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Abstract
Oxidative stress and dysfunctional mitochondria are among the earliest events in AD, triggering neurodegeneration. The use
of natural antioxidants could be a neuroprotective strategy for blocking cell death. Here, the antioxidant action of ferulic acid
(FA) on different paths leading to degeneration of recombinant b-amyloid peptide (rAb42) treated cells was investigated.
Further, to improve its delivery, a novel drug delivery system (DDS) was used. Solid lipid nanoparticles (SLNs), empty or
containing ferulic acid (FA-SNL), were developed as DDS. The resulting particles had small colloidal size and highly
negative surface charge in water. Using neuroblastoma cells and rAb42 oligomers, it was demonstrated that free and SLNs-
loaded FA recover cell viability. FA treatment, in particular if loaded into SLNs, decreased ROS generation, restored
mitochondrial membrane potential (Dcm) and reduced cytochrome c release and intrinsic pathway apoptosis activation.
Further, FA modulated the expression of Peroxiredoxin, an anti-oxidative protein, and attenuated phosphorylation of
ERK1/2 activated by Ab oligomers.
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Abbreviations: Ab, amyloid-beta peptide; AD, Alzheimer’s disease; BBB, blood�brain barrier; CNS, central nervous

system; DCF, 2?,7?-dichlorofluorescein; DDS, drug delivery systems; FA, ferulic acid; MPS, mononuclear phagocyte system;

NDGA, nordihydroguaiaretic acid; PCS, photon correlation spectroscopy; PDI, polydispersity index; ROS, reactive oxygen

species; rAb42, recombinant amyloid-beta peptide 42; SLNs, solid lipid nanoparticles

Introduction

Alzheimer’s disease (AD) is a neurodegenerative

disorder characterized by the deposition of extracel-

lular amyloid-beta peptide (Ab) and intracellular

neurofibrillar tangles, associated with loss of neurons

in the brain and consequent learning and memory

deficit [1]. Ab peptide is the major component of the

senile plaques and is believed to play a central role in

the development and progress of AD both in oligo-

mer and fibril forms. Although the aggregation of b-

amyloid is thought to be a critical step in the

pathogenesis of AD, recently it has been suggested

that the precursors of fibrils, oligomers of Ab, might

be more toxic than fibrils [2�4].

Inhibition of the formation of Ab fibrils as well as

the destabilization of preformed Ab in the CNS

would be an attractive therapeutic target for the

treatment of AD. Moreover, a large number of studies

indicate that oxidative stress may play an important

role in the aetiology and progression of AD due to the

destructive effect of the mitochondrial integrity and

the perturbation of cellular energy homeostasis [5].
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Peroxides like H2O2 are produced as the result of

normal cellular processes involving oxygen. The long-

term presence of even a small amount of those

peroxides is a risk to cells because they can be

converted into toxic radicals and thereby damage

cellular components. Besides the peroxides produced

at basal levels, cells produce H2O2 transiently in

response to the activation of various stimuli. Cells are

therefore equipped with peroxide-eliminating en-

zymes like catalase, glutathione peroxidase and per-

oxiredoxins [6]. Increased production of reactive

oxygen and nitrogen species coinciding with a deple-

tion of antioxidant defences is observed in neuronal

systems after Ab treatment [7].

Free radicals are chemical species with unpaired

electrons or highly reactive molecules that cause

oxidative stress. This is defined as ‘an imbalance

between oxidants and antioxidants in favour of the

oxidants, potentially leading to damage’ (Sies 1997,

page 291) [8]. Oxidative stress can damage lipids,

proteins, enzymes, carbohydrates and DNA in cells

and tissues, resulting in membrane damage, fragmen-

tation or random cross-linking of molecules such as

DNA, enzymes and structural proteins. Oxidative

stress may even lead to cell death induced by DNA

fragmentation and lipid peroxidation [9]. Moreover,

it is known that ROS are able to elicit apoptosis in a

large variety of cultured cells of different origins.

A promising preventive or therapeutic intervention

for AD patients could be the suppression or the

reduction of the oxidative stress. Many antioxidant

compounds, indeed, such as vitamin E [10], nordi-

hydroguaiaretic acid (NDGA) and nicotine have been

demonstrated to protect the brain from Ab neuro-

toxicity [11,12]. Ferulic acid (FA), (4-hydroxy-3-

methoxycinnamic acid), is an antioxidant naturally

present in plant cell walls. It has a phenolic nucleus

and a long side chain so it readily forms a resonance

stabilized phenoxy radical with high antioxidant

[13,14] and anti-inflammatory activities [15,16]. It

has been suggested that FA can act as a free radical

scavenger [13,17�19]. Further, administration of FA

induces resistance to Ab42 toxicity in mice and it has

been suggested that it may be a useful chemopreven-

tive agent against AD [20]. Moreover, inhibition of

the formation as well as destabilization of preformed

amyloid fibrils has been suggested [21].

A central problem in the treatment of brain

disorders is to reach a suitable drug amount into

the brain, due to the presence of the blood�brain

barrier (BBB). Several DDS have been developed to

circumvent the BBB, such as niosomes, liposomes,

polymeric micelles, polymeric and lipid nanoparticles

[22]. In recent years the attention has focused on

SLN which are particles with a solid lipid matrix and

an average diameter in the nanometer range. SLN are

made from highly purified triglycerides, complex

glyceride mixtures or even waxes. These systems

have many advantages such as: the possibility of

controlled drug release and drug targeting, increased

drug stability, high drug loading capacity, the feasi-

bility of incorporating lipophilic and hydrophilic

drugs, the biocompatibility of the carrier and no

problems with respect to large-scale production and

sterilization [22�24]. Because of their small size,

these systems may be injected intravenously, avoiding

the uptake of macrophages of mononuclear phago-

cyte system (MPS). Furthermore, their lipophilic

features could lead them to CNS crossing BBB by

means of the endocytotic mechanism of the endothe-

lial cells lining the brain blood capillaries [22�27].

