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Abstract

The molecular mechanisms linking AP to the onset of neurotoxicity are still largely unknown, but
several lines of evidence point to reactive oxygen species, which are produced even under the
effect of nanomolar concentrations of soluble AB-oligomers. The consequent oxidative stress is
considered as the mediator of a cascade of degenerative events in many neurological disorders.
Epidemiological studies indicate that dietary habits and antioxidants from diet can influence the
incidence of neurodegenerative disorders such as Alzheimer's and Parkinson's diseases. In the
recent years, a number of reviews have reported on neuroprotective effects of polyphenols in cell
and animal models. However, the majority of these studies have focused only on the anti-oxidant
properties of these compounds and less on the mechanism/s of action at cellular level. In this work
we investigated the effect of cocoa polyphenolic extract on a human AD in vitro model. The
results obtained, other than confirming the anti-oxidant properties of cocoa, demonstrate that
cocoa polyphenols triggers neuroprotection by activating BDNF survival pathway, both on Af
plaque treated cells and on ApB oligomers treated cells, resulting in the counteraction of neurite
dystrophy. On the light of the results obtained the use of cocoa powder as preventive agent for
neurodegeneration is further supported.
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Alzheimer's disease (AD) is a neurodegenerative disorder, characterized by a progressive
loss of synapses and neurons, resulting in gradual cognitive impairment and eventually
leading to dementia [Selkoe, 2002] The neuropathological features of AD are extracellular
deposits of amyloid-p (AB) plaques and intracellular neurofibrillary tangles of
hyperphosphorylated tau proteins, both caused by the misfolding and gradual conversion of
highly soluble proteins into insoluble, filamentous polymers [Selkoe, 2004; Walsh and
Selkoe, 2007]. Several events are involved in the pathogenesis of AD, and many studies
have focused on the mechanisms underlying the toxicity associated with Af plaques. The
molecular mechanisms linking AP to the onset of neurotoxicity are still largely unknown,
but several lines of evidence point to reactive oxygen species (ROS), which are produced
even under the effect of nanomolar concentrations of soluble AB-oligomers [Varadarajan et
al., 2000; Varadarajan et al., 2001; Cimini et al., 2009a]. The consequent oxidative stress is
considered as the common effector of the cascade of degenerative events in many
neurological disorders [Jenner, 1996]. Studies on post-mortem tissues revealed that the
levels of lipid oxidation products, protein oxidation and DNA oxidation are elevated in the
brain from Alzheimer's patients [Lovell et al., 1995; Smith et al., 1996; Markesbery, 1997;
Sayre et al., 1997; Marcus et al., 1998; Nunomura et al., 1999; Christen, 2000].
Epidemiological studies indicate that dietary habits and antioxidants from diet can influence
the incidence of neurodegenerative disorders such as Alzheimer's and Parkinson's diseases
[de Rijk et al., 1997; Deschamps et al., 2001; Engelhart et al., 2002]. In a followed-up study
for 5 years, between 1991 and 1996 [Commenges et al., 2000] found in a cohort of 1,367
subjects above 65 years of age, a significant inverse association between flavonoids intake
and the risk of dementia. The treatment with other sources of flavonoids other than those
from tea or wine such as those from the Ginkgo biloba extract has been postulated to
improve the cognitive performance of Alzheimer's patients [Oken et al., 1998]. These
clinical and epidemiological findings suggesting a protective effect of flavonoids and
polyphenols against neurodegenerative disease are supported by data obtained in animal
models. In fact, in recent years, a number of reviews have reported on the potential
neuroprotective effects of polyphenols in cell and animal models [Dajas et al., 2003; Mandel
and Youdim, 2004; Simonyi et al., 2005]. Ad example, in old rats, diet supplemented with
fruits and vegetables rich in antioxidants (blueberries, strawberries, and spinaches) can have
beneficial effects on age-related decline of cognitive function [Joseph et al., 2005], while in
mouse hippocampal cell lines HT-22 and primary neuronal cultures, many flavonoids
protect from oxidative injury from glutamate cytotoxicity [Fu and Koo, 2006].

