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Abstract

Extra-virgin olive oil (EVOO) has several health promoting effects. Evidence have shown that
EVOO attenuates the pathology of amyloid-p (Ap) and improves cognitive function in
experimental animal models, suggesting it’s potential to protect and reduce the risk of developing
Alzheimer’s disease (AD). Available studies have linked this beneficial effect to oleocanthal, one
of the active components in EVOO. The effect of oleocanthal against AD pathology has been
linked to its ability to attenuate Ap and tau aggregation in vitro, and enhance A clearance from
the brains of wild type and AD transgenic mice in vivo. However, the ability of oleocanthal to alter
the toxic effect of AP on brain parenchymal cells is unknown. In the current study, we investigated
oleocanthal effect on modulating Ap oligomers (Apo) pathological events in neurons and
astrocytes. Our findings demonstrated oleocanthal prevented Apo-induced synaptic proteins,
SNAP-25 and PSD-95, down-regulation in neurons, and attenuated Apo-induced inflammation,
glutamine transporter (GLT1) and glucose transporter (GLUT1) down-regulation in astrocytes.
Apo-induced inflammation was characterized by interleukin-6 (I1L-6) increase and glial fibrillary
acidic protein (GFAP) upregulation that were reduced by oleocanthal. In conclusion, this study
provides further evidence to support the protective effect of EVOO-derived phenolic secoiridoid
oleocanthal against AD pathology.
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Introduction

Alzheimer’s disease (AD) is considered one of the major dementia-related disorders
affecting the elderly. The number of AD patients is expected to increase significantly over
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the coming decades due to increasing life expectancy. Currently, in the United States, AD
affects 5 million individuals. However, it is expected to rise to 16 million by 2050
(Alzheimer’s, 2015). Amyloid-B (AP) peptide is considered one of the major pathological
hallmarks of AD (Glenner and Wong, 1984, Masters et al., 1985). Amyloid precursor protein
(APP) is a membrane-bound protein that with the activity of p- and -y-secretases- produces
AP as a degradation product (Selkoe, 2001). Depending on secretase-y site of cleavage, AR
could be cleaved with a different number of amino acids, including Ap4 and AB4, (Selkoe,
2001). However, AP4> is considered more pathological as the addition of last two amino
acids increases its hydrophobicity and the ability to form higher molecular weight
aggregates including Ap oligomers (Apo) and fibrils (Selkoe, 2001). Apo are involved in
synaptic dysregulation and interferes with the function of endogenous ligands on susceptible
receptors (Sakono and Zako, 2010), while fibrilar AB is involved in plagues formation which
presents a typical AD manifestation in several brain regions (Murphy and LeVine, 2010).

Astrocytes are glial cells known for their star-like appearance and play a key role in
neurological diseases (Batarseh et al., 2016). Astrocytes anatomical location is distinctive
being near brain blood vessels, and play a major role in maintaining the BBB integrity
(Abbott, 2002). Furthermore, astrocytes are crucial members of the neurovascular unit,
working hand in hand with neurons (Bell and Zlokovic, 2009). As part of their neuro-
supportive function, astrocytes are responsible for energy regulation; they express glucose
transporter-1 (GLUT1) responsible for glucose uptake. Astrocytes convert glucose into
lactate used by neurons as a source of energy (Benarroch, 2014). Additionally, astrocytes
play an important role in glutamate rapid clearance from neuronal synapses by glutamate
transporter-1 (GLT1) (Perego et al., 2000). Besides, the high levels of ABo observed the
brains of AD patients is associated with pathological activation of astrocytes leading to
GLT1 down-regulation (Scimemi et al., 2013), and cytokines and free radicals secretion (Li
et al., 2011). Astrocytes are capable of clearing AR by multiple mechanisms including: Ap
monomers (Apm) uptake by the function of several receptors and transporters such as LRP1
(Auderset et al., 2016), by direct degradion via endosomal-lysosomal pathways and
secretion of degradation enzymes, such as insulin-degrading enzyme (IDE) into the brain
parenchyma (Son et al., 2016), and/or by indirect activation of ATP-binding cassette
transporter-Al (ABCAZ1) function, which is responsible for the lipidation of apolipoprotein
E (ApoE) (Wahrle et al., 2004).

Neuronal cells are mainly responsible for sending and receiving electrical signals through
synapses (Busche and Konnerth, 2016). The maintenance of tightly regulated synaptic
function is essential for proper neuronal signaling (Busche and Konnerth, 2016). A
peptides disrupt synapsis by initiating synaptic loss (Narayan et al., 2014, Busche and
Konnerth, 2016). Some of the major down-regulated synaptic markers in AD include the
post-synaptic marker PSD-95 and the pre-synaptic marker SNAP-25 (Greber et al., 1999, Tu
et al., 2014). In addition to Apm, Apo inhibit neuronal long-term potentiation and affect
synaptic plasticity (Selkoe, 2008), and initiate tau hyperphosphorylation leading to neuronal
apoptosis (Kayed and Lasagna-Reeves, 2013, Sengupta et al., 2016).

