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Abstract

Extra-virgin olive oil (EVOOQ) is one of the main elements of Mediterranean diet. Several studies
have suggested that EVOO has several health promoting effects that could protect from and
decrease the risk of Alzheimer’s disease (AD). In this study, we investigated the effect of
consumption of EVOO-enriched diet on amyloid- and tau- related pathological alterations that are
associated with the progression of AD and cerebral amyloid angiopathy (CAA) in TgSwDI mice.
Feeding mice with EVOO-enriched diet for 6 months, beginning at an age before amyloid-f (AB)
accumulation starts, has significantly reduced total AB and tau brain levels with a significant
improvement in mouse cognitive behavior. This reduction in brain Ap was explained by the
enhanced AP clearance pathways and reduced brain production of AB via modulation of APP
processing. On the other hand, although feeding mice with EVOO-enriched diet for 3 months,
beginning at an age after Ap accumulation starts, showed improved clearance across the BBB and
significant reduction in AP levels, it did not affect tau levels or improve cognitive functions of
TgSwDI mouse. Collectively, results of this study suggest the long-term consumption of EVOO-
containing diet starting at early age provides a protective effect against AD and its related disorder
CAA.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of the elderly that
afflicts about 30 million patients globally [1]. Although the pathogenesis of AD is complex,
it involves two well-defined pathologies, amyloid-f (AB) and tau-related neuropathologies
[2]. Amyloid-related neuropathological alterations in the brain are due to accumulation and
deposition of AP peptides [3]. AP peptides are derived from proteolytic processing of the
amyloid-f precursor protein (APP). Amyloid peptides, mainly AB4 and AP, accumulate in
the parenchymal tissue and the vasculature of cortical and hippocampal regions of the brain
where they assemble and form insoluble plaques, a major hallmark found in the brains of
AD patients, as well as soluble oligomers [3,4]. The tau-related neuropathological
alterations are stimulated by somatodendritic buildup of hyper-phosphorylated tau, which
prevents tau assembly onto microtubules and results in intracellular insoluble neurofibrillary
tangles (NFTSs) [5].

Dramatic rise in AD prevalence and the lack of options for its effective treatment urge
searching for effective strategies for early prevention or delaying the onset of AD. Diet is a
probable risk factor that by modification could possibly reduce or delay the onset of AD
[6,7]. Several epidemiological and clinical studies suggested that adherence to
Mediterranean diet improves cognitive function and slows the progression of AD [6-8].
Daily consumption of extra-virgin olive oil (EVOO) is one of the characteristic elements of
a Mediterranean diet [9-11]. Dietary consumption of EVOO ranges from 40 to 50 g/day
with the highest daily intake among Greeks [9, 12]. According to European regulations
(European commission, 2003), EVOO is defined as a high quality olive oil that is obtained
from the first pressing of olive fruit by purely mechanical means. The composition of EVOO
is primarily glycerol fraction (~95%) and non-glycerol fraction (~5%) [13]. The glycerol
fraction is rich in monounsaturated fatty acids (MUFA) while the non-glycerol fraction
contains phenolic compounds that account for EVOO resistance to oxidative rancidity [14].
It has been estimated that the total phenolic content of EVOO is about 500 mg/kg and
includes over 30 chemical substances belonging to different classes, such as esters, acids,
and volatile compounds [9].

Previous studies demonstrated the ability of EVOO to modify cellular membrane structure
and to reduce oxidative modifications [15,16]. In addition, recent human, animal, and in-
vitro studies have shown that the phenolic compounds contained in EVOO are antioxidant
molecules that are able to scavenge the toxic effects of oxygen metabolism such as free
radical formation, thus protecting cells against oxidative damage [15] and contribute
significantly to the potential health improving properties of the Mediterranean diet [14].

As a part of Mediterranean diet, several animal studies suggested that consumption of
EVOO enhances behavior and cognition of tested animals [17-19]. In addition, animal and
in-vitro studies have shown that phenolic compounds of EVOO possess important biological
activities against AD [17,18, 20-22]. A recent study reported that feeding SAMP8 mice with
EVOO and its phenolic extract was able to improve learning and memory deficits related to
the age-related overproduction of Ap in this mouse model [17]. The authors of this study
attributed EVOO beneficial effects on learning and memory deficits to EVOO and its
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phenolic compounds’ potential to reverse oxidative damage in the brains of SAMP8 mice
[17]. In line with their findings, another study showed EVOO consumption to decrease
glutathione reductase activity and expression in the brains of aged rats [18]. Moreover,
several naturally occurring phenolic compounds that found in the phenolic fraction of
EVOO such as oleocanthal and oleuropin have shown to modulate Ap and tau pathogenesis
[20, 23].

The mechanism(s) by which EVOO exert its beneficial effects on cognitive function are still
elusive. Thus, in this study, we aimed to assess the effect of chronic consumption of EVOO
on AD and CAA progression in TgSwDI mice. To our knowledge, this study is the first to
investigate the mechanism by which EVOO exert its beneficial effects on the pathogenesis
of AD and cerebral amyloid angiopathy (CAA).

