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Abstract
Alzheimer’s disease (AD) is characterized by deposition of amyloid-β (Aβ) plaques within the
brain parenchyma followed by synaptic loss and neuronal death. Deposited Aβ reacts with
activated microglia to produce reactive oxygen species (ROS) and cytochemokines, which lead to
severe neuroinflammation. Curcumin is a yellow polyphenol compound found in turmeric, a
widely used culinary ingredient that possesses anti-inflammatory and anti-cancer properties and
may show efficacy as a potential therapeutic agent in several neuro-inflammatory diseases
including AD. However, poor aqueous solubility and sub-optimal systemic absorption from the
gastrointestinal tract may represent factors contributing to its failure in clinical trials. To increase
curcumin’s bioavailability, a polymeric nanoparticle encapsulated curcumin (NanoCurc™) was
formulated which is completely water soluble. NanoCurc™ treatment protects neuronally
differentiated human SK-N-SH cells from ROS (H2O2) mediated insults. NanoCurc™ also
rescues differentiated human SK-N-SH cells, which were previously insulted with H2O2. In vivo,
intraperitoneal (IP) NanoCurc™ injection at a dose of 25 mg/kg twice daily in athymic mice
resulted in significant curcumin levels in the brain (0.32 μg/g). Biochemical study of NanoCurc™-
treated athymic mice revealed decreased levels of H2O2 as well as caspase 3 and caspase 7
activities in the brain, accompanied by increased glutathione (GSH) concentrations. Increased free
to oxidized glutathione (GSH : GSSH) ratio in athymic mice brain versus controls also indicated a
favorable redox intracellular environment. Taken together, these results suggest that NanoCurc™
represents an optimized formulation worthy of assessing the therapeutic value of curcumin in AD.
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INTRODUCTION
Curcumin is a yellow colored polyphenol compound obtained from the plant Curcuma
longa. Curcumin is one of the ingredients of turmeric, which is used as a culinary compound
in wide regions of Indian sub-continent and South East Asia. Due to its ability of inhibiting
several pro-inflammatory transcription factors like nuclear factor kappa beta (NFκB),
activated protein-1 (AP-1), peroxisome proliferator-activated receptor-γ (PPAR-γ) and
signal transducer and activator of transcription-1 (STAT-1), curcumin exerts potent
anticancer and anti-inflammatory activities [1, 2]. In the last decade, a growing body of
experimental evidence suggests that curcumin can be used as a potential drug in the
treatment of Alzheimer’s disease (AD) because of its novel property of disaggregating
amyloid-β (Aβ) plaques [3–5]. Deposition of Aβ mediated plaques and subsequent
neuroinflammation are one of the major hallmarks of AD [6]. Generated Aβ plaques interact
with microglia to produce reactive oxygen species (ROS), as well as other cytokines and
chemokines causing neuronal damage [7]. A previous study has shown that Aβ peptide and
generated ROS synergistically increase neuronal damage [8]. Thus, the potent anti-
inflammatory properties of curcumin have identified it a promising agent in ameliorating
neuroinflammation associated with AD.

Several authors have demonstrated the ability of curcumin in scavenging or neutralizing
ROS in cell culture and animal models. However, one of the hindrances of curcumin as a
potential therapeutic agent in the treatment of AD is its poor aqueous solubility [9], which is
one reason for its low bioavailability following delivery through oral or parenteral route
[10]. Furthermore, curcumin degrades in acidic, basic, and oxidative conditions, which
further impairs its bioavailability [11]. Therefore, poor bioavailability of curcumin through
oral administration is one of the causes of its failure to exert any significant effect in some
randomized control trials for AD. In one clinical trial, following oral administration of 4 gm
of curcumin daily, it was observed that the entire plasma curcumin remains as glucuronide
conjugates, and that there was no significant change was observed in the plasma Aβ1-40
levels between curcumin-treated groups and placebo [12]. However, lack of cognitive
decline in the placebo group was also observed in that study. In another clinical trial, no
serum curcumin was detected following oral doses of 500, 1000, 2000, 4000, 6000, and
8000 mg of curcumin [13]. It was also shown that curcumin is rapidly reduced by hepatic
and gut microsomal enzymes resulting in low bioavailability [14, 15].

To increase the systemic bioavailability of curcumin, a polymeric nanoparticle encapsulated
curcumin (NanoCurc™) formulation was developed, which exhibits complete solubility in
aqueous media, and is readily amenable to parenteral administration [16, 17]. The aim of our
study was to evaluate the effects of NanoCurc™ in protecting and preserving neuronal cells
from ROS mediated damage both in cell culture and in animal models. Our results indicate
that NanoCurc™ protects neuronally differentiated human neuroblastoma (SK-N-SH) cells
from ROS (H2O2) mediated insults in a dose-dependent manner, when the cells were treated
simultaneously with escalating doses of NanoCurc™ and 100 μM of ROS. Furthermore,
NanoCurc™ protects and preserved neuronal phenotype, which was revealed by increased
levels of neuron specific enolase (NSE) in NanoCurc™ treatment groups of differentiated
human SK-N-SH cells when the cells were pre-treated with 100 μM of ROS for 24 h and
post-treated with NanoCurc™ and 100 μM ROS for another 24 h. These results from cell
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culture studies on neuroprotection were further validated in vivo using parenterally
administered NanoCurc™ in cohorts of athymic mice.