S(-)-Oleocanthal is one of the phenolic components of extra-virgin olive oil (EVOO)
(Beauchamp et al., 2005). It has been identified as an anti-inflammatory agent (Parkinson
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and Keast, 2014). Our recent findings suggested a positive role for oleocanthal in enhancing
AP clearance across the blood-brain barrier (BBB) and reducing AB load in wild type and
transgenic AD animals (Abuznait et al., 2013, Qosa et al., 2015). Furthermore, it reduced
astrocytes activation and interluken-1 levels in vivo (Qosa et al., 2015). Other studies
demonstrated the ability of oleocanthal to modify AP aggregation pattern, creating less toxic
aggregates (Pitt et al., 2009), and to reduce formation of hyperphosphorylated tau aggregates
by interfering with the aggregation sites on tau protein (Li et al., 2009). However, the
preventive effect of oleocanthal on ABo-induced pathological changes in astrocytes and
neuronal cells is still unknown. This study aims to investigate the role of oleocanthal in
rectifying Apo deleterious effects on neurons and astrocytes in vitro.

Preparation of synthetic amyloid-p oligomers (Apo)

Cell Culture

Solutions of synthetic biotin tagged A4, peptides (AnaSpec, Inc., CA) were prepared by
suspending in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma-Aldrich, MO) at a
concentration of 1 mM and incubated for 1 h at room temperature for complete
solubilization, then dried with nitrogen gas. AB4» peptide HFIP-film was suspended in
anhydrous DMSO to a final concentration of 5 mM. DMSO solution of AB4, was diluted
with phenol red-free F-12 cell culture media (Gibco, NY) to a concentration of 100 uM,
vortexed for 1 min and incubated at 4°C for 24 h. At the end of the incubation period, AB4;
oligomers solution was centrifuged at 14,000 rpm, 4°C for 10 min, aliquoted and stored at
—80°C for the experiments.

Astrocyte cultures were prepared from CCF-STTG1 human astrocytoma cell line (ATCC,
VA). Cells were maintained in RPMI-1640 medium containing 10% fetal bovine serum
(FBS; Gibco, NY). For the experiments, CCF-STTGL1 cells were seeded on 24-well plates or
cell culture dishes. Media was changed every other day until cells are ready for experiments.
Neuronal cultures were prepared from SH-SY5Y cell line transfected with APP695
(hereafter SH-SY5Y-APP) or their corresponding non-transfected SH-SY5Y cells. Cells
were maintained in DMEM media supplemented with 10% FBS containing geneticin
(Gibco) added at 400 pg/ml to SH-SY5Y-APP cells. Cultures were maintained in a
humidified atmosphere (5%C02/95% air) at 37°C and media was changed every other day.

Time and concentration-dependent uptake of Ap in astrocytes

The uptake of ABm and Apo was measured in CCF-STTGL1 cells using ELISA. Cells were
seeded in 24-well plates. For time-dependent experiments, astrocytes were treated with 1500
nM ABo or 200 nM Apm for 0, 5, 15, 30, 60, 120, 180, and 360 min. For concentration-
dependent studies, cells were treated with 500, 1000, and 2000 nM of ABo for 5 min; or 25,
50, 100, 200, and 400 nM ABm for 15 min. At the end of treatment time cells were washed
two times with ice cold 2% bovine serum albumin (BSA) in phosphate buffer saline (PBS)
to minimize non-specific binding of A and once with PBS (Qosa et al., 2014, Esparza et
al., 2016). Media and cell lysates were loaded on Apo and Apm specific ELISA as described
below.
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Astrocytes treatment with Apo and oleocanthal

CCF-STTG1 cells grown on cell culture dishes were treated with 100 nM ABo, 5 pM
oleocanthal, or 100 nM Apo and 5uM oleocanthal for 3 or 7 days. To induce Ao
inflammatory condition, the media of astrocytes were daily spiked with treatments (without
changing the medium). Total accumulative dose of DMSO (oleocanthal vehicle) was less
than 0.1%. Cells were collected and stored in —80°C for further experiments. Astrocytes
conditioned media (ACM) from treated astrocytes with 100 nM Apo, 5 M oleocanthal, or
100 nM Ao and 5uM oleocanthal for 3 and 7 days were collected followed by addition of
fresh media for 4 h to collect post treatment produced IL-6.

