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ABSTRACT: Curcumin, a neuroprotective agent with promising
therapeutic approach has poor brain bioavailability. Herein, we
demonstrate that curcumin-encapsulated poly(lactide-co-glycolide)
(PLGA) 50:50 nanoparticles (NPs-Cur 50:50) are able to prevent
the phosphorylation of Akt and Tau proteins in SK-N-SH cells
induced by H,0, and display higher anti-inflammatory and antioxidant
activities than free curcumin. PLGA can display various physicochem-
ical and degradation characteristics for controlled drug release
applications according to the matrix used. We demonstrate that the
release of curcumin entrapped into a PLGA 50:50 matrix (NPs-Cur
50:50) is faster than into PLGA 65:35. We have studied the effects of
the PLGA matrix on the expression of some key antioxidant- and
neuroprotective-related genes such as APOE, APOJ, TRX, GLRX, and
REST. NPs-Cur induced the elevation of GLRX and TRX while

Oo
%00

inflammatory and antioxidont
pathways

Mps-Cur65-35
@ Mps-Curso-50

Free curcumin

Highet awsrusal uptake aod ,mh-o.mn with PLGA 5050

pakt/ pTaw pathways

Expression of key
neuroprotective and
antioidentgenes ()

Newronal-like cell

decreasing APOJ mRNA levels and had no effect on APOE and REST expressions. In the presence of H,0,, both NPs-Cur
matrices are more efficient than free curcumin to prevent the induction of these genes. Higher uptake was found with NPs-Cur
50:50 than NPs-Cur 65:35 or free curcumin. By using PLGA nanoparticles loaded with the fluorescent dye Lumogen Red, we
demonstrated that PLGA nanoparticles are indeed taken up by neuronal cells. These data highlight the importance of polymer
composition in the therapeutic properties of the nanodrug delivery systems. Our study demonstrated that NPs-Cur enhance the
action of curcumin on several pathways implicated in the pathophysiology of Alzheimer’s disease (AD). Overall, these results
suggest that PLGA nanoparticles are a promising strategy for the brain delivery of drugs for the treatment of AD.
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B INTRODUCTION

Alzheimer’s disease (AD) is one of the most common forms of
dementia.' Because of the aging of the population, AD has
become one of the most severe, progressive, socio-economical
and medical burden all over the world.” The current treatment
can cause severe side effects, which often cause the
discontinuation of these pharmacotherapies.” Moreover, only
25—50% of patients respond to these therapies.* Therefore, the
development of novel strategies to treat AD remains a great
challenge.

The physiopathology of AD is multifactorial and implicates

neurodegeneration.””® Interestingly, data obtained from
patients with mild cognitive impairment (MCI), a preclinical
stage of AD, strongly suggest that oxidative stress represents a
major determinant of the pathogenesis and progression of
AD.”™"" This notion is strengthened by data obtained from
transgenic mice models of AD."”

Curcumin is a hydrophobic polyphenolic compound widely
considered as an effective therapy for several pathological
conditions including asthma, epilepsy, gall stone, diabetic
wound healing, and cancer.”®> The hypothesis of a potential

the deregulation of numerous molecular pathways such as the Received: August 7, 2015
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therapeutic application of curcumin in dementia originates from
epidemiological data and thereafter experimental data that
point out its antioxidant, antiinflammatory, and neuroprotective
properties. Synoptically, because of pleiotropic actions of
curcumin, several actual and ongoing clinical trials deal with
the overall action of curcumin or derivatives for numerous
applications including neuroprotection. Accumulating data have
demonstrated its neuroprotective property through antioxidant,
anti-inflammatory, antiamyloid, antitau hyperphosphorylation,
and metal chelation activities'*™"” (also see review in ref 18).
We have recently demonstrated that curcumin protects
neuronal cells against acrolein-induced toxicity by reducing
the intracellular levels of reactive oxygen species (ROS) and
modulating some redox-sensitive proteins and survival path-
ways.'”"*" Therefore, curcumin has the potential for the
treatment of AD. In clinical trial, in respect to AD, it appears to
be safe and tolerable with no adverse chronic effect until the
high dose of 4 g/day during 6 months.”* In spite of its in vitro
and in vivo efficacy and its safety, curcumin has not yet been
approved as a therapeutic agent due to its poor oral
bioavailability caused by the high hydrophobicity of the
molecule. Thus, to enhance its solubility and stability, we
have encapsulated this compound into biodegradable poly-
(lactide-co-glycolide) (PLGA 65:35) nanoparticles with a ratio
of 65% of lactic acid (LA) and 35% of glycolic acid (GA) (NPs-
Cur 65:35).”°

PLGA has been extensively studied for the development of
drug carriers and delivery systems.”* Moreover, it has currently
been approved by the Food and Drug Administration (FDA)
for human use (see review in ref 25).

We found that NPs-Cur 65:35 displayed suitable delivery
properties, for example, small size, high encapsulation
efficiency, prolonged release features in our physicochemical
conditions, prolonged antioxidant activity, no toxicity, and high
neuronal ugtake of curcumin with a wide intracellular
distribution.” More interestingly, curcumin activities were
preserved after at least 6 months of storage.”

