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A B S T R A C T

Oleuropein aglycone (OleA), the most abundant polyphenol in extra virgin olive oil (EVOO), and
Hydroxythyrosol (HT), the OleA main metabolite, have attracted our interest due to their multitarget effects,
including the interference with amyloid aggregation path. However, the mechanistic details of their anti-amy-
loid effect are not known yet. We report here a broad biophysical approach and cell biology techniques that
enabled us to characterize the different molecular mechanisms by which OleA and HT modulate the Aβ1–42
fibrillation, a main histopathological feature of Alzheimer's disease (AD). In particular, OleA prevents the growth
of toxic Aβ1–42 oligomers and blocks their successive growth into mature fibrils following its interaction with the
peptide N-terminus, while HT speeds up harmless fibril formation. Our data demonstrate that, by stabilizing
oligomers and fibrils, both polyphenols reduce their seeding activity and aggregate/membrane interaction on
human neuroblastoma SH-SY5Y cells. These findings highlight the great potential of EVOO polyphenols and
offer the possibility to validate and to optimize their use for possible AD prevention and therapy.

1. Introduction

Natural polyphenols are a large class of phytochemicals found in
herbal beverages and in foods of plant origin. The dietary intake of
flavonoids (a large class of compounds including many polyphenols)
varies, from about 1.0 to 2.0 g/d, depending on the type and amount of
fruit, vegetables or beverages consumed (Sandhar et al., 2011). Several
animal and population studies suggest an inverse relation between a
diet rich in polyphenols and the occurrence of various diseases, in-
cluding cancer, cardiovascular and degenerative diseases (Valls-Pedret

et al., 2012; Virmani et al., 2013). In recent years, increasing interest
has been focused on plant polyphenols not only for their antioxidant
properties but also due to their ability to inhibit amyloid fibril growth,
to favour their disaggregation and to destabilize preformed fibrils
(Stefani and Rigacci, 2013). Peptide/protein aggregation into amyloid
fibrils is implicated in a number of human systemic or neurodegen-
erative diseases, including type 2 diabetes, Alzheimer's (AD) and Par-
kinson (PD) diseases. Polyphenols have also been shown to inhibit self-
assembly of several peptides/proteins associated with amyloid diseases
in different ways depending on the molecular features of either
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component (Ladiwala et al., 2011a,b). It has also been reported that
polyphenols in the glycoside or aglycone forms act differently to re-
model Aβ aggregates (Ladiwala et al., 2010).

The main phenolic compounds of extra-virgin olive oil (EVOO), a
key component of the Mediterranean diet, include oleuropein aglycone
(OleA) and its main metabolite, hydroxytyrosol (3,4-dihydrox-
yphenylethanol, HT), together with other minor components; these
molecules have attracted considerable interest for their biological and
pharmacological properties, including a remarkable antioxidant power
(Omar, 2010; Bendini et al., 2007). Other recent data indicate that OleA
interferes in vitro with the path of amyloid aggregation of some pep-
tides/proteins, including amylin (Rigacci et al., 2010), the Aβ1-42 pep-
tide (Rigacci et al., 2011) and tau protein (Daccache et al., 2011),
Transthyretin (Leri et al., 2016), β2-microglobulin (Leri et al., 2018)
and α-synuclein (Palazzi et al., 2018), skipping the growth of toxic pre-
fibrillar/oligomeric assemblies. The aggregation of tau protein was also
reported to be inhibited by olive polyphenols such as oleocanthal
(Daccache et al., 2011). Actually, these and other findings suggest that,
at least in part, OleA protection against protein aggregation could be
ascribed to its HT moiety arising from OleA hydrolysis, which occurs
during drupe maturation and squeezing, EVOO storage and digestion.

The differences in the biological effects of OleA and HT remain
largely elusive. Recent findings indicate that HT is the OleA moiety
mostly responsible for inhibition of amylin aggregation whereas the
antidiabetic effect resulting from stimulation of insulin secretion re-
quires the whole molecule (Wu et al., 2017). Our recent data indicate
the same protection by comparable doses of OleA or HT in a Tg murine
model of Aβ deposition (Nardiello et al., 2018). However, reduced in-
formation and very few mechanistic data, apart those relative to the
strong antioxidant power, are presently available on HT protection
against AD-associated neurodegeneration (Schaffer et al., 2010).

AD is the most common form of dementia in the elderly, and its
raising occurrence in developed countries, together with the lack of
effective therapies, poses dramatic problems to the families of AD pa-
tients and to the national health systems. Accordingly, finding mole-
cules or treatments useful for AD prevention and therapy or, at least,
able to delay the occurrence of AD symptoms has become a largely
investigated theme in biochemistry, molecular biology and pharma-
cology, even though the high costs and the inherent difficulties to get
positive results have led some leading pharma industries to announce to
stop their efforts in this research field. AD is characterized by the build-
up of intracellular neurofibrillary tangles (NFTs) of hyperpho-
sphorylated tau and of extracellular deposits of the Aβ1-42 peptide
found in diffuse and senile plaques around cerebral vessels and dys-
trophic/degenerating neurites (González-Correa et al., 2008). Ac-
cording to the amyloid cascade hypothesis (Murphy and LeVine, 2010),
Aβ1-42 and tau aggregation into oligomers and larger insoluble fibrils is
heavily implicated in the neurotoxic effects observed in AD pathology
(Karran et al., 2011).

Previous data on the interference of OleA with Aβ1-42 aggregation in
vitro and the reported beneficial effects of olive polyphenols in Aβ-ex-
posed cells and in transgenic animal models of Aβ deposition (Nardiello
et al., 2018; Irvine et al., 2008; Diomede et al., 2013; Grossi et al., 2013;
Luccarini et al., 2015) prompted us to study in detail some molecular
aspects of the interference of OleA and HT with Aβ1-42 amyloid ag-
gregation. A detailed knowledge of the molecular mechanisms under-
lying cytoprotection by the two polyphenols might provide significant
information for future design of novel therapeutic strategies aimed at
preventing, arresting and/or reversing the progression of AD and other
neurodegenerative diseases with amyloid deposition.

2. Materials and methods

2.1. Aβ1-42 aggregation

Aβ1-42 peptide solutions were prepared by dissolving lyophilized

Aβ1-42 (Bachem, Bubendorf, Switzerland), in 100% hexa-
fluoroisopropanol (HFIP) to a 1.0 mM final concentration. After HFIP
evaporation over-night at room temperature, the samples were stored at
−20 °C until use. Amyloid aggregates were grown by dissolving the
peptide (25 μM final concentration) in 20mM sodium phosphate buffer,
pH 7.4, at 25 °C. These aggregation condition were compatible with the
chemical and physical properties of both polyphenols. Then, the sam-
ples were sonicated for 15min and centrifuged at 18000×g for
15min at 4 °C; peptide concentration in the clear supernatant was de-
termined from solution absorbance (ε280= 1490mol−1 cm−1). The
Aβ1-42 sample aggregated for 24 h at 25 °C without shaking was mostly
populated by oligomers, whereas fibrils were mainly present in the 72
h-aged samples. Aβ1-42 aggregation was also carried out in the presence
of either 25 or 75 μM of OleA or HT (molar ratio Aβ:polyphenols= 1:1
or 1:3, respectively).