2. Materials and Methods

2.1. Animals

TgSwDI mice were kindly provided by Dr. Jeffrey Keller (Pennington Biomedical Research
Center). Mice were housed in plastic cages under standard conditions, 12-h light/dark cycle,
22°C, 35% relative humidity, and ad libitumaccess to water and food. The TgSwDI mice
express human APP under control of Thy 1.2 neuronal promoter harboring double Swedish
mutations and the Dutch and lowa vasculotropic A mutations [24]. In humans, the APP
Swedish mutations are responsible for an increased production and deposition of the AB4g/a2
peptides [25], whereas the Dutch and lowa APP mutations, which occur at positions 22 and
23 of the AP peptide, respectively, results in massive accumulation of Ap in the
cerebrovasculature of patients causing vascular fragility with cerebral hemorrhages and
dementia [26,27]. In the brain of TgSwDI mice, A begins to accumulate at age 2 to 3
months and deposits extensively at age of 12 months [24]. 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
guidelines.

2.2. Animals’ feeding

EVOO used in the feeding studies was of the Daily Chef Extra-Virgin Olive Oil from Italy
(Lot # L022 RE-56), which contains 71 mg/kg oleocanthal and 3.8 mg/kg oleuropein
aglycone as determined by HPLC and Mass spectrometry using a previously reported
method [28]. To investigate the effect of dietary consumption of EVOO-enriched food, three
groups of TgSwDI mice with 10-12 male mice in each group were assigned to different
diets. Scheme 1 summarizes the treatment schedule for all groups. The first group acted as
control and fed with regular powdered diet (Teklad Laboratory diets, Harlan Laboratories,
Madison, WI; CNTRL group, n=12). The second group fed with EVOO-enriched powdered
diet beginning at age of 4 months continuing for 3 months to age 7 months (EVOO-3m
group, n=10). The last group fed with EVOO-enriched diet beginning at age 1 month
continuing for 6 months to age 7 months (EVOO-6m group, n=12). The EVOO-enriched
diet was prepared by mixing EVOO with powdered diet to produce a dose of 0.7 g/day that
is equivalent to dietary intake of EVOO in Greek population (50 g/day) [9]. Diet was

J Nutr Biochem. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qosa et al.

Page 4

changed every other day to maintain freshness. The quality of the used EVOO was
confirmed using high-resolution ESI-MS experiment that conducted by JEOL JMS-T100 LP
AccuTOF LC-Plus, equipped with an ESI source (JEOL Co. Ltd., Tokyo, Japan) (Supp. Fig.
1). During the treatment period with EVOO, the animals were checked for their general
health status every day and body weight was measured every 2 weeks. The body weight was
not affected by dietary manipulations and were as follows: 27.5+1.1, 28.2+1.3, and 26.9+1.7
gm for CNTRL, EVOO-3m and EVOO-6m mice, respectively, as measured at the end of
treatment or feeding. Unchanged body weights between different feeding groups indicate
that dietary intake of EVOO-enriched diet did not affect the caloric intake. At the end of
treatment period of each group, behavioral testing was performed. After behavioral studies,
each treatment group was randomly divided either for brain clearance studies or for
immunochemical and molecular analyses.

2.3. Extraction of Ap from the brain

To quantitatively extract total Ap from the brain tissues, a three-step serial extraction
procedure was used as descried previously [29]. Briefly, 150 mg of brain tissue was polytron
homogenized in DEA buffer (50 mM NaCl, 0.2% diethylamine, with complete mammalian
protease inhibitor (Sigma-Aldrich, MO) and centrifuged at 21,000xg for 45 min at 4°C.
Supernatant (DEA fraction) was collected and the pellet was re-extracted with 0.5 ml of 2%
sodium dodecylphosphate (SDS; Sigma-Aldrich) and centrifuged as described above. Again,
the supernatant (SDS fraction) was collected and pellet was re-extracted with 0.5 ml of 70%
formic acid (FA) and centrifuged for 2 h at 21,000xg at 4°C. The supernatant (FA fraction)
was collected without disrupting the pellet or floating lipid layer. All fractions were stored at
—80°C until the time of analysis. The total amount of Af in the brain was calculated by
summing the amount of AB in all fractions.