Polyphenols are natural substances that are present in fruits, and vegetables, including olive
oil, red wine, and tea. Flavonoids are the largest group of polyphenols and more than 2,000
individual flavonoids are known. They can be divided into various classes on the basis of the
molecular structure such as anthocyanins and anthoxanthins. The latter group is divided into
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flavonols, flavans, flavanols, flavones, and isoflavones, with catechins (CE) being the best
described flavanols [Ramassamy, 2006].

The capacity of flavonoids to act as an antioxidant is dependent upon their molecular
structure, the position of hydroxyl groups, and other substitutions in the chemical structure
of these polyphenols. Numerous exhaustive reviews dealing with their structure, absorption,
metabolism, and pharmacokinetics have been published [Bravo, 1998; Ross and Kasum,
2002; Manach and Donovan, 2004]. Besides scavenging free radicals, many phenols also
exhibit multiple biological properties, for example, antiinflammatory, anticancer, antiviral,
antimicrobial, vasorelaxant, and anticlotting activities [Rahman, 2007]. In general, these
phenolic compounds are rapidly converted to their glucuronide derivatives upon ingestion
and are transported to the circulatory system and different body organs including the brain.
There is evidence that some phenolic compounds exert their mode of action and target
different intracellular pathways on a concentration-dependent manner. For example, low
dose of red wine polyphenols was shown to promote angiogenesis via activation of the Akt/
PI13K/eNOS, p38MAPK pathway but not the NF-KB pathway. However, at high dose, they
can be antiangiogenic through inhibition of the Akt/PI3K/eNOS pathway and enhancing the
NF-kB pathway [Baron-Menguy et al., 2007]. Another example is epicatechin, which not
only exerts antioxidant activity but can also modulate protein kinase signaling pathways,
depending on the concentration of the compound administered [Schroeter et al., 2007].
Morever, it has been reported that Epigallocatechin gallate (EGCG), a member of a natural
polyphenols family, found in great amount in green tea leaves, is a specific and safe
DYRKZ1A gene (closely associated with Down syndrome phenotypes) inhibitor. The authors
suggested that this effect may be due to the modulation of BDNF levels by EGCG [Guedj et
al., 2009].

Overall, the antioxidant properties of catechins are more potent than those of a-tocopherol
or vitamin C and E [Zhao et al., 1989]. Catechins exert their antioxidative activity by
chelating metal ions, such as iron (Fe2*) and copper (Cu2*), and preventing the generation of
potentially damaging free radicals [Singh et al., 2008]. Catechins may also transfer an
electron to ROS-induced radical sites on DNA and thereby prevent oxidative DNA
modifications [Singh et al., 2008]. In addition, Epitachechin (EC) scavenges ROS and
inhibits lipid peroxidation [Choi et al., 2001]. It has been suggested that EC chelation
reducing the free iron pool, might suppress the translation of APP mRNA and affects the
APP levels. In neuronal cells exposed to Ap, EC decreases malondialdehyde levels and
caspase activity, thus protecting against AB-induced apoptosis and enhancing hippocampal
neuronal survival [Choi et al., 2001]. EC also reduces Ap-induced oxidative stress in vivo,
by decreasing rat hippocampal lipid peroxide [Haque et al., 2008; Kim et al., 2010].
Waterhouse et al. [1996] suggested for the first time that the intake of cocoa and chocolate
could contribute to a large proportion of the dietary antioxidants. Since then, several reports
have been published demonstrating that cocoa and its products can be sources of flavonoids
[Hammerstone et al., 2000; Lamuela-Raventos et al., 2001]. The primary flavonoids in
cocoa and chocolate are the flavan-3-ols, epicatechin and catechin (monomeric units), and
polymers of these, the proanthocyanidins, also termed procyanidins. Depending on the
method used in its production, cocoa powder can contain as much as 10% flavonoids on a
dry-weight basis [Steinberg et al., 2003]. The bioavailability of flavonoids in humans ranges
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from 1% to 26%, depending on the chemical structure and shows individual variability.
However, the exact mechanisms of action of the monomeric flavan-3-ols, oligomeric
procyanidins, and their metabolites in vivo remain to be elucidated [Steinberg et al., 2003].
In addition to the their free radical scavenging activity, it is likely that these compounds
could interact with intracellular signaling mechanisms to elicit a variety of biologic effects
[Noé et al., 2004]. In a previous study, the effects of cocoa has been tested in rat
pheocromocitoma PC12 cell line treated with AB(25-35) demonstrating a neuroprotective
effects of cocoa flavonoids in counteracting AB-induced cell death [Heo and Lee, 2005].