The architecture of nanocarriers not only depends on the
nature of compounds to be encapsulated, but also depends on
the properties of the polymer and on targeted cells. The ideal
matrix should allow low polymeric accumulation and an
adequate in vivo release profile enabling a minimal drug
concentration to be maintained for sustainable effect. There-
fore, the choice of a polymeric matrix is indeed of great
importance when encapsulating and delivering a drug. For
instance, the hydrophilicity is known to influence the kinetic of
the degradation of the polymeric matrix. In the case of PLGA,
its hydrophilicity decreased when the LA:GA ratio increased.
Thus, the kinetic of the PLGA degradation followed this order
PLGA 65:35 > 75:25 > 85:15.° Another important parameter
to consider when formulating nanoparticles is the intrinsic
physicochemical nature of the compound to be encapsulated.
Previously, we had chosen PLGA 65:35 based on its high
entrapment efficiency of curcumin, a highly hydrophobic drug.
However, another important parameter to investigate is the
ability of the matrix to control the kinetic of the drug release in
regard to sink condition and better improve the overall
efficiency of our nanosystem. The aim of this study was to get
further insight into the property of NPs-Cur to better
understand the effect of intrinsic polymer modifications on
the activity of entrapped drug. By using PLGA 50:50, we found
that NPs-Cur also preserved and enhanced the neuroprotective
activity of curcumin by modulating survival networks such as
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NF-kB, Nrf2, and synaptic activity with Akt and Tau
phosphorylation, all of which are implicated in the pathogenesis
of AD. Moreover, we found that NPs-Cur can upregulate the
expression of some stress-related genes affected during
neurodegenerative diseases such as apolipoprotein E (APOE),
apolipoprotein ] (APOJ), thioredoxine (TRX), glutaredoxine
(GLRX), and Repressor Element-1/Neuron-Restrictive Silenc-
ing Element (RE-1/NRSE) REST. We found that NPs-Cur
50:50 were better than free curcumin and NPs-Cur 65:35 in
counteracting the increase of REST and GLX expressions.

Overall, these results provide a new insight into the
neuroprotective activity of NPs-Cur and its development as
an effective nanomedicine strategy for the treatment of AD.
This confirms and opens a new insight in the development of
more sophisticated formulations, such as ligands decorated
nanocarriers for the active targeting of the brain.

B MATERIALS AND METHODS

Materials. Curcumin, PLGA 50:50 (MW = 30—60 kDa)
and 65:35 (MW = 40—60 kDa), dimethylammonium bromide
(DMAB), dialysis bag (12 kDa), bovine serum albumin (BSA),
hydrogen peroxide (H,0,), minimal essential medium Eagle
(MEM), fetal bovine serum (FBS), penicillin, streptomycin,
sodium pyruvate, and antirabbit were obtained from Sigma-
Aldrich (Oakville, ON, Canada). PLGA (50:50) nanoparticles
loaded with 1 wt % of the fluorescent dye Lumogen Red (NPs-
Lumogen) were prepared as described previously’’ and
stabilized by 0.1 mg/mL of BSA. Ethyl acetate was purchased
from Fisher (Ottawa, ON, Canada). 2,7’- Dichlorofluorescein-
diacetate (DCFDA) was from Invitrogen (Burlington, ON,
Canada). Nuclear protein extraction kit was from Active Motif
(California, USA). The bicinchoninic acid (BCA) protein
estimation kit was from Pierce Biotechnology (Rockford, USA).
All chemicals were of analytical grade and used without further
purification. Milli-Q water was used for all the experiments.
Rabbit polyclonal antiphospho-Akt (pAkt-Ser473) was pur-
chased from Cell Signaling Technology. Polyclonal rabbit
polyclonal Keap 1 and anti-Nrf2 antibodies were from Abcam
(Cambridge, MA, USA). Rabbit polyclonal anti-NF«B pS0
antibody was from Delta Biolabs (Gilroy, CA, USA). Rabbit
polyclonal anti-pTau (ser 214) antibody was from Santa Cruz
Biotechnology (Dallas, Texas, USA). Mouse monoclonal anti-
GAPDH antibody was from Chemicon (Millipore, Mississauga,
ON, Canada). Rabbit and mice horseradish peroxydase (HRP)
were obtained from Sigma-Aldrich, Inc. Fluorescence emission
with different probes was recorded using Synergy HT Multi-
Detection Microplate Reader.

Methods. Preparation of NPs and NPs-Cur. NPs-Cur
formulations were prepared by an emulsion-diffusion-evapo-
ration method, as previously reported.”* Briefly, curcumin and
polymer were dissolved in ethyl acetate (9 mL). Then this
organic phase was added to an aqueous phase (17.5 mL)
containing DMAB stabilizer (1% w/v) to form an emulsion.
This emulsion was stirred and homogenized (Polytron
PT4000; Polytron Kinematica, Switzerlandchange) to reduce
droplet size. Then the emulsion was further diluted with
ultrapure water (132 mL) for solvent diffusion and then
subsequently evaporated to remove the organic phase under
reduced pressure. NPs-Cur were prepared at a 15% (curcumin/
polymer) weight ratio. For the formulation of blank NPs, the
same procedure was followed without curcumin.

Nanoparticles were thereafter purified by three cycles of
centrifugation (20 000g)/resuspension in ultrapure water.
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Physicochemical Characterization of Nanoformulations.
Particle Size and Zeta Potential. Dynamic light scattering
(DLS) was used for the measurement of average hydrodynamic
diameters and the polydispersity index (PDI) of NPs and NPs-
Cur. Measurements were performed using a Zetasizer from
Malvern Zetasizer Nano-ZS, Malvern Instruments, UK.
Effective mean diameter of the nanoparticles was obtained
from three runs for three different samples. Zeta potential data
were measured through electrophoretic light scattering (ELS,
20 °C, 150 V) in triplicate for each sample (Malvern Zetasizer
Nano-ZS, Malvern Instruments, UK). For both DLS and ELS
measurements, water was taken as the dispersant medium.

Transmission Electron Microscopy (TEM). The morphology
and the size of NPs and NPs-Cur were observed using TEM
(Hitachi H-7100) at 40 000X magnification. Briefly, a drop
(100 uL) of NPs or NPs-Cur was placed on a copper grid and
air-dried. The grid was then immerged in water, air-dried, and
then stained by adding one drop of 3% (w/v) phosphotungstic
acid (PTA). Then the grid was air-dried before loading in the
microscope and photographed.

Entrapment and Drug Loading Efficiency of NPs-Cur. The
percentage of drug incorporated during NPs-Cur preparation
was determined using a UV—vis spectrophotometer at the
wavelength of 420 nm. After centrifugation of NPs-Cur
resuspended with acetonitrile, analyses were performed on
supernatants. The efficiencies were calculated using the
following equations:

Entrapment Efficiency (%)
= (Weight of drug into nanoparticles
/initial weight of drug) X 100

Drug Loading Efficiency (%)
= (Weight of drug into nanoparticles/Weight of
produced formulation) X 100

Mean values were reported from three individual experiments.