2.4. Human AB4o and AP4p specific ELISA

Human AB4g and APy levels (pmol/g tissue) were determined in each fraction by two-site
sandwich ELISA. Before ELISA assay, the DEA fraction was neutralized (1:10) with 0.5 M
Tris-HCI buffer (pH 6.2). The SDS fraction was diluted (1:20) with antigen capture buffer
(0.02 M sodium phosphate buffer (pH 7), 0.4 M NaCl, 2 mM EDTA, 0.4% Block Ace
(Serotec, NC), 0.2% BSA, 0.05% CHAPS, and 0.05% NaN3). FA fraction was neutralized
by 1:20 dilution in TP buffer (1 M Tris base, 0.5 M NayHPOy), followed by further dilution
(1:1) in antigen capture buffer. For ELISA analyses, rabbit anti-AB4g (Millipore, CA, Cat#
AB5737) and rabbit anti-ApB4, (Calbiochem, CA, Cat# PC150) monoclonal antibodies
specific against the C-termini of human AR, and A4y, respectively, were used as the
capturing antibodies. Antibodies were coated at 5 pg/ml (100 ng/well) on a Maxisorp ELISA
plate (Thermo Scientific, IL) to capture Af. Detection was achieved with HRP-conjugated
6E10 (Covance Research Products, MA) monoclonal antibody specific against N-terminus
of human AP (aa. 3-8 human AP sequence) at 1 pg/ml. Standard curves of either Ap4g or
A4, were prepared in the same buffer as the samples. The assessment of AS oligomers in
DEA and SDS fractions, all-size oligomers sandwich ELISA assay was used as described
previously [30]. 6E10 antibody was used to capture Ap oligomers at 5 ug/ml concentration.
Detection was performed by HRP-conjugated 6E10 antibody at 1 ug/ml. In this assay,
soluble AB oligomers captured by 6E10 can be detected by HRP-conjugated 6E10 only if
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there is at least one more accessible epitope for the detecting HRP-conjugated 6E10
antibody on AP oligomers. All standards and samples were run at least in triplicate.

2.5. Immunohistochemical analyses

For detection of total Ap load, formaldehyde-fixed cryostat brain slices (15 um) were treated
with 70% formic acid for 10 min at room temperature and blocked for 1 h with 10% normal
donkey serum in PBS containing 0.1% Triton X-20. For total Ap detection brain slices were
immunostained with 6E10 human-specific anti-Af antibody at 1:200 dilution followed by
fluorescin-conjugated donkey anti-mouse 1gG (Santa Cruz Biotechnology Inc., TX). For
detection of AB-plaque load in hippocampus, the brain tissue sections were stained with a
filtered 1% Thioflavin-S (Sigma-Aldrich, MO) solution in 80% ethanol for 15 min as
described previously [31]. Images were captured using Nikon Eclipse Ti-S inverted
fluorescence microscope (Norcross, GA) at total magnification of 40x. For each treatment,
images acquisition was performed in 6 groups of tissue sections spanning the hippocampus,
each separated by 150 um and each containing three 15-um sections (total of 18 sections per
mouse). Quantification of total AP load and Ap-plaque load in the hippocampus was
performed using ImageJ version 1.44 software after adjusting for threshold (Research
Services Branch, NIMH/NIH, Bethesda, MD). Total Ap load in the hippocampus was
measured as a percentage of AB-covered area and AB-plaque load was expressed as the total
number of AB-plaque.

To assess co-localization of Ap immunoreactivity with brain microvessels, hippocampal
brain sections were fixed and blocked, as described above, then probed by dual
immunohistochemical staining for collagen-1V and Ap with rabbit anti-collagen-1V antibody
(Millipore, CA) at 1:200 dilution and 6E10 at 1:200, respectively. The secondary antibodies
used were CFL594-conjugated donkey anti-rabbit 1gG (Santa Cruz Biotechnology, Inc.) and
fluorescein-conjugated donkey anti-mouse 1gG for collagen-1V and AB, respectively. Images
were captured as described above but at a total magnification of 100x. Quantification of
colocalization of AB with collagen-V1 was performed using ImageJ after adjusting for
threshold of each fluorophore. Cerebrovascular deposition of AB in hippocampus was
expressed as a % of Ap-immunoreactive microvessels [32].

2.6. Brain clearance of 1251-AB g

In-vivo 1251-ApB,, clearance was investigated using the brain clearance index (BCI) method
as described previously [33]. Because AB4g and APy, share the same clearance pathways
[34,35], in this study, AB4g was used in the BCI experiments for practicality reasons as it has
much faster clearance rate than APB4o [36]. In brief, a stainless steel guide cannula was
implanted stereotaxically into the right caudate nucleus of mice brains that had been
anesthetized with IP xylazine and ketamine (20 and 125mg/kg, respectively) (Henry Schein
Inc., NY). A tracer fluid (0.5 ul) containing 12°1-AB4g (30 nM, PerkinElmer, MA) and 14C-
inulin (0.02 mCi, American Radiolabeled Chemicals, MO) prepared in extracellular fluid
buffer (ECF) was micro injected. Thirty minutes later, brains were rapidly collected. One
hemisphere of the brain was used for 1251-Ap 4, analysis and the second hemisphere was
used for microvessel isolation as described below. Calculations of 1251-Ap, clearance were
performed as described previously [33]. Using trichloroacetic acid (TCA) precipitation
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assay, intact (precipitate) and degraded (supernatant) 1251-AB,q were determined in brain
tissues using a Wallac 1470 Wizard Gamma Counter (PerkinElmer). 14C-inulin in the
precipitate and supernatant were also determined using a Wallac 1414 WinSpectral Counter
(PerkinElmer). The 1251-AB4 Brain clearance index (BClotal(%)), Clearance of 1251-AB g
across BBB (BClggg(%)), and brain degradation (BClpegradation(%)) were determined as
described previously [33].