In the present work, a deeper investigation of cocoa flavonoids effects in AD was performed
on a human neuronal model by assaying the BDNF neurotrophin signaling pathway. The
results obtained indicate that cocoa polyphenolic extracts other than exerting an aspecific
antioxidant action, trigger neuronal survival by increasing the BDNF/TrkB signaling
pathway.

Materials and Methods

Materials

Triton X-100, dimethylsulfoxide (DMSO), sodium dodecylsulfate (SDS), Tween20, bovine
serum albumine (BSA), I-glutamine, 4/,6 diamino-2-phenylindole dilactate (DAPI), Nonidet
P40, sodium deoxycolate, ethylen diamine tetraacetate (EDTA), phenylmethane-
sulphonylfluoride (PMSF), sodium fluoride, sodium pyrophosphate, orthovanadate,
leupeptin, aprotinin, pepstatin, NaCl, polyvinylidene difluoride (PVDF) sheets, fluorescein-
labeled anti-mouse IgG antibodies, rabbit anti-active caspase 3, mouse anti-GAP 43, mouse
anti-heavy neurofilament 200 (NF-H), anti P 75 NTR antibodies, Af (25-35), and Ap (1-42)
were all purchased from Sigma Chemical Co (St. Louis, CO). Trypsin-EDTA solution, N2
supplement, streptomycin—penicillin were from Gibco Invitrogen GmbH (Austria); Mouse
anti p-ERK1/2, rabbit anti-ERKZ, rabbit anti-BDNF, rabbit anti-TrkB antibodies were from
St. Cruz Biotechnology (Santa Cruz, CA); horseradish peroxidase (HRP)-conjugated anti-
rabbit and anti-mouse antibodies were from Vector Laboratories (Burlingame, CA); mouse
anti-B-tubulin 111 antibody was from Promega (Mannheim, Germany); rabbit anti-Pospho
Ras/extracellular signal-regulated kinase 5 (pERK5) antibodies was purchased from Upstate,
Millipore S.p.A (Milan, Italy). RPMI-1640 medium and fetal bovine serum (FBS) were
from Euroclone Ltd (UK); Apoptosis assay kit was from Roche Diagnostic (Indianapolis,
IN). Micro BCA protein detection kit was from Pierce (Rockford, IL). Vectashield was
purchased from Vector Laboratories (Burlingame, CA). All other chemicals were of the
highest analytical grade.

Cell Cultures

SH-SY5Y cells (ATCC) were seeded at 1 x 104 cells/cm? cultured for 7 DIV in FBS-free
RPMI 1640 differentiating medium containing N2 supplement in order to allow the neuronal
differentiation.
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AB Fibril Formation

AP (25-35) is frequently used in investigating AP properties as a less expensive and more
easily handled substitute for the native full-length peptide, Ap (1-42). Indeed, AB (25-35)
mimics the toxicological and aggregation properties of the full-length peptide, though these
characteristics are enhanced; that is, the shorter peptide is more toxic to cultured neurons,
exhibits earlier toxicity, causes more severe membrane protein oxidation, and aggregates
faster than the native Ap (1-42) [Santos et al., 2005]. The amyloid fibrils were obtained as
previously described [Varadarajan et al., 2001]. Specifically, the Ap (25-35) stock solution
(500 uM) was prepared dissolving AB in FBS-free differentiating medium containing N2
supplement (pH 7.4) and stored at —20°C. The amyloid fibrils were obtained incubating Ap
(25-35) stock solution at 37°C for 8 days.