To investigate the effect of Apo and oleocanthal treatments on the uptake and degradation of
APm, in another set of experiments, astrocytes were grown on a 24-well plate and treated
with the same treatments described above for 3 or 7 days. At the end of treatment time,
media containing Ao, oleocanthal and their combination were removed. Cells were washed
2-times with ice cold 2% BSA in PBS and once with PBS. Fresh media containing Apm
(200 nM) was then added. Fifteen minutes later, cells and media were collected for analysis
by ELISA as described previously (Qosa et al., 2015).

Neuronal cells treatment with ABo and oleocanthal

SH-SY5Y-APP and SH-SY5Y cells were grown on cell culture dishes, treated with 100 nM
ABo, 5 UM oleocanthal, or 100 nM Apo and 5 pM oleocanthal for 3 and 7 days. To induce
Apo synaptopathological changes, treatments were daily spiked to the media of neurons
(without changing the medium). Total accumulative dose of DMSO (vehicle) was less than
0.1%. Cells were collected and stored in —80°C for analysis. In another set of experiments,
SH-SY5Y-APP or SH-SY5Y cells were treated with collected ACM; ACM was changed
daily for 3 days then neuronal cells were washed, lysed and stored in —80°C for Western blot
analysis.

ABm, ABo and IL-6 ELISA

Biotin-tagged APm and Ao levels were determined by two-site sandwich ELISA for Apm
and one-site sandwich ELISA for ABo. Before the ELISA assay, cells were lysed with RIPA
buffer (Thermo-Scientific, NY) containing 1% protease inhibitor (v/v; Thermo-Scientific).
Neutravidine (Thermo-Scientific) was used for capturing biotin-tagged Apo at 1:4000
dilution, while 6E10 Ap antibody (BioLegend, CA,; binds on 3-8 amino acids of Ap) was
used to capture biotin-tagged Apm at 1:350 dilution. Detection of ABm was achieved with
HRP-conjugated 4G8 monoclonal antibody (BioLegend; binds on 17-23 amino acids of AB)
at 1:1000 dilution. ABo detection was achieved with HRP-conjugated streptavidin (Rockland
Immunochemicals Inc., PA) at 1:2000 dilution. In this assay, Apo captured by nutravidin can
be detected by HRP-conjugated streptavidin only if there is at least one more accessible
epitope to be detected by HRP conjugated streptavidin on biotin-tagged Apo. For detection
of IL-6 levels in astrocytes media, at the end of treatment time, media was replaced with
fresh media for 4 h to evaluate treatments effect on IL-6 levels using anti-human IL-6
Quantikine ELISA kit (R&D Systems, MN) used according to the manufacturer’s
instructions. All samples were run at least in triplicate.

Neuroscience. Author manuscript; available in PMC 2018 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Batarseh et al. Page 5

Western blot analysis

Treated cells were lysed with RIPA buffer containing protease inhibitor on ice for 1 h then
centrifuged at 21,000 x g for 10 min at 4°C. The supernatant was collected and stored in
—80°C until the time of analysis. For Western blot analysis, samples were resolved on 10%
tris-glycine gels in tris-glycine-SDS buffer system and electro-transferred onto a 0.45 pm
nitrocellulose membrane. Membranes were blocked with 2% BSA and incubated overnight
with monoclonal antibodies; analyzed astrocytes proteins include LRP1 (Abcam, MA),
GLT1, IDE, neprilysin (NEP), GLUTZL, glial fibrillary acidic protein (GFAP), ABCAL, the
housekeeping protein GAPDH (all from Santa Cruz, TX); neuronal proteins include LRP1
(Abcam), SNAP-25 and PSD-95 (GeneTex, MI), APP (4G8), and soluble APPa (SAPPa)
and soluble APPB (sAPPB) (Immuno-Biological Laboratories, MN). For detection, the
membranes were washed free of primary antibody and incubated with HRP-labeled
secondary IgG anti-mouse antibody for PSD-95, ABCA1, APP (4G8), sAPPa, GAPDH,;
anti-rabbit antibody for GLT1, LRP1, GLUT1, NEP, sAPPB, SNAP-25; and anti-goat
antibody for IDE and GFAP (Santa Cruz). The bands were visualized using a Pierce
chemiluminescence detection kit (Thermo Scientific). Quantitative analysis of the
immunoreactive bands was performed using Li-Core luminescent image analyzer (LI-COR
Biotechnology), and band intensity was measured by densitometric analysis.

Statistical analysis

The data were expressed as mean + SD. Results were statistically analyzed for significant
difference using Student’s t-test. Values of P<0.05 were considered statistically significant.