2.7. Brain microvessels isolation

Brain microvessels were isolated as described previously [37]. Each brain hemisphere was
homogenized in ice-cold DPBS followed by the addition of one volume of 30% Ficoll 400
(Sigma-Aldrich). Homogenates were centrifuged at 8000xg for 10 min and the resulting
pellets were 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 P-glycoprotein (P-gp) and low density lipoprotein receptor-related protein-1
(LRP1) expressions by western blot.

2.8. Western blot analysis

Protein extracts were prepared from brain microvessels (n=4—6 mice), or brain tissues (n=4-
6 mice) with RIPA buffer containing 1x complete mammalian protease inhibitor mixture
followed by centrifugation at 21,000xg for 1 h at 4°C. The supernatant was collected as
protein extract and stored at —80°C to the time of analysis. Protein concentrations were
determined by the BCA method. For western blot analysis, 25 g of protein was resolved on
8% bis-tris gels in 3-(N-morpholino) propanesulfonic acid buffer system and
electrotransferred onto a 0.45 um nitrocellulose membrane. Membranes were blocked with
2% BSA and incubated overnight with monoclonal antibodies for P-gp (C-219; Covance
Research Products, MA), LRP1 (Calbiochem, CA), IDE, NEP, ABCA1, ApoE, LXR, RXR,
PPARYy or GAPDH (Santa Cruz, TX). Specific antibodies against SAPPa and SAPPf were
obtained from immune-Biological laboratories (IBL, MN). Tau Ab-2 antibody (clone Tau-5;
Thermo Scientific, IL) was used for total Tau detection. Phosphospecific antibodies were
used for detection of Tau phosphorylated at serine-214, serine-262, threonine-212 and
threonine-231 (Signalway, MD). For detection, the membranes were washed free of primary
antibody and incubated with HRP-labeled secondary IgG anti-mouse antibody for P-gp,
ABCAL, Tau Ab-2, sAPPa, and GAPDH (Santa Cruz, TX); anti-rabbit antibody for LRP1,
NEP, LXR, RXR, PPARYy, sAPPp, and phosphorylated Tau (Santa Cruz, TX); and anti-goat
antibody for ApoE and IDE (Santa Cruz, TX). The bands were visualized using a Pierce
chemiluminescence detection kit (Thermo Scientific, IL). Quantitative analysis of the
immunoreactive bands was performed using Li-Core luminescent image analyzer (LI-COR
Biotechnology, NE) and band intensity was measured by densitometric analysis. Three
independent Western blotting experiments were carried out for each treatment group.

2.9. Behavioral testing

At the end of treatment period, TgSwDI mice of all groups were subjected to burrowing and
nest construction behavioral testing as described previously [38]. For the burrowing test, a
burrow was assembled from plastic downpipe, 68 mm diameter, cut into 20 cm long length,
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sealed from one end by plastic cap and elevated 3 cm off the floor from the other end by
machine screws. Burrow was filled with 200 gm of standard food pellets and placed in a
cage. One mouse was placed in the cage with the burrow at 4 pm and allowed to burrow
overnight. The weight of the remaining food pellets inside the burrow was measured to
calculate the weight of burrowed food pellets. Two experiments 48 h apart were performed
for each mouse.

To assess nest construction, mice were individually placed in their home cages with a
“Nestlet”, a 5 cm square of pressed cotton batting about one hour before the dark phase. The
nests were assessed the next morning on a 5-point scale based on assigned nest construction
score as reported previously [39]. Similar to the burrowing test, two experiments 48 h apart
were performed for each mouse.

2.10. Statistical analysis

3. Results

Unless otherwise indicated, the data were expressed as mean + SEM. The experimental
results were statistically analyzed for significant difference using two-tailed Student’s t-test
for 2 groups, and one-way analysis of variance (ANOVA) for more than two group analysis.
Values of P<0.05 were considered statistically significant.

3.1. EVOO consumption slows AB pathology in TgSwDI mice

Figure 1A and B show that compared to control diet, three and six months of EVOO
consumption resulted in a significant reduction in AB burden in the mice brains. Six months
treatment with EVOO (EVOO-6m group) significantly reduced total (i.e. DEA+SDS+FA)
AP4o and APy, by 34% and 36%, respectively. Similarly, total AB4q and APy levels in the
brains of EVOO-3m group reduced significantly by 24% and 29%, respectively. Reduction
in AB4g and A4y levels was mainly associated with a decrease in the formic acid fraction
content of AP in both EVOO-enriched diet groups (Supp. Fig. 2). However, only EVOO-6m
showed a significant reduction in the DEA and SDS fractions content of ABg (27% and
36% respectively, Supp. Fig. 2A and C) and AB4, (59% and 36% respectively, Supp. Fig.
2A and D). Consistent with these results, only DEA and SDS fractions obtained from
EVOO-6m mice contained significantly less Ap oligomers (by 15% and 26%, respectively)
compared to control mice (Fig. 1C and D).