Fluorimetric Assay

The amyloid polymerization status was checked by the thioflavin T (ThT) fluorescence
method before each treatment [White et al., 2005]. ThT binds specifically to amyloid fibrils,
and such binding produces a shift in its emission spectrum and an increase in the fluorescent
signal, which is proportional to the amount of amyloid formed [Naiki et al., 1991; Inestrosa
et al., 1996; Mundz and Inestrosa, 1999]. Following incubation, AB in 20 mM Tris-HCI
Buffer, pH 8.0, and 1.5 uM ThT in a final volume of 2 ml were analyzed. Fluorescence was
monitored at excitation wavelength of 450 nm and emission of 485 nm by
spectrofluorimetry, as previously described [Mundz and Inestrosa, 1999].

Cocoa Extraction

Treatments

Commercial cocoa powder was used for this study. Phenols were extracted from 10 g of
cocoa as described in [Lee et al., 2003]. The total phenolic content was determined in the
extract according to the Folin—Ciocalteu method.

Cocoa powder (10 g) was dissolved in 50 ml of distilled water (ddH20) at 100°C for 2 min.
The cocoa extracts then were centrifuged in a Sorvall RC-5B refrigerated superspeed
centrifuge at 12,000g for 5 min, and the resulting supernatants were used as the final
samples [Lee et al., 2003]. The water extracts of cocoa was dried and resuspended in
deionized distilled water and used at the final concentrations indicated.

For acute experiments cells, differentiated for 7 DIV (days in vitro), were treated with
aggregates AB25-35 (12.5 UM, f.c.) for 24h. For Cocoa treatment, cells, subjected for 4h to
acute challenge with AB25-35, were treated with different doses (12-120ug/ml EC, 4-40
ug/ml CE, and 70-700 pg/ml total polyphenols) of cocoa extract. To test the protective
effects, differentiated cells were treated with Cocoa extract (30 pg/ml EC, 10 pg/ml CE, and
173 pg/ml of total polyphenols) for 4 DIV. After this treatment Cocoa was removed and the
cell were incubated with oligomeric Ap1-42 (10uM, f.c.) at 37°C for 4 DIV.
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Cell Viability and Death

Cells, plated on 24 multiwell plates, were incubated, after treatments, for 2 h with CellTiter
96 AQequs One Solution, a colorimetric method based on 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphe-nil)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). The quantity of
formazan formed, as a function of viability, was measured at 490 nm using an ELISA plate
reader. All MTS assays were performed in triplicate.

For apoptosis detection, cells were seeded in 24-well plates at a density of 1 x 104 cells/cm?.
Control and treated cells were analyzed for apoptosis using the Cell death detection ELISA
kit for the nucleosome detection. Absorbances at 405 nm with respect to 490 nm were
recorded according to manufacturer's directions.

After AP exposure, cells on coverslips were fixed in 4% paraformaldehyde at room
temperature for 10 min, then stained with DAPI (300ng/ml) for 20 min and examined under
UV illumination, using a fluorescence microscope. To quantify the apoptotic process, nuclei
with both fragmented or condensed DNA and normal DNA were counted. Five fields/
coverslips were counted. Data are expressed as a percentage of the total cells counted.

Morphometry

Control and treated cells, grown on coverslips, were fixed in 4% paraformaldehyde in PBS
for 20 min at RT. After washings, coverslips were mounted with Vectashield and phase-
contrast observations were performed by an AXIOPHOT Zeiss microscope, equipped with a
micrometric ocular lens. The processes longer than the cell body mean diameter (&), which
should be regarded as neurites, were counted and the results were expressed as neurites
number versus the total cell number. The neurite length was determined by comparing the
neurite length with the mean diameter (@) of cell soma and reported as neurite length/soma
(D).

