5 for WT mice and n=7 for 5XFAD mice per treatment group.
3.6. Testing the homogeneity of OLE in powdered food

To ensure the homogeneity of mice food mixed with OLE, random samples from the
preparation were selected for analysis. For food mixture preparation, we used the geometric
dilution method. To a 30 g food, 1 ml of OLE was added and mixed on a clean plate with a
spatula for about 5 min. Then, another 30 g of food was added to the mixture and mixed for
another 5 min. We continued the addition of 30 g food to the mixture with mixing to prepare a
final amount of 250 g food containing OLE. The homogeneity test was performed for 5 different
preparations over 5 weeks with three random samples (1 g each) per preparation were taken
from different areas as shown in (Fig 3.1). Sampled food was placed in tubes. To each tube, 2
ml of 50% ethanol (ETOH) was added, sonicated for 30 min, followed by centrifugation at

108,860 x g for 45 min to allow the precipitation of powdered-food at room temperature by
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Beckman Coulter (Avanti JXN-30 centrifuge). The supernatant was removed, filtered. The
quantitative analysis of OLEG was performed by HPLC as follows, Shimadzu HPLC equipped
with SIL 20-AHT auto-sampler, SPD-20A UV/VIS detector, and LC-20AB pump connected to
a DGU-20A3 degasser was used. The separation was carried out by Eclipse XDB- C18 column
(Agilent, 4.6 x 150 mm, 5 pum particle size). HPLC analysis was performed with a flow rate 1.0
ml/min. The mobile phase composition was water-acetonitrile (65:35) (v/v). All solvents were
filtered through a 0.2 um Millipore filter before use and degassed in an ultrasonic bath. Volumes

of 10 pl of each prepared solution and samples were injected into the column.
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Final volume: 1ml OLE
in 250 g powdered-food

53
®

Fig 3. 1: Food homogeneity testing procedure.

3.7. OLEG stability
To assess OLE stability, OLEG was used as a biomarker to monitor OLE stability after
extraction from the oil. OLEG represents 50% of the phenolic content in OLE. OLEG extraction

was performed by adding 50% ethanol (1:10, respectively; v/v), vortexed for 5 min, followed
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by centrifugation at 20,800 x g for 15 min at room temperature. The quantitative analysis of
OLEG was performed by HPLC as described above, except the mobile phase was water-
acetonitrile (75:25; v/v). Samples were filtered through a 0.2 pm Millipore filter before
analysis. Volumes of 10 pl of each prepared solution and samples were injected into the column.

3.8. Brain collection

Mice brains were removed gently and divided into two halves. 2-Methyl-butane was used for
snap-freezing for long-term storage at -80°C for further biochemical and immunostaining

analysis.
3.9. Mice brain homogenization

The weight of collected brains were measured and mixed with double volume (2:1, v/wt) of
DPBS (137 mM NaCl, 8.1 mM NaxHPQg4, 2.7 mM KCI, 0.9 mM CaCl,, 5 mM D-glucose, 0.5
mM MgCls, 1.46 mM KH2PO4, and 1 mM Na-pyruvate) with protease arrest and homogenized
using Omni International homogenizer (Omni International; Kennesaw, GA), then samples

were aliquoted and stored at -80°C.
3.10.  SDS-PAGE immunoblotting

Samples for western blots were prepared from the stored brain homogenates in DPBS mixed
with protease arrest in a dilution of 100:1. Then, 80 pl of brain homogenate were lysed with
160 pl of NP-40 on ice for 1h with vortex every 20 min. Samples supernatants were then
collected after centrifugation at 20,800 x g for 20 min at 4°C. Five microliters of each sample
were used to measure the protein concentration using Pierce™ BCA protein assay kit (Thermo-

Fisher Scientific).
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Thirty micrograms from each sample lysate were used for protein separation; samples were
mixed with 4X Laemmli and NP-40 lysis buffer and boiled at 95°C for 5 min for protein
denaturation. Samples and pre-stained protein ladder were used for several protein separation.
For low molecular weight proteins, 15% of Tris-Glycine-SDS polyacrylamide gels were used
in SDS-PAGE gel chamber, and 10% of Tris-Glycine-SDS polyacrylamide gels for high
molecular weight proteins as shown in Table 3.6. The Bio-Rad chamber designed to fit 4 gels
at the same time, and the electrophoresis buffer consist of (5 mM Tris, 192 mM Glycine, and
0.1% SDS, pH 8.3). Once the samples and protein ladder loaded into the wells, the system ran

for 90 min at 200 V.

At the end of separation, gels were removed from the electrophoresis chamber and soaked with
a transfer buffer (25 mM Tris, 192 mM Glycine, and 20% (v/v) methanol, and water in a ratio
of 1:2:7, respectively) for 10 min. Proteins were then transferred to P\VVDF membrane for 3h at
300 mA at 4°C. Membranes were blocked with 2% non-fat dry milk in PBS for 1h at room
temperature with gentle shaking, followed by the addition of primary antibodies in 2% non-fat
dry milk for overnight at 4°C. Used antibodies are listed in Table 3.7. On the next day,
membranes were washed three times, each time 10 min with 0.05% Tween-PBS, and incubated
with the 2% non-fat dry milk secondary antibodies for 1h at room temperature with shaking.
Used secondary antibodies were goat anti-mouse 1gG, goat anti-rabbit 1gG (Invitrogen), and
goat IlgG HRP-conjugated (R&D) at a dilution of 1:1000. Membranes were then washed 3 times
with 0.05% Tween-PBS. Images were captured by Chemi-Doc imaging system (Bio-Rad). The
captured images were analyzed by Image Lab software v 6.0 (Bio-Rad), which measure bands
intensity. Before samples analysis, the level of housekeeping proteins from different treatment

groups were assessed for fixed amount of protein.
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Table 3. 6: The polyacrylamide gel mixture

Reagents

10% Resolving gel

Volume per (30 mls)

15% Resolving gel

Volume per (30 mls)

Stacking gel

Volume (10mls)

Water 11.9 6.9 6.8

30% Acrylamide 10 15 1.7
1.5 M Tris (pH 8.8) 7.5 7.5 1.2
10% SDS 0.3 0.3 0.1
10% APS 0.3 0.3 0.1
TEMED 0.012 0.012 0.01
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Table 3. 7: A list of primary antibodies that been used in western blot analysis

Antibody Dilution Company
B-Actin 1:1000 Santa Cruz Biotechnology
Tubulin 1:200 Santa Cruz Biotechnology
GAPDH 1:1000 Invitrogen
PSD-95 1:2000 Invitrogen

SNAP-25 1:1000 Invitrogen

Synapsin-1 1:1000 Cell Signaling
SAPP-q. 1:1000 Immuno-Biological Laboratories Co
SAPP-3 1:1000 Immuno-Biological Laboratories Co

Claudin-5 1:500 Invitrogen
Occludin 1:500 Invitrogen

Z0-1 1:500 Invitrogen

V-cadherin 1:200 Santa Cruz Biotechnology

P-gp 1:200 BioLegend
LRP1 1:1000 Abcam
NLRP3 1:1000 Cell Signaling
Pro-Caspase 1 1:200 Santa Cruz Biotechnology
RAGE 1:200 Santa Cruz Biotechnology
HMGb1 1:200 Santa Cruz Biotechnology
IxB-a 1:1000 Cell Signaling
p- IkB-a 1:1000 Cell Signaling
p-1IKK 1:1000 Cell Signaling
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3.11. Detection and quantification of cytokines by ELISA

ELISA was used to determine IL-1p and IL-6 levels by commercially available kits listed in
(Table 3.8). Samples supernatants were prepared as described above under the brain
homogenization section, diluted and optimized for each cytokine separately. Dilutions used
were 1:10 for IL-1p and IL-6. The level of each cytokine was normalized to total protein
measured by Pierce™ BCA protein assay kit (Thermo-Fisher Scientific). Levels of IL-1p, and
IL-6 were expressed as pg/mg protein.

Table 3. 8: ELISA cytokines Kits

ELISA Kit Company
Mouse IL-6 Quantikine ELISA Kit R&D Systems
Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit R&D Systems

3.12. Detection and quantification of Ap by ELISA

Samples supernatants were used to measure levels of AP and A4 after dilution 1:10 and
1:40, respectively, in lysis buffer. The level of AB4o and A4z was normalized to the total protein
content by Pierce™ BCA protein assay kit (Thermo-Fisher Scientific) and expressed as pg/mg

protein. Commercially available ELISA kits were used for the analysis and listed in Table 3.9.

Table 3. 9: ELISA Kkits for Ap

ELISA Kit Company

Human Amyloid beta (aal-40) Quantikine ELISA Kit R&D Systems

Human Amyloid beta (aal-42) Quantikine ELISA Kit R&D Systems
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3.13. Immunohistochemistry (IHC)

3.13.1. Cryo-sectioning of mice brains

Frozen brains (by 2-methyl butane) were stored at -80°C until analysis. One day before
sectioning, the brains were embedded in optimal cutting temperature (O.C.T) liquid and kept
on dry ice for 15 min, and then kept overnight at -80°C. On the second day, the brain was placed
in the Lecia CM3050S Research Cryostat at -20°C and adjusted on the optimal angle to prepare
sections by 16 um thickness; three brain sections were placed on each slide and stored at -80°C
for different immunostaining purposes.

3.13.2. AP immunostaining

For total AP load, brain sections were fixed by 100% methanol for 15 min and washed gently
five times with PBS to remove O.C.T remains, then blocked with 10% donkey serum diluted
in PBS for 45 min. For the primary antibody, brain sections were immunostained with rabbit
collagen 1V antibody (Millipore) for 2h to stain the brain microvessels in a dilution of 1:200,
then removed and washed five times with PBS followed by addition of the secondary antibody
donkey polyclonal Alexa-Flour 675 anti-rabbit antibody in a dilution of 1:200 mixed with
human-specific anti-Ap (6E10) antibody conjugated to Alexa Flour-488 (BioLegend) at 1:1000
dilution in donkey serum for 2h. Sections were then washed five times with PBS, followed by
an addition of 25 pl of 4',6-diamidino-2-phenylindole (DAPI with antifade) to stain nuclear
DNA. Lastly, 1.5 um coverslips were placed on top of slides and were sealed with nail polish
for fluorescence microscope images. Images were captured by an inverted fluorescence
microscope (Nikon) at different magnification (4x, 10x, and 20x).

For AP plaques, brain sections were immunostained with 0.02% filtered thioflavin S (Sigma

Aldrich) diluted in 70% ethanol for 30 min. Sections were washed with 70% ethanol alone for
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another 15 min, followed by the addition of 25 pl DAPI Antifade. Images were captured
inverted fluorescence microscope (Nikon).

3.13.3.  Immunostaining of Astrocytes

To probe astrocytes activation, glial fibrillary acidic protein (GFAP) was probed. Brain sections
were immunostained with the primary rabbit GFAP antibody (SCBT) at a dilution of 1:200 for
2h. Then, polyclonal Alexa Flour 647 anti-rabbit IgG antibody diluted 1:200 (Abcam) and 25
pl DAPI Antifade. Images were captured, and adjusted to the lowest background signal using
the inverted fluorescence microscope (Nikon). For quantification, sections were normalized to
the same background for hippocampi and cortexes regions. Images were analyzed by Image J
software (NIH) that was set for mean value, minimum value, maximum value, and limit to the
threshold, followed by analysis. Results showed the mean value, minimum value, maximum
value, and area. The minimum value was similar in all sections; the density was then plotted as
fold change in GFAP levels for hippocampi and cortexes.

3.13.4. Immunostaining of Microglia

To probe microglia activation, Ibal (Abcam) as a primary antibody in a dilution of 1:200 for
2h was examined, followed by secondary donkey polyclonal Alexa Flour 647 anti-rabbit 1gG
antibody diluted 1:200 (Abcam) for another 2h, and 25 pl DAPI Antifade. Images were
captured, and adjusted to the lowest background signal using the inverted fluorescence
microscope (Nikon). For guantification, sections were normalized to the same background for
hippocampi and cortexes regions. Images were analyzed by Image J software (NIH) that was
set for mean value, minimum value, maximum value, and limit to the threshold, followed by

analysis. Results showed the mean value, minimum value, maximum value, and area. The
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minimum value was similar in all sections; the density was then plotted as fold change in Ibal
levels for hippocampi and cortexes.