Immunostaining analysis of total AR was performed using 6E10 antibody, and A plaques
using Thioflavin-S. Consistent with the ELISA results of Ap in whole brain, significant
reductions in total Af by 29% and 53%, and in AP plaques number by 15% and 30% were
observed in the hippocampi of EVOO-3m and EVOO-6m mice, respectively (Fig. 2). In
addition, immunohistochemical analysis of AB co-localization with collagen-1V (a marker of
microvessels) in the hippocampus revealed a significant reduction in the percentage of AB-
immunoreactive microvessels by 26% in EVOO-6m mice (Fig. 3). However, while the
EVOO-3m mice showed a trend toward reduction in AB-immunoreactive microvessels, the
difference between control and EVOO-3m groups failed to reach statistical significance

(Fig. 3).
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3.2. EVOO-enriched diet enhances 125|-AB,, clearance across the BBB

BCI studies revealed significant increase in brain 1251-AB,q clearance in EVOO-3m and
EVOO-6m groups (Fig. 4). The increase in total AB clearance (BClyqta1(%); Fig. 4A) was in
part due to enhanced removal of A across the BBB where mice treatments caused a
significant increase in 1251-Ap,q clearance across the BBB (BClggg(%)) by ~12% (Fig. 4B);
while brain 1251-AB,q degradation (BClpegradation(%0)) was comparable for all groups (Supp.
Fig. 3A). To explain the enhanced clearance of 1251-AB,q across the BBB, P-gp and LRP1
proteins expression were examined in the capillaries of the mice brains. Consistent with
increased 1251-Ap,, clearance across the BBB, a significant increase over controls in the
expressions of P-gp and LRP1 was observed in both feeding groups. Figures 4C—E show a
significant increase by 18% and 20% in P-gp expression, and 16% and 24% in LRP1
expression in the brain capillaries of EVOO-3m and EVOO-6m mice, respectively.

3.3. EVOO-enriched diet enhances ApoE-dependent pathway of A clearance

Mice fed with EVOO-enriched diet showed elevated brain levels of ABCA1 and ApoE.
ABCAL1 expression increased by 15% and 20% in the brains of EVOO-3m and EVOO-6m
mice, respectively (Fig. 5A). In addition to ABCAL, significant 12% and 21% increases in
ApOE levels were observed in the brains EVOO-3m and EVOO-6m, respectively (Fig. 5A).

To explore the mechanism underlying these increase in the expression of ABCAL and
ApoE, we examined the expression of the ligand-activated nuclear receptors, peroxisome
proliferator-activated receptor gamma (PPARY) and liver-X receptors (LXRs). PPARYy and
LXR act in a feed-forward manner to induce the expression of ABCA1 and ApoE [40]. Our
results demonstrated significant increase in the expression of PPARy by 12 and 18% in
EVOO-3m and EVOO-6m, respectively (Fig. 5B). Only the EVOO-6m group showed a
significant increase by 15% in the brain expression of LXR (Fig. 5B). Finally, we assessed
the effect of the treatments on the expression of retinoid-X receptor (RXR). RXR is a
nuclear receptor that forms obligate heterodimers with PPARy and LXR [41]. In contrast to
PPARYy and LXR, RXR brain level was not altered by any feeding paradigm (Supp. Fig.
30).

3.4. Consumption of EVOO-enriched diet for 6 months modulates APP processing

Effect of treatment on APP processing in the brains of TgSwDI mice was assessed by
Western blot analysis. A significant increase by 18% and decrease by 21% in the levels of
sAPPa and SAPPB, respectively, were only observed in the EVOO-6m group (Fig. 6).

3.5. Effect of EVOO on tau expression and phosphorylation

Besides AP pathology, we investigated the effect of EVOO consumption on tau expression
and phosphorylation in the brains of TgSwDI mice by Western blot using antibodies against
total tau and different phosphorylation sites of tau, including serine-214, serine-262,
threonine-212, and threonine-231. The results showed a significant reduction in total tau by
38%, and in phosphorylation by 15% and 27% at serine-214 and threonine-212 epitopes,
respectively, in the brains of EVOO-6m group (Fig. 7). However, phosphorylation of tau at
serine-262 and threonine-231 epitopes was not altered in the brains of EVOO-6m group
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(Fig. 7). EVOO-3m feeding has no effect on total tau expression and phosphorylation at the
aforementioned epitopes (Fig. 7).