H2O2 production in neurons in vivo occurs due to multiple mechanisms. For example,
mitochondrial inner membrane depolarization takes place following calcium influx into the
neurons which leads to formation of superoxide (O2

−) free radicals [18]. These O2
− free

radicals are then converted to H2O2 by the enzymatic action of manganese (Mn)-superoxide
dismutase (Mn-SOD) [19]. H2O2 can also be produced in the brain by several other
mechanisms, including the enzymatic actions of monoamine oxidase (MAO), aldehyde
oxidase, xanthine oxidase (XO), and copper (Cu)-SOD and zinc (Zn)-SOD [19, 20]. A
reduction in the levels of total H2O2 was observed in the brain tissues of NanoCurc™-
treated athymic mice versus mice receiving blank polymer only (“controls”). Free
glutathione (GSH), which is a low molecular weight thiol compound found in all plants and
animals, plays an important role in neutralizing free radicals [21]. Upon neutralizing free
radicals, glutathione becomes oxidized and forms glutathione disulphide (GSSH). GSH and
GSSH are collectively termed as ‘total glutathione’ [22].

It is noteworthy that human brain only consists of 2% of the total body weight, but
consumes approximately 20% of total oxygen, which indicates that free radical generation in
the brain is greater than the other organs of the body [23]. The ratio of free (GSH) to
oxidized glutathione (GSSH) indicates a steady state redox potential of the cell, and is an
important parameter to asses cellular stability against oxidative damage [24]. We observed
increased levels of both free GSH and total glutathione (GSH + GSSH) in the brain of
NanoCurc™-treated athymic mice versus controls. Importantly, we also observed a
significant increase in the ratio of GSH to GSSH in the brain of NanoCurc™-treated mice,
indicating an efficient cellular redox environment.

It was previously observed that high doses of ROS cause cellular death by inducing
apoptosis [25]. We observed a decrease in the levels of pro-apoptotic enzymes caspase 3 and
caspase 7 in the brain extract of NanoCurc™ treated athymic mice versus controls. Taken
together, our results suggest that NanoCurc™ treatment prevents neuronal cells from
oxidative stress caused by H2O2 in both cell culture and in vivo, and that putative
mechanisms for the observed neuroprotection might stem from increased cellular free GSH
levels and reduced caspase-induced apoptosis. The availability of a polymeric nanoparticle
formulation of curcumin amenable to systemic delivery that crossed the blood-brain-barrier
leads to free curcumin levels in the brain of the mice in this study was significantly greater
than the brain levels of curcumin injected in vivo in an oil-based medium by another group
of researchers [26]. This robust increase in the brain levels of curcumin using nanoparticle
formulation is one of the prime aspects of this study, and provides a tractable strategy to
harness the properties of this powerful, yet previously underutilized, antioxidant compound.

MATERIALS AND METHODS
Formulation of NanoCurc™

Materials—Ultra-pure curcumin (>99% diferuloylmethane) was purchased from Sabinsa
Corporation (Piscataway, NJ, USA). Monomers such as N-isopropylacrylamide (NIPAAM),
vinylpyrrolidone (VP), and acrylic acid (AA) required for polymer nanoparticle synthesis
were obtained from Sigma Aldrich (St. Louis, MO, USA). NIPAAM was recrystallized with
hexane; VP and AA were freshly distilled before use. Reagents for the polymerization step,
including NN’ methylene-bisacrylamide (MBA), ammonium persulfate (APS), and ferrous
sulfate (FeSO4) were also procured from Sigma and were used without further purification.
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Synthesis of NanoCurc™
Polymer nanoparticles comprised of NIPAAM, VP, and AA were synthesized via free
radical mechanism, according to the detailed synthesis method described previously [16,
27]. The pre-distilled monomers of NIPAAM, VP, and AA are mixed together in a molar
ratio of 60 : 20 : 20, respectively, wherein NN’ methylene-bis-acrylamide was used as a
crosslinker. Polymerization was performed for 24 h at 30°C under an inert (nitrogen)
atmosphere, using APS and FeSO4 as initiator and activator, respectively. After complete
polymerization, the total aqueous solution of polymer was purified using dialysis, and then
lyophilized for post loading of curcumin, as previously described [16]. Typically, a 10 ml
stock solution of polymeric nanoparticles (100 mg) was slowly mixed with 150 μl of
curcumin solution in chloroform (10 mg/ml), and gently stirred for 15–20 min on low
heating, in order to load curcumin and evaporate chloroform simultaneously. The resulting
solution, corresponding to 1.5% (w/w) loading of curcumin in nanoparticles, was then snap
frozen on a dry ice/acetone bath, and lyophilized to dry powder for further use.

Cell culture
Human SK-N-SH cells were obtained from American Type Culture Collection (ATCC) and
stored in aliquots at −150°C. Cells were taken out from the freezer and plated in a 100 mm
cell culture plate (Corning Inc., NY, USA) in the presence of Minimum Essential Medium
(MEM, Sigma) supplemented with 10% FBS and 1× antibiotics (regular MEM). When the
cells become 75% confluent, the existing media were replaced by regular MEM containing
10 μM all trans retinoic acid (ATRA, Sigma) to achieve neuronal differentiation as
described before [28]. Cells were treated with ATRA for 13 days and then cells were taken
out from the 100 mm plate by the adding trypsin EDTA (Mediatech Inc, VA, USA).
Trypsinized cells were collected in a 15 ml polyethylene tube (PET) and centrifuged at 3000
× g for 5 min followed by aspiration of trypsin EDTA. Two ml of ATRA containing regular
MEM was immediately added to the PET, and the cells were homogeneously mixed in the
medium by a fire polished Pasteur pipette. Cells were counted in improved Neubauer
hemocytometer by Trypan blue exclusion method as previously described [29]. After
counting, 50,000 and 100,000 cells were transferred to each well of a 48-well and 24-well
cell culture plates containing 250 μl and 500 μl of regular MEM respectively (Corning Inc.).
Supplemented with 10 μM ATRA. Cells were allowed to settle down, and drugs were added
after two day, i.e., at day 15 of differentiation.