Immunofluorescence

Control and treated cells, grown on coverslips, were fixed with absolute methanol for 10
min at —20°C. After that, cells were rehydrated with PBS for 5 min and incubated with
mouse anti-GAP 43 (1:300) and mouse anti-NF-H, (1:200) antibodies, overnight at 4°C.
After extensive washings with PBS, cells were treated with fluorescein-labeled anti-mouse
1gG secondary antibody (1:100 in PBS containing 3% BSA) for 30 min at RT. Nuclei were
counterstained with DAPI (300 ng/ml). After extensive washings, coverslips were mounted
with Vectashield mounting medium and photographed in a fluorescence microscope
(AXIOPHOT, Zeiss).

Western Blot

Cells were washed in ice-cold PBS and homogenizedin ice-cold RIPA buffer (10mM Hepes,
pH 7.4, 10mM KClI, 1.5 mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol) with a protease
inhibitor mixture (100 mg/ml phenylmethylsulfonyl fluoride, 2 mg/ml aprotinin, 2 mM
leupeptin, and 1mg/ml pepstatin). The lysate was subjected to centrifugation at 600g for 30
min at 4°C, and the supernatant was collected. Samples (25-50pg/lane) were analyzed by
10% SDS- PAGE, transferred to PVDF membranes, and blocked in Tris-buffered saline
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containing 5% non fat milk, and 0.1 % Tween 20. Membranes were incubated with different
primary antibodies, anti-BDNF (1:200), anti TrkB (1:200) anti p-75 NTR (1: 100), anti p-
ERKZ1,2 (1:200), anti-p-ERKS5 (1:200), anti-GAP 43 (1:500), anti-p-Tublll (1:500), anti-
Caspase3 (1:500) overnight at 4°C and then probed with horseradish peroxidase-conjugated
mouse or rabbit secondary antibodies (1:1,000). Immunoreactive bands were visualized by
chemiluminescence. Band relative densities, against most evident band of PVDF membrane
Comassie Blu stained, were determined using TotalLab software (ABEL Science-Ware srl,
Italy) and values were given as relative units.

Experiments were performed at least in triplicates. Data were represented as mean *
standard errors. Where appropriate, oneway ANOVA test followed by Scheffe's “post hoc
test” analysis was performed using SPSS software. P values less than 0.05 were considered
statistically significant.

Cell Viability and Death

In preliminary experiments the effects on cell viability of different concentrations of cocoa
phenolyc extracts on N2 differentiated cells were assayed. The final concentrations of cocoa
which were no toxic for cells ranged from 12-30ug/ml EC; 4-10ug/ml CE; and 70-170
ug/ml total polyphenols, for these reason these concentrations were used for the apoptotic
assay.

Cell viability, evaluated by MTS assay, in control and treated cells is shown in Figure 1A.
AP treatment leads to significant reduction in cell viability. Ap-cocoa (12-30 pg/ml EC; 4-
10 ug/ml CE, and 70— 170 ug/ml total polyphenols) reverts this effect to the control values.
In the same figure apoptotic cell death, evaluated as nucleosome concentration, is shown
(Fig. 1B). Ap treatment induces a significant increase in apoptotic cell death, while after Ap-
cocoa 1 and 2 treatments no significant differences are observed with respect to the control.
The dilution containing 30pg/ml EC, 10ug/ml CE, and 170 pg/ml total polyphenols,
protected more efficiently cell viability by AB-treatment, therefore this concentration (cocoa
2) was used for all subsequent experiments.

In panel C, the nuclear fragmentation in control and treated cells, evaluated by DAPI nuclear
staining, is shown. Consistently with the apoptotic assay, AP treatment leads to an increase
in apoptotic nuclei, while AB-cocoa almost restores the control condition. These results are
further confirmed by the Western blotting analysis of active caspase 3 (Fig. 1D). In fact,
upon AP challenge the active form of caspase 3 is increased, thus indicating apoptosis
promotion. Cocoa prevents caspase 3 activation restoring the levels to those of control cells.
These results, taken together, indicate that the cocoa plays a protective effect against the AP
cytotoxic insult.
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Cell Morphology

Figure 2 shows the contrast phase microscopy and the graphic representation of neurite
length and number in control and treated cells. Control cells (N2) show an evident neuronal
clustering and neuronal aggregation, A treatment induced an evident neurite loss (AB). AB-
cocoa protects cells from neurite atrophy. The graphical representation of number of neurite,
and length shows that AP treatment significantly decreases neurite number and length, while
cocoa protects the neurites from AB-mediated damage.