3.6. Improvement in the hippocampal-dependent behavioral tests of EVOO-6m group

Consistent with global improvement of Af and tau related neuropathological alterations in
the brains of EVOO-6m group, significant progress in behavioral performance of this group
was observed in hippocampal-dependent behavioral tests. The Burrowing test showed that
mice burrowed more food pellets (131.4 £+ 4.3 gm) compared to the control group (99.3 +
5.7 gm, p<0.05, Fig. 8A). In addition, the nest construction test showed a significantly
higher score for mice of EVOO-6m group compared to the control group (4.5+1.2vs 2.8 +
0.7, p<0.05, Fig. 8B). On the other hand, EVOO-3m groups did not show any improvement
in the burrowing and nest construction tests compared to control groups (Fig. 8A and B).

4. Discussion

The Mediterranean diet has been associated with lower risk of AD and other related
cerebrovascular diseases [42, 43]. Available reports suggested that greater adherence to the
Mediterranean diet enhanced cognitive function, reduced the risk of developing MCI, and
reduced the risk of MCI conversion to AD [8]. Various aspects of Mediterranean diet have
been hypothesized as possible determinants of these effects; however, one of the
characteristic dietary habits in the Mediterranean is the daily consumption of EVOO [19,
44]. EVOO contains more than 30 phenolic compounds including oleocanthal and
oleuropein aglycone that possess beneficial affects against both AB and tau pathologies [16,
20-23, 45]. Unlike EVOO, during the refining process to produce the refined olive oil, these
phenolic compounds are usually lost [46,47]. Thus, in the current study, to clarify the
mechanism(s) by which EVOO exert its beneficial effects on cognitive function we assessed
the effect of EVOO consumption on the progression of amyloid and tau pathologies and
cognitive functions in TgSwDI mice. TgSwDI mouse is a model of AD and CAA that
exhibits early onset and robust Ap pathology accompanied with cerebrovascular changes
[24]. The effects of EVOO-enriched dietary modifications on Af and tau pathological
alterations in the brains of TgSwDI mice were evaluated following two strategies. The first,
namely EVOO-3m, involved initiating EVOO consumption at 4 months of age, when AP
pathogenesis is invariably evident in the brains of TgSwDI mice [24]. The central purpose of
this strategy was to assess the ability of EVOO consumption to reverse AP pathogenesis. In
the second strategy, EVOO-6m, the effect of long-term consumption of EVOO started at an
early age (1 month), before Ap accumulation, was investigated as a strategy for early
prevention or delayed onset of Ap pathogenesis.

Our findings revealed that EVOO consumption in EVOO-3m and EVOO-6m groups have
significantly reduced total ABsg and APB4o loads in the brains of TgSwDI mice. In the
EVOO-6m group, EVOO consumption significantly decreased Af loads in all fractions,
while in the EVOO-3m group animals A levels were only reduced in the FA fraction.
Consistent with reduction in total and least-soluble Ap fractions (FA-fraction), mice
treatment with EVOO for 3 and 6 months resulted in a significant reduction in hippocampal
total and Ap plaque loads. Interestingly, analysis of AP load within DEA and SDS fractions
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in the brains of EVOO-6m showed a significant reduction in Ap oligomers within these
fractions. This reduction in Ap oligomers could relate, at least in part, to the enhanced AB
clearance from the brain of TgSwDI mice as suggested by the BCI studies, and to the
oligomer-forming inhibitory effect of EVOO and its phenolic compounds as suggested by a
previous in-vitro study [48]. Although AP plaques are the most visible and well
characterized amyloid-associated changes in AD and CAA brains, plaque loads correlate
poorly with cognitive decline [49], with many elderly brains in postmortem showing AB
plaque accumulation without cognitive decline before death [50]. More recent studies,
however, reported Ap oligomers as a central player in causing neurotoxicity and initiating
pathological and cognitive disturbances that are consistent with those observed in AD [30,
51]. Collectively, these results suggest that EVOO could exert its protective effect against
Ap pathology by reducing the levels of toxic soluble AB oligomers and the amounts of
various forms of insoluble AB in the brains of TgSwDI mice.

In an associated editorial, Knopman suggests that the Mediterranean diet may exert
beneficial effects on maintenance of normal cognition through cerebrovascular mechanisms
[52]. Results from current study suggest that chronic and early onset dietary intake of EVOO
reduces AP deposition on the microvessels of the brain of TgSwDI, which could provide a
mechanistic explanation for improvement in the cerebrovascular function that was
associated with the Mediterranean diet. Cerebral levels of Ap are regulated by the balance of
brain production and clearance [53]. Although production of AB increases significantly in
early-onset familial AD, mounting evidence suggests that Ap accumulation in the brains of
late-onset AD patients is related to its impaired clearance from the brain [54]. On the other
hand, mutations in AB sequence, such as the Dutch and lowa mutations, increase AB
propensity to aggregate specifically on microvessels and decrease its cerebral clearance in
patients with familial CAA [24, 55]. Therefore, reduction in cerebral clearance of A is
considered an important component accounting for its accumulation and the subsequent
development of AD and CAA. Clearance of AB from the brain takes place by three
pathways, transport across the BBB, brain degradation, and bulk flow of cerebrospinal fluid
[56]. The contribution of the BBB was reported as the most significant pathway and was
estimated to be 62% in mice [33]. Given this major contribution of the BBB to the total
clearance of AB, enhancement of cerebral A clearance across the BBB could effectively
prevent AP brain accumulation and associated neuropathological alterations. This hypothesis
was supported by findings of the BCI study where EVOO and oleocanthal treatments have
significantly enhanced 1251AB 4, clearance across the BBB, which could, in part, explain the
reduced AP load in the brains of TgSwDI mice. This increase in AP clearance was
concomitant with a significant increase in P-gp and LRP1 levels expressed in the
microvessels isolated from treated mice brains, which was also associated with reduced
cerebrovascular deposition of AP. Interestingly, EVOO treatment was able to reduce brain
levels of Dutch- and lowa-mutated AB that have been recognized for their slow brain
clearance [24, 55], which extends a beneficial effect not only for sporadic but also for
familial AD and CAA.