Drug treatment
To evaluate the effect of NanoCurc™ on neuronal cell viability and toxicity, escalating
doses of the drug (1 nM, 10 nM, 50 nM, 100 nM, 500 nM, 1 μM, and 5 μM) were directly
dissolved in the ATRA containing low serum media (LSM), i.e., MEM with 1% FBS, which
was completely dissolved in the medium and added to the wells (n = 4). An equivalent dose
of void polymer also dissolved in LSM and added to four wells to evaluate whether any
toxicity is caused by the void polymer itself. ATRA containing LSM without NanoCurc™
was added in four wells, and cells in these four wells served as ‘vehicle’ controls. The cells
were treated for 24 h in a 48-well plate. At the end of the treatment, 200 μl of the
conditioned medium (CM) was gently aspirated from each well, spun at 13000 × g for 2
min, and stored at −20°C for LDH analysis. The remaining medium was gently aspirated
from each well, and the wells were rinsed once with ice-cold 1× Dulbecco’s phosphate
buffered saline to remove all traces of medium. Fifty microliters of M-PER buffer (Pierce,
IL, USA) mixed with protease inhibitor cocktail (Roche mini, Roche, Indianapolis, USA)
was added to each well of the plate, and the plate was shaken in a shaker for 10 min for
complete lysis of the cells.
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Determination of cellular viability by Cell Titer Glo® (CTG) assay
Equal volume (30 μl) of the cell lysate (CL) samples were taken into each well of a white
96-well plate (Corning), and 30 μl of Cell Titer Glo reagent (CTG, Promaga) was added to
each well. CTG measures mitochondrial ATP concentration in the CL, and corresponds to
the cell number in the lysate [30]. CTG assay was performed in ‘Varitas’ microplate
luminometer (Turner Biosystems, Sunnyvale, CA, USA).

Determination of cellular toxicity by lactate dehydrogenase (LDH) assay
Cellular death due to toxicity is manifested by elevation of lactate dehydrogenase (LDH) in
the medium. Equal volume of CM samples were used to determine cellular membrane
damage and toxicity caused by any dose of NanoCurc™ by LDH assay as mentioned
previously [1]. To determine the exact amount of LDH present in the CM, a standard curve
with known amounts of rabbit muscle LDH was also performed (not shown).

Co-treatment of differentiated SK-N-SH cells with NanoCurc™ and reactive oxygen species
(ROS)

Wells of a 48-well culture plate containing differentiated SK-N-SH cells were treated with
five different doses of NanoCurc™ (250 nM, 500 nM, 1 μM, 2.5 μM, and 5 μM). Cells in
six wells did not have any drug and served as ‘vehicle’. All the cells treated with different
doses of NanoCurc™ including vehicle were further co-treated with 100 μM of H2O2 at the
same time. Treatment was carried out for 24 h. At the end of the treatment period, cells from
couple of wells from each treatment groups were fixed, and cellular morphology was
recorded by immunocytochemistry (ICC) technique using an inverted microscope (Leica).
Cells from remaining wells were harvested. CTG and LDH assays were performed in the
same way as discussed above.

Pretreatment of neuronal SK-N-SH cells with ROS and subsequent treatment with
NanoCurc™ and ROS

Differentiated NK-N-SH cells were pretreated with 100 μM of H2O2. At the end of 24 h of
pretreatment, media were aspirated out off the wells and the cells were again co-treated with
two freshly prepared doses (500 nM and 1 μM) of NanoCurc™ and 100 μM of H2O2 for 24
h. At the end of the treatment, cellular morphology by ICC, cell viability assay by CTG, and
protein analyses by Western immunoblotting were performed.

Polyacrylamide gel electrophoresis (SDS-PAGE) and Western immunoblotting analyses of
cell lysate of neuronal SK-N-SH cells pretreated with ROS and subsequently treated with
NanoCurc™ and ROS

Equal proteins from CL samples were loaded in 10% Bis-Tris ‘Criterion’ gel (BioRad) and
run at 180 V for 2 h. Proteins were electrophoretically transferred onto a PVDF membrane
(BioRad) using cold transfer buffer (25 mM Tris-Hcl, 200 mM glycine and 20% methanol,
pH 7.6) at 30 V for 5 h at 4°C. Following transfer, the membrane was blocked in 5% nonfat
milk in Tris buffered saline (pH 7.4) containing 0.05% Tween-20 (TBST) for 1 h at room
temperature (RT). Thereafter, the blot was probed with polyclonal anti-NSE antibody
(Abcam Inc., Cambridge, MA, USA). The antibody was diluted to 1 : 500 in 5% Milk
dissolved in TBST and probed overnight at 4°C with gentle rocking. After incubation with
the primary antibody, the membrane was washed three times with TBST, and subsequently
probed with the secondary antibody, which was HRP-conjugated donkey anti rabbit IgG
(Pierce, Rockford, IL, USA) for 1 h at RT followed by three times wash with TBST.
Detection of protein band signals was achieved by adding chemoluminescent buffer (GE,
Buckinghamshire, UK) to the blot, which was immediately photographed using GE
chemoluminescent detection film. A specific strip of the membrane was also probed with
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monoclonal anti-β actin antibody (1 : 100,000 dilutions; Sigma, St. Louis, MO, USA) for
normalization purpose, and β-actin band signals were obtained in the same way as
mentioned above.