Results

Oleocanthal doesn’t alter ABo-induced Apm degradation and ABCAL up-regulation in
astrocytes

Initially, the uptake profiles of Apm and Apo by CCF-STTGL cells were compared. The
uptake of Apm and ABo was linear and did not reach saturation in the examined ranges
(Figs. 1 A and B). Time-dependent uptake studies showed Apo uptake is faster than Apm
with uptake peak of 5 min for Apo compared to 15 min for Apm (Figs. 1C and D). However,
the uptake of Apo was lower with 75% remained in the media 6 h after its addition (Fig. 1F)
compared to 40% of ABm (Fig. 1E). These results suggested that compared to Apo
astrocytes uptake and degradation of APm is more efficient. In addition, 3 or 7 days
treatment of astrocytes with Apo significantly reduced Apm (200 nM) by 19 (Fig. 1G,
P<0.001) and 32% (Fig. 11, P<0.001), respectively, in the media that was associated with
reduced cellular levels of intact ABm by 17% (Fig. 1H, P<0.05) and 23% (Fig. 1J, P<0.001),
respectively. These results suggest that astrocytes treatment with Apo for 3 or 7 days
enhanced the degradation of Apm. Oleocanthal treatment alter the effect of ABo exposure on
APm uptake and degradation (Fig. 1 G-J).

Next, the expression of astrocytes proteins involved in Ap clearance including LRP1,
ABCAL, NEP and IDE were evaluated. Treatment of CCF-STTG1 cells for 3 and 7 days
with Apo or oleocanthal didn’t alter LRP1, NEP and IDE proteins expression (Fig. 2A);
however 3 and 7-days treatments with ABo induced ABCA1 by 35% (Fig. 2B, P<0.05) and
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45% (Fig. 2B, P<0.01), respectively. On the other hand, oleocanthal treatment for 3 or 7
days didn’t change baseline expression of ABCAL nor modulated the effect of Apo (Fig.
2B).

Oleocanthal reduces Apo-induced inflammatory response and attenuates Ao deleterious
effects on the expression of neuro-supportive proteins in astrocytes

We assessed ApBo-induced inflammatory response by measuring the levels of IL-6 and
GFAP. As shown in Fig. 3, IL-6 levels were significantly increased in a time-dependent
manner in response to Apo exposure for 3 days by 83% (Fig. 3A, P<0.001) and for 7 days
by 147% (Fig. 3B, P<0.001). In the absence of Apo, oleocanthal treatment (3 and 7 days)
reduced IL-6 levels by 26% (Fig. 3A, P<0.01) and 45% (Fig. 3B, P<0.001) respectively, and
this effect was maintained in the presence of Apo where oleocanthal attenuated Apo
inflammatory effect measured by IL-6 levels by 21% (Fig. 3A, P<0.01) and 53% (Fig. 3B,
P<0.001), after 3 and 7 days, respectively, when compared to Apo treatment alone. Three
days treatment with Apo has no effect on GFAP levels (Fig. 3C). However, GFAP
expression was significantly increased by 38% (Fig. 3D, P<0.05) following 7 days of Apo
treatment, and oleocanthal was able to restore ABo-induced GFAP to the control level (Fig.
3D).

Furthermore, GLT1 is one of the major astrocytes transporters responsible for the rapid
clearance of glutamate from the synaptic area (Perego et al., 2000). Ao treatment for 3 days
didn’t alter GLT1 expression (Data not shown). On the other hand, 7 days treatment with
Apo significantly down-regulated GLT1 in astrocytes by 27% (Fig. 4, P<0.01). Oleocanthal
addition rectified GLT1 expression to control level (Fig. 4). Besides glutamate regulation,
astrocytes play an essential role in glucose uptake for neuronal energy utilization (Fuller et
al., 2010). Our data showed a significant down-regulation of GLUTL in astrocytes only with
7 days of Apo exposure by 17% (Fig. 4, P<0.05); oleocanthal addition restored Apo-induced
down-regulation to control level (Fig. 4).

Oleocanthal attenuates Apo-induced synaptic proteins down-regulation but has no effect
on AP production markers in SH-SY5Y-APP cells

We measured expression of the synaptic proteins GLT1, PSD-95, and SNAP-25. While 3
days treatment with Apo has no significant effect on synaptic proteins and Ap production
markers (Data not shown), 7 days treatment significantly reduced the expression of GLT1
and PSD-95 by 33% (Fig. 5A, P<0.05) and 19% (Fig. 5A, P<0.05), respectively.
Oleocanthal addition induced the baseline expression of GLT1 by 36% (Fig. 5A, P<0.05)
and PSD-95 by 49% (Fig. 5A, P<0.05), and maintained their up-regulation in the presence
of Apo exposure. While SNAP-25 expression was not altered by the 3 or 7 days exposure
with Apo (Fig. 5A), oleocanthal 7 days treatment up-regulated SNAP-25 by 29% (Fig. 5A,
P<0.05) and maintained this effect in the presence of Ao (Fig. 5A, P<0.05).