Ab42 forms, in vitro, fibrils that are similar to those

found in Alzheimer’s plaques. Depending on pH

value, it is possible to obtain samples containing

mainly small oligomers or fibrils [28,29]. In our

previous work, using a recombinant Ab42 peptide

(rAb42) that presents biophysical and immunological

properties comparable to those of the natural peptide

[30], we have demonstrated that, under physiological

pH conditions, rAb42 forms small oligomers,

whereas larger aggregates are formed at acidic pH.

Moreover, we have recently demonstrated that on

LAN5 neuroblastoma cells rAb42 fibrillar aggregates

stimulate extrinsic apoptotic pathway via caspase 8

activation, whereas rAb42 oligomers principally trig-

ger intrinsic apoptotic pathway via caspase 9 activa-

tion [31].

In the present study we investigate the protective

effect of FA on the oxidative stress and consequent

cell death induced by rAb42 oligomers. Moreover, we

verify the possibility to utilize solid lipid nanoparticles

to improve the FA delivery and to enhance its

potential antioxidant therapeutic effect.

Materials and methods

Materials

Compritol 888 ATO (mixture of approximately

mono-, di- and tri-glycerides of behenic acid at 15,

50 and 35% w/w), was obtained from Gattefossè

Italia s.r.l. (Milan, Italy). Epikuron 200 (soybean

phosphatidylcholine, minimum 95wt% phosphatidyl-

choline) was a kind gift from Lucas Meyer (Ham-

burg, Germany); taurocholate sodium salt was a kind

gift from Prodotti Chimici e Alimentari S.p.A.

(Basaluzzo-Alessandria, Italy). FA was purchased

from Fluka (Milan, Italy). The other chemicals, of

analytical grade, were obtained from Sigma (Milan

Italy).

Preparation of empty and FA-loaded SLNs

Empty and drug-loaded SLNs were prepared via a

warm oil-in-water (o/w) microemulsion by using

Compritol 888 ATO as lipid matrix, Epikuron

200 as a surfactant, taurocholate sodium salt as a
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cosurfactant. The lipid phase was prepared by heat-

ing Compritol 888 ATO (0.246 mmol) �5�108C
above its melting point. Successively, an aqueous

suspension (0.65 ml) of Epikuron 200 (0.049 mmol)

and an aqueous solution (0.34 ml) of taurocholate

sodium salt (0.243 mmol) were added, thus obtaining

a clear microemulsion. SLNs were obtained by

dispersing the warm o/w microemulsion in cold water

(100 g) at 3918C, under mechanical stirring. FA-

loaded SLNs were obtained by dissolving FA in the

melted lipid matrix and operating as described above.

The obtained aqueous dispersions of SLNs were

centrifuged, at 48C, at 45 000 rpm for 1 h, suspended

in water and recovered after freeze-drying by a

Modulyo freeze-dryer (Edwards, Crawley, UK) for

successive characterization.

Particle size determination

The mean diameter and width of distribution (poly-

dispersity index, PDI) of empty and FA-loaded SLNs

were determined by photon correlation spectroscopy

(PCS). The measurements were carried out by using

a Zetasizer Nano ZS (Malvern Instrument, Herren-

berg, Germany) which utilizes the Non-Invasive

Back-Scattering (NIBS) technique. Each sample

was appropriately diluted with filtered (0.2 mm)

double-distilled water. The measurements were

done at a scattering angle of 1738. Each suspension

was put in a cuvette and analysed in triplicate.

Zeta potential measurements

The zeta potential was measured using principles of

laser Doppler velocitometry and phase analysis light

scattering (M3-PALS technique). For this purpose, a

Zetasizer Nano ZS Malvern Instrument equipped

with a He-Ne laser at a power P�4.0 mW and with

l�633 nm was used. Empty and FA- loaded SLNs

were dispersed in filtered (0.2 mm) double-distilled

water or an aqueous solution of NaCl (0.9% w/v) or

phosphate saline buffer (PBS) at pH 7.4, with

conductivity adjusted to 50 mS/cm. Each sample

was analysed in triplicate.

Determination of loading capacity (LC%)

To determine the amount of FA entrapped into

SLNs, 5 mg of freeze-dried SLNs were dissolved in

25 ml of tetrahydrofuran (THF). The organic solu-

tion was filtered through 0.45 mm (PTFE membrane)

filters and analysed by HPLC. In order to ensure that

the drug is not absorbed on the PTFE membrane,

several THF solutions of drug at known concentra-

tions were filtered and the concentration values

before and after filtration were evaluated by HPLC

analysis. No significant differences in drug concen-

tration was observed. Results were expressed as LC%

(w/w), that is the relative percentage of loaded drug

with respect to the lipid phase (matrix lipid�drug).

The HPLC analysis was performed at room

temperature using a Shimazu Instrument equipped

with a reversed-phase C18 column (Bondpak, 3 m,

150�4.6 mm i.d., Supelco). A mixture of tetrahy-

drofuran (THF), H2O and CH3COOH (60:35:5 v/v)

with a flow rate of 0.2 ml/min was used as mobile

phase. The HPLC column system was connected

with a UV-Vis detector (Shimazu). The drug peak

was measured at a wavelength of 318 nm and

quantitatively determined by comparison with a

standard curve obtained using FA solutions in THF

at known concentrations.