Visualization of cell density and morphology by ICC
Differentiated SK-N-SH cells from two wells from each treatment group of both ROS co-
treatment, and ROS pretreatment and NanoCurc™ + ROS post-treatment experiments were
fixed by adding 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA)
dissolved in phosphate buffer (pH 7.4). The fixed cells were then washed three times with
cold PBS and permeabilized with 0.12% Triton X-100 (Sigma) for 15 min followed by three
more washes with PBS. Non-specific bindings were minimized by blocking the fixed cells
for 15 min with 10% normal horse serum (Sigma) dissolved in PBS, followed by incubation
with the primary antibody [monoclonal α-tubulin (Sigma) diluted 1 : 50,000 in 1% horse
serum]. After overnight incubation, the cells were washed and again incubated in
biotinylated donkey anti-mouse secondary antibody (Jackson immunoresearch laboratories
Inc., West Grove, PA, USA) at 1 : 300 dilutions for one hour. After washing with cold PBS,
the cells were incubated with a mixture of fluorescein (DTAF) conjugated streptavidin
(Jackson Immunoresearch Laboratories) at 1 : 300 dilutions for 1 hour. After rinsing with
PBS, 250 μl of fresh PBS mixed with 5 μM of Hoechst 33342 (Sigma) stain was added to
each well for nuclear staining and examined under Leica DMIL HC inverted fluorescent
microscope (Leica Microsystems GmbH, Wetzler, Germany) using the following sets of
filters: for FITC (excitation of 480–520 nm, band pass of 505 nm and emission of 535–585
nm) and for nuclear staining by Hoechst 33342 (excitation of 350–400 nm, band pass of 400
nm and emission of 460–510 nm). Combination of these filters minimizes the cross-talk
between the signals from individual fluorochromes. Images were captures with a SPOT RT-
SE digital camera (Diagnostic Instruments, Sterling Heights, MI, USA) and superimposed
using the SPOT basic software (Diagnostic Instruments). The cells stained with α-tubulin
exhibited green fluorescence and nuclei stained with Hoechst 33342 appeared as blue under
their respective filter sets.

Effect of NanoCurc™ treatment in athymic mice
To determine in vivo toxicity and steady state concentrations of curcumin in the brain, 5–6
weeks old athymic CD1 athymic mice were divided into two groups and administered either
NanoCurc™ (equivalent to 25 mg/kg of curcumin) (n = 12) or void polymer (n = 6) twice
daily through the intraperitoneal route for four weeks. During the course of treatment, mice
were monitored daily for behavioral abnormalities or any other signs of toxicity, and the
body weights were measured every week. The mice were sacrificed after 16 h of the last
dose of NanoCurc™. All animal (mouse) experiments described here conformed to the
guidelines of the Animal Care and Use Committee of Johns Hopkins University. Mice were
maintained in accordance to the guidelines of the American Association of Laboratory
Animal Care.

Measurement of curcumin concentrations in the mice brain
At the end of the 4-week treatment, brain tissues were harvested and divided into two equal
halves. One half of the tissue was immediately stored in pre-chilled conditioned buffer, and
the other half was snap frozen to estimate tissue curcumin levels and stored at 80°C until
further use. Curcumin concentrations in–brain tissue samples were measured in the Sidney
Kimmel Cancer Center Analytical core facility at Johns Hopkins using liquid
chromatography and tandem mass spectrometry (LC-MS/MS), as previously described [31].
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Preparation of athymic mice brain lysate
After weighing, approximately 5 mg of cortical brain tissues were taken in each of a 2 ml
microfuge tube. Two hundred microliters of M-PER buffer was added to each of the tubes,
and the brain samples were sonicated to generate a homogeneous lysate. The lysates were
centrifuged at 13000 × g for 15 min, and the supernatant was transferred to properly labeled
individual tubes. Protein concentration of the brain lysate was determined by standard
Bradford protein assay, as previously described [32]. Protein concentration of one mice
brain was too low, hence excluded from the biochemical assays. The samples were stored at
−80°C for other biochemical assays.

Measurement of caspase activity in athymic mice brain lysate
Luminescence based Caspase Glo® assay (Promega, Madison, WI, USA) detects caspase 3
and caspase 7 enzymes activity in the lysate. Briefly, equal volumes (30 μl) of mice brain
lysates were taken in each well of a white 96-well plate (Corning), and 30 μl of Caspase Glo
reagents were added to each well. The plate was incubated for 30 min at RT, and
luminescent signals ware obtained using the luminometer (Perkin-Elmer). The individual
signals from each brain lysates were normalized with respective protein concentration of
those samples. Before measuring caspase 3 and caspase 7 activities in all the samples,
signals with different volumes from a single lysate were obtained to determine the linearity
of the assay, which was found to be linear in our assay condition.

Measurement of ROS content in the athymic mice brain lysate
A fluorescence based sensitive Amplex® Red (Invitrogen) H2O2 reagent assay was utilized
in order to determine the levels of ROS in the brain lysate of controls and NanoCurc™
treated athymic mice. The chemical substance, 10-acetyl-3,7-dihydroxyphenoxazine, present
in the Amplex® Red reagent along with horseradish perxidase (HRP) reacts with H2O2 to
produce a fluorescent oxidation product ‘resorufin’ [33], and the signals were measured in a
fluorometer (Tecan). This assay can detect the concentrations of H2O2 present in biological
samples [34, 35].

Measurement of total, free, and oxidized glutathione levels in athymic mice brain lysate
Free and total glutathione levels in the brain lysate were measured by a sensitive
fluorescence based DeteX® kit (Arbor Assays, Ann Arbor, MI, USA), as per the
manufacturer’s instructions. A non-fluorescent molecule ThioStar® that is present in the
assay reagent, covalently binds with the thiol (–SH) group of glutathione, and produces
fluorescent signal which was detected in the fluorometer (Tecan). This assay measures total
glutathione and free glutathione. Levels of oxidized glutathione were determined by
subtracting the levels of free glutathione from the levels of total glutathione.

Statistical analyses
Experiments were done in 4–6/treatment and biochemical assays were carried out in linear
range with appropriate blanks and controls. The data were analyzed by using SPSS software
(v.15). Analyses were carried out with ‘one-way ANOVA’ (for three or more groups) with
Bonferroni corrections or student t-test (for two groups). For all analyses, a p value of 0.05
or lower was considered significant.

RESULTS
NanoCurc™ treatment is well tolerated by differentiated SK-N-SH cells

A wide dose range (1 nM, 10 nM, 50 nM, 100 nM, 500 nM, 1 μM, and 5 μM) of
NanoCurc™ treatment showed no significant change in the viability of the differentiated
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SK-N-SH cells which was evident by the CTG assay (Fig. 1A). LDH assay also confirmed
that all tested doses of NanoCurc™ treatment were nontoxic to the cells (up to 5 μM dose
tested) (Fig. 1B).