3.14. Behavioral Study

The effect of treatment on spatial memory and learning was evaluated b Morris Water Maze
(MWM). MWM is a round plastic tub (80x110 mm) filled with water (temperature; 22°C).
Maze testing was performed for six consecutive days, the visible day, followed by 4 days with
an escape platform submerged 1.0 cm below the water line in a fixed location. Four visible cues
in different shapes were placed at the wall around the Maze tub. On the first day, the mice were
tested four times (4 trials) to measure the visibility, and the platform was placed on the same
quadrant. Each mouse was entered the pool from four different starting positions (0, 45, 90, and
180° from the platform) and allowed to swim until either the mouse finds submerged platform
or reached a ceiling of 1 min in non-opaque water. If the mouse could not find the platform in
1.0 min, the mouse was gently guided to the platform and remained for 20 sec before being
removed for the second trial. Four trials were completed each day for four days in opaque water,
as demonstrated in Table 3.10 using white non-toxic water-based paint. On the probe day, the
platform was removed from the maze tub, and mice were placed in the opposite quadrant and

allowed them to swim for 1.0 min for one trial.
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Table 3. 10: Morris Water Maze Protocol

Day 2

Day 3 ‘ Day 4 ‘ Day 5

Platform | Starting | Platform Location: SE starting location as No
location point follow: Platform
Trial 1 SW S S S N N N
Trial 2 NW N S W E S
Trial 3 NE E N E W E
Trial 4 SE W W N N E

All videos were recorded for behavioral analysis. The visible day was performed to ensure that
no visual or motor deficits were contributed to mice performance. Collected data was used to
determine changes in escape latency (sec), time spent in the target quadrant (%), and swimming
speed (cm/sec). Smart V 3.0 tracking software (PanLab-Harvard Apparatus; Holliston, MA)

was used to measure all MWM parameters.
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3.15. Determination of OLEG and OLEA in mice plasma and brains by HPLC analysis
We conducted a feasibility study to obtain preliminary data for OLEG and OLEA penetration
to the brain. OLEA is the main product of OLEG hydrolysis. A method was developed,
however, it was not thoroughly validated. Plasma and brain levels of OLEG and OLEA in WT
type mice were evaluated. Mice were divided into groups according to blood collection time
points with n=3 mice. Mice received a single IV injection of OLEG at a dose of 10 mg/kg.
Blood samples were collected at 0, 5, 10, 30, 60, and 240 min (n=3 per time point). In addition,
brain tissues were collected at the same time points after mice decapitation. Plasma was
immediately removed and stored at -80°C until analysis. Mice brains were flash-frozen in 2-
methyl butane, placed on dry ice, and stored at -80°C until processing.

Extraction method

Brain tissues were homogenized in phosphate buffer saline in 1:1 ratio (wt/v). OLEG and
OLEA were extracted plasma and brain homogenate tissues by precipitation method with
acetonitrile in 1:1 ratio (v/v), sonicated and centrifuged at 20,800 x g for 10 min. Then, the
supernatant was collected and placed in inserts. Calibration curves were prepared by serial
dilution from the highest to the lowest dilution. Volumes of 10 ul of each prepared sample was
injected onto the column.

Analytical method

Stock solutions of OLEG and OLEA were prepared in water and acetonitrile, respectively.
Calibration curves were prepared in blank mouse plasma and brain homogenate. The mobile
phase composition of OLEG and OLEA was water-acetonitrile at 75:25 and 64:34 (v/v),
respectively, with a flow rate 1.0 ml/min. The separation was carried out by Eclipse XDB- C18

column (Agilent, 4.6 x 150 mm, 5 um particle size) at wavelength of 200 nm. Volumes of 10
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pl of each prepared sample was injected onto the column. The method was not adequately
validated, however, the accuracy for each standard in the calibration curve was calculated and
expressed as percentage value of the ratio between the measured concentration from the
calibration curve and the theoretical concentration; in addition the limit of quantification (LOQ)
was determined as the lowest concentration in the calibration curve that could be quantified.
Pharmacokinetics parameters

PK parameters for OLEG were obtained by non-compartmental method. Area under the curve
from zero to infinity for concentrations vs time (AUCo.inf) for OLEG in plasma was calculated
using the linear trapezoidal rule extrapolated to infinite time; AUC from zero to last time point
(AUCo.t) for OLEA in plasma was calculated, while in the brain the (AUC,.)) was calculated
after correcting the obtained concentrations for cerebral blood volume in the brain which
represent 4% of the total brain homogenate. Non-compartmental model assumes that
elimination follows first order, thus terminal elimination rate constant (ke)) was calculated from
the last three points as the negative slope of the non-weighted least squares curve fit to
logarithmically transformed concentration vs time, from ke, elimination half-life (ty2) was
calculated from the equation 0.693/kei. Total clearance (CL) was determined by the equation
dose/ AUCo.inf, and volume of distribution (Vp) was determined from dose/Cp°®, Cp° is

extrapolated concentration at time zero.
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3.16. Statistical Analysis

All values were expressed as mean + SEM. Statistical analysis was done by GraphPad Prism V
5.0 software. The statistical significance for all results was assessed by student’s t-test or one-
way ANOVA, and two-way ANOVA. A p-value of < 0.05 was considered statistically

significant.
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4. Results
4.1. Testing OLE homogeneity in the powdered food preparation for 5xFAD mice

The importance of testing OLEG, as a representative compound in OLE, in powdered-food
mixed with olive oil spiked in OLE is to confirm mixing homogeneity and similar distribution
of the oil in the food. OLEG concentration in powdered-food was evaluated and analyzed by
HPLC over 5 weeks. Fig 4.1.A shows the percentage of 3 different samples randomly selected
from each preparation. Results showed that the prepared mixture was homogenous within the
same preparation, where the percentage of OLEG concentration did not change in the same
week. In addition to that, we tested the percentage of OLEG concentration between all
preparations over the 5 weeks as shown in Fig 4.1.B; there were no difference in the
concentration of OLEG over the 5 weeks preparation (94.8% + 3.3; 91% =+ 2; 98.8% = 0.6;

95.4% £ 6.1; and 92.9% + 4.7).
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Fig 4. 1: OLE preparation was homogenous during the mice treatment period. (A) Randomly
selected samples within and from different preparations over 5 weeks. Results showed no
statistically significant difference in the OLEG concentration in all preparations. (B) OLE
quantification from all samples over 5 weeks. (C) A representative chromatogram of food

spiked with OLE showing OLEG at retention time 7.76 min.
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4.2. Testing OLE stability

The stability of OLE was monitored by evaluating OLEG stability within one year of receiving
the samples. The initial concentration of OLEG was determined as 550 ppm (0.55 mg/ml). One
year later, OLEG concentration was evaluated at 0.502 mg/ml £ 0.01, suggesting OLEG, and

thus OLE is stable.

Initial Conc. | Conc. (1 year)

0.55 mg/ml 0.502 mg/ml £ 0.01

4.3. Genotyping of mice for the study

To determine the mutant allele in 5xFAD mice strain, genotyping analysis by PCR was
performed. The colony started with 5XFAD™*" parents. For study purposes, only mutant 5xFAD
mice (MW; 129bp) that show the aggressive AP level at an early stage were used in the
experiments. In addition to WT mice from the same background (MW; 216) were selected, as

shown in Fig 4.2 below.

(A) WT- 216bp

_(B) Homozygous 5xFA-129 bp — > ===

Fig 4. 2: Genotyping analysis using PCR for 5XxFAD mice. (A) WT mice- 216 bp. (B)

Homozygous 5XxFAD mice- 129 bp.
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4.4. Treatment with OLE enhanced the spatial learning and memory function in 5xFAD
mice

To investigate the effect of OLE treatment on learning and memory function, MWM test was
performed in mice divided into three groups: WT (refined oil, n=5 male mice), Vehicle (refined
oil, n=7 male mice) and OLE (n=7 male mice). Learning abilities and memory were assessed
at the end of treatments. Parameters analyzed include the time a mouse takes to find the hidden
platform area (Escape Latency, sec), time spent in the target quadrant (%), and swimming speed
(cm/sec). On training days, 5xFAD mice treated with OLE showed significant improvement
and found the platform faster compared to the vehicle-treated group, as shown in Fig 4.3.A.
This effect was also analyzed and compared to WT. WT mice showed a better performance
compare to Veh treated mice. In addition, OLE treatment improved the cognitive function
nearly as WT mice (Fig 4.3.A).

On the probe day, the time spent in the platform quadrant were analyzed, and results showed a
significant improvement where mice treated with OLE spent a longer time in the target quadrant
when compared to vehicle-treated group, as shown in Fig 4.3.B (p <0.05). Compared to WT
mice, the time spent in the target quadrant of OLE treated mice was comparable to WT. These
results demonstrated that OLE treatment improved memory function in 5xFAD mice. On the
other hand, swimming speed didn’t change (ns) between all groups, as shown in Fig 4.3.C,

which excludes the motor changes as a cause of the observed improvement.
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Fig 4. 3: OLE improves memory function in homozygous 5XxFAD mice after 3 months
treatment period. (A) Escape latency to search for the hidden (submerged) platform in 5xFAD
mice was significantly reduced nearly as WT compared to vehicle-treated mice (Veh). (B-C)
Probe trial for time spent in the target quadrant and swimming speed were analyzed. OLE
treatment increased the time spent in the target quadrant (B) without changing the swimming
speed (C) between all mice groups WT, Veh, and OLE (n=5-7). Data presented as means +

SEM. * p < 0.05, ** p < 0.01.
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4.5. Treatment with OLE increased the tight junction proteins in 5XFAD mice brains

To investigate the effect of OLE on the expression of tight junction (TJs) including claudin-5,
occludin, and ZO-1, in addition to adherence junction protein VE-cadherin were evaluated by
western blot. The tight junction proteins were evaluated in mice treated with OLE, vehicle-
treated (refined oil) in 5XFAD mice, and were compared to WT. OLE treatment significantly
induced the expression of VE-cadherin, claudin-5, occludin, and ZO-1 compared to vehicle-
treated group (p<0.05). Compared to WT, protein expressions of claudin-5, occludin, and ZO-
1 were significantly lower in vehicle-treated mice that were enhanced by OLE treatment almost
to WT levels. These results suggest OLE enhanced the brain tightness, as demonstrated by TJs

upregulation, as shown in Fig 4.4.
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Fig 4. 4: OLE treatment significantly increased the tight junction proteins expression in 5XxFAD
mice brain homogenate. Representative western blot and densitometry analysis of claudin-5,
occludin, ZO-1, and V-cadherin. Results showed significant upregulation in TJ proteins in OLE
—treated mice); this effect was restored to basal protein levels observed in WT mice. Mice were
treated with OLE 366 pg/kg daily for 3 months. Data represented as mean = SEM for n=6 mice.

* < 0.05, ** p < 0.01, *** p < 0.001.

66

T



4.6. The effect of OLE treatment on AP major transporter proteins in 5xXFAD mice brains

To evaluate and confirm the effect of OLE on AP major efflux transporter proteins, namely P-
gp and LRP1, western blot in brain homogenate of 5XxFAD mice was performed. As shown in
Fig 4.5., OLE treatment induced the expression of LRP1, but did not reach a significant level,
while the effect on P-gp was significantly increased in OLE-treated mice by 81 % (p < 0.05)
compared to vehicle-treated mice Compared to WT, the expression of P-gp and LRP1 was

significantly lower in vehicle-treated mice and were enhanced by OLE treatment.
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Fig 4. 5: The effect of OLE on AP major efflux transporter proteins (P-gp and LRP1).
Representative western blot and densitometry analysis of P-gp and LRP. Results showed that
OLE treatment significantly increased the expression of P-gp and LRP1 (n=6) compared to
vehicle-treated 5XFAD mice; this effect was slightly restored to basal protein levels observed
in WT mice. Mice were treated with OLE 366 pg/kg daily for 3 months. All proteins were
measured from the brain homogenate and normalized to GAPDH. Data represented as mean *

SEM. *p <0.05, ** p<0.01, *** p <0.001.
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4.7. Effect of OLE treatment on Ap Production in 5XFAD mice brains

The effect of OLE on A production was evaluated by western blot to measure the expression
of sAPPa, SAPPf, and ADAM-10. APP processing undergoes several enzymatic cleavages by
a, B, and y secretases; the neuroprotective effect through APP processing is mediated by a-
secretase (ADAM-10) to produce sAPPa, while SAPPS is produced by B-secretase followed by
another cleavage to form AP peptides. The processing of APP was evaluated in 5XFAD mice
treated with OLE and was compared to vehicle-treated mice (refined oil) Finding from this
study showed that OLE treatment significantly induced the expression of both ADAM10 and
SAPPa by 50 and 99 % (p < 0.001) and reduced the expression of SAPPf by 25 % (p < 0.05)

compared to vehicle-treated mice as shown in Fig 4.6.
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Fig 4. 6: The effect of OLE treatment on the AP production through APP processing in 5XFAD
brain homogenate. (A) Representative western blot and densitometry analysis of ADAM-10,
SAPP-a and sAPP-f in 5XFAD mice brains demonstrated that level of ADAM-10 was increased
in 5XFAD males (n=6) with a significant upregulation in SAPP-o. expression and a significant
reduction in the expression of SAPP-f. SAPP-a and sAPP-P were not detected in the WT mice
brains as their antibodies are human-specific. Mice were treated with OLE 366 pg/kg daily for
3 months. All proteins were measured from the brain homogenate and normalized to GAPDH.