Drug release at pH 7.4

FA release from SLNs was assessed in vitro by a

dissolution method, using United States Pharmaco-

poeia (USP) apparatus II. A dissolver (Esadissolver 3)

was fitted with six 1 L dissolution vessels and

apparatus II paddle set. The paddle rotation speed

was set at 50 rpm and the vessels, containing the

dissolution medium PBS 0.01 M at pH 7.4, were kept

at 378C. At selected time intervals, 50 mg of formula-

tion were added to each vessel and samples of 3 ml

volume were withdrawn, filtered through 0.22 mm

(nylon membrane) and analysed by HPLC.

Cell cultures

LAN5 human neuroblastoma cell line was plated into

96-well plates at a density of 1.5�104 per well for 24 h.

Cells were cultured with RPMI 1640 medium (CEL-

BIO) supplemented with 10% foetal bovine serum

(FBS)(GIBCO)and1%antibiotics(50mg/mlpenicillin

and 50 mg/ml streptomycin) and antimycotics

(SIGMA). Cells were maintained in a humidified 5%

CO2 atmosphere at 3790.18C. Empty SLNs and

different amounts (14mM,28mM) of FA, free or loaded

into SLNs (dispersion volumes: 5 ml or 10 ml), were

incubatedtogetherwith10mMrAb42onLAN5cells for

24 h. The recombinant Ab42 peptide (rAb42) was

produced, purified and prepared under oligomeric

form according to Carrotta et al. [29]. The treated

cultured cells and the controls were morphologically

analysed by microscopy inspection, using a Leica in-

vertedmicroscope,orutilizedforspecificassays.For the

ROS, JC-1, Caspase activation assays and Western blot

experimentsweutilizedFAat28mM,freeor loaded into

SLNs (dispersionvolume:10ml).

Determination of cell viability

Cell viability was measured by MTS assay (PRO-

MEGA). MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulphopheyl)2H-tetra-

zolium] was utilized according to the manufacturer’s

instructions. After cells treatments, 20 ml of the MTS

Antioxidant effect of Ferulic acid on neurodegeneration 1135
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solution were added to each well and the incubation

was continued for 4 h at 378C, 5% CO2. The

absorbance was read at 490 nm on the Microplate

reader wallacVictor 2 1420 MULTILABEL COUN-

TER (Perkin Elmer). Results were expressed as the

percentage MTS reduction of the control cells.

Analysis of mitochondrial transmembrane potential

generation and reactive oxygen species (ROS)

Mitochondrial membrane potential was measured

directly using the MitoProbe JC-1 Assay Kit (Mole-

cular Probes, Eugene, OR). LAN5 human neuro-

blastoma cell line were untreated (Control) or treated

with 10 mM rAb42 oligomers alone or combined with

free FA (28 mM) or with FA (28 mM) blended into

SLNs (dispersion volume: 10 ml) for 24 h. After-

wards, the cells were incubated with 2 mM JC-1

(5,5?,6,6?-tetrachloro-1,1?;,3,3?-tetraethylbenzimida-

zolylcarbocyanine iodide) fluorescent dye in PBS

(137 mM NaCl, 2.7 mM KCl, 8 mM Na3PO4, pH

7.4) for 30 min at 48C. CCCP (carbonyl cyanide 3-

chlorophenylhydrazone) (50 mM), a mitochondrial

membrane potential disrupter, was used as control

and to perform standard compensation (data not

shown). Fluorescence emission shift of JC-1 from red

(�590 nm) to green (�529 nm) was evaluated by

flow cytoflourimetry (FACScalibur, Becton Dickin-

son, Mountain View, CA) with 488 nm excitation

laser.

To assess ROS generation by flow cytofluorimetry,

cells were incubated for 24 h as mentioned above.

Afterwards, cells were incubated with 1 mM dichloro-

fluorescein diacetate (DCFH-DA) in PBS for 10 min

at room temperature in the dark.

After washing, cells were dissolved in PBS and then

analysed by flow cytometry for fluorescence-positive

cells analysis. Gate on the cells, excluding debris, was

performed from forward (FS) and sideways (SS)

scatter patterns.

Caspase assays

Caspase-9, 3/7 activities in cells were measured using

commercially available luminescent assays (caspase�
GloTM 9, caspase�GloTM 3/7 assay systems, PRO-

MEGA). LAN5 cells were untreated (control) or

treated with 10 mM oligomers alone or with FA at

28 mM, free or loaded into SLNs (dispersion volume:

10 ml) for 4 h. Caspase reagent specific for each kit was

added directly to the cells in white 96-well plates and,

after mixing, they were incubated for 15�30 min

before recording luminescence with wallacVictor2

1420 MULTILABEL COUNTER (Perkin Elmer)

apparatus. The caspase activator assay was performed

utilizing 50 mM vinblastine (Sigma, Milan, Italy).

The caspase inhibitor assay was performed with 50

mM Z-VAD (Promega).

Cytochrome c release assay. LAN5 cells were untreated

(control) or treated with 10mM oligomers alone or with

FA at 28 mM, free or loaded into SLNs (dispersion

volume: 10 ml) and separately were collected. Cytosol

and mitochondria fractions were prepared utilizing a

Mitochondria Isolation Kit (PIERCE) and according

to the manufacturer’s instructions. Lysates of both the

fractions and controls were separated on 4�20% SDS

PAGE (Cambrex) and the Western blot was incubated

with 1:1000 diluted anti-cytochrome c (Cell Signalling

Technology).