In Vitro Release Studies. For in vitro release study, purified
NPs-Cur were freely dispersed in sodium phosphate buffer (pH
7.4, 30 mL). The release medium was supplemented with 3%
w/v BSA as a natural solubility enhancer to maintain sink
conditions for the lipophilic curcumin.”® All samples were kept
at 37 °C under magnetic stirring and away from light. At
various predetermined end points, 1 mL aliquots were collected
and centrifuged immediately (20 000g for 30 min at 4 °C) to
quantify the exact amount of curcumin in the supernatant at
each time. The samples were then analyzed by using a UV—vis
spectrophotometer at the wavelength of 436 nm in the
presence of BSA, which induces a shift of the absorbance
from 420—436 nm.” The concentration of curcumin released
from the NPs-Cur was expressed as a percentage of the total
curcumin loaded into the NPs-Cur and was plotted as a
function of time.

Antioxidant Activity Assays. 2,2-Diphenyl-1-picrylhydrazy!
(DPPH) Radical Scavenging Activities. The DPPH scavenging
activity of free curcumin, NPs, and NPs-Cur was measured by a
colorimetric method.”® Twenty microliters of samples (0.5 M)
were mixed with 200 uL of DPPH solution (0.2 mM in 80%
ethanol). The reaction mixture was incubated for 30 min in the
darkness at room temperature. The absorbance of the resulting
solution was measured at 517 nm. A solution containing 80%
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ethanol was used as a control. The radical scavenging capacity
of the tested samples was measured using the following
equation: Radical scavenging activity (%) = [ (Acontrol = Asample)/
Acontrol] X 100. Assays were carried out at least in triplicate, and
at least three independent experiments were performed.

Oxygen Radical Absorbance Capacity (ORAC) Assay.
ORAC assay was conducted using fluorescein as a fluorescent
probe according to previous reports’*” with slight modifica-
tions. Twenty-five microliters of antioxidant [Trolox (1—8 uM)
or sample (Cur, NPs and NPs-cur at 0.5 4uM)] was mixed with
150 uL of fluorescein and incubated at 37 °C for 15 min. Then
25 uL of AAPH was added to the mixture. The whole assay
lasted for 90 min. The fluorescence was determined with the
excitation/emission filters at 485/535 nm using a Synergy HT
multidetection microplate reader. Trolox and 2,2'-azobis (2-
amidinopropane) dihydrochloride (AAPH) solutions were
freshly prepared, and fluorescein was diluted from a stock
solution (1.17 mM) in 7S mM phosphate buffer. Final ORAC
values were expressed as ymol of trolox equivalent /umol of
curcumim. Assays were carried out in triplicate for a minimum
of three independent experiments.

Culture Assay. Cell Line. SK-N-SH cells, a human
neuroblastoma cell line from ATCC (Manassas, VA, USA),
were maintained in EMEM, supplemented with 10% (v/v)
FBS, 1% penicillin/streptomycin, and sodium pyruvate (1 mM)
in a humidified incubator at 37 °C with 5% CO,. Cells were
grown to 80% confluence and then seeded into multiwell cell
culture plates for the experimental procedures.

Intracellular ROS. Intracellular ROS accumulation was
measured by following the oxidation of 2',7
dichlorofluoresceindiacetate (DCF-DA). Briefly, SK-N-SH
cells (2 X 10* cells/well) were plated into 96-well plates and
allowed to attach for 24 h. After 24 h, cells were starved and
cotreated with free curcumin, NPs, or NPs-Cur and 1.0 mM of
H,0, for 1 h. DCFDA was added to a final concentration of 10
UM for 20 min. The fluorescence was then determined with the
excitation/emission filters at 485/535 nm using a Synergy HT
multidetection microplate reader.

Curcumin Uptake in SK-N-SH Cells by Fluorescence
Microscopy. Curcumin is naturally fluorescent in the visible
green spectrum. To study the qualitative cellular uptake of the
NPs-Cur, SK-N-SH cells were cultured on coverslips coated
with poly-p-lysine at a density of 1.5 X 10* cells/well in 24-well
plates. Cells were incubated for 24 h at 37 °C and then treated
with 0.5 uM free curcumin (used as positive control) or NPs-
Cur for 1 h. Cells were then fixed with methanol and the nuclei
stained with 1 ug/mL of DAPI for 15 min.

In another experiment, cells were incubated with fluorescent
polymer nanoparticles, NPs-Lumogen, for 4 h at 37 °C. The
glass slides were mounted with prolong gold antifade reagent,
protected from light, and air-dried. For fluorescence micros-
copy (Leica ECB, Germany), images were captured using a
camera (SensiCam high performance) under the DAPI filter for
DAPI detection and the FITC filter for curcumin signal
detection. The mean of the intensity of fluorescence per surface
unit in each condition was then quantified using the Image-Pro
plus 5.0 software (Media Cybernetics, USA), and Log2 change
over nontreated cells was calculated.

Protein Extraction. SK-N-SH cells were treated with 1 mM
H,0, and 0.5 uM free curcumin, NPs, or NPs-Cur for 30 min
(Nrf2 and PSO0) or for 1 h (pAkt, pTau, and Keapl). Total
proteins of SK-N-SH cells were extracted with a lysis buffer
containing a cocktail of protease inhibitors, and nuclear
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proteins were extracted using a kit from Active Motif. Total and
nuclear proteins were quantified using the BCA test.