NanoCurc™ protects neuronally differentiated SK-N-SH cells that were subjected to ROS-
mediated acute insults concomitantly with the treatment

Neuroprotection property of NanoCurc™ was assessed by co-treating differentiated SK-N-
SH cells with different doses (250 nM, 500 nM, 1 μM, 2.5 μM, and 5 μM) of NanoCurc™
and 100 μM of H2O2 for 24 h. CTG assay revealed that NanoCurc™ protected the viability
of differentiated SK-N-SH cells in a dose-dependent manner (Fig. 1C). This protection was
evident as the cell viability was increased by ~30% and ~50% with 250 nM and 5 μM
NanoCurc™, respectively, versus cells treated only with 100 μM of H2O2. Measurement of
LDH from the CM samples also showed a dose dependent decrease in the LDH release from
the cells with NanoCurc™ treatment. LDH release was decreased by 50% and ~80% with
250 nM and 5 μM NanoCurc~™ respectively versus cells treated with 100 μMofH2O2 alone
(Fig. 1D). Visualization of cellular density and morphology by ICC imaging also revealed
that cells treated with NanoCurc™ were protected from ROS mediated insults versus a
significant loss of cells treated with 100 μMH2O2 alone (Fig. 1E).

NanoCurc™ rescues neuronally differentiated SK-N-SH cells that were subjected to ROS
mediated insult prior to the treatment

Co-treatment of differentiated SK-N-SH cells with NanoCurc™ and 100 μM H2O2, which
were initially pretreated with 100 μM H2O2 alone for 24 h, rescued the cells from the
ongoing damage caused by ROS. For example, CTG assay showed that 24 h pretreatment
with 100 μM H2O2 decreased the cell viability by ~60% compared to cells not treated with
ROS. In contrast, cell viability increased by 25% when 500 nM or 1 μM NanoCurc™ along
with ~ 100 μM H2O2 were added to the cells after 24 h of pre-treatment with 100 μM H2O2
alone, which was a statistically significant increase in viability (Fig. 2A). Visualization of
the cells confirmed that NanoCurc™treatment preserves neuronal cells even after they were
treated with 100 μM H2O2 for 24 h (Fig. 2B). Western immunoblotting signals showed that
levels of NSE were significantly increased in ROS pretreated followed by ROS and
NanoCurc™ post-treatment groups (both 500 nM and 1 μM NanoCurc™) versus only ROS
treated cells (Fig. 2C) indicating preservation of neuronal phenotype.

Steady state levels of curcumin in NanoCurc™ treated athymic mice brain extract
After demonstrating the neuroprotective role of free curcumin against ROS-induced damage
to the neuronal cells, we address the novelty of this polymeric nanoparticle formulation to
increase the bioavailability of curcumin at modest doses and the ability of the active
compound to cross the blood-brain-barrier. The steady state levels of curcumin in brain
tissue samples were determined after dosing athymic mice twice daily with either
NanoCurc™ or void polymer at a dose of 25 mg/kg twice daily for 4 weeks. Body weights
were also monitored on a weekly basis to exclude any signs of toxicity, and no changes in
body weight or behavior abnormalities were observed (data not shown). The sensitive LC-
MS/MS assay readily detected curcumin in brain tissues of mice that received NanoCurc™.
The average curcumin concentration in brain tissues was 0.322 μg/g (Fig. 3A). Histological
evaluation of other visceral organs (liver, lungs, kidneys, and pancreas) did not reveal any
morphological abnormalities (data not shown). We have also determined the brain to plasma
ratio for each mouse after treatment and plotted (Fig. 3B).
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Parenteral NanoCurc™ decreases the activity of caspase 3 and 7 in the rodent cortex
Caspases enzymes belong to the family of cysteine proteases which cleave proteins at
specific aspertyl residues. Caspases, particularly caspase 3 and caspase 7, are considered as
critical mediators of apoptosis [36]. We measured the activity of caspase 3 and caspase 7
enzymes using a sensitive luminescence based assay in the cortical lysates of controls and
NanoCurc™-treated athymic mice. We observed a decrease ( 40%) in the activity of both
caspase 3 and caspase ~ 7 in the cortex of NanoCurc™-treated mice versus controls (p =
0.034). Analysis was performed as relative luminescent unit (RLU) adjusted with per
microgram of cortical mass and plotted relative of ‘control’ (Fig. 4A).

Parenteral NanoCurc™ reduces hydrogen peroxide content in rodent brain
We measured the levels of H2O2 in the cortical lysates of NanoCurc™ treated and control
athymic mice by a sensitive fluorescence based assay. A standard curve with known amount
of H2O2 was also prepared and plotted. The assay showed a significant (p = 0.02) decrease
( 25%) in the levels of brain H2O in the NanoCurc™~ 2 treated mice versus controls (Fig.
4B).

Parenteral NanoCurc™ increases the levels of free glutathione in the rodent cortex
Brain free glutathione content of control and NanoCurc™ treated athymic mice was
measured by a fluorometric assay kit, as described in ‘Materials and methods’. Known
amounts of free glutathione (in μM) were used to prepare a standard curve. The result was
plotted by after converting the μM value to pmole/μg of brain tissue, which showed a highly
significant (p = 0.0001) increase (>100%) in the level of free glutathione in the cortex of
NanoCurc™ treated athymic mice versus controls (Fig. 5A).