2.2. Preparation of oleuropein and hydroxytyrosol samples

Oleuropein (Extrasynthese) was deglycosylated by treatment with
almond β-glucosidase (EC 3.2.1.21, Fluka, Sigma-Aldrich), as pre-
viously described (Rigacci et al., 2010, 2011). Briefly, a 10mM solution
of oleuropein in 310 μL of 0.1 M sodium phosphate buffer, pH 7.0, was
incubated with 8.9 I.U. of β-glucosidase overnight at room temperature.
Then, the reaction mixture was centrifuged at 18000 rpm for 10min to
precipitate OleA and the precipitate was resuspended in DMSO in
100mM stocks. Complete oleuropein deglycosylation was confirmed by
assaying the glucose released in the supernatant with the Glucose (HK)
Assay kit (Sigma-Aldrich). Stocks of OleA were kept frozen and pro-
tected from light, and were used within the same day once opened.

HT was purchased from Sigma-Aldrich and the powder dissolved in
aqueous solution at 100mM final concentration and stored at −20 °C,
as previously reported (Zafra-Gómez et al., 2011).

2.3. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed in a
low-volume quartz cuvette (Hellma Analytics, Müllheim, Germany)
using a Zetasizer Nano S DLS device from Malvern Instruments
(Malvern, Worcestershire, UK) thermostated at 37 °C with a Peltier
system. DLS is useful to measure the average size and size distribution
of particles in solution. Size distributions by intensity and total light-
scattering intensity were determined in 5 acquisitions (cell position
4.2 cm, attenuator index 7) of 10 s each, over a period of 10min. The
reported data are the average of three independent measurements.

2.4. Fourier transform infrared (FTIR) spectroscopy

The Aβ1-42 samples at 25 μM peptide concentration in 20mM so-
dium phosphate buffer, pH 7.4, were incubated at 25 °C in the absence
or in the presence of OleA or HT and were analysed by FTIR spectro-
scopy in attenuated total reflection (ATR) at different aggregation times
(24 h or 72 h). In particular, 2.0 μL sample aliquots were deposited on
the diamond element of the ATR device and the spectra were collected
after solvent evaporation to get a protein film (Cerf et al., 2009).
Trough FTIR we can investigate the secondary structures and local
conformational changes of each samples during the aggregation pro-
cess. The spectra were collected and analysed as previously reported
(Bisceglia et al., 2018) using a Varian 670-IR spectrometer (Varian
Australia Pty Ltd, Australia) at the following conditions: 1000 scan
coadditions, 25 kHz of scan speed, 2.0 cm−1 of spectral resolution,
triangular apodization, and nitrogen-cooled Mercury Cadmium Tell-
uride detector. Fourier self deconvolution was obtained with a full
width at half height of 13.33 cm−1 and a resolution enhancement factor
K=1.5 (Cerf et al., 2009; Natalello et al. 2016) using the Resolutions-
Pro software (Varian Australia Pty Ltd, Australia).
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2.5. Thioflavin T assay

To asses the amyloidogenic structure we performed a Thioflavin T
(ThT) assa, a specific probe that exhibits a strong increase of its fluor-
escence quantum yield upon binding to cross-β-sheet structure of
amyloid, thus allowing quantitative assessment of the presence of fi-
brillary species. . Aβ1-42 aggregates grown for different times (0 h, 3 h,
24 h, 48 h, 72 h) in the absence or in the presence of OleA or HT, were
diluted to 15 μM (monomeric peptide concentration) with 20mM
phosphate buffer, pH 7.4, at 25 °C and supplemented with a small vo-
lume of a 1.0 mM ThT solution adjusted to 20 μM final concentration.
Then, each sample was transferred into multiple wells of a 96-well half-
area, low-binding, clear bottom (200 μL/well) and ThT fluorescence
was read at the maximum intensity of fluorescence of 485 nm using a
Biotek Synergy 1H plate reader; buffer fluorescence was subtracted
from the fluorescence values of all samples. To ascertain any OleA or
HT interference with ThT fluorescence, controls experiments were
performed where OleA and HT were added in pre-made Aβ1-42 ag-
gregates either immediately before or after addition of the ThT solution.

2.6. Seeding experiments

Seeding experiments were carried out using 25 μMAβ1-42 monomers
and 72 h-aged pre-formed aggregates (F) grown in the absence or in the
presence of OleA (F/OleA) or HT (F/HT), at the 1:3 protein: polyphenol
molar ratio. We added seeds (at 5.0% ratio) to the monomer so that
seeds concentration was 1.25 μM relative to monomer concentration
(25 μM), according to Ladiwala et al., (2011).

2.7. Gel electrophoresis and silver staining

Aβ samples (25 μM, monomer concentration) aggregated for 72 h in
the absence or in the presence of OleA, HT 1×or HT 3×were diluted
in 2× Laemmli sample buffer (Bio-Rad) and centrifuged for 20min at
18000×g at 4 °C to separate fibrils from oligomers. To analyze OleA/
HT interaction with different Aβ1-42 conformations, the samples were
incubated for 3 h at 25 °C without agitation, diluited in 2× Laemmli
sample buffer (Bio-Rad) and sonicated for 1min. Each sample was
analysed using 4–20% precast Stain-Free™ gels (Bio-Rad) and silver
stained.

2.8. Transmission electron microscopy (TEM) imaging

5.0 μL aliquots of Aβ1-42 aggregated in the presence or in the ab-
sence of OleA, HT 1× or HT 3× , were withdrawn at different ag-
gregation times, loaded onto a formvar/carbon-coated 400 mesh nickel
grids (Agar Scientific, Stansted, UK) and negatively stained with 2.0%
(w/v) uranyl acetate (Sigma-Aldrich). The grid was air-dried and ex-
amined using a JEM 1010 transmission electron microscope at 80 kV
excitation voltage.

2.9. Fluorescence quenching experiments

Fluorescence quenching by acrylamide. The quenching of the tyrosine
(Tyr10) emission of Aβ1-42, which lacks tryptophan residues, was in-
vestigated with the neutral, water-soluble quencher, acrylamide.
Fluorescence quenching (the decrease in intensity induced by a
quencher molecule) offers a powerful approach to detect solvent ex-
posure of Tyr10 in the monomeric, oligomeric and fibrillar Aβ1-42.
Aliquots of protein solutions were withdrawn at various aggregation
times (final concentration of Aβ1-42 2.5 μM) and mixed with increasing
concentrations of acrylamide (0–15 μM) in 20mM sodium phosphate
buffer, pH 7.4. The intrinsic fluorescence was recorded before and after
addition of the quencher. The excitation wavelength was set at 275 nm
and the emission intensity was scanned in the 300–450 nm range.
Fluorescence intensities were corrected for dilution resulting from

stepwise addition of acrylamide. Stern-Volmer plots for Aβ1-42 were
fitted with the linear equation F0/F = Ksv*A + q, where F0 and F are
the intrinsic fluorescence intensities in the absence and in the presence
of acrylamide, respectively, A is acrylamide concentration, and Ksv is
the Stern-Volmer constant (Ladiwala et al., 2011a,b).

Fluorescence quenching by polyphenols. Aliquots of Aβ1-42 aggregates
aged 24 h were mixed with increasing OleA or HT concentrations
(0–21 μM) in 20mM phosphate buffer, pH 7.4, The curves obtained in
the presence of different concentrations of polyphenols were fitted with
the polynomial equation (F0)/F= Ksvx2+Kstx+1, where Ksv is the
Stern-Volmer constant for dynamic quenching and Kst is the static
component of the quenching process (Souillac et al., 2003).

2.10. Intrinsic fluorescence measurements

Intrinsic fluorescence is a powerful indicator of protein's con-
formational states. Protein aromatic amino acids fluoresce upon UV
excitation. During the transition of the protein from folded to unfolded
states, the local environment of the aromatic amino acids also changes,
which in turn affects their fluorescence properties. Intrinsic fluores-
cence spectra of Aβ1-42 were collected at 275 nm excitation before and
after OleA or HT supplementation and the emission intensity was
scanned in the 300–430 nm range. The fluorescence emission spectra
were acquired using the Biotek Synergy 1H plate reader. To perform the
experiment, we analysed 25 μMAβ1-42 aggregates grown for 24 h in the
absence or in the presence of OleA or HT after subtraction of the PBS, or
polyphenols/PBS spectrum. We checked different protein:polyphenol
molar ratios (1:0.5, 1:1, 1:3, 1:6 and 1:9). All samples were diluted 10
times in each reading.