Data represented as mean £ SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001.
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4.8. Treatment with OLE decreased A burden in 5XFAD mice brains

The effect of OLE on total AP level was evaluated by ELISA and immunohistochemical (IHC)
analysis. Soluble AP levels in brain homogenates were determined and analyzed by ELISA
using commercially available Kits for AB4o and ABa2. Results showed that compared to vehicle-
treated 5XFAD mice, OLE consumption significantly decreased the levels of soluble ABso (p <
0.05)), while Aps2 decreased in OLE-treated mice, but didn’t reach the significant level

compared to vehicle group as shown in Fig 4.7.A.

For IHC, total AB and A plaques have been evaluated in males. Our results showed that mice
treated with OLE had a significantly reduced total Ap deposits in brain sections detected by
6E10 antibody in the hippocampus and cortex regions compared to vehicle-treated mice, as
shown in Fig 4.7.B. In addition to that, Ap plaques in the 5XxFAD mice brains were detected by
Thioflavin S and showed a significant decrease in the hippocampi and cortexes of mice brains

treated with OLE when compared to the vehicle group (Fig 4.7.C).
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Fig 4. 7: Effect of OLE treatment (366 pg/kg) for 3 months on AB burden in 5xFAD mice. (A)
ELISA for APao and ABs2 (n=4 males). Results showed OLE treatment significantly reduced
the Apso in male mice brain homogenate, while the AP was reduced in males, but the effect
was not significant (ns). (B) Representative brain sections of 5xFAD mice treated with refined
oil as the vehicle or OLE stained with 6E10 antibody to detect total AP load (green), anti-
collagen 1V antibody to detect microvessels (red) and DAPI (blue), Scale bar= 250um. (C)
Representative brain sections of 5XFAD mice treated with refined oil as the vehicle or OLE
stained with Thioflavin S to quantify total Ap plaques (green) and DAPI (blue), Scale bar=

500um. Data represented as mean = SEM, * p < 0.05.
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4.9. Treatment with OLE decreased astrogliosis in 5xFAD mice brains

The effect of OLE on astrogliosis was evaluated by monitoring the levels of glial fibrillary
acidic protein (GFAP), as a marker for activation of astrocytes following injury or stress in the
CNS. GFAP level was determined by IHC analysis. Activated astrocytes become more intense
and branchy in the brains of AD patients. Our findings showed that astrocytes activation as
detected by GFAP in mice hippocampi and cortexes (measured by density for each specific

region) significantly decreased with OLE treatment (Fig 4.8.A & B) in 5xFAD mice compared
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Fig 4. 8: Effect of OLE treatment on astrogliosis. Mice treated with OLE at 366 pg/kg for 3
months. (A-B) Representative brain sections with semi-quantitative analysis of 5XFAD mice
treated with refined oil as the vehicle or OLE stained with GFAP antibody to detect activated
astrocytes (Red). Counterstained with DAPI (blue), Scale bar= 250um. Results showed the
density of activated astrocytes were significantly reduced with OLE treatment compared to
vehicle-treated mice in the hippocampi and cortexes of males 5XxFAD mice. Small boxes are
magnified on the right side for clarification. Data is presented as meant SEM. Males (n=3)

** < 0.01.
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4.10. Treatment with OLE decreased microglial activation in 5xFAD mice brains

The effect of OLE on the activation of microglia was evaluated by monitoring the ionized
calcium-binding adaptor molecule-1 (Iba-1). Iba-1 level was determined by IHC analysis.
Microglia becomes more intense upon activation. Our findings showed that microglial cells
activation as detected by Iba-1 in mice hippocampi and cortexes (measured by density for each
specific region) decreased with OLE treatment (Fig 4.9.A & B) in 5XFAD mice compared to

vehicle-treated mice.
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Fig 4. 9: Effect of OLE treatment on microglial cells activation. Mice treated with OLE at 366
pa/kg daily for 3 months. (A-B) Representative brain sections with quantitative analysis of
5xFAD mice treated with refined oil as the vehicle or OLE stained with Iba-1 antibody to detect
activated microglia (Red). Counterstained with DAPI (blue), Scale bar= 250um. Results
showed the density of activated microglia was reduced with OLE treatment compared to
vehicle-treated mice in the hippocampi and cortexes of 5XxFAD mice. Data represented as

meanz SEM. Male mice (n=3).
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4.11. Treatment with OLE increased synaptic markers in 5XxFAD mice brains

To investigate the effect of OLE on synaptic protein expression, two pre-synaptic markers
(SNAP-25, and Synapsin-1), and one post-synaptic marker (PSD-95) were evaluated by
western blot. The levels of synaptic markers were evaluated in males (n=6) in the brain
homogenate of 5xFAD mice treated with OLE, Veh-treated (refined oil), and WT treated
(refined oil). Results demonstrated that OLE treatment significantly induced the expression of
presynaptic markers SNAP-25 and Synapsin-1 by 118 and 41 % (p < 0.05) in 5xFAD mice,
respectively, compared to vehicle-treated mice. In addition, OLE treated group increased the
expression of PSD -95 by 264 % (p < 0.001. Compared to male WT mice, the expression of
SNAP-25, Synapsin-1, and PSD-95 was significantly reduced in the vehicle-treated group by
77, 175 and 356 % (p < 0.05). These results suggest OLE treatment rectified synaptic loss

associated with Ap-related pathology in 5xFAD mice, as shown in Fig 4.10.
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Fig 4. 10: Treatment with OLE (366 pg/kg) for 3 months increased the expression of synaptic
markers in 5XFAD mice brains. Representative western blot and densitometry analysis of
synaptic markers in mice brain homogenate showed a significant upregulation in SNAP-25,
Synapsin-1, and PSD-95 in males (n=6). This effect was restored to the level of WT mice. All
proteins were measured from the brain homogenate and normalized to Tubulin. Data

represented as meant SEM. * p <0.05, ** p < 0. 01 and *** p < 0.001.
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4.12.  Treatment with OLE decreased IL-1p and IL-6 levels

In AD, neuroinflammation contributes to disease pathogenesis. It has been reported that the
presence of stimuli such as AP and pro-inflammatory cytokines IL-1f and IL-6 activates
NLRP3 and promotes the formation of the inflammasome complex. Thus, in this work, we
investigated the effect of OLE on the production of pro-inflammatory cytokines in 5xFAD
mice. The major pro-inflammatory cytokines were evaluated by ELISA. OLE treatment
significantly reduced IL-1p level by 76 % (p < 0.001). In addition, a significant reduction in IL-
6 by 57 % (p < 0.05) was observed (Fig 4.11.A). To explain reduced levels of the inflammatory
cytokines, the effect of OLE treatment on NLRP3 inflammasome activation was evaluated. As
demonstrated in Fig 4.11.B, OLE reduced NLRP3 significantly by 24 % in 5xFAD mice (p
<0.01), an effect that was also associated with a significant reduction in pro-caspase 1 by 39 %
(p <0.05) compared to vehicle-treated group. Compared to male WT mice, the expression of
NLRP3 and pro-caspase 1 was significantly increased in the vehicle-treated group (p <0.05),
suggesting that OLE treatment reduced the neuroinflammation associated with Ap-related

pathology in 5XFAD mice via NLRP3 pathway.
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Fig 4. 11: Treatment with OLE (366 pg/kg) for 3 months reduced the neuroinflammation in
5xFAD mice. (A) ELISA for pro-inflammatory cytokines, IL-1p, and IL-6 (n=4, males). Results
showed OLE treatment significantly reduced IL-1p and IL-6 levels. (B) Representative western
blot and densitometry analysis of NLRP3 and pro-caspase 1 in 5XFAD mice brain homogenate.
Results showed a significant reduction in NLRP3 and pro-caspase 1 in males (n=6 mice). All
proteins were measured from the brain homogenate and normalized to GAPDH. Data

represented as meant SEM. * p < 0.05, ** p < 0. 01 and *** p < 0.001.
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4.13. Treatment with OLE reduced RAGE/HMGDb1 expression in 5xFAD mice brains

In AD, RAGE has been studied extensively as a major source of AP entry to the brain. Other
ligands, including AR and HMGDb1, interact with RAGE and directly induce inflammation.
Thus, here we examined the effect of OLE on the expression of RAGE and HMGDb1 in
homogenate samples from 5XFAD mice. RAGE expression was significantly decreased by 49
(p<0.01) in 5XFAD mice. In addition, the expression of HMGb1 was significantly reduced by
30 % (p < 0.05) compared to vehicle-treated mice. Compared to male WT mice, the expression
of RAGE and HMGb1 was significantly increased in the vehicle-treated group by 47 and 65%

(p < 0.01), as shown in Fig 4.12.

-
tn
]

E3 WT
xx === ] Veh
B9 OLE

WT Veh OLE

RAGE |™ee——— A---—-
w1 (1 e o = ==
GAPDH |-..h” - --| |-r- -|

-
=
1

=
o
1B

Fold change in
protein expression

[=1
=
I

RAGE HMGB1

Fig 4. 12: Treatment with OLE (366 pg/kg) for 3 months reduced the neuroinflammation in
5xFAD mice. Representative western blot and densitometry analysis of RAGE and HMGb1 in
5xFAD mice brain homogenate. Results showed a significant reduction in RAGE and HMGb1
in males (n=6); this effect reduced to WT level. All proteins were measured from the brain
homogenate and normalized to GAPDH. Data represented as meant SEM. * p < 0.05, ** p <

0. 01 and *** p < 0.001.
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4.14. Treatment with OLE reduced neuroinflammation markers in 5xFAD mice

brains through NF-kB signaling pathway

To determine the underlying mechanism by which OLE reduced neuroinflammation markers,
we evaluated the effect of the treatment on the NF-«xB signaling pathway. Three major proteins
from the NF-kB pathway were measured, including IkBa, p-1kBa (Ser32), and p-IKKp. Results
showed the expression of p-IKKB was significantly reduced in males by 65 % (p < 0.01)
compared to vehicle-treated mice. This significant reduction in p-IKKp was associated with
increased levels of total IkBa and reduced p-lIxBa. The expression of p-lkBa significantly
decreased by 25 % (p < 0.01), while IxBa level was significantly increased by 89% (p < 0.01),
when compared to vehicle-treated mice (Fig 4.13). Compared to male WT mice, the expression
of IxBa was significantly reduced in vehicle-treated group (p <0.01), which was associated with
upregulation of p-lxBa and p-IKK (p <0.01), suggesting that OLE treatment reduced the
neuroinflammation associated with Ap-related pathology in 5XFAD mice via NF-kB signaling

pathway.
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Fig 4. 13: Treatment with OLE (366 pg/kg) for 3 months reduced the neuroinflammation
through inactivation of NF-xB signaling pathway in 5XxFAD mice brain homogenates.
Representative western blot and densitometry analysis of IkBa, p-IxBa (Ser32), and p-IKKf in
5xFAD mice brain homogenates. Results showed a significant reduction in p-IKKf and p-IxBa
(Ser32), and upregulation in IkBa in males (n=6) compared to vehicle-treated mice. All proteins
were measured from the brain homogenate and normalized to GAPDH. Data represented as

mean+ SEM. * p < 0.05, ** p< 0. 01 and *** p < 0.001.
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4.15. Plasma and brain levels of OLEG and OLEA following IV administration of
OLEG