The expressions of A production markers: APP, sSAPPa and SAPP, and LRP1 in SH-
SY5Y-APP cells were also evaluated to investigate effect of Apo and oleocanthal on Ap
production. Seven days treatment with Apo up-regulated the expression of APP by 34%
(Fig. 5B, P<0.05), which was associated with increased levels of SAPPa and SAPPp by 23
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and 43%, respectively (Fig. 5B, P<0.05). Oleocanthal treatment has no significant effect on
the expression of APP, SAPPa, and SAPPB, and didn’t rectify their Apo-induced levels (Fig.
5B). Neuronal LRP1 is associated with A production by binding and internalizing APP
(Spuch et al., 2012). LRP1 expression wasn’t significantly changed by any of the treatments
(Fig. 5B). Three-day treatments with Ao, oleocanthal or their combination didn’t
significantly affect the expression of these proteins (Data not shown).

SH-SY5Y cells respond differently to ABo and/or oleocanthal treatments compared to SH-
SY5Y-APP cells

The effect of Apo, oleocanthal and combination on the synaptic proteins GLT1, PSD-95,
and SNAP-25 was also studied in SH-SY5Y cells that express endogenous levels of APP.
Contrary to SH-SY5Y-APP, none of the treatments altered GLT1, PSD-95, and SNAP-25 in
mock cells (Fig. 6). A comparison between SH-SY5Y-APP and SH-SY5Y on the expression
of synaptic proteins demonstrated that the base expression of GLT1, PSD-95, and SNAP-25
in SH-SY5Y-APP cells was lower by 31% (Fig. 7, P<0.001), 32% (Fig. 7, P<0.001) and
57% (Fig. 7, P<0.001), respectively, suggesting that chronic Ap exposure in SH-SY5Y-APP
cells down-regulated the expression of synaptic proteins.

Oleocanthal doesn’t change astrocytes ACM effect on neuronal synaptic proteins

ACM collected from CCF-STTG1 cells exposed to the treatments for 7 days was used to
treat SH-SY5Y-APP and SH-SY5Y cells for 3 days. At the end of 3 days, cells were lysed
for Western blotting of the neuronal synaptic proteins GLT1, PSD-95, and SNAP-25. ACM
from astrocytes exposed to ABo enhanced the expression of GLT1, PSD-95, and SNAP-25 in
SH-SY5Y by 80% (Fig. 8A, P<0.001), 70% (Fig. 8A, P<0.01) and 71% (Fig. 8A, P<0.001),
respectively. On the other hand, in APP transfected cells, ACM from Apo treated cells only
induced SNAP-25 expression by 81% (Fig. 8B, P<0.01). ACM from astrocytes treated with
oleocanthal was not able to alter the expression of neuronal synaptic proteins in both
neuronal cell lines (Fig. 8), suggesting that the effect of oleocanthal on neuronal synaptic
proteins is direct and not mediated by the astrocytes.

Discussion

AP aggregation plays a significant role in AD pathology. The interaction of Ap with
astrocytes is recognized where astrocytes are capable of A uptake and degradation (Wyss-
Coray et al., 2003). To understand astrocytes’ contribution to Ap pathology (Kayed and
Lasagna-Reeves, 2013), it is essential to evaluate astrocytes uptake profiles of different A
aggregate forms. While astrocytes showed low uptake capacity to A fibrils (Nielsen et al.,
2010), a direct comparison between Apm and ABo is lacking. Here, we performed studies to
compare ABm and Ao time and concentration-dependent uptake profiles by astrocytes. The
results suggested astrocytes have efficient uptake capacity for both Apm and Ao with linear
profiles in the studied concentration ranges. Besides, astrocytes uptake of Apo was faster
with a peak of less than 5 min, compared to 15 min with Apm. This observation suggests
that ABo may have faster uptake pathways and/or Apo, such as annular protofibrils, have
higher capacity to form hydrophobic interactions with astrocytes cell membrane allowing the
rapid attachment (Lasagna-Reeves et al., 2011). On the other hand, compared to ABm, Apo
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showed 35% higher media accumulation after 6 h incubation, suggesting an effecient uptake
and/or degradation of ABm, compared to Apo by astrcytes. Moreover astrocytes activation
by Apo enhanced Apm degradation. While ABo did not alter the expression of ABm
degradation enzymes, IDE and NEP (Fig. 2A), the increased degradation could be related to
the effect of ABo on ABCA1 expression, which was induced. ABCA1 plays important role
in the lipidation of ApoE, and its upregulation is expected to increase ApoE lipidation and
thus enhancing Apm degradation via the ApoE clearance pathway (Wahrle et al., 2004).
Oleocanthal, however, didn’t alter ABCAL expression, unlike our previous in vivo finding
that showed oleocanthal ability to induce ABCAL expression in AD transgenic mouse model
(Qosa et al., 2015). Such controversy could be related to treatment time were in the in vivo
studies mice were treated with oleoacnthal for one month. Oleocanthal’s in vivo effect could
also involves a machinery that is absent in the simple in vitro models. Additionally, while
oleocanthal showed a significant effect in reducing astrocytes activation, as measured by
IL-6 and GFAP levels, it didn’t influence the responsiveness of astrocytes to ABo on Apm
uptake and degradation (Figs. 1 G-J). This observation supports the neuroprotective effect of
astrocytes in reducing excess Ap (Belanger and Magistretti, 2009), which was not altered by
oleocanthal.