ApoE-dependent A clearance is a well-established pathway known for its high efficiency in
cerebral AP removal [57, 58]. Recent study has shown the therapeutic agent bexarotene to
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modulate AP clearance in an apoE-dependent manner [59]. To investigate the effect of
EVOO consumption on ApoE pathway, ApoE, ABCA1 and their regulatory receptors were
quantified and compared to control group. ApoE and ABCAZ1 are transcriptionally regulated
by the ligand-activated nuclear receptors, PPARy and LXRs, which form obligate
heterodimers with RXR [40]. Our findings demonstrated a significant increase in the
expressions of ApoE, ABCAL and PPARYy providing an additional mechanism that
contributes to the decreased levels of AB in the brains of TgSwDI mice. These results are
consistent with the findings of Zolezzi et al who reported that activation of PPARYy reduces
AP levels and improves cognitive function in mouse models of AD [60], and with those of
Cramer et al who reported that enhanced expression of PPARYy stimulates ApoE and
ABCAL expression and thus AP clearance [59]. The possible mechanism by which ApoE-
mediated pathway enhances AP clearance could be related to activation of AR phagocytosis
by macrophages and microglial cells and/or other clearance pathways [59, 60]. In addition to
PPARYy up-regulation, EVOO-6m mice showed a significant increase in the expression of
LXR, which is another stimulator for ApoE-dependent AB clearance pathway [59].

Besides the improved clearance of AB, APP processing was also modulated in the brains of
EVOO-6m mice where EVOO treatment for 6 months was able to reduce sAPPp, and
increase SAPPa expressions demonstrating the stimulatory effect of EVOO on the non-
pathogenic processing pathway of APP over its pathogenic pathway [1, 3]. This effect,
however, was not observed with EVOO-3m group, which could be related to the short
treatment period and/or the time at which treatment was initiated (4 months, after AD
pathology is evident).

The levels of tau and its phosphorylation at specific sites were also examined. Tau is a
microtubule-associated protein that accumulates in an abnormally hyper-phosphorylated
state forming intracellular filamentous deposits in AD [5]. Tau promotes the assembly of
tubulin into microtubules and stabilizes the microtubule structure that supports axoplasmic
transport [5]. In AD, hyper-phosphorylation of tau at serine and threonine by several protein
kinases decreases its interaction with microtubules, promoting their neurotoxic effects [5].
Our results revealed that, EVOO consumption for 6 months beginning at age of 1 month
reduced total tau steady-state levels and reduced its hyperphosphorylation at the crucial
epitopes serine-214 and threonine-212 in the brains of TgSwDI mice. Previous studies
demonstrated a hierarchical relationship between A and tau pathologies, with Ap causing
tau to accumulate and to undergo phosphorylation [61]. Therefore, the reduction observed
here in the steady-state levels of tau and its phosphorylation in the brain of EVOO-6m mice
could be closely related to the reduction seen in cerebral Ap levels.

Consistent with the significant reduction in Ap and tau levels, EVOO-6m mice showed
significantly improved cognitive functions. It has been reported that mice with hippocampal
dysfunction fail to burrow or to construct their own nest [39, 62], and our current findings
indicated that feeding TgSwDI mice with EVOO supplemented diet at early age was able to
slow the deterioration in their cognitive function. The burrowing and nest construction
behavioral activities of EVOO-6m mice at the age of 7 months were comparable to those of
untreated mice at 4 months age and were significantly better than the untreated control
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group of same age (7 month) suggesting that EVOO may prevent and/or slow the disease
progression.