Western Blot Analysis. Equal amounts of protein cell lysates
(30 ug) were separated on 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels and
transferred into PVDF membranes. Membranes were blocked
for 1 h in TBS with 5% skim milk and incubated with primary
antibodies: anti-Keap 1 (1/700), pAkt (1/1000), anti-Nrf2 (1/
1000), anti-NF-«B pS0 (1/500), anti-pTau (1/500), and anti-
GAPDH (1/1000). Amido black 1X was used for rapid staining
of total protein bands. Blots are stained for 1 min and then
destained for 30 min in 25% (v/v) isopropanol, acetic acid 10%
(v/v). Then membrane was incubated with the secondary
antibody HRP-conjugated antirabbit or antimouse (1/10000)
for 1 h. Detection was realized with Immobilion Western
Chemiluminescent HRP Substrate, and the bands were
visualized and quantified by densitometric analysis using
luminescent imaging system FluorChem.

Gelatin Zymography. SK-N-SH cells were cotreated with
0.5 uM curcumin, NPs, or NPs-Cur and with 1 mM H,O, for 1
h. The supernatants (30 L corresponding to 1 X 10° cells)
were mixed with a 4X nonreducing LaemmLi’s sample buffer
(40% glycerol, Tris-HCI 1 M pH 6.8, SDS 8%) and run on
7.5% acrylamide gels containing 2 mg/mL of gelatin. Gels were
washed for 30 min twice with 2.5% Triton X-100 and incubated
overnight in digestion buffer (Tris-HCl 50 mM pH 7.4, NaCl
150 mM and CaCl, S mM). Gels were stained with Coomassie
blue 0.1% and destained.

Gene Expression Analysis by Real-Time PCR (qRT-PCR).
Expression of APOE, APOJ, TRX, GLRX, and REST genes by
human SK-N-SH neuroblastoma cells was assessed. TRIzol
Reagent (Invitrogen, La Jolla, CA) was used to extract total
RNA from 1.5 X 10° cells unexposed or exposed to 500 uM
H,0, for 4 h. Cells were cotreated with (curcumin, NPs, or
NPs-Cur). After extraction, RNA purity and degradation were
checked by spectrophotometry using BioSpecnano (Shimadzu
Corporation, Kyoto, Japan) and capillary electrophoresis using
RNA 6000 Nanokit and the Bioanalyzer2100 (Agilent
Technologies, Santa Clara, CA). The complementary DNA
(cDNA) synthesis was performed with 100 ng of total RNA
using the iScriptctDNA synthesis Kit (Bio-Rad, Marnes-la
Coquette, France) following the manufacturer’s protocol.
Gene expressions were determined by qRT-PCR with the iQ
SYBR Green Supermix (Bio-Rad) in a Stratagene Mx3000p
system (Agilent Technologies).

Briefly, 4 uL of each cDNA sample was amplified in a PCR
reaction (final volume of 20 uL) containing 10 uL of PCR
reagent and 300 nM of each of the two primers (Table 1). For
all samples, the following conditions were used: an initial heat-
denaturing step at 95 °C for 5 min followed by 40 cycles of 95
°C for 15 s, annealing at 60 °C for 40 s, and elongation and
signal acquisition at 72 °C for 40 s. To confirm the
amplification of specific transcripts, melting curve profiles
were produced at the end of each reaction, and if two or more
peaks were present, the corresponding results were excluded.
Water was used as negative control for each PCR run. For each
gene, amplifications were performed from three independently
prepared samples. Gene expression levels were normalized by
comparison to beta-actin (ACTB), used as reference gene. Fold
change (FC) of gene expression was calculated by 2744
method.*

Statistical Analysis. All data were expressed as means +
SEM from at least three independent experiments performed at
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Table 1. Primers Used for Gene Expression Analysis

genes primers
ApoE F: 5'=GGT-CGC-TTT-TGG-GAT-TAC-CT-3'
R: 5'-TCC-AGT-TCC-GAT-TTG-TAG-GC-3’
Apo] F: 5'—ACA-ATG-AGC-TCC-AGG-AAA-TG-3’
R: 5'-TCA-GGC-AGG-GCT-TAC-ACT-CT-3’
GLRX F: §'—TCA-GTC-AAT-TGC—CCA-TCA-AA-3’
R: 5'—GCA-GAG-CTC-CAA-TCT-GCT-TT-3'
TRX F: §'—CAG-ATC-GAG-AGC-AAG-ACT-GC-3’
R: 5'-TTG-GCT-CCA-GAA-AAT-TCA-CC-3'
REST F: §'—=TGC-GTA-CTC-ATT-CAG-GTG-AG-3'
R: '=CGT-GGG-TTC-ACA-TGT-AGC-TCT-3'
ACTB F: 5'—=TTG-GCA-ATG-AGC-GGT-TCC-3’
R: §'—GTA-CTT-GCG-CTC-AGG-AGG-AG-3’

least in triplicate. Statistical analysis was performed by a
Dunnett’s test. For Western-blot analysis, one-way ANOVA
followed by Tukey test were used. The level of significance was
considered when p < 0.0S.

B RESULTS

Characterization of NPs 50:50 and NPs-Cur 50:50.
Figure 1, panels A and B show that the mean particle sizes, as
determined by DLS, were 131 + 11 nm and 101 + 4 nm for
NPs 50:50 and NPs-Cur 50:50, respectively (Figure 1C,D).
TEM was used to confirm the nanoparticles size and determine
the spherical morphology of both nanoparticles. The
morphology of NPs 50:50 and NPs-cur 50:50 did not differ
from that of NPs 65:35 and NPs-Cur 65:35. A smaller size was
observed by TEM than by DLS due to the state of the
polymeric matrices, which were hydrated in the case of DLS
(hydrodynamic diameters) and dried in the case of TEM.
Samples prepared from PLGA 65:35 were more polydisperse
than those obtained from PLGA 50:50 (Table 2). Zeta
potential values were all positive, irrespective of the drug
loading in opposite to what is generally observed with PLGA
matrices. This phenomenon was linked to the residual
tensioactive at the NP surface and was exacerbated when
drug was actually present in the formulation (Table 2). This
also suggests that a portion of the drug was associated with the
NP surface. The amount of drug loading in the nanoparticles
plays an important role with respect to the rate and duration of
drug release as well as its efficacy. The initial drug loading
represents 15% (15 mg of curcumim/100 mg polymer) for
both formulations. The entrapment efficiency of curcumin in
Nps-Cur 50:50 was determined to be 27 + 2%, which is lower
than Nps-Cur obtained from PLGA 65:35, which was 31 + 6%.
Similarly, the final drug loading efficiency tended to be lower
with PLGA 50:50 (5.1 + 2) than with PLGA 65:35 (6.9 + 3).