Oleocanthal has an anti-inflammatory effect and available studies on chondrocytes and
macrophages suggested oleocanthal exerts such effect by reducing IL-6 release (Scotece et
al., 2012). Consistently, oleocanthal treatment in the current study reduced the baseline IL-6
level in astrocytes, indicating that oleocanthal extends its anti-inflammatory effects to the
brain. Apo exposure increased astrocytes IL-6 and GFAP levels, and oleocanthal treatment
was able to attenuate the ABo inflammatory effect.

One of the most distinctive features of astrocytes is their ability to multi-task between
different neuro-supportive roles in the brain, including synaptic glutamate regulation and
glucose homeostasis. Available reportes showed that increased levels of Ap to down-regulate
GLT1 level in astrocytes and interfere with glucose regulation (Perego et al., 2000,
Benarroch, 2005, Scimemi et al., 2013, Beglopoulos et al., 2016). Similarly, our findings
showed that Apo down-regulated GLT1 and GLUT1 expressions, that were rectified by
oleocanthal treatment.

Multiple studies showed SH-SY5Y cells have dopamine-p-hydroxylase activity, and can
convert glutamate to the neurotransmitter GABA (Biedler et al., 1978, Cobos et al., 2007,
Brown et al., 2014). Neurons function depends on the synaptic transmission, in which
synapse density proteins play a key role; in AD several studies showed synapses dysfunction
and loss to occur before neurons loss, thus attention has been paid to synapse-associated
proteins, such as PSD-95 and SNAP-25. PSD-95 is a postsynaptic scaffolding protein that
regulates synaptic distribution and activity of glutamate receptors (Tu et al., 2014); SNAP-25
is a component of the SNARE complex, which is central to synaptic vesicle exocytosis, and,
by directly interacting with different calcium channels subunits, it negatively modulates
neuronal voltage-gated calcium channels, thus regulating intracellular calcium dynamics
(Antonucci et al., 2016). SH-SY5Y cells express both synaptic proteins, among others, and
reduced levels of these synaptic proteins is expected to alter the cells function. Several
studies reported that ABo lead to down-regulation in synaptic markers (Leuba et al., 2008,
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Feng et al., 2014, Fernandes et al., 2017), and the loss or modification of synaptic proteins
directly affects their properties, ultimately impacting synaptic function (Antonucci et al.,
2016).

The potential of oleocathal to rectify the toxic effects of ABo on synaptic markers expression
in SH-SY5Y-APP cells was evaluated. While GLT1 is mainly expressed in astrocytes,
evidence showed GLT1 is also expressed in neurons and contributes to the neuronal uptake
of glutamate (Danbolt et al., 2016, Rimmele and Rosenberg, 2016). Studies tested the effect
of ABo on neuronal GLT1 are lacking. Here, we showed that ABo down-regulated GLT1
expression in SH-SY5Y-APP cells, an alteration that could affect neurons capacity to clear
synaptic glutamate.

Oleocanthal not only prevented Apo induced GLT1 down-regulation but also induced the
baseline expression of GLT1, suggesting an additional protection mechanism against the
glutamate toxicity. PSD-95 dysregulation is likely an important intermediate step in the
pathological cascade of events caused by AP since its expression and function plays a
critical role in protein assembly, synaptic development, and neural plasticity. In addition, the
expression of SNAP-25 in the brains of AD patients is lower than control subjects with
normal cognitive function, suggesting that AR may affect SNAP-25 expression (Greber et
al., 1999). Consistently, findings from this in vitro study demonstrated that SH-SY5Y-APP
cells treatment with Apo for 7 days down-regulated PSD-95 but not SNAP-25 levels. Our
findings also showed that oleocanthal induced the baseline expression of both synaptic
markers, and attenuated Ao toxic effects by maintaining their up-regulation in the presence
of Apo. Collectively suggesting oleocanthal has the potential to rectify Apo-induced
synaptic loss.