NanoCurc™ increases the levels of total glutathione and the ratio of free to oxidized
glutathione in the rodent cortex

Brain total glutathione levels in the control and NanoCurc™ treated athymic mice were
measured by the same assay kit used to detect the levels of free glutathione, as described in
‘Materials and methods’. The assay was performed as per manufacturer’s protocol, and a
standard curve with known amount of total glutathione was prepared and plotted. The results
demonstrated a borderline significant increase (p = 0.049) in the levels of total glutathione in
the brain lysate of NanoCurc™-treated mice versus control (Fig. 5B). No significant
difference was observed in the levels of oxidized glutathione in the brain lysate of
NanoCurc™-treated and control animals (Fig. 5C). Importantly, a significant increase
(~80%) was detected in the ratio of free to oxidized glutathione in the brain lysate of
NanoCurc™ treated mice versus controls (Fig. 5D).

DISCUSSION
AD is the most common form of dementia affecting elderly people. Due to an increase in the
lifespan of the global population in addition to changes in dietary habits and lifestyle, AD
has become a major public health concern all over the world [37]. The World Health
Organization (WHO) has predicted that approximately 20 million people will suffer from
AD by the year 2020 [38]. At least 5 million people are suffering from the disease in the
United States, and this number can increase up to 14 million by the year 2050 if a curative or
disease preventive medication is not discovered [1]. Apart from deposition of Aβ peptides,
AD is also characterized by severe neuro-inflammation caused by elevated cytokine levels
and activated microglia [39]. The NADPH oxidase present in microglia is known as PHOX.
PHOX stays inactive in steady state, but becomes activated in the presence of Aβ peptides
and generates superoxide free radicals, which are eventually converted to H2O2 [39, 40].
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Although H2O2 is not a free radical, it can potentially generate highly reactive hydroxyl
(•OH) free radicals by reacting with several reduced metal ions causing extensive neuronal
damage [41]. Furthermore, H2O2 alone can cause extensive lipid peroxidation of the cell
membrane, and may result in a number of toxic metabolites like malondialdehyde,
conjugated dienes, and ethane [42, 43]. Thus, a strategy to ameliorate neuronal oxidative
stress, and in particular ROS within the neuronal milieu, is likely to have benefits on
neuroinflammation, potentially reducing the progress of AD.

It was previously documented that high doses of free curcumin (100 μg/ml, which
corresponds to approximately 270 μM, and 10 μg/ml, which corresponds to approximately
27 μM) effectively prevent H2O2-mediated lipid degradation and cytolysis in renal proximal
tubular epithelial cells [44]. Another study has demonstrates that gentamicin induced
nephro-toxicity in rats can be attenuated by high dose (200 mg/kg/day) of orally
administrated curcumin [45]. The underlying mechanism of gentamicin induced renal
tubular damage is thought to be due to the generation of H2O2 by renal cortical
mitochondria [46]. In the context of AD, it was demonstrated that moderate to high doses of
curcumin protects neuronal PC12 cells from Aβ-induced oxidative damage [47]. However,
whether the prevention of Aβ-mediated oxidative damage by curcumin is due to Aβ fibril
disaggregation or ROS scavenging has not yet been adequately addressed. Additionally, all
of these studies have used very high doses of curcumin.

A previous study observed that curcumin in low dose (500 nM and 1 μM) stimulates
neurogenesis both in cell culture and animal models, which has an important implication in
AD [48]. This group of researchers had also noticed that at higher doses, curcumin decreases
the viability of neural progenitor cells in vitro. In our study, we treated differentiated SK-N-
SH cells with different doses (1 nM to 5 μM) of NanoCurc™. Both cell viability and LDH
toxicity assay demonstrated no toxicity to the SK-N-SH cells by NanoCurc™. In this
context, we previously tested a wide range of doses of free curcumin in differentiated SK-N-
SH cells and observed some toxicity of the cells treated with free curcumin at more than 2
μM doses, which was evident by increased in the levels of released LDH and appearance of
apoptotic bodies within the cells (data not shown). We also observed that NanoCurc™
treatment increased the viability and reduced the toxicity of neuronal cells in a dose-
dependent manner, even in the presence of 100 μM dose of H2O2. In addition to biochemical
protection, we also confirmed that the morphology of ROS-exposed cells was preserved
when they were treated with 500 nM or greater dose of NanoCurc™ (Fig. 2C). Since we
challenged the cells directly with H2O2, and not with Aβ, we cannot conclude that the
neuroprotective property of NanoCurc™ functions by scavenging H2O2 alone at the cellular
level. The effects of NanoCurc™ in disaggregating Aβ would require separate studies. Thus,
the novel observations in our study is that NanoCurc™ treatment can not only protect
neuronal cells being concurrently treated with ROS, but prospectively rescue cells that have
been pre-treated for variable periods of time with ROS. For example, when the cells were
pre-treated with 100 μMofH2O2 for 24 h and then co-treated with NanoCurc™ and 100 μM
of H2O2, both 500 nM and 1 μM doses of NanoCurc™ increased the viability of cells, which
was evident by cell viability assay (CTG) and cell morphology images.

Increased levels of NSE in NanoCurc™ treatment groups also indicate that NanoCurc™
treatment preserved neuronal morphology in ROS insulted cells. Our initial experiment
where differentiated SK-N-SH cells were treated with a wide range of doses of NanoCurc™
without any insults to the cells did not produce any significant increase in the cell viability
(Fig. 1A). In addition, we have also explored the possibility that curcumin or NanoCurc™
could affect the AβPP processing pathway. We have recently observed that they (each at 500
nM dose) independently decreased Aβ levels by modulating AβPP in rat neuronal PC12
cells (Ray and Lahiri, manuscript under preparation), which is consistent with their
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neuroprotective properties reported herein. Such novel neuro-rescue property should have
significant clinical implications in the treatment of AD because ROS mediated neuronal
damage has been implicated as one of the major causes for progressive dementia in elderly.