Release Kinetics of Curcumin from NPs-Cur. The in
vitro release profiles of curcumin from NPs-Cur 50:50 and NPs-
Cur 65:35 were studied in phosphate buffer containing 3% BSA
at pH 7.4 (Figure 2A). For both formulations, a moderate burst
release was noted for the first 5 h, followed by a slower release
over 24 h. The release of curcumin from NPs-Cur 65:35 was
lower than from NPs-Cur 50:50 reaching 20% and 27%,
respectively, after 24 h (Figure 2A).

NPs-Cur Uptake by SK-N-SH Cells. To compare the
uptake of curcumin, NPs-Cur 50:50, and NPs-Cur 65:35 by
cultured neurons, SK-N-SH cells were incubated with 0.5 uM
of free curcumin (control), NPs-Cur 50:50, or NPs-Cur 65:35
for 1 h at 37 °C. Control cells did not display any significant

DOI: 10.1021/acs.molpharmaceut.5b00611
Mol. Pharmaceutics 2016, 13, 391-403


http://dx.doi.org/10.1021/acs.molpharmaceut.5b00611

Molecular Pharmaceutics

A. Nps-50:50

Size Distribution by Intensity

15

(=
(=]

Intensity (%)

Size (d. nm)

IC. nNps-50:50

5. 0858 micran)

Nps-Cur 50:50

Size Distribution by Intensity

15

Intensity (%)
=
(=]

w

Size (d. nm)

j0.0652 micran

Figure 1. Size distribution and morphological characterization of NPs 50:50 and NPs-Cur 50:50 using dynamic laser light scattering (DLS) and
transmission electron micrograph (TEM). DLS analysis of polymeric NPs 50:50 (A) and NPs-Cur 50:50 (B) and TEM photographs of NPs 50:50

(C) and NPs-Cur 50:50 (D).

Table 2. Data on the Particle Size, Drug-to-Polymer Weight Ratio, Entrapment Efficacy, Drug Loading Efficiency, PDI, and Zeta
Potential for NPs 50:50, NPs-Cur 50:50, NPs 65:35, and NPs-Cur 65:35 Analyzed by DLS

formulation (n = 3 batches per tested  drug-to-polymer weight entrapment drug loadin polydispersity  zeta potential
condition) ratio (%) efficiency (%) efficiency (% size (d nm) index mV)
Nps 50:50 131 + 11 0.30 £ 0.01 64 +03
Nps-Cur 50:50 15 27 £2 S1+2 101 + 4 0.12 + 0.03 54.0 +£ 2.9
Nps 65:35 148 + 14 0.25 + 0.02 16.0 + 8.2
Nps-Cur 65:35 15 31+6 69 +3 131+ 7 0.27 + 0.02 57.0 + 3.0

fluorescence, while in the presence of NPs-Cur formulations,
cells displayed a clear green fluorescence due to the rapid
internalization and accumulation of curcumin inside the cells
(Figure 2D,E). The internalization of NPs-Cur formulations
was seen primarily in the cytoplasm surrounding the nucleus
(Figure 2D,E). Quantitative analysis indicated that the uptake
of NPs-Cur 50:50 by SK-N-SH cells was higher than with NPs-
Cur 65:35 or free curcumin (Figure 2H). The intracellular
green fluorescence corresponds to the fluorescence of
curcumin, but it is not clear whether the matrix PLGA is
taken up by neuronal cells or not. To analyze whether the
PLGA nanoparticles were taken up by neuronal cells, we used
PLGA 50:50 NPs loaded with 1 wt % Lumogen Red (NPs-
Lumogen). These nanoparticles were demonstrated to be
photostable, 10-fold brighter than quantum dots, stable in cell
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culture media, and are taken up by HeLa cells via endocytosis
process without any cytotoxicity.”” For this purpose, SK-N-SH
cells were incubated with NPs-Lumogen for 4 h, and the
fluorescence intensity corresponding to the localization of NPs-
Lumogen was assessed with the Rhodamine filter (in red).
Figure 2, panel F shows the red fluorescence in the vicinity of
the nucleus; some fluorescence was observed in the nucleus,
but it cannot be excluded that it comes from regions above or
below the nucleus. Fluorescence was also observed in the
dendrites. Furthermore, the red signal was concentration-
dependent, the intensity with 0.3 nM NPs-Lumogen being
higher than with 0.2 nM (Figure 2F,G). These results
demonstrated that the PLGA NPs could be taken up by
neuronal cells and supported the hypothesis that NPs-Cur

DOI: 10.1021/acs.molpharmaceut.5b00611
Mol. Pharmaceutics 2016, 13, 391-403


http://dx.doi.org/10.1021/acs.molpharmaceut.5b00611
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.molpharmaceut.5b00611&iName=master.img-001.jpg&w=485&h=370

Molecular Pharmaceutics

Artlcle

A.
—~ 40 1
&£ Nps-Cur 50:50
E Nps-Cur 65:35
=
£
=1
L=
-
©
@
v
m
2
[
S
E
1}
=
E
3
o
V] 4 8 12 16 20 24
Time (hours)
IH.
75 1
z ok
s 60 A P
o e
8
£ *%
gas - :
@
7
<
S 30 4
&=
@
2>
kS ‘ \
3 15 1
0 [ ] T
Control Curcumin NPS-Cur NPS-Cur
65:35 50:50

Figure 2. Comparison of in vitro release kinetics of curcumin from NPs-Cur 65:35 and NPs-Cur 50:50 in phosphate buffer (pH 7.4, BSA 3%) (A).
Fluorescence microscopy imaging of curcumin uptake by SK-N-SH cells. SK-N-SH cells were treated for 1 h at 37 °C with PBS (control, B), free
curcumin (C), NPs-Cur 65:35 (D), and NPs-Cur 50:50 (E). Fluorescence of curcumin is observed in green. Lumogen loaded NPs (PLGA 50:50),
NPs-Lumogen were used to specify if PLGA nanoparticles are taken up by cells. NPs-Lumogen uptake using fluorescence microscopy is observed in
red after an exposure period of 4 h. PLGA internalization is concentration-dependent as observed in panels F and G with, respectively, 0.2 and 0.3
nM of Lumogen. Quantification of the green fluorescence (H) with data representing mean + SEM from at least three independent experiments
with #%, p < 0.01 and #**, p < 0.001 indicating a statistical difference versus curcumin treated group.

formulations were effectively taken up by neuronal cells with
higher cellular uptake than free curcumin.