Neuronal Cytoskeleton Proteins

Since neuronal loss and neuritic/cytoskeletal lesions (synaptic disconnection and
proliferation of dystrophic neurites) represent major dementia-associated abnormalities in
AD, neuronal differentiation marker localization, such as Neurofilament 200 (NF-H200) and
GAP-43 and were investigated in control and treated cells (Figs. 3 and 4). NF-H is a marker
of neuronal terminal maturation, while GAP-43 is an axonal marker. In control cells NF-H
200 and GAP-43 localization shows an organized cytoskeletal structure that is lost after A
treatment, where a significant decrease of neurite branching is observed. Cocoa preserved
cytoskeletal organization, thus confirming the neuroprotective effects by cocoa in
counteracting neuronal dystrophy. These findings are further confirmed by the Western
blotting analysis for B-tubulin 111 and GAP-43 shown in Figure 5. A treatment significantly
reduces the proteins, cocoa reverts this effect to control levels.

Signal Transduction Pathways

The signal transduction pathways involved in neuronal survival, neurotrophins modulation,
and neuronal death were investigated in control and treated cells (Figs. 6 and 7).

Neuronal morphology and plasticity are related to the brain derived neurotrophic factor
(BDNF) signal transduction pathway, therefore we assayed the BDNF, its receptors such as
TrkB and p75, and the extracellular signal regulated kinases such as ERK1,2 and ERKS5.
Brain derived neurotrophic factor (BDNF) is a neurotrophin involved in neuronal survival
and differentiation. Its activity is mediated by the high affinity receptor TrkB and by the low
affinity receptor p7SNTR. Upon A challenge, the cytoplasmic levels of BDNF immature
form (pro-BDNF) appear upregulated (Fig. 6). This strong increase of pro-BDNF may be
responsible for the promotion of the neuronal death and atrophy, as it is known that the
immature form of BDNF induces neuronal apoptosis via activation of a receptor complex
p75NTR-sortilin [Teng et al., 2005]. This notion is supported by the results obtained, in our
experimental condition, for p75NTR protein (Fig. 6). In fact, as observed for pro-BDNF, Ap
increases p75NTR protein levels, while concomitantly triggers a decrease of the specific
receptor TrkB involved in the action of mature and cleaved form of BDNF. Moreover, Af
induces the active form of ERK1,2 (p-ERK1,2; Fig. 7), known to be involved in apoptosis
promotion. In AB-treated cells, following cocoa, a complete reversion of pro-BDNF levels is
observed. In the same time, cocoa, significantly increase TrkB as well as the p-ERKS5 (Fig.
7), involved in neuronal survival, with the concomitant decrease of ERK1,2, thus suggesting
an activation of the neuronal survival pathway BDNF/TrkB/ERKS5.
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Preventive Neuroprotective Effects of Cocoa

Finally, in order to assess if cocoa may exerts preventive effects, cells were pre-treated for 4
days with cocoa extract (30 pg/ml EC, 10 pg/ml CE, and 170 pg/ml total polyphenols) and
then challenged with oligomeric AB (1-42) for further 4 days. The viability assay (A) shows
that, indeed, cocoa exerts a strong neuroprotective effect on cell survival with respect to AB-
treated cells (Fig. 8). Moreover, the same figure shows that cocoa pre-treatment prevents
apoptosis promotion in AB-treated cells (B).