As already mentioned in the ‘Introduction’, the systemic bioavailability of curcumin is
minimal following oral administration in both human and animal models. Some
investigators suspended curcumin in an oil-based medium, and administered through the
parenteral route to animals. However, the measured amounts of curcumin in brain tissues
varied considerably between studies. For example, IP injections of curcumin dissolved in 0.5
N NaOH at a cumulative dose of 148 μg to C57BL6/J mice resulted in detectable amounts of
curcumin in the brain [49]. To increase the bioavailability of curcumin, some active
metabolites were tested in cell culture as well as in vivo studies. Tetrahydrocurcumin (THC)
is one of the active ingredients of curcumin and, unlike curcumin, is resistant to hydrolysis
and stable within a wide range of pH [50]. Although THC showed better bioavailability than
that of pure curcumin, reduction in Aβ plaques was not observed in AD transgenic mice
treated with THC [49]. Hence, pure curcumin still remains as the most effective in
amelioration in AD pathophysiology.

Previous studies revealed that co-administration with piperine may increase the
bioavailability of curcumin [51]. A recent study on rats used a high amount of curcumin
(500 mg/kg) co-administered orally with 20 mg/kg piperine, which measured ~5.87 μg of
curcumin in the whole brain [52]. Notably, this dose was 20 times greater than the dose of
NanoCurc™ used in our present study, which clearly illustrated the effectiveness of nano
strategy. Another approach for effective delivery of curcumin was carried out where free
curcumin, suspended in corn oil, was injected in male Mongolian gerbils intra-peritoneally
at a dose of 30 mg/kg, resulting in brain concentrations of approximately 0.15 ng/mg of
protein lysate after 1 h of injection. This dose gradually decreased to approximately 0.01 ng/
mg of protein lysate after 24 h of injection. No significant amount of curcumin was
detectable after 48 h of injection [26].

On the contrary, we injected 25 mg/kg of NanoCurc™ intraperitoneally and the brain levels
of curcumin was found to be ~0.322 ng/mg of brain tissue after 16 h of injection, which is
approximately 3 to 30 times more than the brain level of curcumin found in the previous
study [26]. However, brain curcumin measurement in this two studies was not carried out
using identical assay formats in these two studies. Use of our nanoparticle also circumvents
the need for injections with a corn oil based excipient, which would be untenable in clinical
settings. This difference of 3–30 fold using NanoCurc™ indicates that nanoparticle ~ based
formulation is probably one of the best ways of delivering curcumin to the brain. In this
context, a separate nanoparticle formulated curcumin was recently developed, and showed to
inhibit cisplatin resistant ovarian cancer cells in vitro [53]. However, this compound has not
yet been tested in animal models of AD, and our study is the first to document
neuroprotective and neuropreservatory effects of curcumin both in cell culture and in vivo
using a bona fide ‘nano-formulation’.

A previous study demonstrated that Aβ-mediated death of cultured endothelial cells was due
to activation of caspase 3 and caspase 8, which can be prevented by a broad spectrum
caspase inhibitor [54]. Another cell culture based study showed that treatment of primary rat
neuronal cells with Aβ25-35 significantly increased the activation of caspase 3 [55]. They
also found that Aβ mediated activation of caspase 3 was reduced following in vitro exposure
to curcumin. Notably, caspase 3 positive pyramidal cells are increased in AD transgenic
mice (Tg2576) brain, suggesting a putative role for deregulated apoptosis in the
pathogenesis of this disease [56]. However, it is unclear whether curcumin independently
decreased caspase 3 activity, the decrease was due to Aβ disaggregation, or other extraneous
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factors. Our results showed that caspase 3 and caspase 7 activities were significantly
decreased in the cortical lysate of NanoCurc™-treated mice, which may ameliorate
pathological neuronal cell death observed in AD and other neurodegenerative diseases.
Therefore, our present study may be important in the context of AD.

The unique ability of NanoCurc™ to protect and rescue neuronal cells against ROS insults
provides further implications for our findings. H2O2, which is produced in every cell, is
removed by the catalytic action of glutathione peroxidase in the presence of GSH [41].
Depletion in cellular GSH levels (with corresponding reduction in free over total
glutathione) is an important measure of oxidative stress, implicated in the pathogenesis of
AD and other neurodegenerative disorders. A study on postmortem brain of AD patients has
revealed decreased levels of GSH in some regions of the brain versus controls [57].
Similarly, the GSH levels were low in the red blood cells of male AD patients versus control
patients, further underscoring an association between GSH and AD [58]. We have measured
levels of GSH in the brain homogenates of mice, and observed a significant increase in the
level of this key antioxidant in the NanoCurc™-treated mice brain versus controls, which
was consistent with the observed decrease in H2O2 content in this cohort. We also observed
a significant increase in brain level of total glutathione (GSH + GSSH) in the treated mice
group, which can most likely be accounted by two fold increase in the level of GSH.
Reduced glutathione (GSSH) is converted back to GSH by glutathione reductase [59].
Notably, we did not see any significant change in brain GSSH levels in the treated group.
Currently, we are exploring whether these results are due to an increase in the activity of the
enzyme glutathione reductase, alteration in GSH trafficking or other protective cellular
mechanisms in NanoCurc™ treated mice. Furthermore, we observed a significant increase
in GSH to GSSH ratio in treated group of animals indicating an efficient free radical
neutralizing ability of NanoCurc™ in brain.