5. Conclusions

In conclusion, the results of this study suggest that EVOO consumption could provide a
protective effect and/or slow AD pathology and behavioral progression when given at early
age and for long time. According to our data, EVOO consumption exerts its positive effect
via reduction of AP production, enhancement of A clearance, and decrease of parenchymal
and vascular deposits of Ap as well as total tau and phosphorylation, which collectively
could provide a protection mechanism against AD and CAA in humans. However, the
possibility of using EVOO-rich diet to modulate human cognitive function remains to be
confirmed in clinical studies.
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EVOO reduces amyloid burden in the brains of TgSwDI. ELISA quantitative analysis of the
levels of human AB4g (A) and AB4, (B) in the brain of TgSwDI mice after consumption of
EVOO. Consumption of EVOO-enriched diet for 3 months beginning at age 4 months or for
6 months beginning at age of 1 month significantly reduced total AB4g and A4z levels in the
brain of TgSwDI mice. All-size AB-oligomer ELISA analysis of DEA (C) and SDS (D)
fractions show a significant reduction of A} oligomers content of both fractions only in
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EVOO-6m group. Data is presented as mean+SEM of 4-6 mice in each group (ns, not
significant; * P<0.05, ** P<0.01 and *** P<0.001).

J Nutr Biochem. Author manuscript; available in PMC 2016 December 01.

Page 18



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qosa et al. Page 19

EVOO-3m

. CNTRL

31

EVOO-6m

AB-covered area (%)

EVOO-6m

40+ e

Plaque number/15 pM section

Figure 2.
EVOO consumption reduces A burden in the hippocampus of TgSwDI mice. (A)

Representative hippocampus sections stained with 6E10 (green) antibody against AP to
detect AB load and DAPI (blue) to stain nuclei. (B) Representative hippocampus sections
stained with thioflavin-S to detect AB-plaque burden. Quantitative analysis of total AB load
(A) and AB plaque load (B) showed a significant reduction in AB load (measured as a % of
Ap-covered area) and AP plaque load (measured as number of the plaque per 15 pm section)
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in the hippocampus of all EVOO-fed mice. Data is presented as mean+SEM of 4-6 mice in
each group (* P<0.05 and ** P<0.01). Scale bar, 50 pm.
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Figure 3.
Immunohistochemical analysis of cerebrovascular A deposition in the hippocampus of

CNTRL (control), EVOO-3m and EVOO-6m TgSwDI mice. Representative hippocampus
sections from all treatment groups were double-immunostained with 6E10 for detection of
AP (Green) and collagen-VI to identify brain microvessels (Red). Quantification of
cerebrovascular Ap deposition (CAA pathogenesis) as a % of Ap-immunoreactive vessels
demonstrated a significant reduction in microvascular AB deposits only in the hippocampus
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of EVOO-6m group. Data is presented as mean+SEM of 4—-6 mice in each group. Scale bar,
50 um (ns, not significant; ** P<0.01).
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In-vivo clearance of 1251-AB,o from brain of TgSwDI mice. Enhanced total brain clearance
(BCI-Total (%)) (A) and BBB clearance (BCI-BBB (%)) (B) of 12°I-AB 4, was observed in
all EVOO-fed mice. Increase in the brain clearance of 125-AB,q was associated with up-
regulation in the expressions of P-gp and LRP1 in the brains’ microvessels as shown in the
representative blots (C) and densitometry analyses (D and E). Data is presented as mean
+SEM of 4-6 mice in each group (* P<0.05 and ** P<0.01).
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Figure 5.

EVOO-enriched diet stimulated the ApoE-dependent clearance pathway of AB through the
activation of PPARY. (A) Representative blots and densitometry analysis of ABCAL and
ApoE showed significant up-regulation in their expressions in the brain tissue of TgSwDI
mice after consumption of EVOO-enriched diet. (B) Representative blot and densitometry
analysis show significant induction in the expression of PPARY in both groups while
expression of LXR was enhanced only in EVOO-6m group. Data is presented as mean
+SEM of 4-6 mice in each group (ns, not significant; and * P<0.05).
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Figure 6.

Effect of EVOO consumption for 3 or 6 months on APP processing. Representative blots
and densitometry analysis of full length APP (APP-FL), sAPPa and SAPPB. EVOO-6m
group demonstrated a significant modulation in the processing of APP with a reduction trend
in the expression of full length APP, significant increase in SAPPa and significant decrease
in SAPPp. Data is presented as mean+SEM of 4-6 mice in each group (ns, not significant; *
P<0.05 and ** P<0.01).
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Figure 7.
Representative blots and densitometry analysis of total tau and tau phosphorylation at amino

acid residues serine 214 and 262 and threonine 212 and 231. Significant reduction in total
tau and its phosphorylation at amino acid residues serine 214 and threonine 212 were
observed in EVOO-6m mice. Data is presented as mean+SEM of 4—-6 mice in each group
(ns, not significant; * P<0.05; ** P<0.01 and *** P<0.001).
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Figure 8.
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Burrowing (A) and nest construction (B) behavioral studies demonstrated positive effect of
EVOO consumption in TgSwDI mice of EVOO-6m group only while EVOO-3mfeeding
paradigm failed to rescue behavioral deterioration in TgSwDI mice. Data is presented as
mean+SEM of 10-12 mice in each group (ns, not significant; * P<0.05 and ** P<0.01).
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Scheme 1.
Schematic presentation of the time, age, number and study groups involved in the

assessment of the effect of EVOO consumption on AB pathology in the brain of TgSwDI
mice.
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