To exert its effect in the brain, a CNS drug should enter the brain to reach its target. OLEG
rapidly hydrolyzes to the aglycone form OLEA. Several studies evaluated OLEA plasma and
brain disposition and found that OLEA crosses the BBB (319, 332). In this study, plasma and
brain levels of OLEG and OLEA in WT type mice were evaluated. Mice were divided into
groups according to blood collection time points with n=3 mice per one-time point. Mice
received a single 1V injection of OLEG at a dose of 10mg/kg. Blood samples were collected at
0, 5, 10, 30, 60, and 240 min (n=3 per time point). In addition, brain tissues were collected at
the same time points after mice decapitation. Plasma samples were analyzed for OLEG and
OLEA by HPLC. To analyze samples obtained from plasma and brain tissues, one calibration
curve was prepared from OLEG starting from 1.25-10ug/ml with linear regression equation (y
= 4623.6x - 2918.3) as shown in (Table 4.1) before analyzing the plasma levels of OLEG in the
same day. For OLEA, one calibration curve was prepared from OLEA starting from 6.25-25
pg/ml with linear regression equation (y = 343.41x - 819) as shown in (Table 4.1) before
analyzing the plasma levels of OLEA in the same day. In the brain, OLEA was evaluated, one
calibration curve was prepared starting from 1.25-5 pg/ml with a linear regression of y =
2999.5x - 1324.5) before analyzing the brain levels of OLEA in the same day as shown in
(Table 4.1). The accuracy was calculated from each point in the calibration curves as shown in
(4.1) The LOQ, which represents the lowest concentration in the calibration curves was 1.25
pg/ml in plasma for OLEG, and was 6.25 pg/ml in plasma and 1.25 in brain homogenate for

OLEA. All calibration curve standards, plasma and brain samples were analyzed by HPLC.
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OLEG plasma levels rapidly reduced and was only detected up to 60 min with the highest
concentration at 5 min measured at 0.93 + 0.7 pg/ml (Fig 4.14.A). The hydrolysis product of
OLEG, namely OLEA, was detected in plasma starting at 10 min with 2.2 = 1.9 pg/ml
concentration that was detected up to 240 min (Fig 4.14.B). While OLEG was not detected in
the brain, OLEA was detected at 60 and 240 min (Fig 4.14.C). The partition coefficient (Kp)
ratio of brain to plasma was 11.4%, which is comparable to findings from a previous study
reporting a Kp value of 9% (319). Blank samples from the plasma of OLEG and OLEA, and
blank brain samples of OLEA were used. A representative chromatograms are shown in (Fig
4.13.D). These finding showed that all drug concentration in plasma and brain were below the
LOQ with a variation >25%, suggesting further studies are necessary to evaluate concentrations

of OLEG and OLEA in plasma and brain.
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Table 4. 1: Plasma and brain spiked calibration curve from OLEG and OLEA

OLEG-Plasma

y = 4623.6x - 2918.3

R2=10.999
CC (pg/ml) Area BC | Accuracy (%)
1.25 2533 0.63 50
2.5 9379 1.18 47
5 19667 | 2.66 53
10 43441 4.88 49

OLEA-Plasma

y = 343.41x - 819

R2=0.9977
CC (pg/ml) Area BC | Accuracy (%)
6.25 1445 6.59 105
12.5 3297 | 11.99 96
25 7825 | 25.17 100

OLEA-Brain

y =2999.5x - 1324.5

R2=0.9928
CC (ug/ml) Area BC | Accuracy (%)
1.25 2057 1.13 90
2.5 6726 2.68 107
5 13489 | 4.94 99

BC: back calculation of area using the linear regression equation.




Table 4. 2: Pharmacokinetic parameters of OLEG and OLEA following a single

intravenous administration of 10mg/kg OLEG.

OLEG OLEA
Parameter Unit Parameter Unit Plasma Brain
t12 min 49
AUCo.nf  pg.min/ml 53.4 AUCo240  pg.min/ml 592 67.4
Kel mint 0.014
CL ml/min 5.6
Vd ml 300
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Fig 4. 14: Plasma and brain levels of OLEG and OLEA following IV administration of OLEG.
(A) Time-plasma concentration profile of OLEG after a single 1V dose 10 mg/kg. (B) Time-
plasma concentration profile of OLEA. (C) Time-brain concentration profile of OLEA. Results
showed OLEA crossed the BBB. D) Representative chromatograms of blank and plasma
samples of OLEG at retention time 5.4 min and brain sample of OLEA at retention time 8.3

min. Data are expressed as mean + SD from (n=3) for each time point.
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4.16.  The effect of OLE on Ag-related pathology and neuroinflammation in female

5xFAD mice

Recently, a growing body of evidence suggested sex differences in AD mouse models with
female mice demonstrating increased Ap accumulation compared to male mice (4), which
could alter male and female mice’s response to therapeutic treatments. Here, I was interested
in evaluating whether OLE effect is different between male and female mice on A and related
pathology and neuroinflammation. To create preliminary data, | used a limited number of
female 5XFAD mice (n=3/group) for vehicle-treated (refined oil) and OLE groups. All methods
described above, including food preparation, animal procedures, and biochemical analysis
were applied. Results are shown in Supplementary data (end of the dissertation). Preliminary
findings showed that in female mice, OLE enhanced the tight junction proteins, reduced AP
accumulation, and reduced neuroinflammation. This effect was consistent with that observed
in male 5XxFAD mice. Presented data are considered preliminary and requires further
clarification with a larger number of female mice with the inclusion of WT female mice. All

figures from these experiments are shown in the supplemental data chapter.
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5. Discussion

AD is a complex neurodegenerative disorder characterized by multiple environmental and
genetic factors that could influence the incidence and prevalence of disease susceptibility (1).
Several hypotheses and theories suggested major hallmarks of AD, including but not limited to
compromised BBB, AP plaques, NFT, widespread of activated astrocytes and microglial cells,
synaptic dysfunction, neuronal damage, oxidative stress and neuroinflammation (229, 276,
332). Available medicines only temporarily alleviate some symptoms but do not target the
underlying cause(s) of the disease, and to date, all evaluated therapies failed to treat the disease.
Neuroinflammation significantly contributes to AD pathology and development, which could
lead to neurodegeneration and cognitive decline (333). Thus, targeting neuroinflammatory
pathways could be essential to stop or delay disease progression.

In the last few decades, MD has been studied extensively and was proven to have several
beneficial effects, such as anti-inflammatory, anti-oxidant, and neuroprotective effects (301,
302, 304, 308). Greater adherence to MD has been associated with a slower rate of cognitive
impairment and dementia (303, 334). Olive oil is considered as the major source of fat in MD,
contains more than 100 different biophenolic compounds (247, 335). Previous studies reported
the beneficial effect of biophenols present in olive oil using different transgenic mouse models
of AD, such as 5XxFAD and TgSwDI mice (311-313, 322, 323). Results showed mice treated
with EVOO or OC enhanced the BBB function, enhanced tightness of endothelial cells,
increased AP clearance across the BBB by increasing the expression of A major transport
proteins, reduced the accumulation of AP, and reduced neuroinflammation (323). In
comparison, OLE contains a higher amount of bioactive compounds than those found in EVOO,

and showed a pivotal role in enhancing health outcomes (336). The major bioactive compound
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in OLE is OLEG, which undergoes hydrolysis to OLEA in the blood. Several studies
investigated the effect of OLEA in AD mouse models and reported that at the doses of (2 and
8 mg/kg b.w.) reduced AP oligomers, astrocytes activation, and cognitive impairment (320,
321), but still, the exact mechanism is not fully understood.

In the current study, our goal was to evaluate the effect of OLE added to powdered food on Ap-
related pathology, cognitive function, and neuroinflammation in 5XFAD mice with advanced
AD pathology. Furthermore, we investigated the potential mechanism by which OLE reduced
Ap-related pathology.

Different dosage regimens have been previously studied for the effect of OLE and OLEA on
Ap-related pathology mouse model (320, 321, 337). Briefly, one study investigated the effect
of OLE on APPswe/PS1dE9 mouse model at dose of 8mg/kg b.w. administered for 4 months,
results showed the level of AP reduced significantly in hippocampi and cortexes, but the
mechanism by which OLE produce the observed positive effect has not been identified (337).
Other studies used the pure oleuropein aglyone (OLEA) using different dosage regimen namely
8, 2 and 0.08 mg/kg b.w. for 2 months on AB-related pathology (320, 321). In these studies,
OLEA administered at 8 and 2 mg/kg b.w showed a significant reduction in AB level in
TgCRND8 mice, a mouse model of AD, while at 0.08 mg/kg b.w. OLEA did not show effect.
Thus, in our study, we chose to evaluate at a dose that is lower than 2 mg/kg and higher than
0.08 mg/kg b.w. of OLEG, taken into consideration that OLE contains other biophenolic
compounds that could also produce an additive or synergistic effect.

Mice were fed daily, with 366 pg/kg b.w. To confirm food homogeneity and ensure all mice
received the same dose every day with the assumption of the same consumed food amount,

after mixing OLE with food, we tested the levels of OLEG in 3 randomly selected portions of
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the food. This process was repeated for 5 preparations over 5 weeks. OLE concentration was
consistent between the portions of each preparation and between preparations confirming food
homogeneity.

With the reported beneficial effect of polyphenols against neurodegenerative diseases (338-
340), studies focused on their BBB penetration are limited. While many open questions are in
need to be answered regarding the action of major phenolic compounds present in olive oil and
leaf extract once ingested and absorbed, to exert the desired effect, these compounds should
reach the brain. In this study, we performed a feasibility study to evaluate the ability of OLEG,
as a major bioactive compound in OLE to cross the BBB in WT mice after a single 1V dose.
Following IV administration, while plasma levels of OLEG decreased with time, OLEA levels
increased and detected after 10 min of dosing. In the brain, OLEA levels were detected at 1 and
4 h in low concentrations at levels lower than LOQ due to the low method sensitivity. Our
preliminary findings are consistent with Molitova and colleagues, who found after a single dose
of olive oil phenolic compounds prepared in a cake (3g/kg b.w.) in treated rats, was absorbed
and distributed to different tissues including the brain (319). The authors were able to detect
oleuropein at 1, 2, and 4 h following oral consumption. Further studies are needed to thoroughly
evaluate OLEA penetration to the brain across the BBB.

In aging and AD, changes in BBB functionality and supporting cells from the neurovascular
unit (NVU) lead to BBB dysfunction in a more progressed disease stage (110, 230, 236, 237,
341, 342). Several studies reported the alteration of BBB plays a pivotal role in AD (237, 343,
344), and suggested that breakdown is an early event in advanced aged human brains started in
the hippocampus and contributes to cognitive decline (345). Previous work from our lab showed

a significant upregulation in TJ protein expression with EVOO and OC (323). Our data here
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showed a consistent trend. Treatment with OLE enriched with OLEG in 5XxFAD mice restored
the tight junction and adherence junction proteins to levels close to those observed in WT mice
through significant upregulation of claudin-5, occludin, and Zo-1, as well as VE-cadherin.
The amyloidogenic hypothesis of AD, suggests that the formation, aggregation, and deposition
of AP peptides (346). The imbalance between amyloid production and clearance is responsible
for cognitive impairment and neuronal death (346-347). Therefore, we examined the effect of
OLE treatment on the clearance of AP0 and APaz, the most abundant pathogenic isoforms (348).
Our treatments demonstrated a significant reduction in total A and AP plaques accumulation
in 5XFAD mice brains as detected by 6E10 and Thioflavin S, respectively. Such decrease in A
was associated with increased expression of AP major transport proteins responsible for AP
clearance, named P-gp and LRP1 (284, 349-354). Efflux transporter proteins are reduced in
age-related neurodegeneration (284). We found the expression of A major transporter proteins
are increased significantly in males with OLE treatment compared to vehicle-treated with
refined oil.