2.11. Cell culture

Human neuroblastoma (SH-SY5Y) cells were cultured at 37 °C in
complete medium (50% HAM, 50% DMEM, 10% foetal bovine serum,
3.0 mM glutamine, 100 units/ml penicillin and 100 μg/ml strepto-
mycin), in a humidified, 5.0% CO2 incubator. All materials used for cell
culture were from Sigma Aldrich. To induce differentiation, 24 h after
cell seeding the serum levels in the culture medium were reduced to
3.0% with 10 μM retinoic acid (RA) for seven days prior to treatment
(Cheung et al., 2009). For the MTT assay, differentiated cells (RA-SH-
SY5Y, 1×104 cells/well) were cultured in a 96-well plate. For im-
munofluorescence staining, the differentiated cells were cultured in a
24-well plate at 2.5× 104 cells/well. Cell differentiation was checked
by immunostaining with anti-synaptophysin antibody (Sigma-Aldrich).

2.12. MTT assay

Cell viability was assessed by the MTT assay optimized for the cell
line used in the experiments. Briefly, RA-SH-SY5Y cells were seeded
into 96-well plates at a density of 6000 cells/well in fresh complete
medium and grown for 48 h. Then, the cells were treated for 24 h with
2.5 μMAβ1-42 at different times of aggregation in the presence or in the
absence of OleA or HT. After 24 h of incubation, the culture medium
was removed and the cells were incubated for 1.0 h at 37 °C in 100 μL of
serum-free DMEM without phenol red, containing 0.5 mg/ml MTT.
Then, 100 μL of cell lysis solution (20% SDS, 50% N,N-di-
methylformamide) was added to each well and the samples were in-
cubated at 37 °C for 2 h to allow complete cell lysis. The absorbance of
the blue formazan resulting from MTT reduction was read at 570 nm
using a spectrophotometric microplate reader. Final absorption values
were calculated by averaging each sample in triplicate after blank
(100 μL of MTT solution + 100 μL of lysis solution) subtraction.

2.13. ROS determination

Intracellular reactive oxygen species (ROS) were determined using
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the fluorescent probe 2′,7′–dichlorofluorescein diacetate, acetyl ester
(CM-H2 DCFDA; Molecular Probes), a cell-permeant indicator for ROS
that becomes-fluorescent on removal of the acetate groups by cellular
esterases. The subsequent oxidation can be detected by monitoring the
increase in fluorescence at 538 nm. RA-SH-SY5Y cells were plated on
96-well plates at a density of 10000 cells/well and exposed for 24 h to
the aggregates. Then, 10 μM DCFDA in DMEM without phenol red was
added to each well. The fluorescence values at 538 nm were detected
after 30min by Fluoroscan Ascent FL (Thermo-Fisher).

2.14. Calcium fluxes

The cytosolic levels of free Ca2+ were measured using the fluor-
escent probe Fluo-3 acetoxymethyl ester (Fluo-3 AM; Molecular
Probes). Subconfluent RA-SH-SY5Y cells cultured on glass coverslips
were incubated at 37 °C for 5min with 5.0 μM Fluo-3 AM prior to ex-
posure for different lengths of time (30min, 1 h, 3 h or 5 h) to Aβ1-42
aggregates grown for 72 h in the presence or in the absence of OleA, HT
1× or HT 3× . At the end of the incubation, the cells were fixed in
2.0% buffered paraformaldehyde for 10min. Cell fluorescence was
imaged using a confocal Leica TCS SP5 scanning microscope (Leica,
Mannheim, Ge) equipped with a HeNe/Ar laser source for fluorescence
measurements. The observations were performed using a Leica Plan 7
Apo X63 oil immersion objective, suited with optics for DIC acquisition.
Cells from five independent experiments and three areas (about
20 cells/area) per experiment were analysed. Fluorescence intensity of
Fluo3-AM was measured using the ImageJ software (National Institutes
of Health Bethesda, MD), and expressed as arbitrary units.

2.15. Immunofluorescence

Subconfluent RA-SH-SY5Y cells grown on glass coverslips were ex-
posed for 24 h to 2.5 μMAβ1-42 aggregates grown in the presence or in
the absence of polyphenols (OleA, HT 1× or HT 3× ) and then washed
with PBS. GM1 labelling was performed by incubating the cells with
10 ng/mL CTX-B Alexa488 in complete medium for 10min at room
temperature. Then, the cells were fixed in 2.0% buffered paraf-
ormaldehyde for 10min and permeabilized by treatment with a 1:1
acetone/ethanol solution for 4.0min at room temperature, washed with
PBS and blocked with PBS containing 0.5% BSA and 0.2% gelatin. After
incubation for 1.0 h at room temperature with rabbit anti-Aβ1-42 poly-
clonal antibody diluted 1:600 in blocking solution, the cells were wa-
shed with PBS for 30min under stirring and then incubated with
Alexa568-conjugated anti-rabbit secondary antibody (Molecular
Probes) diluted 1:100 in PBS. Finally, the cells were washed twice in
PBS and once in distilled water to remove non-specifically bound an-
tibodies. Cell fluorescence was imaged using a confocal Leica TCS SP5
scanning microscope (Leica, Mannheim, Ge) equipped with a HeNe/Ar
laser source for fluorescence measurements. The observations were
performed using a Leica Plan 7 Apo X63 oil immersion objective. FRET
analysis was performed by adopting the FRET sensitized emission
method, as previously reported (Nosi et al., 2012).

2.16. Statistical analysis

Statistical analysis of the data was performed by using one way
analysis of variance (ANOVA).

3. Results

3.1. Biophysical features of Aβ1-42 aggregates

Initially, we investigated the role of OleA or HT in Aβ1-42 ag-
gregation, by carrying out a ThT binding assay using two different
protein/polyphenols molar ratios (1:1 and 1:3). We investigated this
range to compare our data with previously reported findings relative to

Aβ1-42 aggregation under different conditions (Rigacci et al., 2011).
Therefore, we used Aβ1-42 (25 μM) mixed with 25 μM (1:1M ratio; 1× )
and 75 μM (1:3M ratio; 3× ) of OleA or HT. The best protein/poly-
phenols molar ratio was determined by assessing the effects of either
polyphenol on Aβ1-42-induced toxicity on exposed human RA-SH-SY5Y
neuroblastoma cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reduction assay (Supplementary Fig. 1).
These preliminary data showed that for OleA the 1:3 M ratio was the
concentration that induced a total recovery of cell viability
(Supplementary Fig. 1B) and the higher reduction of ThT fluorescence
(Fig. 1A). The same molar ratio was used for HTTwo concentrations 1:1
and 1:3 were used for HT, to compare the OleA and HT effects
(Supplementary Fig. 1A and 1A); in addition, to assess whether the
biological efficacy was due to OleA or to its metabolite, we used also the
1:1 M ratio considering that about 30% of OleA is metabolised to HT
(Santos et al., 2012). The samples were made to aggregate at 25 °C
without shaking (see under Material and Methods), then, aliquots were
withdrawn at different times of aggregation and analysed. Fig. 1A re-
ports the maximum fluorescence intensity at 485 nm resulting from ThT
binding to Aβ1-42 at different times of aggregation (0–72 h) in the
presence or in the absence of either polyphenol. The maximum in-
tensity of fluorescence was recorded after 24 h of aggregation, followed
by a progressive decrease. In the presence of OleA and HT, we recorded
a reduction of total ThT fluorescence intensity at each time; in parti-
cular, a remarkable reduction of the maximum fluorescence intensity
(around 40%) was seen. These data suggest either reduced aggregation,
thus confirming previous data with OleA (Rigacci et al., 2010, 2011;
Leri et al., 2016, 2018) and/or the growth, during aggregation, of in-
termediate and fibrillar species with reduced affinity to ThT respect to