Protein extraction and Western blotting

Total proteins were prepared by dissolving in lysis

buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl,

0.5% Triton X-100, 2 mM PMSF, 10 mg/ml protease

inhibitor, 1 mM Na3VO4, 1 mM NaF) LAN5 cells

untreated (control) or treated with 10 mM oligomers,

alone or with FA at 28 mM, free or loaded into SLNs.

Cells to be used as control were treated with H2O2 2

mM for 20 min., as free radical generator. Protein

samples (50 mg) were electrophoretically separated

using 10% SDS-PAGE gel and transferred onto

nitrocellulose filters for immunoblotting. After block-

ing in 3% BSA in TBST, the Western blot was

incubated with anti-phosphorylated ERK 1/2

(1:1000; SIGMA) or anti-peroxiredoxine 3 (1:1000;

Sigma, Milan, Italy). Primary antibodies were de-

tected using the ECL chemiluminescence kit (Amer-

sham) according to the manufacturer’s instructions

and using secondary antibodies conjugated to horse-

radish peroxidase (1:1500) (Amersham). Bands in-

tensities were analysed with a gel documentation

system (BioRad). Prx3 and ERK1/2 expressions

were adjusted to actin expression. The protein levels

were expressed as densitometry and percentage of

controls.

Statistical analysis

All experiments were repeated at least three times.

Each experiment was performed in triplicate. The

results are presented as mean9SD. Statistical eva-

luation was conducted by ANOVA, followed by

Student’s t-test for analysis of significance. Results

with a p-valueB0.05 were considered statistically

significant.

Results

Production and characterization of SLNs

Empty and FA-loaded SLNs potentially to be used as

DDS were prepared successfully via a warm o/w

microemulsion by using Compritol 888 ATO. The

obtained nanoparticles were characterized in terms of

particle size, PDI, zeta potential, LC% and drug

release profile. In Table I, mean diameter and PDI

values are reported. The average diameter of either

1136 P. Picone et al.
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empty or drug-loaded SLNs was quite small, 85.36

and 96.16 nm, respectively, the empty system being

smaller than that drug-loaded. The quite small PDI

values indicate a good dimensional homogeneity of

both systems. Moreover, the LC% of FA-loaded

SLNs, determined by HPLC analysis and expressed

as the percentage of loaded drug with respect to the

lipid phase (matrix lipid�drug), resulted very high

(20.0% w/w).

To investigate the surface charge of empty and FA-

loaded SLNs, zeta potential measurements were

carried out both in double-distilled water and in

isotonic media with physiological fluids (NaCl 0.9%,

PBS at pH 7.4). Table II shows the zeta potential

values of empty and FA-loaded SLNs. The surface

charge values are negative for both empty and drug-

loaded samples in all the investigated media. More-

over, these values are larger in double-distilled water

for both empty and drug-loaded SLNs, while they are

smaller in NaCl 0.9% and PBS at pH 7.4 because of

the shielding effects due to the presence of ions in

solutions (Table II).

In addition, the evaluation of FA release was

performed in simulated extracellular fluid (PBS at

pH 7.4). The release profile, reported in Figure 1,

shows a complete drug delivery within 10 h. Although

a relevant burst release was observed, � 40 wt% of

drug incorporated into the lipid matrix was released

in a prolonged way.

All the physicochemical characteristics of these

SLNs suggest that they can be used for a potential

intravenous administration and, due to their small

size, the nanoparticles could probably minimize the

attack of macrophages of MPS and reach the CNS, so

overcoming the BBB.

FA, free or loaded into SLNs, protects cell against rAb42

oligomer toxicity

To test the activity of free FA against Ab toxicity and

investigate if the entrapment of FA into SLNs may

improve the effectiveness of free FA, we carried out in

vitro experiments on LAN5 neuroblastoma cells

treated with rAb42 oligomers. As a first approach,

the morphological effect with respect to the corre-

sponding controls (Figure 2A�C) was observed. Re-

presentative images of neurons treated with rAb42

oligomers at various stages of degeneration are shown

in Figure 2D. Morphological changes resulted in a

reduction of the cellular body, neuritis and neuronal

cell number. Cells treated with rAb42 oligomers and

FA free (2E) or loaded into SLNs (2F), instead, appear

to recover the regular morphology of neurons.

To confirm the morphological results and to

evaluate the amount of FA, free or entrapped into

SLNs, a dose-response study was performed. To this

purpose various amounts of FA, in both conditions,

were incubated with rAb42 treated LAN5 cells for 24

h. All the treated cells and the control were examined

by MTS assay.

As shown in Figure 3, cells treated with rAb42

alone or with empty SNLs showed a mortality of �

40% if compared with the control. When free FA,

at concentrations of 14 mM and 28 mM, was utilized

a recovery of cell viability of �15% and 20%,

respectively, was observed. Further, when FA at

the highest concentration (28 mM) entrapped into

SLNs was employed, a best result, in terms of cell

viability, was obtained. In fact, a total recovery of

rAb42-induced toxicity was detected, indicating that

these SLNs are good carriers for improving the

protective effect of FA.

FA-loaded SLNs restore mitochondrial membrane

potential and inhibit Ab42-induced intracellular ROS

generation

At physiological membrane potential JC-1 forms red-

fluorescent aggregates. Therefore, intact living cells

stained with JC-1 exhibit a red fluorescence, detect-

able by flow cytometry analysis. On the other hand,

stressed cells result in a break-down of the mitochon-

drial membrane potential and a prevalent increase of

green fluorescence. Consequently, mitochondrial

Table I. Mean size, PDI and LC% of empty and FA-loaded

SLNs. Each value is the mean of three experiments9SD.