Furthermore, our results showed that Apo treatment increased AP production markers in
SH-SY5Y-APP cells, which is consistent with available literature studies (Perez et al., 2010).
However, our results also suggest that ABo not only induce the expression of APP, but also
modulate the processing of APP where Apo selectively increased the levels of SAPPB (a
product of secretase-p), compared to SAPPa (a product of secretase-a), which suggest that
Apo induce secretase-p activity and thus further contribute to the pathological load of AB.
Oleocanthal, however, was not able to rectify the increased production of Ap markers caused
by Apo, which is consistent with our previous in vivo studies (Qosa et al., 2015). Yet, these
findings indicate oleocanthal ability to provide synapto-protective effect in spite of increased
levels of AB.

With the progression of AD pathology, neurons are subjected to continuous exposure of
increasing levels of Ap compared to healthy brain; due to this pathological brain
environment one would predict neuronal cells to respond differently in health and pathology.
As expected, the continuous exposure to high levels of Ap, beyond endogenous levels, SH-
SY5Y-APP cells expressed lower levels of GLT1, PSD-95 and SNAP-25 when compared to
SH-SY5Y cells that produce much lower concentrations of endogenous Ap. Interestingly,
however, unlike SH-SY5Y-APP cells, SH-SY5Y cells didn’t react to 7 days of exposure to
Ao and/or oleocanthal, which suggests neuronal cells vulnerability to A toxicity and their
responsiveness to oleocanthal treatment as the disease progresses.
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To investigate neuronal cells response to activated and oleocanthal treated astrocytes, ACM
was collected after 7 days of treatment and was added to SH-SY5Y and SH-SY5Y-APP cells
for 3 days. Interestingly, the addition of ACM collected from treated astrocytes to neuronal
cells demonstrated differential effects between SH-SY5Y-APP and SH-SY5Y cells. ACM
from astrocytes exposed to Apo induced the expression of synaptic proteins in SH-SY5Y;
SH-SY5Y-APP cells, however, failed to up-regulate synaptic proteins with the exception of
SNAP-25. While further studies are required to explain this observation, available studies
reported that astrocytes respond to ABo by secreting signaling molecules, such as ATP, to
counteract Apo synaptotoxic effect and up-regulate synaptic proteins (Siow et al., 2005,
Jung et al., 2012), which could explain SH-SY5Y response to ABo-ACM,; on the other hand
the continuous exposure to high levels of produced A in SH-SY5Y-APP cells may
desensitized the cells to ACM effect on synaptic proteins. The addition of oleocanthal to
astrocytes treatment didn’t change this observation, suggesting that: 1) activated astrocytes,
caused by addition of Apo, released molecules that benefit healthy neuronal cells but not
those with AP pathology (Fig. 8), and 2) the beneficial effect of oleocanthal on neuronal
cells is direct and not mediated by the astrocytes (Fig. 5 and 7).

In conclusion, findings of this study showed that oleocanthal attenuated Apo induced
inflammation, restored astrocytes neuro-supportive function by preventing ABo down-
regulation effects on GLT1 and GLUTL transporters in astrocytes, and attenuated Apo
induced synaptic proteins down-regulation in SH-SY5Y-APP neurons. The effect of
oleocanthal on neuronal cells could be direct and not mediated by astrocytes protective
crosstalk.
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Highlights

Oleocanthal rectified Apo-induced pathological changes in astrocytes and
neurons in-vitro.

Oleocanthal reduced astrocytes activation and inflammation associated with
AP oligomers exposure.

The neuroprotective effect of oleocanthal could be direct and not mediated by
astrocytes.
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Astrocytes showed linear and rapid uptake of both ABm and Apo. (A) Concentration-in
cellular uptake of Apm, (C) time-dependent increase in cellular uptake of ABm, and (E)
time-dependent decrease in Apm levels in media. (B) Concentration-dependent increase in
cellular uptake of Apo, (D) time-dependent increase in cellular uptake of Apo, and (F) time-
dependent decrease in Apo levels in media. After 3 and 7 days treatment with Ao,
oleocanthal or combination, ABm (200 nM) uptake study was initiated for 15 min, (G) effect
of treatments on Apm levels in astrocytes media (3 days treatment), (H) effect of treatments
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on ABm levels in cell lysate (3 days treatment), (1) effect of treatments on ABm levels in
astrocytes media (7 days treatment), and (J) effect of treatments on Apm levels in cell lysate
(7 days treatment). Values are normalized to the control. Data is presented as mean + SD, n=
3 independent experiments.
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densitometry analysis of ABCAL in CCF-STTGL1 cells after 3 and 7 days treatment with
Apo, oleocanthal, or combination. ABCA1 was significantly up-regulated by Apo treatment
for 3 and 7 days; oleocanthal addition didn’t significantly alter ABCA1 expression. Data is
presented as mean £ SD (*P<0.05, **P<0.01, ***P<0.001), n= 3 independent experiments.
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Figure 3.