Fig. 1. Biophysical analysis of Aβ1−42 aggregation. (A) ThT fluorescence
intensity of the samples aggregated in the absence (♦) or in the presence of
OleA or HT: OleA 1x (□), OleA 3× (■), HT 1× (▲), HT 3× (●) recorded at
different times of aggregation (0 h, 24 h, 48 h and 72 h). (B) DLS spectra of Aβ1-
42 aggregates grown in the presence or in the absence of OleA or HT under the
same conditions. (C) SDS-Page of aggregates aged 72 h in the presence or in the
absence of OleA and HT 1× or HT 3× . The MW of the protein standards span
from 250 KDa to 10 KDa.
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that displayed by the species grown in the absence of either polyphenol.
In the Aβ/OleA samples, a plateau was observed after 24 h of incuba-
tion while in the Aβ/HT samples the maximum fluorescence intensity
was reached after about 48 h of incubation, followed by a drastic re-
duction.

To monitor particle size distribution at different times of aggrega-
tion, the same samples were also analysed by DLS after centrifugation at
14000 rpm at 4 °C to spin down large aggregates. Small species with a
hydrodynamic diameter (Dh) of around 8.0 nm were found in the pro-
tein sample before starting aggregation (0 h). Oligomers with Dh around
300 nm were found in the sample after 24 h of aggregation and het-
erogeneous materials including oligomers and fibrils around 200, 1000
e 6000 nm in size were detected after 72 h (Fig. 1B). At the same ag-
gregation times but in the presence of OleA, the average particle size of
the aggregated material was slightly larger than that measured for ag-
gregates grown in the absence of OleA (at 0 h and 24 h), while it ap-
peared reduced in the 72 h aged sample (Fig. 1B). When the same ex-
periments were carried out in the presence of two different
concentrations of HT, at each time point we found a dose-dependent,
yet moderate, growth of larger species indicating faster aggregation
(Fig. 1B).

Finally, the sizes of the Aβ1-42 aggregates grown for 72 h in the
absence or in the presence of OleA, HT 1×or HT 3×were analysed by
SDS-page after separation of soluble (oligomers) from insoluble ag-
gregates by centrifugation. We found that SDS affected differently the
aggregates grown in the presence of HT 3× respect to those grown
alone or in the presence of OleA or of HT 1× (Fig. 1C). In fact, the
aggregates grown in the presence of HT 3× appeared completely dis-
solved by SDS, suggesting reduced stability of these larger aggregates.

Taken together, the findings of the ThT, DLS and SDS-PAGE analysis
suggest that both polyphenols interfere, although differently, with the
path of Aβ1-42 aggregation. In fact, OleA favours the growth of minute
protofibrils inhibiting their further growth along the fibrillation path, in
agreement with our previous data (Rigacci et al., 2011), whereas HT
favours the growth of Aβ1-42 oligomers into higher Mw species with
biophysical properties different from those of the aggregates arising
from Aβ1-42 alone. To extend these data we carried out further analysis
of the structural and morphological features of the aggregates grown
under the conditions reported above.

3.2. Structural and morphological analysis of Aβ1-42 aggregates

Once described Aβ1-42 aggregation and aggregate stability at dif-
ferent aggregation times in the absence or in the presence of either
polyphenol, we investigated the structural features of the aggregates.
The Aβ1-42 secondary structure at different aggregation times (24 h or
72 h) in the absence or in the presence of OleA or HT was investigated
by ATR-FTIR spectroscopy (Fig. 2A). The Fourier self deconvoluted
spectrum of the peptide incubated for 24 h under aggregation condi-
tions displayed two Amide I components around 1693 cm−1 and
1629 cm−1 previously proposed as the spectral signature of the oligo-
meric Aβ1-42 peptide (Cerf et al., 2009). In particular, the two compo-
nents were assigned to anti-parallel β-sheet structures in oligomeric and
amorphous aggregates of Aβ1-42 (Cerf et al., 2009) and other peptides
(Sarroukh et al., 2013; Natalello et al., 2008). Similar spectral features
were observed when Aβ1-42 was aggregated in the presence of OleA or
HT, suggesting that 24 h of aggregation under these conditions results
in the massive presence of oligomeric species and/or immature fibrils.
At prolonged times of aggregation (72 h), the intensity of the
∼1693 cm−1 component clearly decreased in the spectra of Aβ1-42
aggregated in the presence or in the absence of HT 1×or HT 3× , and
the Amide I band of these samples was dominated by the component at
∼1629 cm−1. These results suggest a structural transition from anti-
parallel to parallel β-sheet in peptide fibrils (Cerf et al., 2009). On the
contrary, the ∼1693 cm−1 component remained more evident in the
presence of OleA, suggesting that the latter while not inhibiting the

growth of oligomeric species hindered that of mature fibrils. Overall,
these data agree with the biophysical characterization and confirm that
HT favours the growth of fibrils, yet with different structural features.

The structural features of the assemblies populating the different
steps of fibrillogenesis in the absence or in the presence of OleA or HT
were further investigated by TEM. Only oligomeric and pre-fibrillar
structures were evident in the Aβ1-42 sample aggregated for 24 h in the
absence or in the presence of the polyphenols (Fig. 2B), confirming
previous findings with OleA (Rigacci et al., 2010). The samples grown
in the presence of HT (1× or 3× ) were enriched in short linear pro-
tofibrils. After prolonged incubation (72 h), packed dense clusters of
mature fibrils were observed in Aβ1-42 aggregated alone or in the pre-
sence of HT 3× ; both fibrils and prefibrillar structures were populated
in the sample aggregated in the presence of HT 1× , whereas the fi-
brillar species were still completely absent in the sample aggregated in
the presence of OleA (Fig. 2B). Overall, these data confirm that OleA
hinders potently the growth of mature fibrils while stabilizing pre-
fibrillar species enriched in antiparallel β-sheet, whereas HT seems to
accelerate the formation of ThT-negative and SDS-soluble fibrils with
antiparallel β-sheet structure, as shown by the FTIR analysis reported
above. The results obtained with OleA are comparable to those pre-
viously reported for tau (Daccache et al., 2011), amylin (Rigacci et al.,
2010) and transthyretin (Leri et al., 2016) and confirm our previous
findings obtained with a higher OleA:Aβ ratio (Rigacci et al., 2011).

3.3. OleA and HT interaction with Aβ1-42

To better describe the structural modifications in Aβ1-42 aggregates
grown in the presence of either polyphenol, we performed quenching
experiments of Aβ1-42 intrinsic fluorescence in the presence of acryla-
mide. In particular, we analysed solvent exposure and intrinsic fluor-
escent property of Tyr10 that is completely exposed in the oligomeric

Fig. 2. Morphological and secondary structures analysis of Aβ1-42 ag-
gregates obtained in the presence or in the absence of polyphenols. (A)
Fourier self deconvoluted ATR-FTIR spectra of Aβ1-42 incubated for 24 h or 72 h
in the presence or in the absence of OleA, HT 1× , or HT 3× . The
∼1629 cm−1 and ∼1693 cm−1 components are indicated. The spectra are
partially superimposed and shifted along the y axis for better visualization. (B)
TEM images of Aβ1-42 aggregated for 24 h or 72 h in the presence or in the
absence of OleA, HT 1× or HT 3× .
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species while it is significantly buried in mature fibrils, in accordance
with its proximity to the cross-β core (Aran Terol et al., 2015). We
found that the Stern-Volmer plots were linear with oligomers growth
after 24 h of aggregation (Fig. 3A), in agreement with the addition of a
collisional quencher such as acrylamide (Eftink and Ghiron, 1976).
However, the acrylamide quenching effects were significantly reduced
(by about 10%, 50% and 60%, respectively) in the same aggregates
grown in the presence of OleA, HT 1×or HT 3× , as indicated by the
Stern-Volmer quenching constants (Ksv) (Fig. 3B), suggesting increas-
ingly reduced exposure of this residue.