Discussion

Oxidative stress is considered as a risk factor in the incidence and progression of cognitive
declines occurring during normal cerebral aging and in dementia and playing a critical role
in many neurodegenerative processes, such as AD and Parkinson's disease [Jenner, 1996;
Selkoe, 2002]. Recently, food-derived antioxidants such as vitamins and phytochemicals
have received growing attention, as chemopreventive agents against oxidative damage.
Many of the biological actions of phytochemicals including flavonoids have been attributed
to their antioxidant properties [Rice-Evans, 2001]. Ap 25-35 has neurotoxicity comparable
to that of AP (1-42) and produces free radical adducts in aqueous solutions. It sensitizes
neurons to injury resulting from oxidative stress-induced neurotoxicity induced by glutamate
or free radicals [Cimini et al., 2009a]. In a previous study, Ap (25-35) has been shown to
induce cytotoxicity in a rat PC12 neuronal model where cocoa extracts were able to protect
PC12 cells by apoptotic death [Heo and Lee, 2005]. To get more insight into the
mechanisms triggered by cocoa in counteracting AP cytotoxicity, in the present study, the
neuroprotective and preventive role of cocoa from AB-induced cytotoxicity, has been
investigated particularly focusing on parameters involved in neuronal survival and in the
maintenance of neuronal network, such as BDNF signaling.

In our experimental conditions, in agreement with previous studies [D'Angelo et al., 2009],
the acute treatment with AP was neurotoxic to cells, as demonstrated by the loss of neurite
branching and the decrease of cell viability. In fact, control cells, which under control
conditions form extensive networks of healthy and long neurites, after AB treatment show
evident morphological alterations and axonal and dendritic dystrophy. Cocoa extract
protects cell viability and cell morphology from Af injury suggesting a neurotrophic role for
this compound.

The increase of survival triggered by cocoa was paralleled by the maintenance of neuronal
network, as evaluated by neurites length and number and by the expression and localization
of the cytoskeleton proteins such as NF200, B-tubulin 111, and GAP-43.

Ap-treated cells showed an interesting picture as to regard BDNF, TrkB, p75NTR, ERK1,2
and ERKS5. In our experimental conditions, upon AP challenge, pro-BDNF and p-ERK1,2
appear all increased and this effect may be related to the known “dark side” effect of pro-
BDNF under oxidative stress conditions [Teng et al., 2005]: pro-BDNF may activate,
through p-75 and sortilin, ERK1,2, which, in AD, has been involved in apoptotic neuronal
death [White et al., 2005]. Moreover, A slightly decreased also the active form of ERKS5,
known to be involved in neuronal survival. On the other hand, BDNF is known to be
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effective in the promotion of neuronal survival in the presence of anti-oxidants [Teng et al.,
2005]. In this view, cocoa, by decreasing pro-BDNF and p75NTR and increasing TrkB and
ERKS levels, tries to counteract neuronal death and to promote cell survival, since Ap
plaques are however present under cocoa treatment.

It has been previously reported that oligomeric A is more toxic than fibrils, especially
concerning the induction of neuroinflammation and of subtle and early neuronal damage
[Chong et al., 2006; Cimini et al., 2009a,b]. In this study, we show that cocoa is also able to
exert a preventive effect on the progression of AD, since, when administered before the
chronic treatment with oligomeric A (1-42), it promotes neuronal survival with respect to
cells treated only with oligomeric A (1-42).

On the basis of the results obtained it is possible to speculate that under oxidative injury the
survival pathways depending on BDNF are downregulated with concomitant increase of the
pro-BDNF pathway, as suggested by Teng et al. [2005]. The antioxidants, like cocoa
extracts, are known to counteract oxidative stress and this action is, in this model, closed
related to an increase of the specific TrkB receptor and a decrease of pro-BDNF. This
suggests that TrkB expression and BDNF cleavage may be ROS-dependent events and that
polyphenols may be involved in this process for their anti-oxidant properties.

Conclusions

The results obtained appear original since demonstrate that cocoa seems to affect, directly or
indirectly, signal transduction pathways involved in neuronal death and neuroprotection,
supporting the possibility of its potential use as preventive agent for neurodegenerative
diseases characterized by oxidative stress. Although additional confirmatory studies are
warranted, these findings suggest that the regular dietary inclusion of flavanols could be one
element of a dietary approach for the maintaining and improving brain health, as previously
suggested [Desideri et al., 2012; Williams and Spencer, 2012].