Besides the effect on enhancing AP clearance, OLE treatment altered A production by shifting
the APP processing toward the non-amyloidogenic pathway. This effect was investigated with
a long-term treatment of OLE for 3 months. From previously reported in vitro study, OLEA
was evaluated on APPPB metabolism and other enzymes involved in AD into two different cell
lines; human neuroblastoma (SK-N-SH) and human embryonic kidney cells (HEK293), results
showed that OLEA effect in a concentration of (12.5, 25, 50 uM) significantly elevated the
levels of sAPPa, a-secretase (ADAM-10), and significantly reduced A oligomers (355). The
observed effect was consistent with our study as OLE treatment showed significant induction

of the expression of a-secretase (ADAM-10) and sAPPa, an effect that was associated with a
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significant reduction in sAPP, which means that OLE treatment directed Ap production toward
the non-amyloidogenic pathway by increasing the activity of the a-secretase enzyme. In
addition, we investigated the level of each A isoforms (APso and As2) by ELISA, and they
were both significantly reduced compared to refined oil-treated mice. Thus, the effect of OLE
treatment on the expression of synaptic markers was evaluated. Our findings demonstrated that
the expression of both pre and post-synaptic markers, Synapsin-1, SNAP-25, and PSD-95 were
upregulated significantly by the effect of OLE treatment, which could explain the improvement
in learning abilities and memory function in 5xFAD mice.

The findings of this study also demonstrated that OLE treatment significantly improved
memory function and reduced neuroinflammation. There is increasing evidence that
neuroinflammation is a crucial factor in AD pathology (356). Neuroinflammation involves
microglial and astrocyte cell activation. Glial cells have a phagocytic function under normal
physiological conditions (357). But in AD brains, glial cells become activated, and they secrete
several pro-inflammatory cytokines, ROS, and other oxidative stress markers and eventually
cause neuronal death (358). GFAP expression changes during development, aging, and other
various diseases, including AD (359). We assessed the effect of OLE treatment on the levels of
GFAP as measured by the density of activated astrocytes in hippocampi and cortexes. Results
showed a significant reduction in the levels of GFAP immunoreactivity in the cortex and
hippocampus, and the effect was almost the same in both regions in OLE treated mice. In
addition, microglial activation has been heavily studied for its contribution to AB phagocytosis.
However, the microglial response also has been associated with detrimental effects mediated
by proinflammatory cytokines, chemokines, and neurotoxins release (275, 253, 254). In an

advanced Ap-related pathology mouse model, the activation of microglial cells was
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significantly reduced in both cortexes and hippocampi, which was consistent with a significant
reduction in pro-inflammatory cytokines levels.

To clarify the mechanism by which OLE reduced neuroinflammation, we have evaluated
several pathways that been associated with AD in relation to AB pathology. RAGE increased
in aging and AD (360-364), known as influx transporter protein that responsible for entry of
AP from the blood to the brain (237), as wells as a receptor of inflammation expressed on the
astrocytes (329). In addition, RAGE is highly expressed in activated astrocytes in the brain
which induce the neuroinflammation by releasing a high level of inflammatory cytokines (365).
Besides, Lue and colleagues reported the expression of RAGE was observed in neurons and
microglia (366). PAMPs and DAMPs ligands such as A and HMGBI1 have shown to interact
and increase the expression and activity of RAGE (367-370). Several studies reported that
RAGE/NF-kB signaling pathway is involved in AD surrounding the Ap plaques (146, 330,
371). Several studies showed the implication of HMGDb1 in AD pathology upon its release from
various cells, including astrocytes and microglia, through its binding with RAGE and TLRs and
activated the inflammatory response (372, 373). Upon interactions, Ap and HMGb1 activate
several inflammatory signaling pathways, including NF-xB and NADPH-oxidase, which lead
to cell death (374-376). A study in 5XFAD mice at 6 months of age showed that RAGE induced
the activation of NF-kB and initiate the inflammatory response (330). NF-xB activation
promotes the expression of pro-inflammatory cytokines to induce a prolonged activation and
promotion of signaling mechanisms for cell damage, in addition to regulating NLRP3
inflammasome activation (377), which has been activated in AD mouse model (168). Therefore,
reducing the activity of NLRP3 could effectively interfere with the AD progression and inhibits

the activation of NF-xB inflammatory pathways. Our findings showed that OLE treatment
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caused a significant reduction in the pro-inflammatory cytokines IL-1p and IL-6, compared to
vehicle-treated with refined oil. This effect was accompanied by a significant reduction in both
NF-kB and NLRP3. Collectively, and based on our findings, we propose the scheme below
(Scheme 1) for the potential mechanism by which OLE reduced neuroinflammation by targeting

the NLRP3/ RAGE/NF-«B pathway.

Scheme 1: The potential mechanism of OLE by targeting NLRP3/ RAGE/NF-xB pathway
(Prepared by Ihab Abdallah).
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Limitations and challenges: Findings from our studies confirmed the beneficial effect of OLE
against AP and related pathology in a mouse model of AD, however, we acknowledge that there

are few limitations associated with this work as described below.

In the behavioral studies to assess the spatial learning and memory function, we found OLE
treatment improved the learning abilities of mice in the training days and the test day (probe
day), but on the probe day to (i.e. in the absence of platform in the target quadrant), we found
that vehicle treated mice spent time less than 25% chance, and WT and OLE treated mice time
spent was higher but close to the 25% chance. This effect could be due to room size that caused
closer cues to the tub that mice could not adequately see them. Another limitation is the small
number of mice used in our experiments (n=7 mice), where for behavior studies, it is usually

recommended to have n>10 mice.

A CNS drug should enter the brain to reach its target, and exert its effect in the brain. In our
feasibility study for OLEG and OLEA for its penetration to the brain, the developed method to
quantify compounds levels was not fully and thoroughly validated. For OLEA penetration to
the brain, brains vessels were not flushed to remove the blood containing the compound, which
could overestimated the drug concentration in the brain. However, in the experiment, to
compensate for the blood vessels volume, the compound amount was corrected for the blood
volume by multiplying the compound concentration by 4% (estimated blood vessels volume in
the brain) to determine the Kp of OLEA. To overcome this issue, in future studies, flushing
brain vessels or adding a non-BBB permeable marker such as Evans blue could be used to
normalize vascular pool in the brain. For BBB integrity, we only measured the effect of OLE
on tight junction and transport proteins, however, for additional studies could be necessary for

functional study including injection of Evans blue or large molecular weight markers like
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Dextran 40K. Furthermore, additional studies that compare both sexes with a larger number of

mice are necessary.
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6. Conclusion and future directions

AD is a complex disorder associated with many pathological factors that communicate together
and start a long time before the disease onset. Factors such as accumulation of AP and
neuroinflammation plays a significant role in AD pathology and results in neuronal toxicity,
cognitive impairment, and, eventually, dementia. Due to the complexity of AD, current
therapies are not effective and only treat the disease symptoms. Thus, targeting multiple

pathological events may reduce the progression of AD.

In the past few decades, a growing body of evidence showed the beneficial effect of bioactive
polyphenols found in olive oil and OLE in experimental and clinical research. OLE contains a
higher number of bioactive polyphenols compared to olive oil. The major bioactive compound,
named oleuropein, showed a beneficial effect by reducing Ap level in an AD mouse model, but
the exact mechanism was not fully elucidated. Finding from this work showed the positive
effect of OLE against several pathological hallmarks of AD. Mice treated with OLE showed a
significant improvement in memory function associated with increased synaptic markers. In
addition, our study added further support for the important role of bioactive polyphenols against
AP and related pathology. For example, OLE significantly reduced Ap levels as determined by
IHC and ELISA, an effect that could be linked to increased clearance and reduced production.
In addition, OLE increased the expression of TJs and efflux transport proteins with long-term
consumption of OLE. OLE also reduced neuroinflammation as determined by monitoring
astrogliosis, microgliosis, and cytokines levels, which showed a significant reduction compared
to vehicle-treated mice. Indeed, additional studies are necessary to clarify whether the observed
effect is due to OLE direct effect against neuroinflammation and/or indirect that is mediated by

reduced AP brain levels. To shed some light on the potential mechanism of the observed effect,
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we demonstrated that OLE (directly and/or indirectly) reduced the activation of NLRP3
inflammasomes, possibly via reducing NF-xB pathway activation which leads to reduced

RAGE and HMGb1.
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Appendix A
Preliminary data for the effect of OLE on Ap-related pathology and neuroinflammation

in female 5xFAD mice
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Fig 8.S1: OLE treatment significantly increased the tight junction proteins expression in
5XFAD mice brain homogenate. Representative western blot and densitometry analysis of
claudin-5, occludin, ZO-1, and V-cadherin. Results showed significant upregulation in all TJ
proteins in females (n=3) except ZO-1 protein. Mice were treated with OLE 366 ug/kg daily

for 3 months. Data represented as mean £+ SEM, ** p < 0.01, *** p < 0.001.
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Fig 8.S2: The effect of OLE on AP major efflux transporter proteins (P-gp and LRP1).
Representative western blot and densitometry analysis of P-gp and LRP. Results showed that
OLE treatment significantly reduced the expression of P-gp, while the LRP1 was significantly
increased in females (n=3) compared to vehicle-treated 5XFAD mice. Mice were treated with
OLE 366 pg/kg daily for 3 months. All proteins were measured from brain homogenate and

normalized to GAPDH. Data represented as mean + SEM. * p < 0.05.
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Fig 8.S3: The effect of OLE treatment on the AP production through APP processing in 5XFAD
brain homogenate. Representative western blot and densitometry analysis of ADAM-10, SAPP-
a and sAPP-P in female mice brain demonstrated that level of ADAM-10 was significantly
increased in females (n=3) with a significant increase in sAPPa expression and a significant
reduction in the expression of sAPPB. Mice were treated with OLE 366 pg/kg daily for 3
months. All proteins were measured from brain homogenate and normalized to GAPDH. Data

represented as mean £ SEM. ** p < 0.01 and *** p < 0.001.
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Fig 8.54: Effect of OLE treatment (366 pg/kg) for 3 months on AP burden in 5XxFAD mice.
ELISA for ABao and AP (n=3 females). Results showed OLE treatment significantly reduced
the APa4oand Apaz in female mice brain homogenate. Data represented as mean £ SEM. ** p <

0.01, *** p < 0.001.
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Fig 8.S5: Effect of OLE treatment on astrogliosis. Mice treated with OLE at 366 pg/kg for 3
months. Representative western blot and densitometry analysis of GFAP in females brain
homogenate. Results showed a significant reduction in GFAP expression compared to vehicle-

treated mice (n=3). Data is presented as meanx SEM for females (n=3) ** p < 0. 01.
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Fig 8.S6: Effect of OLE treatment on microgliosis. Mice treated with OLE at 366 ug/kg for 3
months. Representative western blot and densitometry analysis of Iba-1 in female mice (n=3)

brain homogenates. Results showed a reduction in Iba-1 expression compared to vehicle-

treated. The difference was not significant. Data represented as mean+ SEM.
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Fig 8.57: Treatment with OLE (366 pg/kg) for 3 months increased the expression of synaptic
markers in 5XxFAD mice brains. Representative western blot analysis of synaptic markers,
named SNAP-25, Synapsin-1, and PSD-95 in females (n=3). Results showed a significant
increase compared to vehicle-treated mice. All proteins were measured from brain homogenate

and normalized to Tubulin. Data represented as mean+ SEM. *** p < 0.001.
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Fig 8.S8: Treatment with OLE (366 pg/kg) for 3 months reduced the neuroinflammation in
5xFAD mice. Representative western blot and densitometry analysis of NLRP3 and pro-
caspase 1 in 5XxFAD females (n=3). Results showed a significant reduction compared to vehicle-
treated mice. All proteins were measured from the brain homogenate and normalized to

GAPDH. Data represented as meant SEM. * p < 0.05, ** p < 0. 01.
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Fig 8.59: Treatment with OLE (366 pg/kg) for 3 months reduced the neuroinflammation in
5xFAD mice. Representative western blot and densitometry analysis of RAGE and HMGb1 in
5XFAD females (n=3). Results showed a significant reduction compared to vehicle-treated
mice. All proteins were measured from the brain homogenate and normalized to GAPDH. Data

represented as meanx SEM. * p < 0.05, ** p < 0. 01.
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Fig 8.510: Treatment with OLE (366 pg/kg) for 3 months reduced the neuroinflammation
through inactivation of NF-kB signaling pathway in 5XxFAD mice brain homogenates.
Representative western blot and densitometry analysis of IkBa, p-IkBa (Ser32) and p-IKK in
5xFAD females (n=3). Results showed a significant reduction in p-IKKp and p-IkBa (Ser32),
and increase in IxkBo compared to vehicle-treated mice. All proteins were measured from brain
homogenate and normalized to GAPDH. Data represented as meant SEM. * p < 0.05, ** p <