To extend these data, we also analysed the intrinsic fluorescence of
25 μMAβ1-42 aggregated for 24 h in the presence of different con-
centrations of either OleA or HT (at 0× , 0.5× , 1× , 3× , 6× and
9× respect to Aβ1-42 M concentration). Fig. 3C shows that OleA inter-
fered with Tyr10 exposure already at the lowest concentrations (0.5× ,
1× , 3× ) in a dose-dependent manner, whereas the Aβ1-42 intrinsic
fluorescence did not change in the presence of the same concentrations
of HT; rather, for HT the highest concentrations tested (6× and 9× )
were required to produce similar effects. The low acrylamide quenching
observed in Fig. 3A and the lack of modifications of intrinsic fluores-
cence intensity in Aβ1-42 grown in the presence of low concentrations of
HT suggest reduced solvent exposure of Tyr10. Overall, in addition to
the TEM and FTIR analysis, our data, indicate that HT activates the
fibrillation process of Aβ1-42, whereas OleA stabilizes the oligomeric
intermediates that exhibit solvent-exposed Tyr10 thus significantly
delaying fibril formation. Next, we sought to assess whether the two

polyphenols were also able to bind pre-formed aggregates and to
identify, if any, the specific amyloid assembly they interacted with. To
do this, we performed SDS-page analysis of Aβ1-42 conformers popu-
lated in peptide samples aggregated for 0, 24 or 72 h and then treated
for 3 h with or without 3×OleA or HT. We found that the two poly-
phenols did not bind mature fibrils populating the 72 h-aged Aβ1-42
sample; rather, they interacted with the Aβ1-42 sample aged 0 h or 24 h,
mainly populated by monomers and oligomers; moreover, during the
incubation time with the polyphenols (3 h) we observed that the SDS-
resistant intermediates with a molecular weight around 25 kDa were
stabilized (Fig. 3D). These results are not surprising; in fact, it has been
reported that other polyphenols do interact with amyloid structures in a
conformation-, rather than sequence-dependent mode (Yang et al.,
2005).

To confirm that OleA interacted specifically with the Aβ1-42 species
arising from 24 h-aggregation, we used OleA and HT as Tyr10
quenchers. Fig. 3E shows the Stern-Volmer plot of Tyr10 quenching by
OleA. The polynomial fitting suggests that OleA, due to its higher than
HT hydrophobicity, contacted more easily the exposed aromatic re-
sidues of the peptide. Moreover, the fitting indicates that OleA, at the
lowest dose, interacted specifically with aromatic residues by static
quenching, whereas a dynamic quenching was observed with pro-
gressive saturation of protein binding sites. These data support the
possibility that OleA interferes with Aβ1-42 aggregation in two different,
yet not mutually exclusive, ways: i) by binding the monomeric peptide
and ii) by binding the nascent aggregates, thus generating complexes
with different aggregation propensities. Moreover, as expected, the lack
of quenching by HT indicated that the latter, much more hydrophilic
than OleA, interacted with Aβ1-42 aggregates in a completely different
manner (Fig. 3F). Indeed, at all concentrations tested, HT interacted
negligibly with exposed aromatic residues in 24 h-aged aggregates,
suggesting that HT bind to Aβ1-42 in a different region respect to OleA.

3.4. Biochemical modifications in aggregate-exposed cells

Once described the interference of either polyphenol with the ag-
gregation path of Aβ1-42 together with the different interaction mode
with the peptide, we investigated whether, and to what extent, OleA or
HT affected the cytotoxicity of Aβ1−42 aggregates. To do this, we
treated RA-SH-SY5Y neuroblastoma cells for 24 h with 2.5 μM
(monomer concentration) Aβ1−42 aggregates grown in the absence or
in the presence of OleA or HT 1×or 3× . At the end of the incubation,
cell viability was assayed by the MTT test. The Aβ1-42 aggregates aged
24 h or 72 h displayed similar cytotoxicity, reducing cell viability by
about 40% and 50%, respectively whereas the polyphenols did not
exhibit any intrinsic cytotoxicity (Fig. 4A); however, aggregate toxicity
was reduced similarly when the cells were exposed to the same con-
centrations of Aβ1-42 aggregates grown 24 h or 72 h in the presence of
OleA or HT. In particular, cell viability recovery was about
20% ± 7.8% in the presence of Aβ1−42 -OleA and 30% ± 9.0% in the
presence of Aβ1−42 -HT 1×or 3× (Fig. 4A); the latter figure indicates
greater efficacy of HT respect to Ole against aggregate cytotoxicity.
Similar data were obtained with 72 h-aged aggregates grown in the
presence of OleA or HT.

Then, we investigated the protection mechanisms by OleA and HT
against β-amyloid-induced cytotoxicity. It is known that Ca2+ and ROS
derangement are important biochemical and functional modifications
underlying cytotoxicity to aggregate-exposed cells (Bucciantini et al.,
2004; Novitskaya et al., 2006); accordingly, we checked whether OleA
and HT were protective against Aβ1−42 aggregate toxicity in terms of
Ca2+ and ROS levels. We measured intracellular free Ca2+ (Fig. 4C and
D) and ROS (Fig. 4B) by using the fluorescent probes Fluo-3-acetox-
ymethyl ester (Fluo-3AM) and CM-H2DCFDA, respectively. As expected,
ROS levels were increased by 1.5 and 2.5 fold in cells exposed to 24 h-
or 72 h-aged Aβ1-42 aggregates with respect to untreated cells. How-
ever, the oxidative stress was reduced in cells exposed to amyloid

Fig. 3. OleA selectively interacts with the fraction enriched in Aβ1-42 oli-
gomers. (A) Stern-Volmer quenching plot of Aβ1-42 grown for 24 h in the ab-
sence or in the presence of either polyphenol. (B) Stern-Volmer quenching
constant (Ksv) ± SD calculated from the linear fit of the data in (A). (C)
Intensity of intrinsic fluorescence emission of Aβ1-42 aggregates aged 24 h as a
function of OleA or HT concentration. (D) SDS-page of the fractions enriched in
monomer (0 h), oligomers (24 h) and fibrils (72 h), after incubation for 3 h with
OleA or HT. (E, F) Intrinsic fluorescence quenching induced by OleA (E) or HT
(F) in 24 h-aged Aβ1-42 aggregates grown in the absence of polyphenols.
*p < 0.05; **p < 0.01 respect to Aβ1−42 alone.

M. Leri, et al. Food and Chemical Toxicology 129 (2019) 1–12

6



aggregates grown in the presence of either polyphenol. This effect was
particularly evident in cells exposed to fibrils-enriched Aβ1-42 samples
grown in the presence of OleA and even more evident in cells exposed
to Aβ1-42 aggregates grown in the presence of HT. It is unlikely that the
higher HT efficacy against oxidative stress in aggregate-exposed cells
was due to its stronger anti-oxidant power, as the same protection was
recorded in cells exposed to the aggregates grown in the presence of
either 1× or 3×HT [40, 41], in agreement with our previous data in
OleA-fed CRND8 mice (Grossi et al., 2013; Luccarini et al., 2015).