Size (NM) PDI LC%(w/w)

Empty SLNs 85.3691.85 0.25690.031 /

FA-loaded SLNs 96.1692.96 0.19690.038 20.0%

Table II. Zeta potential values (mV) of empty and FA-loaded

SLNs. Each value is the mean of three experiments9SD.

H2O NaCl 0.9% PBS (pH 7.4)

Empty SLNs �28.2493.15 �3.5690.18 �8.4590.35

FA-loaded SLNs �36.4091.38 �1.9790.25 �11.792.24

Figure 1. Release profiles of FA from FA-loaded SLNs in PBS at

pH 7.4. Each value is the mean of six experiments.

Antioxidant effect of Ferulic acid on neurodegeneration 1137
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depolarization is indicated by a decrease in the red/

green fluorescence intensity ratio.

The mitochondrial membrane potential (DCm) of

LAN5 cells treated with rAb42 alone or together with

FA, free or entrapped into SLNs, was monitored by

measuring the fluorescence of JC-1 monomers. The

mitochondrial membrane was found to be signifi-

cantly depolarized by rAb42 treatment (Figure 4A).

Moreover, the mitochondrial membrane potential

upon rAb42 treatment in the presence of FA free or

entrapped into SLNs was similar to that observed in

control samples, thus indicating that FA, in both

supplied conditions, restored the mitochondrial mem-

brane potential by counteracting rAb42 activity.

Further, a total recovery was observed for FA en-

trapped into SLNs.

Figure 2. rAb42 oligomers produce morphological changes to LAN5 neuroblastoma cells. Images of LAN5 cells untreated (A), treated

with free FA (B), treated with FA-loaded SLNs (C), treated with rAb42 oligomers (D), incubated with rAb42 oligomers and free FA (E) or

FA-loaded SLNs (F). The arrows indicate the neurites. Bar: 20 mm.

Figure 3. Dose dependence of protective effect of free Ferulic acid or FA-loaded SLNs against rAb42 oligomers induced cell death. LAN5

neuroblastoma cells were untreated (control) or incubated with 5 ml or 10 ml of empty SLNs (SLN 5 ml, SLN 10 ml) or with 10 mM of rAb42

oligomers alone (Ab42 10 mM) or with empty SLN (Ab42 10 mM SLN) or together with different doses (14 mM and 28 mM) of free FA

(Ab42; FA 14 mM, Ab42; FA 28 mM) or FA loaded with 5 ml of SLN (Ab42 10 mM; SLN 5 ml; FA 14 mM) or 10 ml of SLN (Ab42 10 mM;

SLN 10 ml; FA 28 mM). After 24 h of incubation treated and untreated cells were submitted to viability MTS assay. Cell viability is

significantly higher in control (*pB0.01), in SLN 5 ml (*pB0.01), in SLN 10 ml (*pB0.01), in Ab42 10 mM; SLN 5 mL (14 mM FA) (** pB

0.02), in Ab42 10 mM; FA 28 mM (*** pB0.05), in Ab42 10 mM; SLN 10 mL (28 mM FA (*pB0.01) vs Ab42. Percentage of viability is

referred to as control, the data are the mean9SD of three separate experiments.
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Furthermore, some evidences suggest that Ab is able

to generate free radical and oxidative damage [5].

Then, we have also investigated the ability of FA, free

or loaded into SLNs, in reducing ROS produced by Ab

treatment. Intracellular ROS were measured by di-

chlorofluorescein diacetate (DCFH-DA) cytofluoro-

metric assay. The conversion of non-fluorescent

dichlorofluorescein diacetate (DCFH-DA) to the

highly fluorescent compound 2?,7?-dichlorofluores-

cein (DCF) by cellular esterase activity can be used

to monitor the presence of peroxides due to the

oxidative burst in LAN5 cell line. Therefore

the emitted fluorescence is directly proportional to

the concentration of hydrogen peroxide inside the cell.

Here we investigate if FA, free or entrapped into SLNs,

is able to inhibit rAb42-induced intracellular ROS

formation. rAb42 oligomers induced a significantly

higher ROS percentage generation with respect to the

other three conditions (Figure 4B). In particular in the

presence of FA entrapped into SLNs, rAb42-induced

intracellular ROS formation was completely inhibited.

A ROS percentage generation similar to that found

under control conditions was observed, so confirming

the antioxidant proprieties of FA. The weak activation

of ROS observed in the control is probably due to basal

metabolism.

FA-loaded SLNs reduce rAb42 induced release of

cytocrome c

As a consequence of mitochondrial membrane depo-

larization, cytochrome c could be released from the

intermembrane space of mitochondria in the cytosol.

In order to compare the effects on mitochondrial

membrane of the treatment with rAb42 oligomers

alone, or with rAb42 in the presence of FA or FA-

loaded SLNs, a cellular fractionation was performed.

Mitochondria and cytosol fractions were obtained by

LAN5 cells untreated or incubated with oligomers

alone, oligomers with FA and with FA-loaded SLNs.