0. 01 and *** p < 0.001.
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Appendix B

In addition to my dissertation work, before transferring to Auburn University, | worked on a
second research project while at the University of Louisiana Monroe (ULM). Most of the work
was performed at ULM except part of the in vitro data. Findings from this project is submitted

to Brain Research and currently is under review.
The submitted manuscript is presented below.
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Blood-brain barrier disruption increases amyloid-related pathology in TgSwDI mice

Abstract

In Alzheimer’s disease (AD), several studies reported the blood-brain barrier (BBB) breakdown
with compromised function. P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP)
are transport proteins localized at the BBB luminal membrane and play important role in the
clearance of amyloid-p (AB). The purpose of this study was to investigate the effect of
pharmacological inhibition of AP efflux transporters on BBB function and AP accumulation
and related pathology. Recently, we have developed an in vitro high-throughput screening assay
to screen for compounds that modulate the integrity of a cell-based BBB model, which
identified elacridar as a disruptor of the monolayer integrity. Elacridar, an investigational
compound, known for its P-gp and BCRP inhibitory effect and widely used in cancer research.
Therefore, it was used as a model compound for further evaluation in a mouse model of AD
namely TgSwDI. TgSwDI mouse is also used as a model for cerebral amyloid angiopathy
(CAA). Results showed that P-gp and BCRP inhibition by elacridar disrupted the BBB integrity
as measured by increased 1gG extravasation and reduced expression of tight junction proteins,
increased amyloid deposition due to P-gp and BCRP downregulation and receptor for advanced
glycation end products (RAGE) upregulation, and increased astrogliosis. Further studies
revealed the effect was mediated by activation of NF-kB pathway. In conclusion, results suggest
that BBB disruption by inhibiting P-gp and BCRP exacerbates AD pathology in a mouse model
of AD, and indicate that therapeutic drugs that inhibit P-gp and BCRP could increase the risk

for AD.
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1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative disorder and most common
cause of dementia (Citron, 2010, Wilson et al., 2012). It is considered the sixth leading cause
of death and the fifth among Americans above 65 years old. The pathogenesis of AD is complex
and to date no effective treatment exists. AD is characterized by the deposition and
accumulation of amyloid-B (AB) in brain parenchyma and cerebral vessels (Selkoe, 2001,
Selkoe and Schenk, 2003). AB accumulation in the brain parenchyma forms senile plaques,
whereas the extracellular deposition of AP in cerebral vessels forms cerebral amyloid
angiopathy (CAA) (Jellinger, 2002, Thal et al., 2008). AP peptides derived from the proteolytic
cleavage of the amyloid precursor protein (APP) to form APso and As2. AP generated in the
brain can be eliminated through transport proteins across the blood-brain barrier (BBB),
enzymatic degradation, and perivascular drainage via the vascular basement membrane (Bell
and Zlokovic, 2009).

Dysfunction of the BBB could be involved in the pathogenesis of AD and CAA (Jellinger,
2002). While additional studies are necessary to clarify the mechanism of BBB dysfunction,
available reports support that disruption of AP clearance across the BBB may result in
exacerbated AB accumulation in the brain (Montagne et al., 2017, Bennett et al., 2018, Sweeney
et al., 2018). BBB integrity is strictly controlled by cells and basement membranes in the
neurovascular unit in physiological conditions. However, the barrier function is likely
compromised during aging and AD (Sweeney et al., 2019).

The BBB is composed of a basement membrane, astrocytes, pericytes and endothelial
cells. The endothelial cells are tightly connected at a junctional complex via tight junction (TJs)

and adherence junction proteins (Zlokovic, 2008), which limit the transport of solutes from the
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blood to brain and vice versa (Ohtsuki and Terasaki, 2007). AP transport across the BBB is
bidirectional where its transport from brain to blood and vice versa requires carrier- or receptor-
mediated transport proteins (van Assema et al., 2012). Efflux transporters P-glycoprotein (P-
gp, ABCBL), breast cancer resistant protein (BCRP, ABCG2), and low-density lipoprotein
receptor related protein-1 (LRP-1) regulate the traffic across the BBB to the blood, and play
key roles in brain AP homeostasis (Shibata et al., 2000, van Assema et al., 2012). Whereas, the
receptor for advanced glycated end products (RAGE) in the endothelial cells is able to transport
AP from blood to brain across the BBB (Donahue et al., 2006).

P-gp and BCRP belong to the family of ATP-binding cassette transporters and are highly
expressed at the luminal side of BBB endothelium (Demeule et al., 2001). Both proteins
function as efflux transporters to limit foreign molecules access to the brain and extrude
substances from brain to blood to protect the brain from potentially toxic substances (Schinkel,
1999). In normal aging and AD, P-gp and BCRP are downregulated (Toornvliet et al., 2006).
In addition, several lines of evidence have shown that compromised BBB integrity and function
is associated with altered proteins expression and cellular secretions, and inflammatory
activation (Bowman et al., 2007). Studies reported that reduced expression/function of P-gp
and BCRP led to a reduction in the clearance of AP and increase in Ap-related pathology (Lam
etal., 2001, Kuhnke etal., 2007, Do et al., 2012, Qosa et al., 2016b), while restoring the function
of P-gp at the BBB increased AP clearance from the brain (Abuznait and Kaddoumi, 2012,
Hartz et al., 2010). These findings suggest that P-gp and BCRP-suited BBB play important role
in BBB function and brain homeostasis, and that an alteration in these transporters function thus

could alter the BBB function.
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Aging is associated with increased risk of chronic diseases necessitating the prescription of
multiple medications, which could independently and/or through drug-drug interaction inhibit
transporters function and thus affect the BBB. In this work, we sought to study the effect of
pharmacological disruption of BBB via P-gp and BCRP inhibition on Af pathology in TgSwDI,
a mouse model for AD and CAA. For this, the third generation P-gp and BCRP inhibitor
elacridar (Dash et al., 2017) was used as a model compound to investigate the effect of both
transporters inhibition on BBB function and on AP levels in the brains of TgSwDI mice.
Elacridar was identified as a BBB disruptor by our recently developed high throughput

screening (HTS) assay using a cell-based BBB model (Qosa et al., 2016a).
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2. Methodology
2.1. Materials and chemicals

Elacridar and dithiothreitol (DTT) were purchased from Sigma-Aldrich (St. Louis, MO).
Dulbecco’s modified Eagle’s medium (DMEM), sterile phosphate-buffered saline (PBS), and
penicillin/streptomycin antibiotics were obtained from Gibco (Grand Island, NY). Fetal bovine
serum (FBS) was purchased from Atlanta biologicals (Flowery Branch, GA). Total protein
measurement reagents using the bicinchoninic acid (BCA) method were obtained from Pierce
(Rockford, IL). Antibodies used were mouse monoclonal antibody against light chain LRP1
(Abcam, Cambridge, MA), mouse monoclonal antibody C-219 against P-gp from BioLegend
(San Diego, CA), mouse monoclonal antibody against BCRP (Cell signaling; Boston, MA).
Monoclonal antibodies for claudin-5, ZO-1 and HRP-labeled secondary antibodies were
purchased from Invitrogen (Carlsbad, CA), goat polyclonal antibodies against actin (C-11) and
Matrix Metallopeptidase 9 (MMP9) were purchased from Santa Cruz Biotechnology (Dallas,
TX). Antibodies for pre- and post-synaptic proteins SNAP-25 and PSD-95, respectively, were
purchased from GeneTex (Irvine, CA), antibodies for IKB-a, p-IKB-a, NF-kB p65 and p-NF-
kB p65 were purchased from Cell Signaling. All other reagents and supplies were purchased

from VWR (West Chester, PA) and Fisher Scientific (Hampton, NH).

2.2. Cell culture
The immortalized mouse brain endothelial cell line, bEnd3, was obtained from ATCC
(Manassas, VA, USA). bEnd3 cells, passage 25-35, were cultured in DMEM supplemented

with 10% FBS, penicillin G (100 1U/ml), streptomycin (100 g/ml), 1% w/v nonessential amino
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acids, and glutamine 2 mM. Cultures were maintained in a humidified atmosphere (5%

C0O2/95% air) at 37°C, and media were changed every other day.

2.3. In vitro permeability assay

The permeability assay across bEnd3 cells monolayer was performed as we reported
previously (Qosa et al., 2016a, Elfakhri et al., 2018). In brief, cells were seeded on inserts of
HTS transwell 96-well plate (Corning, NY, USA), coated with 50 ul of fibronectin solution (30
ug/ml in PBS) as a basement membrane substitute. bEnd3 cells were seeded at a density of
50,000 cells/cm? on the apical side, and 200 pl of fresh media were added to the basolateral
side. To achieve optimal barrier integrity of bEnd3 cells, cells were incubated at 37°C, 5% CO2
for 5 days (Qosa et al., 2016a). The effect of elacridar on the barrier integrity of bEnd3 cells
was evaluated on sixth day of seeding by monitoring transendothelial electrical resistance
(TEER) measurements and by Lucifer yellow (LY) assay as described below.

Cells were treated with different concentrations of elacridar starting on day three and four
of cell seeding, which correspond to treatment time of 48 and 72 h, respectively. At the end of
treatment period (day 6 post-seeding), the integrity of the endothelial barrier was evaluated by
measuring monolayer tightness through TEER, and permeability of LY across the monolayer.
For LY permeability, 50 pul of LY (100 uM) diluted in transport buffer (141 mM NaCl, 4 mM
KCI, 2.8 mM CaCl2, 1 mM MgSO4, 10 mM HEPES, and 10 mM D-glucose, pH 7.4) were
added to the apical side, while the media in the basal side (lower chamber) were replaced with
200 pl of warmed transport buffer. One hour later, the concentrations of LY in the apical and
basal sides were determined by measuring LY fluorescence intensity at excitation and emission

wavelengths of 485 and 528 nm, respectively, by using cytation-5 microplate reader (Biotek,
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VT) supported with Gene5 software (Biotek) for data acquisition. To calculate the apparent
permeation coefficient (Pc) of LY, the following was used:
Pc (cm/sec) = (VpxCp) / (CaxAXT)

Where, Vyp is the volume of the basal side (200 pl), Cp is the concentration of LY (uM) in the
basal side, Ca is the concentration of LY (uM) in the apical side, A is the membrane area (0.143
cm?), and T is the time of transport (3600 sec). LY concentration was calculated against a
standard curve prepared by measuring the fluorescence intensity of various concentrations of
LY (Qosa et al., 2016a). While for TEER measurements, an automated TEER measurement
system with Corning HTS Transwell-96 (REMS-96C) electrodes (World Precision Instrument,
USA) was used. To reflect the actual readings of the bEnd3 cell layers, TEER of blank inserts
was subtracted from the measured TEER of each experimental insert. VValues were expressed

as Q-cm?.

2.4. Preparation of cytosolic or nuclear extracts from bEnd3 cells

Cytosolic and nuclear extracts were obtained as previously described (Schreiber et al.,
1990). bEnd3 cells were plated at a density of 1 x 10° cells in 100 mm dishes and cultured for
24 h; subsequently, the cultures were treated with or without 5 UM elacridar for an additional 4
and 24 h. After each time point, cells were scraped off the plates, collected by centrifugation
and washed with PBS. The cell pellet was resuspended in cytosol extraction buffer consists of
10 mM HEPES (pH 7.5), 10 mM KCI, 0.1 mM EDTA, 1 mM DTT, 0.5% Nonidet-40, and 0.5
mM phenylmethylsulfonyl fluoride (PMSF) protease inhibitor; allowed to swell on ice for 20
min with intermittent mixing (Schreiber et al., 1990). Tubes were vortexed to disrupt the cell

membrane and homogenate was centrifuged at 12,000 g for 10 min at 4°C. The supernatant
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(cytosolic extract) was collected and frozen at -80 C° until use. The pellet was further treated
for nuclear protein extractions. The nucleus pellet was resuspended in an equal volume of
nuclear extraction buffer consists of 20 mM HEPES (pH 7.5), 400 mM NaCl, 1 mM EDTA, 1
mM DTT, and 1 mM PMSF with protease inhibitor. The lysing nucleus was left on ice for 30
min and then centrifuged at 12,000 g for 15 min at 4°C. The supernatant (nuclear extract) was

removed and stored -80 C° until analysis.

