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Abstract

Several studies have indicated that neuroinflammation is indeed associated with neurodegenerative
disease pathology. However, failures of recent clinical trials of anti-inflammatory agents in
neurodegenerative disorders have emphasized the need to better understand the complexity of the
neuroinflammatory process in order to unravel its link with neurodegeneration. Deregulation of
Cyclin-dependent kinase 5 (Cdk5) activity by production of its hyperactivator p25 is involved in
the formation of tau and amyloid pathology reminiscent of Alzheimer’s disease (AD). Recent
studies show an association between p25/Cdk5 hyperactivation and robust neuroinflammation. In
addition, we recently reported the novel link between the p25/Cdk5 hyperactivation-induced
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inflammatory responses and neurodegenerative changes using a transgenic mouse that
overexpresses p25 (p25Tg). In this study, we aimed to understand the effects of early intervention
with a potent natural anti-inflammatory agent, curcumin, on p25-mediated neuroinflammation and
the progression of neurodegeneration in p25Tg mice. The results from this study showed that
curcumin effectively counteracted the p25-mediated glial activation and pro-inflammatory
chemokines/cytokines production in p25Tg mice. Moreover, this curcumin-mediated suppression
of neuroinflammation reduced the progression of p25-induced tau/amyloid pathology and in turn
ameliorated the p25-induced cognitive impairments. It is widely acknowledged that to treat AD,
one must target the early-stage of pathological changes to protect neurons from irreversible
damage. In line with this, our results demonstrated that early intervention of inflammation could
reduce the progression of AD-like pathological outcomes. Moreover, our data provide a rationale
for the potential use of curcuminoids in the treatment of inflammation associated
neurodegenerative diseases.
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INTRODUCTION

Cyclin-dependent kinase 5 (Cdk5), a member of the Cdk family of serine/threonine kinases,
plays important roles in regulating development and maintenance of the central nervous
system (CNS) [1, 2]. The cleavage of the Cdk5 activator p35 by calpain releases a C-
terminal p25 fragment, which deregulates and hyperactivates Cdk5 activity [3-5]. Substantial
evidence now support a model in which p25-mediated Cdk5 deregulation is involved in the
regulation of many signaling pathways that are closely linked with the pathological
development of various neurodegenerative diseases including Alzheimer’s disease (AD)
[6-9]. Characterization of the inducible p25 transgenic (Tg) mice further supports the
contribution of p25/Cdk5 hyperactivation in the development of neuropathological changes
including neurofibrillary pathology, abnormal amyloid-p protein precursor (ABPP)
processing and cognitive dysfunction [10-13]. Evidence from studies in other transgenic AD
mouse models indicated that accumulation of amyloid peptide starts intraneuronally and this
is one of the earliest events in the AD pathogenesis progression [14-19]. Similarly,
intraneuronal amyloid accumulations become apparent from 8 weeks of induction of p25
expression in p25Tg mice [20]. Although these p25 mice, like other AD mice models, do not
completely replicate all aspects of the disease, they develop specific pathological features
which closely mimic aspects of human AD and they can be useful in understanding some of
the mechanisms involved in the progression of AD.

Studies have shown that neuroinflammation is associated with the development of various
neurodegenerative diseases [21-23]. Prominent reactive gliosis and chemokine production
were observed very early at one week of induction of p25 expression in p25Tg mice.
Recently, astrogliosis and its persistent activation has been identified as one of the primary
causative factor to AD development [24,25]. However, the complexity of this association is
still not fully elucidated. Our previous study gave further support to this concept where we
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reported a novel molecular mechanism of early neuroinflammatory changes and its
importance in triggering the neurodegeneration using p25 overexpressing transgenic mice
[20]. In the present study, we extended our investigation on p25/Cdk5-mediated
neuroinflammation to determine the effect of early intervention of pro-inflammatory
changes on the progression of neurodegeneration in p25Tg mice using curcumin, a potent
anti-inflammatory agent.