Proteins from all these samples were extracted and the

presence of cytochrome c in each fraction was analysed

by Western blot, using a specific antibody. Figure 5

shows that in untreated control cells, cytochrome c

and actin are exclusively present in the mitochondrial

or cytosolic fractions, respectively. Instead, in oligo-

mers treated cells a decrease in the mitochondrial pool

of cytochrome c was detected and in contrast a

significant amount of cytochrome c was present in

the cytosol. Furthermore, in LAN5 cells treated with

rAb42 oligomers and FA a weak band in cytosol

proteins was detected, whereas no band was detected

in cytosol proteins when LAN5 cells were treated with

rAb42 oligomers and FA-loaded SLNs. This result

Figure 4. LAN5 neuroblastoma cells were untreated or treated with rAb42 alone or combined with free FA or FA-loaded SLNs. (A)

Protection of FA free or loaded into SLNs against Ab42 induced mitochondrial membrane potential change. The number indicates the

percentage of green fluorescence positive cells. Right, representative graph of flow cytometric analysis. Mitochondrial membrane is

significantly depolarized by rAb42 treatment vs control, *pB0.002, vs free FA, ***pB0.01, and vs FA-loaded SLNs, **pB0.003. (B) The

percentage of ROS generation is significantly higher by rAb42 treatment vs control, ***pB0.05, free FA, **pB0.02, and FA-loaded SLNs,

*pB0.01.
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suggests that these two treatments interfere with the

rAb42 oligomers action, producing a protection of the

mitochondrial membrane.

FA-loaded SLNs reduce apoptosis induced by Ab42

oligomers

Proteolytic enzymes of the caspase family play a

central role in initiating and sustaining the event

leading to apoptotic cell death. In particular, intrinsic

pathway, activated by caspase 9, involves the mito-

chondria. To investigate about the possibility that FA,

free or incorporated into the SNLs, can interfere with

apoptotic process activated by rAb42, we utilized a

Caspase 9 luminometric assay on LAN5 cells treated

with rAb42 oligomers alone or in the presence of FA

or FA-loaded SLNs (Figure 6A). A caspase activator

was employed as a control. As can be seen in Figure

6, cells treated with oligomers in the presence of FA

or FA-loaded SLN showed a strong reduction of

activation of caspase 9 with respect to cells treated

with oligomers alone, indicating that the drug in-

duced a positive protective effect. In order to confirm

this result, LAN5 cells treated as described above

were put through to caspase 3 assay, the typical

caspase executrix. As expected, in the LAN5 cells

treated with oligomers and FA or FA-loaded SLNs a

drastic reduction in the caspase 3 activation respect to

the rAb42 cells was detected (Figure 6B). Moreover,

these results confirm that Ab oligomers induce

intrinsic apoptotic pathway and the compound here

presented can down-regulate caspase activation.

FA modulates Peroxiredoxin 3 expression

Cells possess an anti-oxidation defence system. Per-

oxiredoxin 3 (Prx3) is a protein having peroxide

reductase activity [32]. It is considered the most

important H2O2-eliminating enzyme in mitochon-

dria. Increased Prx3 expression and the ability to

maintain Prx3 in a reduced state seem to be a

neuroprotective mechanism occurring in response to

Ab toxicity [33]. To determine whether FA, free or

entrapped into SLNs, interferes in Prx3 expression, a

Western blot experiment was performed. Proteins

extracted by LAN5 cells treated with rAb42 oligo-

mers with or without FA free and FA-loaded SLNs

and with H2O2, as control, were immobilized into a

membrane and incubated with anti-Prx3. An intense

double band of 23 and 26 kDa, corresponding to the

two isoforms of Prx3 [33], was detected in H2O2 and

rAb42 treated cells (Figure 7A). A double band with

a lower intensity, not comparable to that of the

untreated cells, was instead detected in the samples

treated with FA and FA-loaded SLNs. Increased

Prx3 expression suggested that cellular ROS defence

mechanism was activated but it was not sufficient to

balance the ROS over-production induced by rAb42.

Cells treated with rAb42, indeed, as shown before

(Figure 6), activate cell death pathway. In contrast,

the decreased Prx3 level in samples treated with

rAb42 and FA free or SLN loaded suggested that

the reduced mitochondrial ROS generation due the

presence of free FA or FA-loaded SLNs required a

lower Prx3 production.

FA-loaded SLNs reduce ERK activation induced by

Ab42 oligomers

Among the mitogen-activated kinase (MAPK) family,

a role for the extracellular signal-regulated kinase

(ERK)1/2 pathway, in AD neuronal death, has been

proposed [34]. Activation of ERK seems in turn

activates caspase-3 [35]. Moreover, ERK activation is

also associated with cell death induced by ROS [36].

FA being able to inhibit ROS generation and reverse

caspases 9 and 3 activation, we investigated about the

possibility to obtain some effect on ERK 1/2-signal-

ling. A Western blot of proteins extracted after Ab

treatment with or without FA free or loaded into

SLNs was incubated with antibodies against activated

ERK1/2. Consistent with other studies, LAN5 trea-

ted with Ab resulted in the sustained activation of

ERK1/2 as compared with the untreated control

(Figure 8). As expected, FA free and loaded into

SLNs consistently reduced Ab mediated activation of

ERK1/2.

Figure 5. Free FA or loaded into SLNs reduce cytochrome c

release produced by oligomers in LAN5 cells. Western blot of

proteins extracted from mitochondrial (M) and cytosolic (C)

fractions of LAN5 untreated cells (control) or treated with

oligomers alone (Ab42) and together free FA (Ab42�FA) or FA-

loaded SLNs (Ab42�FA-SLN) and incubated with anti-cyto-

chrome c (cyt. C) or anti-b-actin (b-actin) as control.
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Discussion

The intraneuronal accumulation of Ab, implicated in

AD, is generated in physiological or pathological

conditions within intracellular sites as endoplasmic

reticulum, Golgi apparatus, endosomal-lysosomal

systems [37]. Moreover, some evidences indicate

that monomers and oligomers of Ab are associated

to mitochondria in transgenic mouse model and AD

brain [37�42]. Here, utilizing rAb42 oligomers and

neuroblastoma cells, we mimic the in vivo condition,

in order to investigate about the connection of some

pathways, involving mitochondria and leading to

neurodegeneration. We also investigated if these

pathways can be reversed by using an antioxidant

such as FA. Moreover, we demonstrate that an

enhanced FA action can be obtained when FA-loaded

SLNs are employed, and we provide some evidence

that FA-loaded SLNs can be delivered and utilized at

mitochondrial level.