Taken together, these results suggest that NanoCurc™ treatment has unique capacity to
protect, preserve and rescue human neuronal cells against oxidative damage. The novel
nanopartcle formulation can cross the blood-brain barrier to deliver a significant amount of
curcumin in the brain of tested mice. In turn, NanoCurc™ may create a protective redox
intracellular environment. In conclusion, this study demonstrates the ability of NanoCurc™
in ameliorating ROS-mediated damage in both cell culture and in animal models, which can
have far reaching implications in the treatment of several neurodegenerative diseases
including AD.
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Fig. 1.
(A) Differentiated SK-N-SH cells were treated with different doses of NanoCurc™ for 24 h.
After the treatment, cells were lysed using M-PER buffer, and an equal volume (30 μl) of
the cell lysate from each treatment group was mixed with 30 μl of CTG assay buffer to
determine the cell viability in each treatment group. Luminescence signals were obtained
from the Tecan luminometer. CTG data indicate no significant increase or decrease in the
viability of differentiated SK-N-SH cells following NanoCurc™ treatment.
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Fig. 1.
(B) Levels of LDH were measured in an equal volume (30 μl) of conditioned medium (CM)
samples of each treatment group of the previous experiment to evaluate any toxicity caused
by NanoCurc™ to differentiated SK-N-SH cells. LDH assay revealed that a wide range of
doses of NanoCurc™ is non-toxic and well tolerated by the cells.
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Fig. 1.
(C) Differentiated SK-N-SH cells were treated with five different doses of NanoCurc™ (250
nM, 500 nM, 1 μM, 2.5 μM, and 5 μM). Cells in four wells did not have any drug and
served as ‘vehicle’. All cells including the ‘vehicle’ were co-treated at the same time with
100 μM of H2O2. NanoCurc™ and H2O2 co-treatment was carried out for 24 h. The cells
were harvested using M-PER buffer, and CTG assay was performed as described in
‘Materials and methods’ and in Fig. 1A. CTG result indicates that all doses of NanoCurc™
significantly protect differentiated SK-N-SH cells from H2O2 mediated damage.
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Fig. 1.
(D) Cellular toxicity (LDH) assay was performed in the same experiment with equal
volumes of CM samples, which revealed that all doses of NanoCurc™ significantly
decreases the toxic effects of H2O2 mediated insult and LDH release to the differentiated
SK-N-SH cells.
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Fig. 1.
(E) Visualization of cellular density of differentiated SK-N-SH cells was carried out by ICC
after 24 h of co-treatment with NanoCurc™ and 100 μM of H2O2. A gross decrease in the
cell number was noticed in the cells which were only treated with 100 μM of H2O2.
However neuronal cells were preserved by treatment with NanoCurc™ (Green =
cytoskeletal structure stained with α tubulin; Blue = nuclear staining by Hoechst 33342).

Ray et al. Page 21

J Alzheimers Dis. Author manuscript; available in PMC 2012 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(A) Differentiated NK-N-SH cells were pretreated with 100 μM of H2O2 for 24 h. The
media was then aspirated out off the wells, and subsequently cells were co-treated with
freshly prepared two doses (500 nM and 1 μM) of NanoCurc™ and 100 μM of H2O2 or only
vehicle + 100 μMofH2O2 (vehicle) for 24 h. At the end of the treatment, CTG assay was
performed, which showed a significant increase in the viability of the differentiated SK-N-
SH cells with both the doses of NanoCurc™ even in the presence of H2O2.
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Fig. 2.
(B) Cell density observed by the ICC technique in the experiment mentioned in ‘Fig. 3A’
revealed that NanoCurc™ treatment preserves neuronal cells following treatment with 100
μMH2O2 for 24 hours and subsequent co-treatment with 100 μMH2O2 and two independent
doses (500 nM and 1 μM) of the drug versus cells pre and post-treated with 100 μM of H2O2
only (Green = cytoskeletal structure stained with α tubulin; Blue = nuclear staining by
Hoechst 33342).
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Fig. 2.
(C) Cell lysate samples from the experiment, mentioned in ‘Fig. 3A’ were denatured and
equal amounts of protein were analyzed by SDS-PAGE. Proteins from the gel were
transferred in PVDF membrane and probed with NSE and β-actin antibodies. β-actin-
adjusted NSE band densities showed a significant increase in the ROS pretreated followed
by ROS and NanoCurc™ treated samples compared to only the ROS treated cells.
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Fig. 3.
(A) The brain levels of curcumin were measured after 16 h of the last injection of
NanoCurc™ using liquid chromatography and tandem mass spectrometry. Curcumin
concentrations were shown as μg/g of brain tissue. Brain curcumin concentration in one
mouse was below the detectable range. (B) Brain/plasma ratio: brain/plasma ratio was
determined from the corresponding in vivo experiment where each animal (n = 12) received
NanoCurc™ at a dose of 25 mg/kg BID intraperitoneally.
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Fig. 4.
(A) A sensitive luminescence based assay was used to detect Caspase 3 and caspase 7
enzymes activity in the brain lysate of controls and NanoCurc™ treated nude mice.
Individual luminescent signal from each brain lysates was normalized with respective
protein concentration of the respective sample. These findings revealed a significant
decrease in levels of caspase 3 and caspase 7 activities in the brain lysate of the treated
group versus control group. (B) A sensitive fluorescence based sensitive assay was used to
detect the levels of ROS (H2O2) in the brain lysate of controls and NanoCurc™ treated nude
mice. Obtained fluorescence signal was normalized with the total protein content of the
respective sample. The result showed a significant decrease in the total H2O2 levels in the
brain lysate of the treatment group versus controls.
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Fig. 5.
(A) A sensitive fluorescence based sensitive assay was used to assess free glutathione levels
in the brain lysate of controls and NanoCurc™ treated mice. Fluorescence signals were
normalized with the protein content of the brain lysate samples and plotted as pmole/μg. A
significant increase in the levels of GSH was observed in the lysate of the treated mice
versus controls. A standard curve with known amount of GSH was also shown in the left.
(B) The levels of total glutathione (GSH+GSSH) was measured by the same fluorescent
based assay as shown in Fig. 5A, which revealed a significant increase in the levels of total
glutathione in the lysate of NanoCurc™ treated mice versus controls. (C) Levels of oxidized
GSH were measured and no difference in the levels of oxidized GSH was observed in the
lysate of NanoCurc™ treated mice versus controls. (D) A significant increase was observed
in the ratio of GSH to GSSH in the brain lysate of NanoCurc™ treated mice versus controls,
indicating an effective redox cellular environment by NanoCurc™ treatment to athymic
mice.
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