Curcumin is a natural dietary supplement that can cross the blood-brain barrier in its native
form and is active against sustained neuroinflammation without any serious adverse effects
[26, 27]. Curcumin, the main component of the Indian spice turmeric, is well known for its
antioxidant, anti-amyloidogenic, anti-inflammatory, and anti-oncogenic properties [28-31].
However, the major limitation in the use of curcumin is its low bioavailability due to its low
solubility in water and poor oral adsorption [32]. Over the years, a number of strategies have
been used to increase the bioavailability of curcumin and some of them have been
successful. A research group led by Sally Frautschy at UCLA formulated a novel curcumin
with solid lipid curcumin particle (SLCP) preparation, called “Longvida”. Chronic
administration of SLCP-curcumin (4 months, 500-2000 ppm) to an AD mouse model
(APPsw Tg2576) significantly increases the free or the unconjugated form of curcumin in
plasma (0.095-0.465 uM) as well as in brain (1.276-1.428 uM) [33]. A subsequent /n vivo
study in tau transgenic mice with SLCP-curcumin specified that 500 ppm curcumin
treatment resulted in significant free curcumin levels (198.3 nM + 5.9) in the brain [34].
Furthermore, SLCP curcumin administration (650 mg) in healthy volunteers caused
substantial levels of free curcumin in plasma compared to the 95% curcuminoid extracts.
This enriched bioavailability of SLCP curcumin could be either due to increased absorption
or due to reduced conversion of free curcumin to conjugated products [33, 35, 36]. The
smaller particle size of SLCP curcumin and its specialized coating (made up of specific ratio
of phospholipids and free fatty acids) enables it to be directly transported to the lymphatic
system. Hence it is less exposed to the metabolic enzymes and the majority remains as the
free form of curcumin [37]. A recent /n vitro study further confirmed the increased solubility
of SLCP curcumin compared with unmodified curcumin [38].

In this study, p25Tg mice were fed with Longvida-curcumin in supplemented feed pellets
during the induction of p25 expression. We found that curcumin treatment inhibited the
major events of p25-mediated neuroinflammation in p25Tg mice. In particular, curcumin
efficiently reduced p25 overexpression-induced astrocyte activation and pro-inflammatory
chemokines/cytokines release. Moreover, this curcumin-mediated inhibition of
neuroinflammation blocked the progression of p25-induced neurodegenerative changes
including tau and amyloid accumulations and rescued neurocognitive impairments in p25Tg
mice. Our experimental evidence collectively indicated that early inhibition of inflammatory
triggers could prevent the progression of neurodegenerative changes. Our study evaluated
the potential relevance of Longvida-curcumin as a tool to prevent the progression of
neuroinflammation and subsequent neurodegeneration.
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p25 transgenic mouse model

p25 single transgenic mice (C57BL/6-Tg (tetO-CDK5R1/GFP) 337Lht/J, The Jackson
Laboratory, Stock No: 005706) were crossed with CaMKIlla single transgenic mice (B6;
CBA-Tg (Camk2a-tTA) 1Mmay/DboJ, The Jackson Laboratory, Stock No: 007004) to
generate bi-transgenic offspring (p25Tg mice) that inducibly overexpress the human p25
gene under the control of the CaMKIla promoter-regulated tet-off system. p25Tg mice were
maintained on doxycycline (Sigma; 200 pg/ml, in drinking water) from conception until 6
weeks postnatal to avoid any possible developmental consequences from the p25 expression.
Hemizygous mice of either sex were used in all the experiments. Wild-type littermates were
used as control groups.

All experiments with animals were carried out according to protocols approved by the
Institutional Animal Care & Use Committee (IACUC) of the National University of
Singapore.

Curcumin treatment in p25Tg mice

Antibodies

p25 expression was induced in 6-week-old mice by removal of doxycycline in water and
concurrently treated with an optimized curcumin formulation, Longvida (prepared using the
SLCP technology, Verdure Sciences), orally via their feed (4 g/kg (0.8 g curcumin/kg) of
chow prepared by Harlan Teklad) for 12 weeks.

Antibodies used for both immunohistochemistry and Western blot analyses were mouse and
rabbit anti-GFAP (Sigma, 1 : 1,000), mouse monoclonal anti-Cd11b (Millipore, 1 : 200),
mouse monoclonal anti-cPLA2 (Santa Cruz Biotechnology, 1 : 200), mouse monoclonal
anti-PHF-tau (clones AT8, Pierce, 1 : 100), mouse monoclonal anti-beta-amyloid 1-42
(Millipore, 1 : 100), rabbit anti-cleaved caspase-3 (Cell Signaling Technology, 1 : 200),
rabbit polyclonal anti-Cdk5 (C8, 1 : 500, Santa Cruz Biotechnology), mouse monoclonal
anti-GFP (Roche, 1 : 500), and mouse anti-a.-tubulin (Sigma, 1 : 10,000) antibodies.
Secondary horseradish peroxidase-conjugated antibodies (GE Healthcare, 1 : 1000) were
used for Western blot analyses and secondary fluorescence-conjugated antibodies Alexa
Fluor 488 and Alexa Fluor 594 (Invitrogen, 1 : 200) were used for immunohistochemistry.