The need to develop and improve new strategies for

the release of therapeutic and diagnostic agents has

been widely recognized. In this effort we have pre-

pared by means of microemulsion techniques new

nanoparticles based on solid lipids (SLNs), potentially

useful as DDS for FA. The use of SLNs as DDS offers

many advantages such as the possibility of controlled

drug release and drug targeting, increased drug

stability, high drug loading capacity and lack of

biotoxicity of the carrier [24]. In particular, we used

Compritol 888 ATO as lipid matrix, Epikuron 200 as

surfactant and sodium taurocholate as cosurfactant.

The amount of FA entrapped into drug-loaded sample

(LC%), expressed as the percentage of loaded drug

with respect the lipid phase (matrix lipid�drug), was

20% w/w. After preparation and purification, the

obtained samples were characterized in terms of

mean size, PDI and zeta potential, indicating that

the average diameter of nanoparticles is found to range

from 85�96 nm, with the empty system being smaller

Figure 6. FA and FA-loaded SLNs inhibit apoptosis induced by rAb42 oligomers. LAN5 cells were untreated or treated with rAb42

oligomers alone (Ab42) or with free FA (Ab42-FA) or FA-loaded SLNs (Ab42SLN-FA) or with vinblastine (activator) or with Z-VAD-

FMK (inhibitor) and submitted to caspase 9 (A) or 3/7 (B) luminescent assays. Caspase reagent specific for each kit was added directly to

the cells in white 96-well plates and after mixing were incubate for 15�30 min, before recording luminescence with appropriate apparatus.

Inhibition of caspase 9 (A) and 3/7 (B) activation, induced by rAb42 was observed after incubation of LAN5 cells with oligomers and FA

and FA-loaded SLNs. On the left the RLU (Relative Light Units) are indicated. Caspase9 (A) activation is significantly lower in control

(*pB0.01), in Ab42�FA (*pB0.01), in Ab42�FA-SLN (*pB0.01) and in Ab42�inhibitor (**pB0.02) vs rAb42. Caspase3 (B)

activation is significantly lower in control (**pB0.02), in Ab42�FA (***pB0.05), in Ab42�FA-SLN (*pB0.01) and in Ab42�inhibitor

(***pB0.05) vs rAb42.
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than drug-loaded SLNs. This result is probably due to

the larger total lipid amount precipitated in the

aqueous cold phase for obtaining drug-loaded nano-

particles, as reported by other authors [43�45]. More-

over, the quite low PDI values indicate a good

homogeneity degree of the system dimensions. A

complete drug release from FA-loaded SLNs was

obtained within 10 h. The release profile appeared

suitable for using this system also in vivo, since once in

the blood stream, the migration into the brain must be

very fast. Moreover the system, due to its small size,

could minimize the attack of macrophages of MPS and

quickly reach the CNS, overcoming the BBB probably

by an endocytosis mechanism [21�26,46,47]. Here,

SLNs-entrapped FA could perform its antioxidant

action against the damage produced by Ab.

The use of antioxidants against b-amyloid induced

toxicity can be a promising strategy of treatment for

AD. Several in vitro studies have shown that synthetic

Ab facilitates the generation of free radicals [48]. In

contrast, some evidence has suggested that oxidative

stress precedes Ab deposition and aggregate forma-

tion [49] and other authors have proposed that Ab

fibrils act as free radical scavengers [50]. These

results can be considered in agreement with the

possibility that Ab oligomers can damage internal

organelles. Although many pro-apoptotic stimuli

induce the intracellular accumulation of H2O2, a

direct relation between the mitochondrial generation

of H2O2 and apoptosis has still not been demon-

strated. An important site to be targeted in oxidative

stress-related diseases is, indeed, the mitochondrion,

which is the main source of ROS production. Anti-

oxidants such as ubiquinone and vitamin E analo-

gues, as Mito Q and Mito Vit E, were synthesized to

have mitochondria as targets [51]. Here, we utilize

purified rAb42 oligomers that, on the basis of the

biological effects, are believed to be able to enter into

cytoplasmatic environment of neuroblastoma cells.

The model system used here suggested that Ab, in

agreement with other studies, directly interacts with

mitochondria [42,48�52]. This interaction promotes

the leakage of ROS, mitochondrial dysfunction,

cytochrome c release and apoptotic cell death, events

that may underline the mechanism of Ab-induced

mitochondrial toxicity in AD progression.

When FA is employed, in Ab-treated cells, a

normalized mitochondrial membrane potential

(Dcm), a decreased ROS generation (Figure 4), a

decreased cytochrome c release (Figure 5) and an

inhibition of caspase 9 and caspase 3 activation

(Figure 6) are observed. Thus, FA inhibited oxidative

stress and the cascade of events leading to cellular

death. The inhibitor effect was enhanced when FA

was entrapped into SLNs. This result provides the

evidence that ROS can act as a signalling molecule to

initiate apoptosis [53] and is in agreement with studies

demonstrating that the antioxidants, acting as scaven-

gers for ROS, suppress apoptosis. Epidemiological

clinical studies have demonstrated that inhibition of

oxidative stress is effective in reducing the clinical

manifestation of neurodegenerative diseases [54].

Moreover, an age-dependent increase in intracellular

ROS may be responsible, with others events, for a

major Ab production by APP cleavage, its precursor.