2.5. Animals treatment

All animal experiments and procedures were approved by the Institutional Animal Care
and Use Committee of the University of Louisiana at Monroe and according to the National
Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No.
8023, revised 1978). Surgical and treatment procedures were consistent with the IACUC
policies and procedures. Male TgSwDI mice (Jackson laboratory; Bar Harbor, ME) aged 4
months were used. All mice were housed in plastic containers under the conditions of 12 h
light/dark cycle, 22°C, 35% relative humidity, and ad libitum access to water and food. This
mouse model expresses human APP KM670/671NL (Swedish), APP E693Q (Dutch), APP
D694N (lowa) mutations. TgSwDI mice develop fibrillary amyloid deposits primarily in
cerebral microvasculature starting at age 2-3 months and extensively at 12 months of age (Davis
et al., 2004). AP deposition also occurs in the brain parenchyma of these mice, generally in the
form of diffuse plaque-like structures beginning at approximately three months of age in the
subiculum, hippocampus and cortex (Davis et al., 2004).

Mice were divided into two groups (n = 5 mice per group), a vehicle-treated group

received intraperitoneal injection (i.p.) of the vehicle used to dissolve elacridar composed of
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70% water: 16.5% DMSO: 13.5% PEG 400, and treatment group received elacridar
(10mg/kg/day, i.p. injection) for 28 days. Elacridar dose and route of administration were
selected based on previous reports (Durk et al., 2014). Elacridar is a third generation dual P-gp
and BCRP inhibitor (Oostendorp et al., 2009). During the treatment period, animals’ body
weights were measured weekly; health status and normal behavior were checked daily. Mice
body weights were not significantly different between the treatment and control groups and
were in the range of 28.5 £ 2.5 to 26 + 2.4 g. respectively. At the end of treatment, mice were
intraperitoneally anesthetized with ketamine and xylazine (125 and 20 mg/kg, respectively),

followed by decapitation to collect brain tissues.

2.6. Isolation of brain microvessels

Brain microvessels were isolated as described previously (Elfakhri et al., 2018). Brain
hemisphere was homogenized in ice-cold DPBS followed by the addition of one volume of
30% Ficoll 400 (Sigma-Aldrich). Homogenate was centrifuged at 8000xg for 10 min and the
resulting pellet was suspended in ice-cold DPBS containing 1% BSA and passed over a glass
bead column to collect microvessels adhering to the glass beads. Isolated microvessels were
used to determine the expression of tight junction proteins ZO-1 and claudin-5, and A transport

proteins P-gp, BCRP, RAGE and LRP1 by western blot.

2.7. Western blot for cell lysate, brain homogenate, and microvessels
Total protein for each sample was determined using the BCA protein assay. Protein
samples (25 pg) were loaded and resolved on 10% SDS-polyacrylamide gel, then transferred

electrophoretically onto PVDF membranes. Membranes were incubated in 1% blocking
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solution followed by overnight incubation at 4°C with primary antibodies. Analyzed proteins
for cytoplasmic and nuclear fraction lysates from in vitro experiments included 1xB-a (1:1000
dilution), NF-xB (p65; 1:1000 dilution), phosphorylated IkB-o. (1:1000 dilution),
phosphorylated NF-xB (1:1000 dilution) and housekeeping proteins tubulin (cytoplasmic) and
histone H3 (nuclear) (1:500 dilution). For brain homogenate and isolated microvessels samples,
proteins analyzed were P-gp (1:200 dilution), BCRP (1:200 dilution), LRP1 (1:5000 dilution),
synaptic markers (PSD-95 and SNAP-25), RAGE, MMP9, GFAP (1:500 dilution), tight
junctions (ZO-1 and Claudin-5), tubulin and actin-f, and GAPDH from Invitrogen. For
detection, the membranes were washed free of primary antibodies and incubated with HRP-
labeled secondary 1gG anti-mouse antibody for P-gp, PSD-95, RAGE, GFAP, MMP9, claudin-
5, and GAPDH; anti-rabbit antibody for LRP1, ZO-1, BCRP, and SNAP-25. Similar antibodies
to those used to probe NF-kB pathway proteins in cell lysates were also used for homogenate
lysates. All secondary antibodies were from Invitrogen.

Protein blots were developed using a chemiluminescence detection kit (Thermo Fisher
Scientific). Bands were visualized using ChemiDoc imaging system (Bio Rad; Hercules, CA),
and analyzed by Image Lab software v 6.0 (Bio-Rad). The results were expressed as fold change

in protein level compared to control group after normalization to the house keeping proteins.

2.8. Immunohistochemical analysis

All cryostat brain slices (16 um) were methanol-fixed then blocked for 30 min with 10%
normal donkey serum in PBS. Double immunostaining of microvessels with Ap was performed
using rabbit polyclonal collagen-1V antibody (Millipore; Temecula, CA) at 1:200 dilution

detection followed by IgG-CFL 594 conjugated donkey anti-rabbit (Santa Cruz Biotechnology)
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as a secondary antibody. For AP detection, Alexa fluor-488 conjugated anti-Ap antibody (6E10;
BioLegend) at 1:200 dilution was used.

To assess 1gG extravasation from brain microvessels, brain sections were fixed and
blocked, as described above, then probed by dual immunohistochemical staining for collagen-
IV and mouse 1gG using rabbit anti-collagen-1V, and fluorescein-conjugated donkey anti-1gG
to detect 1gG (Santa Cruz Biotechnology), both at 1:200 dilution. To evaluate astrogliosis, brain
sections were fixed and prepared as above. Double immunostaining was performed using GFAP
antibody for astrocytes at 1:100 dilution and Alexa fluor-488 labeled 6E10 for total Af at 1:200
dilution. All images were captured using Nikon Eclipse Ti-S inverted fluorescence microscope
(Melville, NY). Quantification of total AP load in the hippocampus and cortex was performed
using ImageJ version 1.44 software (National Institutes of Health, Bethesda, MD) after

adjusting for threshold.

2.9. Statistical analysis
All values were expressed as mean = SEM. Statistical analysis was done with Prism v5.0
software (Graphpad). The statistical significance for all result was assessed by Student t-test

compared to control group. A p value of <0.05 was considered statistically significant.
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3. Results
3.1. P-gp and BCRP inhibition by elacridar reduced the cell-based BBB model function
through activation of NF-xB pathway in bEnd3 cells

To confirm our previous HTS findings for elacridar disruptive effect on the integrity of a
cell-based BBB model, in vitro concentration dependent studies were performed using bEnd3
cells. The effect of increasing concentrations of elacridar on the barrier function of the
monolayer is shown in Fig. 1. Elacridar treatment for 48 and 72 h resulted in a concentration-
dependent reduction in TEER measurements where the monolayer tightness was disrupted by
elacridar at the concentration range from 2.5-10 uM with treatment times of 48 and 72 h when
compared to vehicle-treated cells (Fig. 1A). The reduction in TEER values was associated with
a significant increase in the permeability of LY across the monolayer (Fig. 1B), suggesting a
leaky monolayer that is consistent with results observed with TEER measurements. Besides,
results from Western blotting showed the inhibitory effect of elacridar on P-gp and claudin-5
expressions (Fig. 1C).

To study the role of NF-«B signaling in the observed outcome of the leaky monolayer,
bENd3 cells were treated with 5 uM elacridar for 4 and 24 h and then analyzed by Western
blotting for NF-«xB signaling pathway in cytosolic and nuclear fractions. As shown in Fig. 2A,
in the cytosolic fraction, elacridar significantly reduced the expression of IkB-a at 24 h post-
treatment. This reduction in IkB-o was paralleled with a significant increase of cytosolic p-IkB-
a as an indicator of activated degradation of IxB-a in response to elacridar. Elacridar treatment
for 4 h did not demonstrate any changes in  IkB-a and its phosphorylated form. However,
elacridar effect on NF- kB was different where at 4 h treatment NF- kB levels were higher than

control, which was reversed following 24 h treatment (Fig. 2A). Furthermore, elacridar
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increased the translocation of p-NF-«B in the nuclear fraction following 4 and 24 h of treatment

as shown in (Fig. 2B).
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Fig. 1. Effects of elacridar on barrier function of bEnd3 cells. A. Exposing bEnd3 cells
monolayers to elacridar resulted in reduction of TEER measurements. B. Elacridar significantly
increased the permeability of LY in a concentration and time dependent manner. Data are
presented as mean + SD of at least 3 independent experiments. * p < 0.05, ** p < 0.01, and
**% < 0.001.
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Fig. 2. Treatment with elacridar (5 uM) significantly activated NF-xB pathway in cultured
bEnd3 cells in vitro. (A) Representative western blot and densitometry analysis of cytosolic
fraction of IkB-a, p- IkB-a, and NF-xB at 4 and 24 h post-treatment. (B) Representative western
blot and densitometry analysis of nuclear fraction of p-NF-xB at 4 and 24 h post-treatment.
Data are presented as mean + SD of 3 independent experiments. * p< 0.05, ** p< 0.01, *** p<
0.001 compared to control.
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3.2. Elacridar disrupted the BBB integrity in TgSwDI mice

To investigate the effect of TgSwDI mice treatment with elacridar for 28 days on the BBB
integrity, the expression of tight junction proteins ZO-1 and claudin-5 in the isolated
microvessels from mice brains were analyzed by Western blot, and levels of 1gG extravasation
in mice brains by immunostaining. Elacridar treatment significantly reduced the expression of
Z0O-1 by >75% when compared to vehicle treated mice. In addition, claudin-5, while did not
reach a statistically significant level, it showed about 50% reduction in its expression (Fig. 3A).
This effect was associated with a significant increase in 1gG extravasation in the cortexes and
hippocampi of mice brains (Fig. 3B), where 1gG leakiness was obvious surrounding the vessels
(white arrows). These results suggest that elacridar disrupted the BBB integrity in TgSwDI

mice brains.

3.3. Elacridar reduced the expression of Ag transport proteins in isolated microvessels from
TgSwDI mice brains

Figure 4 demonstrates the effect of elacridar on AP efflux transporters in isolated
microvessels from mice brains as measured by Western blotting. As expected, elacridar
significantly downregulated the expression of P-gp by 40% and BCRP by 53% without altering
LRP1 levels. On the other hand, elacridar significantly induced RAGE expression

approximately by 60% (Fig. 4).
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Fig. 3. Treatment with elacridar (10 mg/kg) i.p. for 28 days disrupted BBB integrity in TgSwDI
mice. A. Representative western blot and densitometry analysis of ZO-1 and claudin-5 in vivo
from microvessels isolated from mice brains. Elacridar treatment significantly decreased the
expression of tight junction proteins in isolated microvessels from mice brains when compared
to vehicle treated group. Data represented as mean = SEM of n=5 mice per group. ns=not
significant; *** p<0.001 compared to vehicle. B. Representative brain sections stained with
anti-mouse 1gG antibody to detect IgG extravasation (green) and anti-collagen antibody (red).
Elacridar increased IgG extravasation in mice hippocampi and cortexes compared to vehicle
treated groups. Scale bar =50 um.
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n=5 mice per group, ns=not significant; * p<0.05 compared to vehicle treated mice.
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3.4. BBB disruption by elacridar increased Ag load in TgSwDI mice brains

Compared to vehicle treated mice, elacridar significantly increased total Ap load in mice
brains as determined by immunohistochemical analysis (Fig. 5). AB deposition on microvessels,
besides parenchyma, was also observed as detected by its co-localization with collagen-1V used
as a marker for microvessels. Semi-quantitative analysis of total Ap showed elacridar caused a
significant increase by 146 and 133% in the cortexes and hippocampi of mice brains,
respectively, when compared to the vehicle-treated group (Fig. 5A). In addition, elacridar
treatment increased AP plaques deposition in brain parenchyma and microvessels as determined
by Thioflavin S staining (Fig. 5B). These results suggest elacridar further induced CAA, an
effect that was associated with the downregulation of AP clearance proteins P-gp and BCRP,

and upregulation of RAGE.
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Fig. 5. Elacridar treatment increased brain AB burden in the brains of TgSwDI mice. A.
Representative brain sections from mice cortex and hippocampus regions stained with 6E10
(green) antibody against AP to detect total AP load and anti-collagen IV (red) to stain
microvessels. Semi-quantification analysis of both regions showed significant increase in A
burden. Data are presented as mean + SEM of n=5 mice per group, * p<0.05, ** p<0.01
compared to vehicle treated group. B. Representative brain sections stained with ThioS (green)
and anti-collagen IV (red) to stain microvessels in cortex and hippocampus regions. Top white
square is a magnification of the small square showing increased A deposit on the microvessels
caused by elacridar. Scale bar = 50 pm.
3.5. BBB disruption by elacridar increased astrocytes activation and MMP9 levels

To evaluate the effect of BBB disruption by elacridar on astrogliosis, a feature of Ap-
related pathology, we assessed astrocytes activation and GFAP levels by immunostaining and
Western blot. Results demonstrated a significant increase in the number and intensity of cells
immunolabeled for the astrocytic marker GFAP that is associated with an increase in cells
branching in the hippocampal region of mice brains (Fig. 6A). Consistent with these results,
findings from Western blotting demonstrated elacridar significantly increased GFAP levels by

128% compared to vehicle-treated mice (Fig. 6B). In addition, elacridar significantly increased

MMP9 levels in mice brains by 3.7-fold (Fig. 6B).