Antioxidant Activity of the NPs-Cur 50:50 and Their
Effects on the Nrf2 Pathway. The DPPH test was assessed
to study the free-radical scavenging capacity of NPs-Cur 50:50
in comparison to free curcumin. Blank NPs 50:50 did not show
any free-radical scavenging activity, while free curcumin and
NPs-Cur 50:50, at 0.5 uM, displayed the same antioxidant
capacity (25% of DPPH inhibition) (Figure 3A). This property
was then confirmed by the ORAC assay, which measures the
antioxidant scavenging activity against the peroxyl radical
produced after the thermolysis of AAPH at 37 °C.*° As
shown in Figure 3, panel B, 0.5 yuM NPs-Cur 50:50 displayed
1.5- and 2.2-fold higher antioxidant capacity against peroxyl
radical than free curcumin and blank NPs, respectively.

The antioxidant effect of NPs-Cur S50:50 was then
determined on SK-N-SH cells by DCFDA assay. For that
purpose, SK-N-SH cells were treated with curcumin or NPs-
Cur 50:50 at three different concentrations (0.07 uM, 0.25 uM,
and 0.5 uM) and equivalent concentrations of NPs 50:50. After
1 h of treatment, the intensity of the fluorescence of DCF was
significantly reduced for the three different concentrations of
free curcumin, NPs-Cur 50:50, and with the highest tested
volume of blank NPs 50:50 (Figure 3C). Interestingly, the
three tested concentrations significantly reduced the ROS-level
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induced by H,0, (Figure 3D). These data strengthened the
results obtained on DPPH and ORAC assays and demonstrated
that curcumin loaded into NPs-Cur 50:50 retained its
antioxidant activity. On the basis of the effect of NPs-Cur
50:50 on DPPH, ORAC, and ROS levels, we investigated the
effect of NPs-Cur 50:50 on the antioxidant pathway Nrf2/
Keapl. To determine the expression level of Nrf2 in the
nucleus, SK-N-SH cells were cotreated with 1 mM H,0, for 30
min and with 0.5 uM free curcumin or with an equivalent
concentration of NPs-Cur 50:50 or NPs 50:50. In SK-N-SH
cells, the activation of Nrf2 by H,0, was prevented in the
presence of curcumin, NPs-Cur, and even blank NPs (Figure
4A). Since the activity of Nrf2 is regulated by the inhibitory
protein Keap1, we also evaluated the cytoplasmic level of Keapl
in the presence of 1 mM H,O, for 1 h. Accordingly, NPs-Cur
50:50 as well as curcumin also prevented the elevation of the
expression of Keapl induced by H,0, (Figure 4B).

Effects of Free Curcumin, NPs 50:50, and NPs-Cur
50:50 on Inflammatory Pathways. MMP-9 is the major
MMP expressed and released by neurons. It contributes to
neuroinflammation response in AD.”” We have thus analyzed
the effect of free curcumin at 0.5 yM, NPs-Cur 50:50 at 0.5
uM, and NPs 50:50 with equivalent quantities of curcumin on
the levels of gelatinolytic MMPs induced by H,O, in SK-N-SH
cells (Figure SA).
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Figure 3. Antioxidant capacity of free curcumin, NPs 50:50, and NPs-Cur 50:50. DPPH radical scavenging activity of 0.5 uM of free curcumin or an
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mM of H,0, (D). Results are expressed as percentage of control (considered as 100%). Data represent mean + SEM from at least three separate
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Gelatin zymography of the culture media of SK-N-SH cells
showed that the release of MMP-9 was inhibited by NPs-Cur
50:50, whereas no effect of curcumin or blank NPs 50:50 was
observed. Hence, these results demonstrated that NPs-Cur
50:50 were more efficient than curcumin on MMP-9 activity.
We have thus investigated the effect of NPs-Cur 50:50 on the
NF-xB pathway by analyzing the cytoplasmic and nuclear
expression of the subunit pSO subunit of NF-xB (Figure SB,C).
For this, SK-N-SH cells were cotreated for 30 min with 1 mM
H,0, and with 0.5 uM of curcumin or NPs-Cur 50:50 or with
an equivalent concentration of NPs 50:50. Curcumin and NPs-
Cur reduced the level of the subunit p50 in the cytoplasm and
its nuclear translocation induced by H,O,.

Effects of Free Curcumin, NPs, and NPs-Cur on pAkt/
pTau Pathways. To determine whether Akt pathway is
implicated or not in the neuroprotective effect of NPs-Cur, we
have examined the phosphorylation of Akt at the serine 473 by
Western blot. The results showed that curcumin, NPs 50:50,
and NPs-Cur 50:50 decreased Akt phosphorylation induced by
H,0, (Figure 6A). Our results also demonstrated that oxidative
stress induced the phosphorylation of Tau at the Ser 214.
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Interestingly, both curcumin and NPs-Cur 50:50 treatments
suppressed this phosphorylation (Figure 6B).