Finally, we measured the intracellular free Ca2+ levels in RA-SH-
SY5Y cells exposed to Aβ1-42 aggregated for 24 h (data not shown) or
72 h in the absence or in the presence of OleA or HT. Fig. 4C and D
shows a time-dependent increase of the intracellular Ca2+ level in cells
exposed to 2.5 μMAβ1-42 aggregated for 72 h (the same increase of
Ca2+ levels was found in cells exposed to 24 h-aged aggregates).
However, we did not observe any significant increase of intracellular
Ca2+ in cells treated with the same concentration of Aβ1-42 aggregates
grown in the presence of OleA, HT 1× or HT 3× , in agreement with
the MTT and ROS data. Overall, our findings besides confirming pre-
vious data relative to OleA (Grossi et al., 2013; Luccarini et al., 2015),
indicate that HT is also able to reduce the cytotoxicity of Aβ1-42 ag-
gregates both in their fibrillar and pre-fibrillar conformations relieving,
even more efficiently than OleA, the amyloid-induced increase of Ca2+

influx and ROS production. We did not investigate the molecular me-
chanisms underlying OleA and HT protection against oxidative stress
and Ca2+ increase; therefore, we cannot exclude that either polyphenol
reaches these effects by affecting different cellular functions.

3.5. Interaction of Aβ1-42 aggregates with the cell membrane

It is widely reported that amyloid aggregate cytotoxicity requires
the primary interaction of the amyloids with the cell membrane; the
latter results in functional and/or structural perturbation of the mem-
brane with ensuing derangement of cell signalling (Silva et al., 2006;
Cicerale et al., 2012; Bucciantini et al., 2012; Calamai and Pavone,

2013) and alterations of free Ca2+ and ROS levels (Bucciantini et al.,
2004; Pellistri et al., 2008). Other effects, such as the interaction with
membrane receptors (Pellistri et al., 2008; Salazar and Strittmatter,
2017; Haas and Strittmatter, 2016; Abedini et al., 2018) and the in-
terference with signalling pathways have also been reported (.Haas and
Strittmatter, 2016; Zhang et al., 2008). Accordingly, we sought to relate
protection by either polyphenol against aggregate cytotoxicity to the
ability of the different Aβ1-42 aggregates grown in the absence or in the
presence of OleA or HT to interact with the cell membrane of the ex-
posed cells. To do this, we performed confocal microscopy experiments
using both a polyclonal antibody raised against recombinant Aβ1-42 and
Alexa 488-conjugated CTX-B. The latter is a probe specific for the
monosialotetrahexosylganglioside 1 (GM1), a common lipid raft marker
widely reported as an important interaction site for amyloids
(Bucciantini et al., 2012; Evangelisti et al., 2012; Hong et al., 2014).

Confocal imaging showed that Aβ1-42 aggregates built up at the RA-
SH-SY5Y plasma membrane (Fig. 5). These aggregates not only co-lo-
calized with GM1 in general terms but also displayed FRET signal
suggesting their close spatial relation or even direct interaction with
membrane GM1 (Fig. 5, panel a). However, when the cells were ex-
posed to the much less toxic Aβ1-42 aggregates grown in the presence of
OleA or HT, we did not observe any aggregate cluster on the membrane
and consequently, any FRET signal with GM1 (Fig. 5, panels 2c, 3c, 4c).
These data confirm the importance of aggregate-membrane interaction
as a trigger of cell toxicity and provide a rationale for the lack of cy-
totoxicity of the aggregates grown in the presence of either polyphenol.

3.6. Self-propagation of Aβ1-42 aggregates grown in the presence of OleA or
HT

Neurodegenerative diseases are characterized by self-propagation of
pre-formed aggregates by secondary nucleation. Several studies report
data showing that fibrillar material extracted from brain tissue of AD
people accelerates fibril growth from Aβ1−42 in vitro, and that synthetic
fibrils are able to seed further fibril growth (Petkova et al., 2005;

Fig. 4. Cytotoxicity of Aβ1-42 aggregates. RA-SH-SY5Y
cells exposed for 24 h to 2.5 μM (monomer concentration)
Aβ1-42 samples previously aggregated for 24 h or 72 h in
the absence or in the presence of OleA (Aβ1-42/OleA), HT
1× (Aβ1-42/HT 1× ) or HT 3× (Aβ1-42/HT 3× ). (A)
MTT assay (B) ROS production in RA-SH-SY5Y cells ex-
posed for 24 h to the same aggregates. (C) Confocal mi-
croscopy imaging of intracellular free Ca2+ levels in RA-
SH-SY5Y cells exposed for 30min, 1 h, 3 h or 5 h to
2.5 μMAβ1-42 aggregated for 72 h in the absence or in the
presence of OleA 3× (Aβ/OleA), HT1× (Aβ/HT 1× ) or
HT 3× (Aβ/HT 3× ). (D) Quantification of Fluo-3AM
fluorescence intensity. Error bars indicate the standard
error of three independent experiments carried out in
triplicate. **p < 0.01; ***p < 0.001 vs control.
p < 0.05; p < 0.01 vs Aβ1-42 aggregates.
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Paravastu et al., 2009). This aspect is very important for disease out-
come, considering that seeding worsens AD severity. On the basis of
these data, we sought to determine whether Aβ1-42 aggregates grown in
the absence or in the presence of either polyphenol displayed the same
seeding ability. The data reported above showed that the secondary
structure of aggregates grown in the presence of OleA or HT was similar
to that displayed by Aβ1−42 aggregated in the absence of either poly-
phenol, even though with different structural/morphological features
and reduced cytotoxicity (Figs. 2 and 4).

We first used ThT assay (Fig. 6A) and TEM imaging (Fig. 6B) to
evaluate the seeding ability (5% seed to monomeric Aβ1-42) of 72 h-
aged Aβ1−42 fibrillar (F) aggregates grown in the absence or in the
presence of OleA (F/OleA) or HT (F/HT). We observed that, in the first
24 h of aggregation, Aβ1-42 fibrils favoured amyloid aggregation acting
as seeds when monomeric Aβ1−42 was present in solution (Aβ+F), as
indicated by the higher ThT fluorescence intensity with respect to un-
seeded Aβ1-42 (Aβ, Fig. 6A). We did not investigate whether the in-
creased fibrillation resulted from secondary nucleation, however this
observation agrees with previous results indicating that pre-formed fi-
brils are able to seed monomers with fibrillar conformation (Paravastu
et al., 2009; Langer et al. 2011). On the contrary, we did not find any
seeding ability of F/OleA or F/HT; moreover, in this case, the ag-
gregation path was different and its extent was reduced, as indicated by
an extended lag phase and by a reduced ThT fluorescence intensity
(Fig. 6A). These results were confirmed by TEM images (Fig. 6B)
showing that Aβ1-42 seeding with F/OleA populated mostly ThT-nega-
tive oligomeric assemblies, whereas long and well-structured fibrils
were seen in unseeded 24 h-aged Aβ1-42 or in 24 h-aged Aβ1-42 seeded
with F, (Fig. 6B). When Aβ1-42 was seeded under the same conditions
with F/HT, fibrillar structures morphologically different from those
found in the Aβ + F samples were observed (Fig. 6B).