After 3 (A) and 7 days (B) treatment with Apo, oleocanthal, or combination, ACM was
collected for IL-6 measurement using ELISA. Oleocanthal reduced the baseline release of
IL-6 and attenuated ABo-induced secretion of IL-6; values were normalized to the control.
The relative expression of astrocytes’ GFAP with the same treatments and duration as above,
was determined using Western blot analysis. (C) Representative Western blots and
densitometry analysis of GFAP showed significant up-regulation by the 3 days exposure to
Apo; oleocanthal addition attenuated ABo induced GFAP up-regulation. (D) Representative
Western blots and densitometry analysis of GFAP showed a significant up-regulation by the
7 days exposure to ABo; oleocanthal addition attenuated Apo induced GFAP up-regulation.
Data is presented as mean + SD (*P<0.05, **P<0.01, ***P<0.001), n= 3 independent
experiments.
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is presented as mean = SD (*P<0.05, **P<0.01), n= 3 independent experiments.
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the treatments. Data is presented as mean + SD (*P<0.05, **P<0.01), n = 3 independent
experiments.

Neuroscience. Author manuscript; available in PMC 2018 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Batarseh et al.

GLT1 rb' ﬂ:_ — o —

Page 23

SH-SYS5Y

3 Days

Control ApBo Oleo Oleo-ABo

7 Days

Control Afo Oleo Oleo-ABo

[ . - )| o r0a

Psoos | W S SN (G S S Sy | oo o
SNAP-25 s sneen s o ——— —  — | 23 KDa
GAPDH | St e S| [t S Sl S| 56 <00

3 Days
18+ GLT1 1.5+ PSD.95 15+ SNAP-zs

%m- —_— = %1.0- % 10+

o
-_gll.!m g 154 g [iLE
2 e o

- 10 an-
" Control AB> Oleo Oleo-ABo  Control Afo Oleo Oleo-ABo Control AB> Oleo Olec-ABo
7 Days
™ GLT1 g PSD-95 i SNAP-25
o ) . . ©
g’1.o~ ga 1.04 g; 104
o o E
- 5 o 8 o
& 2 2
20+ oo - no-

Contnﬁl Afo Oleo Dieo-APo

Figure 6.

Control Afo Oleo Oleo-Apo Control Afo Oleo Oleo-Apo

Representative Western blots and densitometry analysis of GLT1, PSD-95, and SNAP-25 in
SH-SY5Y after 3 and 7 days treatment with Ao, oleocanthal, or combination. None of the
treatments altered these proteins expression in SH-SY5Y cells. Data is presented as mean +

SD, n= 3 independent experiments.
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The relative expression of neuronal synaptic proteins GLT1, PSD-95, and SNAP-25 were
compared in SH-SY5Y-APP and non-transfected SH-SY5Y cells using Western blot.
Densitometry analysis of GLT1, PSD-95, and SNAP-25 revealed significantly lower
expressions in SH-SY5Y-APP cells compared to SH-SY5Y cells. Data is presented as mean

+ SD (***P<0.001), n= 3 independent experiments.
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Figure 8.
The relative expression of neuronal synaptic proteins GLT1, PSD-95, and SNAP-25 was

measured after 3 days of ACM addition to SH-SY5Y and SH-SY5Y-APP cells using
Western blot analysis. (A) Representative Western blots and densitometry analysis showed
ACM from ABo and combination treated astrocytes to significantly increase GLT1, PSD-95,
and SNAP-25 expressions in SH-SY5Y cells. Oleocanthal treatment has no effect on their
expression levels. (B) Representative Western blots and densitometry analysis showed ACM
from ABo, oleocanthal and the combination treated astrocytes have no effect on GLT1 and
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PSD-95 expressions in SH-SY5Y-APP cells. Only the expression of SNAP-25 was
significantly increased by ACM from Apo and combination treatments. Data is presented as
mean + SD (**P<0.01, ***P<0.001), n= 3 independent experiments.
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