Effects of NPs-Cur on Gene Expression Analysis. The
effects of PLGA nanoparticles on the expression of key genes
involved in neuroprotection and antioxidant pathways have
been poorly studied. We have therefore evaluated the effects of
PLGA nanoparticles (50:50 and 65:35) on the expression of
GLRX, TRX, REST, APOJ/Clusterin, and APOE. Our results
showed that these genes were constitutively expressed in SK-N-
SH cells and not modified by blank NPs after 4 h of treatment.
The effect of H,0, on the expression of some of these genes is
well-known. For example, both thioredoxin and glutaradoxin
were overexpressed after exposure to H,0, and remained
elevated for 24 h.”® However, in the presence of curcumin or
NPs-Cur, we observed an induction of GLRX and TRX levels, a
decrease of APOJ mRNA levels, while the levels of APOE and
REST remain at the initial control expressions (Figure 7). In
the presence of H,0,, both NPs-Cur (50:50 and 65:35) were
more efficient than free curcumin to prevent the induction of
the five analyzed genes (Figure 8).
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B DISCUSSION

Effective drug delivery to the CNS for the treatment of
neurodegenerative diseases such as AD remains a great
challenge. Over the past few years, significant breakthroughs
have been made in developing suitable PLGA NPs to protect
drugs from enzymatic degradation, to increase their bioavail-
ability,*”** and eventually for their delivery across the blood—
brain barrier (BBB). Curcumin is one of the most extensively
investigated natural compounds for the treatment of AD.'
Previously, we had successfully encapsulated curcumin in
polymeric PLGA nanoparticles with a LA/GA ratio of 65:35
(NPs-Cur 65:35).>

Nevertheless, the characteristics of the biodegradable
polymer strongly impact the degradation and hence the erosion
of the matrix. PLGA is a copolymer of p,L-lactic acid (LA) and
glycolic acid (GA) with a wide range of LA/GA ratios and
molecular weights and therefore can display various phys-
icochemical and degradation properties for controlled drug
release applications. Since GA is slightly more hydrophilic than
LA, the higher the GA content, the faster the hydrolysis rate.
Thus, the LA/GA ratio can modulate the hydophobicity and
crystallinity of the system and therefore the erosion of the
matrix, the burst release, and the rate of matrix degradation in
cells.

To get further insight into the properties of NPs-Cur, in this
study, we have investigated the effect of the polymer PLGA
50:50 on the preservation of the neuroprotective and
antioxidant activities of curcumin. We found that both PLGA
polymers (50:50 and 65:35) led to nanocarriers with an
acceptable size distribution and the similar entrapment and
drug loading efficiency. In fact, in this study, we found that the
size of curcumin-encapsulated PLGA nanoparticles (50:50) was
smaller than that of bare PLGA nanoparticles. This
phenomenon was previously reported by several studies
where hydrophobic drugs are loaded into PLGA 50:50
matrices.””*"*> In our point of view, blank PLGA nanoparticles
display a higher volume due to their higher hydratation state,
while in the presence of encapsulated curcumin, this hydrated
state is decreased due to the presence of a more hydrophobic
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core. Moreover, the strong hydrophobic interactions between
the PLGA matrix and curcumin could lead to a more structured
nanoparticle core, also resulting in smaller nanoparticles.
However, NPs-Cur 65:35 was found to be bigger than 50:50
indicating that the polymer ratio of lactic acid/glycolic acid
interferes on this parameter. This latter point can be related to
the more numerous microcrystalline domains in the case of the
65:35 matrix, leading to a lower aptitude to chain folding during
the NP formation and thus to bigger nancarriers.”

In both cases, the zeta potential was lower in blank NPs than
in NPs-Cur indicating the presence of curcumin at the NP
surface could be implicated in the nanosuspension stability. We
found that the release of curcumin entrapped in the PLGA
50:50 matrix was significantly faster than in PLGA 65:35. This
phenomenon could be explained by two parameters: (i) the
higher affinity of curcumin for the more hydrophobic PLGA
65:35 matrix could reduce the drug release rate; (ii) the more
hydrophilic nature of PLGA 50:50 could lead to a faster and
more important diffusion of water molecules inside the
nanocarrier matrix and therefore lead to a faster drug release.
This could also explain why blank NPs were found bigger, for
example, more hydrated than NPs-Curc. Taken together, these
results suggest that the composition of the polymer influences
NPs formation and drug release through hydrophobic
interactions and nanocarrier hydratation.

The release kinetics of curcumin was found to be biphasic
with a moderated burst effect noted between 0 to 6 h, reaching
a maximum release of 15% and 20% for NPs-Cur 50:50 and
NPs-Cur 65:35, respectively. This rapid phase corresponds to
the surface release of curcumin, as usually observed for this type
of PLGA nanocarriers.””*> However, because of the hydro-
phobic nature of curcumin and despite the presence of a
solubility enhancer, this phase was lesser in intensity compared
to what is observed for more hydrophilic drug compounds.*!
The second slope depicted a quasilinear behavior after S h,
which may represent a combination of water diffusion and very
slow and gradual erosion of PLGA-matrix. Other studies have
reported a release of less than 40% curcumin in 24 h with
copolymeric micellar aggregates of NIPAAM and VP.* The
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fact that just 20—25% of drug was released after 24 h was very
interesting since more than 70% of curcumin was therefore still
available for a sustainable effect. Encapsulation of curcumin not
only protected it from rapid degradation, but also enabled its
slow and sustained release as evidenced in our subsequent
experiments through its biological activities. This enabled the
formulation to exhibit a much higher protection found after 24
h through counteracting Akt/Tau hyperphosphorylation,
oxidative stress, and expression of some related genes than
with free curcumin.

Studying the physical drug release, we have previously
demonstrated that curcumin release kinetics fits a Higuchi
model using ethanol—water. Here, on a system mimicking the
physiological in vivo conditions, the difference in the release
rate observed between NPs-Cur 50:50 and NPs-Cur 65:35
suggested that polymer composition also represents an
important factor in the control of the drug release by the
nanoparticles. Indeed, it has recently been demonstrated by
Fourier transform infrared (FTIR) and X-ray diffraction (XRD)
studies that interactions might occur between the encapsulated
curcumin and PLGA polymer matrix by a possible formation of
intermolecular hydrogen bonds between the curcumin O—H
and PLGA C=0.""