We also checked the cytotoxicity of the seeded samples to RA-SH-
SY5Y cells. The results reported in Fig. 6C indicate that the Aβ+F/OleA
or Aβ+F/HT aggregates were significantly less toxic than both Aβ+ F
and 24 h aged Aβ1-42 samples, with a significant recovery of vitality by
∼50%. In these cells, we also observed a remarkable reduction of
oxidative stress to levels comparable to those recorded in control cells
(Fig. 6D). Finally, these results were confirmed by immunofluorescence
experiments, showing that only a few Aβ+F/OleA or Aβ+F/HT

aggregates were found on the cell membrane that exhibited the same
FRET efficiency with the cell membrane GM1 (Fig. 6E).

4. Discussion

Amyloid diseases, most of which are associated with increased
ageing of the population, are a major burden to public health. In par-
ticular, type 2 diabetes and neurodegenerative diseases such as
Alzheimer's and Parkinson's diseases are remarkably increasing in de-
veloped countries and pose a severe challenge to families and health-
care systems. For example, Alzheimer's disease, whose prevalence
progressively increases with age (from 4% among people < 65 years,
to over 13% in the> 65-year age-group, and up to 50% in the>85-
year age-group), is a severe healthcare burden with epidemic propor-
tions in the USA, where it is the fifth leading cause of death in people
older than 65 years (Alzheimer's Association. Alzheimer's Association
Report Alzheimer's Disease Facts and Fig. 2007. www.alz.org/national/
documents/PR_FFfactsheet.pdf) and other developed countries. It is
estimated that there are currently 36 million people with AD worldwide
and by 2050, that figure is projected to grow to AD-diagnosed 106
million; therefore, accelerated development of effective therapies
against amyloid diseases is strongly needed. However, due to the high
costs of research and development, some leading pharma industries
have recently announced stop to the investments in research on Alz-
heimer's and Parkinson's diseases, further increasing the interest in re-
search on nutraceuticals.

In this study, we focused our attention on the ability of EVOO
polyphenols, OleA and HT, to interact with amyloid aggregates, in-
hibiting fibril or steering oligomer growth into unstructured, non-toxic
species.

Recent studies indicate that several small aromatic molecules in-
terfere with amyloid aggregation, possibly by remodelling the amyloid
intermediates through different mechanisms of interactions
(Bastianetto and Quirion, 2004; Pawar et al., 2005) or, rather than
inhibiting, by redirecting or speeding up the aggregation cascade to-
wards non-toxic species (Necula et al., 2007; Wang et al., 2008; Lee
et al., 2006; Blanchard et al., 2004).

Our findings suggest two different mechanisms by which the main
EVOO polyphenols interfere with Aβ aggregation. Our ThT and FTIR

Fig. 5. Immunolocalization of Aβ1-42 aggregates on
the plasma membrane. RA-SH-SY5Y cells exposed for
24 h to 2.5 μM (monomer concentration) Aβ1-42 ag-
gregated for 72 h in the absence (lane 1) or in the pre-
sence (lane 2; Aβ/OleA) of OleA, of HT 1× (lane 3; Aβ/
HT 1× ) or HT 3× (lane 4; Aβ/HT 3× ). The cells were
stained with Alexa 488-conjugated CTX-B (green fluor-
escence); protein aggregates were stained with anti-Aβ1-
42 antibodies followed by treatment with Alexa 568-
conjugated anti-rabbit secondary antibodies (red fluor-
escence). Channels merge is shown in panels a. Panels b
show magnifications of selected areas in panels a. FRET
efficiency is shown in panels c for aggregates grown 72 h
in the absence (1c, Aβ) or in the presence (2c, Aβ/OleA)
of 3×OleA, of HT 1× (3c, Aβ/HT 1× ) or of HT
3× (4c, Aβ/HT 3× ), respectively. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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data agree with previous findings indicating that the interaction be-
tween the phenolic ring in polyphenols and the aromatic residues in
amyloidogenic proteins prevents π-π interactions thus disturbing π-
stacking between protein units blocking self-assembly into amyloid fi-
brils (Cheng et al., 2013). In particular, the intrinsic fluorescence ana-
lysis of Aβ1-42 after 24 h of aggregation in the presence of different OleA
concentrations (Fig. 3C) and the dose-dependent quenching effects of
OleA on pre-formed Aβ1-42 aggregates aged 24 h (Fig. 3E) indicated that
the Tyr10 residue could be involved in the interaction with the phenolic
rings in OleA.

Our data agree with previous NMR and mass spectrometry studies
showing that OLE interacts, non-covalently, in a (1:2) stoichiometry
with Aβ1-42 mainly at the peptide N-terminus (4–11), in addition to the
(12–22) and (17–28) regions (Galanakis et al., 2011; Bazoti et al.,
2008). Recently, some reports implicating the “N-Terminal Hypothesis”
for AD, highlighted the importance of the contact between the Aβ1-42
flexible N-terminus and its central hydrophobic core to form a double-

hairpin in toxic Aβ1-42 oligomers and fibrils (Das et al., 2015; Wälti
et al., 2016; Hoyer et al., 2008). Recent studies have also reported the
involvement of the N-terminal residues Arg5, Asp7 and Ser8 in fibrils
stabilization (Murray et al., 2017; Söldner et al., 2017). Finally, the Aβ1-
42 N-terminus has been also suggested to be crucial in binding to the cell
membrane (Urbanc et al., 2011), some receptors (Kam et al., 2013) and
for neurotoxicity. Overall, these data support the importance of the
Aβ1–42 N-terminus as a molecular target to develop aggregation in-
hibitors for therapeutic purposes.

In this context, our results suggest a modulatory activity of OleA
that results in prevention of the growth of toxic Aβ1–42 oligomers and
blocks their successive growth into mature fibrils following the primary
interaction with the N-terminus of the monomeric and/or oligomeric
peptide. These effects affected peptide cytotoxicity; in fact, the amyloid
assemblies grown in the presence of OleA exhibited poor cytotoxicity
(Fig. 5) mainly as a consequence of their inability to bind the cell
membrane at the GM1 level, as indicated by FRET efficiency data
(Fig. 6).

To better understand the molecular mechanism underlying the in-
terference of OleA with Aβ1-42 aggregation we also took into con-
sideration the effects of HT, its polyphenol moiety arising from enzy-
matic hydrolysis of OleA and its glycoside in the mature drupe or in the
stomach (Corona et al., 2006). HT, a strong antioxidant, has been found
in the brain of OleA-fed CRND8 mice, a model of Aβ1-42 deposition
(Luccarini et al., 2015), were it has been found to elicit the same pro-
tective effects of the whole OleA molecule (Nardiello et al., 2018). We
therefore analysed the effects of HT on Aβ1-42 aggregation to provide
support to the reported protection against cognitive deficits in HT-fed
mice and to assess whether such protection involved similar molecular
mechanisms. We found that HT, differently from OleA, accelerated fi-
brils formation. Its different action on the aggregation path of Aβ1-42
could be due to its increased hydrophilic character and to its inability to
act as quencher of Aβ1-42 intrinsic fluorescence (Fig. 3F). We also no-
ticed that the final aggregation products grown in the presence of
3×HT did not bind ThT and were SDS-sensitive (Fig. 1), though still
displaying amyloid secondary structure, as shown by the FTIR data
(Fig. 2A). It is possible that HT interacts with hydrophobic residues in
the central region of Aβ42 peptides leading to more efficient inter-
molecular interactions and aggregation. HT is an aromatic compound
that can potentially form π-stacking interactions with the hydrophobic
residues of Phe19 and Phe20, previously shown to be critical for effi-
cient amyloid polymerization in vitro of Aβ42 (Kumar et al., 2015). HT
could also promote the off-pathway aggregation of Aβ42 via alternative
hydrogen bonding facilitated by the presence of several hydroxyl
groups.