Thus, it seems that Ab produces ROS and ROS

produces Ab, and on the perspective to block this

Figure 7. Prx3 expression in presence of rAb42 without/with

ferulic acid. (A) Western blot of proteins extracted by untreated

LAN5 cells (control) or treated with H2O2 (H2O2) or treated with

rAb42 (Ab) and treated with rAb42 and FA (Ab�FA) or treated

with rAb42 and FA loaded on SLNs (Ab� FA-SLN). On the right

molecular weight. Uniformity of gel loading was confirmed with

b-actin as standard. (B) Quantification of immunoreactivity was

performed using densitometric analysis.

Figure 8. ERK1/2 activation in response to rAb42 oligomers

without or with ferulic acid. Western blot of proteins extracted by

untreated LAN5 cells (control) or treated with H2O2 (H2O2) or

treated with rAb42 (Ab) or treated with rAb42 and FA (Ab�FA)

or treated with rAb42 and FA loaded on SLNs (Ab�FA-SLN). On

the right molecular weight. Uniformity of gel loading was con-

firmed with b-actin as standard. (B) Quantification of immunor-

eactivity was performed using densitometric analysis.
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process, it becomes important to identify a DDS that

can be potentially utilized for the prevention and the

treatment of oxidative stress induced by Ab.

For a better efficacy, the drug should reach the site

of action, and the data here reported suggest that the

drug carried by the investigated DDS has an effect on

mitochondrion, even if it is possible that it can reach

other sites or organelles. For a long time mitochon-

dria have been widely considered ‘the motor of cell

death’ [55], so that the drug targeting towards these

structures can be regarded as a promising therapeutic

strategy. Consequently, increasing efforts have been

made to either design low-molecular weight mole-

cules able to target mitochondria or to develop drug

carrier systems for the selective delivery of drugs and

DNA to and into mitochondria [56]. To classify

molecules displaying a high degree of mitochondrial

affinity, the term ‘mitochondriotropics’ has been

proposed [56�58]. Further, for mitochondria uptake

occurring, it is necessary that whole molecules

possess certain physicochemical features (e.g. lipo-

philic character) [59] and the nanoparticles system

here employed seems to satisfy them.

Further evidence that FA shows a scavenger effect

for mitochondrial ROS production is the different

expression of Prx3 with respect to Ab treated cells.

Peroxiredoxins 3 (Prx3) belongs to a family of highly

conserved proteins which catalyse the reduction of

peroxides in the presence of thioredoxin and Prx3 is

considered a mitochondrion-specific H2O2 scaven-

ging enzyme [32]. Under apoptotic stimuli Prx3 is

rapidly oxidized and precedes later apoptotic events

including collapse of mitochondrial membrane po-

tential, cytochome c release and caspase activation

[60]. Results here presented show that LAN5 treated

with Ab, or H2O2 as control, increased Prx3 expres-

sion suggesting that when the toxic stimuli produce

excessive ROS, even if a neuroprotective plan is

triggered, the cellular anti-oxidant defences are not

enough and cell degenerative path is activated. When

exogenous FA free or loaded into SLNs is added to

Ab treated LAN5 cells, expression of Prx3 is lower

with respect to that of Ab treated cells, but larger with

respect to that of the untreated control. Since FA free

or SLN loaded decreases ROS formation, we suppose

that in this condition the scavenger role of Prx3 is less

necessary and the activation of the described down-

stream events is reduced or inhibited.

Sub-cellular compartmentalization of reactive oxy-

gen species (ROS) plays a critical role in cell signal

transmission in response to particular stimuli. It is

known that Ab induced toxicity can be partially

mediated through activation of the ERK1/2 signal

transduction pathway, which results in caspase-3

activation and cell death [35]. Results here obtained

indicate that FA provides a substantial protection

against Ab injury. Further, its antioxidant properties

affect other cellular mechanisms such as biochemical

pathways. In this context, we found that ERK1/2

phosphorylation was reduced by free FA and im-

proved when it was SLN loaded with respect to Ab

treated cells, suggesting that FA can interfere directly

or indirectly with MAPK kinase pathway and conse-

quently with the downstream signal transduction.

Finally, we propose a model in which when an

excess of mitochondrial ROS is produced, by Ab

oligomers stimulus, the natural antioxidant defences

provided by Prx3 and other molecules are not

sufficient to avoid loss of mitochondrial membrane

potential, cytochrome c release, caspases activation,

together with ERK phosphorylation. When, at the

same toxicity conditions, FA is added, better if

loaded on SLNs, ROS formation is reduced and

the downstream cascade of events is inhibited

(Figure 9). However, we cannot exclude that FA

inhibits ROS formation in other cellular compart-

ments.

In conclusion, we report here that b-amyloid is a

key factor in free radical generation and oxidative

damage activating a cascade of events leading to

apoptotic cell death. The suppression or the reduc-

tion of the oxidative stress seems to be a promising

therapeutic intervention for neurodegenerative dis-

eases. The use of antioxidant molecules such as FA

and the proposed DDS, appear to be potentially

useful for an effective therapy for AD treatment.

Figure 9. A scheme depiciting the protective role of Ferulic acid

free or SNL loaded in response to stimulation by oligomeric Ab42

in LAN5 neuroblama cells. An excess of mithochondrial ROS is

produced, by Ab oligomers stimulus, the natural antioxidant

defences provided by Prx3 and other molecules are not sufficient

to avoid loss of mitochondrial membrane potential (Dc), cyto-

chrome c release, caspases activation, together with ERK phos-

phorylation. When FA free o and particularly when loaded on

SLNs is added, ROS formation is reduced and the downstream

cascate of events, induced by them, inhibited.
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