Our results on DPPH and ORAC assays demonstrated that
the antioxidant properties of curcumin are preserved in PLGA
NPs-Cur. Moreover, in ORAC assay, NPs-Cur displayed a
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Figure 8. Effect of curcumin encapsulation on gene expression
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higher peroxyl radical scavenging activity as compared to free
curcumin. It is interesting to note that blank PLGA NPs
displayed an antioxidant activity. The recombination between
peroxyl free radicals and PLGA chains could reduce ROS
level.*

To validate the biological activity of NPs-Cur, we have
analyzed their effects on three signaling pathways (Nrf2, NF-
kB, and Akt/pTau) involved in the regulation of oxidative
stress, inflammation, neuronal survival, and on the phosphor-
ylation of tau protein, which are all relevant in the
pathophysiology of AD.* Our results also demonstrated that
the property of curcumin on Nrf2 activity is maintained for
PLGA 50:50 NPs-Cur and it is similar to PLGA 65:35 NPs-
Cur.”’ NF-kB is a well-known transcription factor involved in
the regulation of inflammatory responses, which triggers the
activity of MMP-9. We found that NPs-Cur 50:50 treatment
resulted in reduced expression of MMP-9 with higher efficiency
than free curcumin. This can be attributed to the gradual
release of curcumin from PLGA nanoparticles and the
enhancement of cellular uptake of NPs-Cur. These data are
in accordance with the anti-inflammatory activity of curcumin,
which is mediated through the inhibition of NF-kB.*” Indeed,
these data demonstrated that curcumin encapsulated in PLGA
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NPs is more potent than free curcumin to inhibit NF-kB
expression.

Akt is a downstream effector of phosphatidylinositol 3-kinase
(PI3—K) signaling pathway. It is directlgr activated by oxidative
stress and is altered in AD brains.”” We found that Akt
phosphorylation induced by H,O, was observed in parallel with
tau phosphorylation likely due to the activation of GSK38 and
its dephosphorylation at the serine 9. NPs-Cur 50:50, as
curcumin, treatments efficiently prevented Akt activity and Tau
phosphorylation. These data demonstrated that NPs-Cur
preserve the ability to regulate the Akt/GSK38 pathway and
Tau phosphorylation.*

Tiwari et al.”' have recently demonstrated that PLGA NPs-
Cur induced the expression of genes involved in cell
proliferation, neuronal differentiation by activating the Wnt/
B3-catenin pathway. The effects of NPs-Cur on the expression of
genes sensitive to cellular redox remain to be analyzed.
Therefore, we have studied the effects of PLGA polymers
(50:50 and 65:35) NPs-Cur on the expression of APOE, APOJ,
TRX, GLRX, and REST. These genes are known to be
extremely sensitive to ROS.>” For instance, the sequence of
APQJ gene contains several putative binding sites for redox-
responsive transcription factor including AP1 and Sp1.>* ApoE
displays antioxidant,”* and ApoE/HDL is well-known to play a
crucial role in cholesterol homeostasis in the brain CNS and is
involved in neurite outgrowth and synapse formation.”> The
Trx and the Grx systems are among the key components of the
thiol redox buffering system, which is essential for maintaining
the balance of the cellular redox status. They play an important
role in protecting thiol groups from oxidation and to repair
those that may have become oxidized. Grx plays important role
in glutathionylation/deglutathionylation reactions. Both sys-
tems play an important role in neuroprotection and in AD.***’
REST was found to potently protect neurons from oxidative
stress and is lost in AD.”® Blank NPs had no effect on the
expression of these genes indicating that the antioxidant activity
of blank NPs, on ORAC and DCF-DA assays, is mainly through
the direct interaction between peroxyl free radicals and PLGA
chains, which inhibit ROS production. The same observation
was reported with blank particles on the expression of some
genes known to regulate neurogenesis.”' Interestingly, in
normal condition, NPs-Cur can increase the expression of
GLRX, TRX, and decrease APOJ genes. In the presence of
H,0,, NPs-Cur were more efficient than free curcumin to
prevent the induction of these genes likely due to higher uptake
of NPs-Cur by neuronal cells than free curcumin. This was
confirmed with fluorescence microscopy as previously
reported.”” The normalization of the expression of these
genes in the presence of PLGA NPs-Cur is in line with their
effects on antioxidant pathways.*”*’

These results are of great interest because the inductions of
these genes are well-known to be representative of cellular
damages. Indeed, they are upregulated in neuropathological
conditions such as in AD.®! Apo], Trx, and Grx levels increased
significantly in MCI and AD patients and are correlated with
the levels of phosphorylated tau (p-tau),”*> while the deletion
of REST in the brain is associated with age-related neuro-
degeneration.®

We and others have previously demonstrated that curcumin
was taken up by neuronal cells following the treatment of SK-
N-SH cells with NPs-Cur.>*> However, the demonstration of the
uptake of PLGA NPs by neuronal cells is challenging. By using
fluorescence microscopy, we demonstrated that the photostable
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PLGA-Lumogen NPs were highly taken up by neuronal cells.
These results indicate that NPs-Cur are taken up in a
concentration-dependent manner by neuronal cells and could
release curcumin inside cells, while PLGA is degraded into
lactide and glycolide acid and eliminated via the Krebs cycle.
NPs uptake could be caveole- or clathrin-mediated endocy-
tosis. %

In conclusion, our study demonstrated that curcumin-loaded
nanoparticles prolonged and enhanced the antioxidant, anti-
inflammatory activity of curcumin while suppressing the Akt
and Tau phosphorylation and gene upregulation under
oxidative stress conditions. We have also demonstrated the
role of the choice of the polymer composition in drug-loaded
formulation. Indeed, the ratio of lactic/glycolic acid influences
the physicochemical properties of the nanoparticles that will
consequently impact on the in vivo properties by modulating
the entrapment efficiency and the in vitro drug release. To
summarize, curcumin-loaded PLGA 50:50 formulations are
likely to have a greater potential for pharmacological
applications and seem to be the best compromise in being
used to treat neurodegenerative disorders such as AD.
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