The observation that OleA and HT act differently is not surprising,
since different polyphenols and other low molecular weight molecules
have been reported to inhibit amyloid aggregation by interacting with
different monomeric, oligomeric or fibrillar conformations (Ladiwala
et al., 2010). In some cases, the appearance of oligomeric species can be
inhibited while fibril growth is promoted, in other cases, fibril, but not
oligomer, growth or, alternatively, both oligomer and fibril growth, is
inhibited (Taniguchi et al., 2005; Berhanu and Masunov, 2010;
Ehrnhoefer et al., 2008). However, the fluorescence assay did not allow
us to ascertain whether HT and OleA interacted with monomeric or
oligomeric Aβ or with more complex aggregates. Yet, our data lead us
to propose some mechanisms (which do not exclude each other): (i)
monomeric Aβ that convert to a β-sheet conformation are scavenged by
the polyphenols thus reducing the number of aggregation-prone hy-
drophobic monomers and nucleation sites in the solution, and reducing
the number of toxic oligomers, (ii) the polyphenols stabilize the oli-
gomers, thus slowing down their conversion to fibrils, (iii) the poly-
phenols bind the monomeric or oligomeric peptide favouring the pre-
sence of aggregation-prone conformations inside non-toxic and more-
complex aggregates.

Recent data have shown that amyloid aggregation of Aβ1-42 can be

Fig. 6. Aggregation kinetics of seeded Aβ1-42 fibrils and their cytotoxicity.
72 h-aged Aβ1-42 fibrils (F) grown in the absence or in the presence of OleA (F/
OleA) or HT (F/HT), were used as seeds and added to monomeric Aβ1-42. Aβ:
monomeric Aβ1-42 after 24 h of aggregation in the absence of seeds. Aβ + F:
monomeric Aβ1-42 aggregated 24 h in the presence of seeds of 72 h-aged Aβ1-42.
Aβ + F/OleA: Aβ1-42 aggregated 24 h in the presence of pre-formed 72 h-aged
Aβ1-42 -OleA seeds. Aβ + F/HT: Aβ1-42 aggregated 24 h in the presence of pre-
formed 72 h-aged Aβ1-42 –HT seeds. (A) ThT fluorescence intensity recorded at
different times of aggregation. (B) TEM images (C) MTT assay and (D) ROS
production in RA-SH-SY5Y cells exposed for 24 h to the different Aβ1-42 samples
at a final concentration of 2.5 μM (monomer concentration). (E) Confocal mi-
croscopy imaging (top) and FRET efficiency (bottom) in RA-SH-SY5Y cells ex-
posed to different Aβ1-42 aggregates seeded with different seeds (at 5% seed/
monomer ratio). Error bars indicate the standard error of three independent
experiments carried out in triplicate. **p < 0.01; ***p < 0.001 vs control.
p < 0.05; p < 0.01 vs 24 h Aβ1-42 aggregates.
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influenced by peptide post-translational modification. Phosphorylation
and oxidation events have been involved in β-sheet stabilization, in-
creasing peptide fibrillation and reducing its relative cytotoxicity
(Kumar and Walter, 2011; Misiti et al., 2010; Clementi et al., 2006).
Considering that the antioxidant activity transforms HT into a catechol
quinone (Rietjens et al., 2007), these aspects induced us to hypothesize
that HT could increase fibrils formation by inducing some chemical
modification of the aggregate surface. The latter can be a very im-
portant issue considering that the aggregation kinetics depend on se-
quence-specific features including secondary structure preferences,
hydrophobicity, stability, and net charge (Chiti et al., 2003). We are
currently investigating the chemical modification hypothesis through a
deeper structural analysis of the aggregates grown in the presence of
HT.

Seeding of aggregate growth by pre-formed aggregates through
secondary nucleation has repeatedly been reported (Paravastu et al.,
2009; Langer et al., 2011). Recent data indicate that monomer poly-
merization and aggregation in the presence of seeds is important for
amyloid toxicity (Jan et al., 2010) and that it is at the basis of the
progressive spreading of the pathology associated to several amyloid
forming proteins (Jucker and Walker, 2011) including Aβ (Aguzzi et al.,
2007; Langer et al., 2011; Lee et al., 2010) and α-synuclein (Luk et al.,
2012; Volpicelli-Daley et al., 2011). Accordingly, we studied the
seeding activity of the aggregates grown in the absence or in the pre-
sence of OleA or HT. We observed that the fibrils grown in the presence
of OleA showed a remarkable reduction of seeding activity on mono-
meric Aβ1−42 peptide, such that no fibril formation was ascertained
under these conditions. Furthermore, the few small oligomeric and
prefibrillar-like species found in the Aβ1-42 sample seeded with pre-
formed fibrils grown in the presence of OleA were still able to bind to
the cell membrane but their toxicity was substantially abolished. The
seeds of Aβ1-42 aggregates grown in the presence of HT induced the
formation of fibril-like aggregates generally cross-linked and thinner
than those grown in the absence of the polyphenol. These aggregates
were less able to bind ThT and, also in this case, did not increase ROS
production nor they reduced viability in exposed cells.

The differences in the aggregation and seeding kinetics of Aβ1-42 in
the absence or in the presence of either polyphenol support the notion
that the intricate process of Aβ1-42 fibrillation is determined by multiple
factors; they also indicate that the different conformational structures
arising in the presence of OleA or HT critically affect the properties of
Aβ1-42 fibrils. Overall, our data suggest that the main EVOO poly-
phenols interfere remarkably with the fibrillar aggregation, aggregate
seeding and cytotoxicity of Aβ1-42. Furthermore OleA and HT hinder
Aβ1-42 cytotoxicity in a linear manner, as shown by the MTT assay dose-
dependence (Supplementary Fig. 1) only at the lower protein:poly-
phenols molar ratio (up to 1:1 for HT and 1:3 for OleA). This ob-
servation suggests that low level of polyphenol are sufficient to induce
specific and essential changes in the monomeric peptide or oligomeric
assemblies to redirect the aggregation process toward off-pathway and
harmless final products. We can suppose that, in the presence of poly-
phenols peptide fibrillation proceeds through an heterogeneous nu-
cleation step where new aggregates are generated in the presence of
polyphenols, as previously reported for other molecules and for cho-
lesterol (Habchi et al., 2018).

These data are of interest if we consider bioavailability and meta-
bolism of OleA and HT, quite complex and not completely described
processes that include the participation of the gut microbiota and de-
pend on a number of factors, including gender, the form in which they
are ingested, dosing, duration of the treatment, and association with
different foods. (de Bock, et al., 2013). Accordingly, definitive conclu-
sions on polyphenols, including OleA and HT, bioavailability are diffi-
cult to obtain (D'Archivio et al. 2010; Angeloni et al., 2017), so that it is
not easy to get solid information on their plasma and tissue con-
centrations. Some results support the view that secoiridoids aglycones
are better absorbed than their glycated counterparts and suggest that

the EVOO matrix contributes to phenols stability in the gastrointestinal
tract and favours their absorption. Particularly relevant in the context
of AD is the experimental evidence suggesting that, in rat and in hu-
mans, orally-administered OleA and HT cross the blood-brain barrier
(BBB) and are found inside brain parenchyma (Serra et al., 2012;
Vissers et al., 2002; Nardiello et al., 2018). This imply that under
conditions of regular intake, even low amounts of OleA and HT can be
adsorbed, with increase of their plasma and cellular concentration. Fi-
nally, OleA and HT hydrophobicity favours their interaction with cell
membranes (Paiva-Martins et al., 2010), which implies their build-up at
the cellular level, where they can reach local concentrations higher
than in plasma.

This conclusion highlights the great potential of these molecules or
their molecular scaffolds, to develop novel drugs to prevent Aβ pa-
thology and/or to hinder its spreading and relieve its neurotoxic effects
thus reducing neurodegeneration at different stages of AD progression.
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