3.6. Elacridar treatment did not alter the expression of synaptic markers

Two synaptic markers were evaluated, the pre-synaptic marker synaptosomal-associated
protein-25 (SNAP-25), and the post-synaptic marker postsynaptic density protein-95 (PSD-95).
As shown in Fig. 6C, mice treated with elacridar did not alter the expression of either protein,

PSD-95 or SNAP-25.
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Fig 6: Elacridar treatment (10 mg/kg/day i.p. for 28 days) significantly increased astrogliosis
marker GFAP in TgSwDI mice brains. A. Representative brain sections from mice hippocampi
stained with GFAP antibody (red) to stain activated astrocytes and with 6E10 (green) antibody
to detect total AP. Scale bar, 50 um. B. Representative Western blot and densitometry analysis
of GFAP expressions in mice brain homogenates. Data are presented as mean + SEM for n=5
mice per group. ns = not significant, ** p<0.01compared to vehicle treated mice.
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3.7. BBB disruption by elacridar was associated with induced activation of NF-xB pathway
in TgSwDI mice brains

The effect of elacridar on the expression of proteins associated with NF-xB pathway in
mice brain homogenates was determined by Western blot. As shown in Fig. 7, the effect of
elacridar was accompanied with a significant increase in the expression of activated NF-«xB (p-
NF-xB), inhibitor of NF-kB kinase (IKK) complex and its phosphorylated form, and p-1kB

proteins.
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Fig. 7. Representative Western blot and densitometry analysis of PSD-95 and SNAP-25
expressions in mice brain homogenates. TgSwDI mice were treated with elacridar at 10
mg/kg/day each for 28 days. Data are presented as mean £ SEM for n=5 mice per group. ns =
not significant, * p<0.05, ** p<0.01, *** p<0.001 compared to vehicle treated group.
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4. Discussion

Age is associated with increased risk for dementia. Besides, aging is associated with
chronic diseases, which necessitate receiving drugs that might interact adversely with each
other and/or with endogenous molecules, which could result in irreversible consequences such
as cognitive dysfunction and dementia. For example, it has been reported that prolonged use of
proton pump inhibitors may increase incidence of dementia by acting as inhibitors of choline-
acetyltransferase (Kumar et al., 2020). Recent findings from our laboratory, using a cell-based
BBB model to high throughput screen compounds for their ability to enhance the function of
the in vitro model (Qosa et al., 2016a), we identified several of marketed approved drugs and
investigational compounds as enhancers of the model function that protected against AB
toxicity on the monolayer intactness. Besides enhancers, we also were able to identify
compounds that disrupted the monolayer function (Qosa et al., 2016a). These results suggest
the chronic use of some drugs could alter the barrier function of the BBB, which could
potentially affect brain function. To clarify further these results, the objective of this study was
to investigate the effect of pharmacological disruption of the BBB on ApB-related pathology in
TgSwDI, a mouse model for CAA and AD. For this purpose, elacridar was used as a model
drug that disrupts the BBB function by inhibiting key efflux transport proteins for BBB function
and AP clearance across the BBB. It has been reported that a single dose of elacridar increases
BBB permeability of P-gp substrates via P-gp inhibition (Kallem et al., 2012). In addition, it
has been shown that in an AD mouse model, the administration of elacridar blocks 1a,25
dihydroxyvitamin D3-induced reduction of soluble Ap brain levels by inhibiting P-gp (Durk et

al., 2014). However, studies on the effect of BBB disruption by the chronic administration of
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elacridar, as a model inhibitor compound of P-gp and BCRP, on BBB function and ApB-related
pathology are limited.

Elacridar daily administration for 28 days in TgSwDI mice disrupted the BBB function,
and increased AP brain load with marked increase in astrocytes activation. Elacridar is an
investigational compound in cancer research used to overcome drugs resistance and enhances
the distribution of chemotherapeutic agents into tumors and organs including the brain (Hyafil
et al., 1993). Elacridar is a highly specific inhibitor of efflux transporters P-gp and BCRP
(Oostendorp et al., 2009). With aging and in AD, the expression of A} major transport proteins
including P-gp, LRP1 and BCRP is downregulated, an effect that is associated with reduced Ap
clearance (Erdo and Krajcsi, 2019, Toornvliet et al., 2006, Do et al., 2016, Yan et al., 2020,
Wijesuriya et al., 2010, Chiu et al., 2015). This observation suggested that restoring Ap-BBB
transporters could protect the brain from AB-mediated pathology (Davis et al., 2004, Zlokovic,
2005), as supported by preclinical studies reported the upregulation of P-gp and LRP1 induced
AP clearance across the BBB, an effect that was associated with reduced AP and related
pathology (Pan et al., 2020, Mohamed et al., 2016, Qosa et al., 2012, Abuznait et al., 2013,
Patel and Shah, 2017, Guo et al., 2016, Mohamed et al., 2015). On the other hand, compounds
that inhibit AP transport proteins are expected to reduce AP clearance and increase its deposition
in mice brains and on microvessels. For example, it has been reported that borneol, a
monoterpenoid compound derived from Dryobalanops aromatica Gaertn f. and Blumea
balsamifera DC widely used in traditional Chinese medicine, to disrupt the endothelial tight
junctions, downregulate P-gp expression and disrupt the BBB in vitro and in vivo (Chen and
Wang, 2004, Yu et al., 2011, Yu et al., 2013). Similarly, in the current study, P-gp and BCRP

downregulation by elacridar treatment disrupted the BBB function and integrity as
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demonstrated by the reduced expression of tight junction proteins ZO-1 and clauidn-5 in
isolated brain microvessels. These proteins play important role in maintaining functional BBB
and brain homeostasis. Jiao et al. reported that disruption of claudin-5 alone is enough to cause
functional changes in the BBB, which could subsequently allow the inconsistent movement of
substances and toxin from brain to blood and vice versa (Jiao et al., 2011) . In another study,
reduced ZO-1 expression was closely associated with the degree of BBB damage, and thus was
considered as a marker of BBB disruption (Wang et al., 2019). In our study, the reduction in
tight junction proteins was associated with increased IgG extravasation in mice brain indicating
a leaky BBB. This in vivo observation was consistent with results from the in vitro data where

elacridar significantly reduced LY permeation across the monolayer as well as TEER values.

Several studies reported role of the BBB in controlling brain AP levels (Yoon and Jo,
2012, Qosa et al., 2014, Qosa et al., 2015, Duong et al., 2019). RAGE regulates the influx of
peripheral AB into the brain (Yan et al., 2010), while LRP1, P-gp and BCRP clear brain Af
from brain to blood and/or by peripheral extrusion of peripheral A by the efflux transporters
(Erdo and Krajcsi, 2019, Toornvliet et al., 2006, Do et al., 2016, Yan et al., 2020). Mice
treatment with elacridar reduced expression levels of P-gp and BCRP, but not LRP1, and
increased expression of RAGE in brain microvessels an effect that could contributed to the
significant increase in total AP and deposits in mice brains. Furthermore, altered transporters
function expressed at the endothelial cells of the BBB increased AP deposits on the
microvessels as shown by ThioS staining and A immunostaining. Others and we previously
reported that P-gp deficiency in mice models of AD suppressed Af clearance and increased
brain AP deposition (Cirrito et al., 2005, Mohamed et al., 2016). These findings are consistent

with those observed in humans that demonstrated cerebrovascular expression of P-gp is
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inversely correlated with AP plaque numbers in subjects without dementia (\Vogelgesang et
al., 2002). Moreover, BCRP has been shown to play role in controlling AP brain levels by
preventing A entry from the blood into the brain across the BBB; in CAA, BCRP expression
is upregulated to limit AP0 access to the brain (Xiong et al., 2009). Thus, the downregulation
of these efflux transporters at the BBB may accelerate parenchymal and vascular Ap

accumulation which could contribute to AD pathogenesis.

RAGE, an immunoglobulin superfamily member, functions as a receptor for a series of
ligands including AP (Yan et al., 2010). RAGE is known to mediate the entry of circulating
AP into the brain across the BBB (Yan et al., 2010). A significant increase in endothelial
RAGE expression was observed in postmortem AD brains compared to controls (Miller et al.,
2008). Beside downregulating AP efflux transporters, elacridar increased RAGE, which could
contributed to the increased levels of brain AP.

In response to inflammation, GFAP intensity increases and astrocytes remodels into
activated star-like shape (Kassubek et al., 2017). Similarly, our data demonstrated that
compared to vehicle treated mice, the downregulation of P-gp and BCRP by elacridar
significantly increased GFAP intensity in mice brains as determined by immunostaining and
Western blotting. While further studies are required, this observed effect could be a direct effect
of elacridar on astrocytes activation and/or indirectly through increased brain levels of AB. Yet,
based on the in vitro findings showing elacridar to reduce the intactness of the cell-based BBB
model, BBB disruption associated with Ap accumulation could largely contributed to astrocytes
activation. In addition, increased AP was associated with increased levels of MMP9, which has
been linked to BBB breakdown in neurodegenerative diseases, including AD (Duits et al., 2015,

Weekman and Wilcock, 2016). For example, Yang et al. showed that endothelial cells treatment
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with APs2 induced the monolayer permeability by disrupting ZO-1 expression through
increased MMP9 secretion in vitro (Yang and Rosenberg, 2011), an effect that was also
observed in vivo in the brains of 5XFAD mice. Interestingly, however, BBB disruption by
elacridar did not alter the expression of synaptic markers suggesting a lag time between BBB
disruption and synaptic loss, which could be observed with longer treatment time than 28 days.

To explain the observed effect, we investigated elacridar effect on NF-xB pathway as a
potential mechanism for BBB disruption. Data from the in vivo studies showed downregulation
of P-gp and BCRP, and upregulation of RAGE accompanied activation of NF-kB pathway in
mice brains. To evaluate elacridar specific effect on the endothelial cells, we performed in vitro
studies with bEnd3. Findings showed that, as expected, cells treatment with elacridar reduced
P-gp expression and claudin-5, which was associated with increased permeability as measured
by LY assay, which support in vivo findings demonstrating increased 1gG extravasation.
Activation of inflammatory NF-«xB signaling pathway has been shown to compromise the BBB-
endothelium function by reducing P-gp and increasing RAGE expressions (Chen et al., 2018,
Yu et al., 2013, Park et al., 2014), and activate inflammatory mediators that facilitate disease

progression (Bierhaus et al., 2005, Srikanth et al., 2011).

5. Conclusion
In conclusion, findings from this study suggest that pharmacological downregulation of
BBB-suited P-gp and BCRP could disrupt the BBB function and increase AP brain

accumulation and thus have the potential to increase the risk of AD and CAA.
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