Supplementary Material
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Fig. 1.
Cell viability and death. Right: A: Cell viability was evaluated by MTS assay in control and

treated cells. 1:12 pg/ml EC, 4ug/ml CE, 70 pg/ml total polyphenols; 2:30ug/ml of EC, 10
pg/ml CE, 170 pg/ml total polyphenols; 3:60 pg/ml of EC, 20 pg/ml CE, 340 pg/ml of total
polyphenols; 4:120 pg/ml EC, 40pg/ml CE,and 700 pg/ml total polyphenols; 5: 240ug/mi
EC, 80 ug/ml CEand 1,400ug/ml total polyphenols. B: Apoptosis was evaluated
bycytoplasmaticnucleosome concentration. 1:12 ug/ml EC, 4 pg/ml CE, 70ug/ml total
polyphenols; 2: 30ug/ml of EC, 10ug/ml CE, 170ug/ml total polyphenols. Data are mean +
SD of three different experiments run in triplicate. **P < 0.005. C: nuclear fragmentation in
control and treated cells, evaluated by DAPI nuclear staining, after A treatment
administered alone or with coca 2 (30 pug/ml of EC, 10 pug/ml CE, 170 pg/ml total
polyphenols). Five fields/coverslips were counted. Data are mean + SD of three different
experiments. **P < 0.005. Bar = 26 um. D: Western blotting and relative densitometric
analysis of active caspase 3. Data are mean + SD of three different experiments. **P <
0.005. Cocoa extract was used at the final concentrations of 30ug/ml of EC, 10ug/ml CE,
170ug total polyphenols.
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Fig. 2.

cogr]nrast phase microscopy and the graphic representation of neurite length and number in
control and treated cells. Data are mean + SD of three different experiments. **P < 0.005.
Bar = 90 um. Cocoa extract was used at the final concentrations of 30pg/ml of EC, 10ug/ml
CE, 170ug total polyphenols.
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Fig. 3.
Neurofilament 200 localization in control and treated cell shown at different magnification.

Bar A, B, and C = 90um. Bar D, E, and F = 30 um. Cocoa extract was used at the final
concentrations of 30 pg/ml of EC, 10 pg/ml CE, 170 pg total polyphenols. A and D: control
cells; B and E: AB-treated cells; C and F: A + cocoa 2 treated cells. Cocoa 2 = 30 pg/ml of
EC, 10ug/ml CE, 170ug total polyphenols.
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Fig. 4.
GAP-43 immuno localization in control and treated cell shown at different magnification.

Bar A, B, and C = 90um. Bar D, E, and F = 30 um. Cocoa extract was used at the final
concentrations of 30ug/ml of EC, 10ug/ml CE, 170pug total polyphenols. A and D: control
cells; B and E: AB-treated cells; C and F: AB + cocoa 2 treated cells. Cocoa 2=30pg/ml of
EC, 10ug/ml CE, 170ug total polyphenols.
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Western blotting and relative densitometric analysis of GAP43 and p-tubulin I11 in control
and treated cells. Data are mean £ SD of three different experiments. **P < 0.005. Cocoa
extract was used at the final concentrations of 30 pg/ml of EC, 10 pg/ml CE, 170ug total

polyphenols.
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Fig. 6.
Western blotting and relative densitometric analysis of pro-BDNF, TrkB, and p75NTR in

control and treated cells. Data are mean + SD of three different experiments. **P < 0.005.
Cocoa extract was used at the final concentrations of 30pug/ml of EC, 10ug/ml CE, 170ug
total polyphenols.
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Western blotting and relative densitometric analysis of ERK1, 2 and E RK5 in control and
treated cells. Data are mean + SD of three different experiments. **P < 0.005. Cocoa extract
was used at the final concentrations of 30 pg/ml of EC, 10 pg/ml CE, 170 pg total
polyphenols.
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Fig. 8.

Cell viability (A) and cell death (B) upon oligomeric Af (1-42) challenge. Data are mean +
SD of three different experiments run in triplicate. **P < 0.005. Cocoa extract was used at
the final concentrations of 30 pug/ml of EC, 10 pg/ml CE, 170ug total polyphenols.
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