Histochemical studies

12-week induced (18-week-old) p25Tg/control mice (with and without curcumin treatment,
n= 3 for each group) were anesthetized with mixtures of ketamine (75 mg/kg) and
medepomidin (1 mg/kg) and transcardially perfused with freshly made 4%
paraformaldehyde (PFA/PBS). Immunofluorescence staining was performed with 16 pm
thick cryo-brain sections according to our published protocol [20]. Thioflavin staining was
carried out as described earlier [13, 39]. Confocal images were taken at 40X magnification.
Bielschowsky silver staining were performed according to a published protocol [40]. Silver
staining images were taken at 20X magnification.
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Western blot analyses

Brain lysates from 12-week induced (18-week-old) p25Tg/control mice (with and without
curcumin treatment, 7= 3 for each group) were prepared as described [41]. Mice brain
lysates were resolved on 4-20% polyacrylamide gels, blotted onto nitrocellulose membranes
and then immunoprobed as described previously [20].

In vitro kinase assays

CdkK5 activity levels in brain lysates from 12-week induced (18-week-old) p25Tg/control
mice (with and without curcumin treatment) were measured using kinase assays as described
previously [42].

Real-Time PCR

Quantification of chemokines/cytokines expression levels were performed using real-time
PCR (RT-PCR) with RNA samples extracted from 12-week induced (18-week-old) p25Tg/
control mice brains (with and without curcumin treatment) according to our previously
published protocol [20].

Cytosolic phospholipase A2 (cPLA2) activity assay

cPLA2 activity levels were determined for the brain lysates from 12-week induced p25Tg/
control mice (with and without curcumin treatment) using cPLA2 activity assay kit (Cayman
Chemical). The results were normalized against total protein concentration (BCA assays,
Pierce Biotechnology).

Lipid analyses using high-performance liquid chromatography/mass spectrometry

Total lipids were extracted from brain samples of 12-week induced (18-week-old) p25Tg/
control mice (with and without curcumin treatment) as described previously [20, 43].
Separation and quantification of lysophosphatidylcholine (LPC) levels from total lipids were
performed according to our published protocol [20].

Behavioral studies

The radial arm maze study was carried out using the 8-arm radial maze as per our earlier
published protocol [13]. Reference memory errors (entering a non-baited arm) and working
memory errors (number of re-entry into baited arms) were calculated and analyzed for 12-
week induced (18-week-old) p25Tg/control mice groups (with and without curcumin
treatment).

Statistical analyses

Data are expressed as the mean of at least three values * standard error mean (s.e.m).
Statistical significance was determined using one-way ANOVA followed by post-hoc
Tukey’s test and repeated measures ANOVA followed by post-hoc Tukey’s test (Radial
Maze analyses). p-value for statistical significance was defined as p < 0.05.
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RESULTS

Curcumin suppresses p25-induced astrocyte activation in p25Tg mice

The control and p25Tg mice groups were fed with curcumin-enriched feed for 12 weeks
during the induction of p25 expression. Curcumin-treated control mice appeared healthy
with well-groomed coats and normal exploratory behaviors. Firstly, equivalent levels of p25
expression were confirmed in the curcumin-treated as well as non-treated p25Tg mice
groups using immunohistochemistry (Fig. 1A) and Western blot analyses (Fig. 1B) with
anti-GFP (Green fluorescent protein) antibody. To further investigate whether curcumin has
a regulatory role on p25/Cdk5 hyperactivation, kinase assays and immunoblot analyses were
performed and results indicated that there was no obvious change in Cdk5 protein levels
between the 12-week induced curcumin-treated and non-treated p25Tg mice groups (Fig.
1C, D). However, p25-mediated Cdk5 hyperactivity was decreased in curcumin treated 12-
week induced p25Tg mice compared to the non-treated p25Tg mice (Fig. 1E).

We then analyzed astrocyte activation levels in curcumin treated and non-treated control/
p25Tg mice brain samples using immunohistochemistry with anti-GFAP (Glial fibrillary
acidic protein) antibody. Results revealed that the intensity of GFAP staining was
remarkably reduced in the cortex as well as in the hippocampus of 12-week induced
curcumin-treated p25Tg mice compared to non-treated p25Tg mice group (Fig. 2A).
Furthermore, Western blot analyses of GFAP levels confirmed that there was an approximate
2-3-fold reduction in GFAP expression in the forebrain of curcumin-treated p25Tg mice
compared to non-treated p25Tg mice (Fig. 2B, C). To explore further the anti-inflammatory
effect of curcumin in p25Tg mice, we examined the cPLA2 expression as well as LPC
production levels in curcumin treated and non-treated p25Tg mice. Western blot
quantification and cPLA2 activity assay results showed an approximately 3-fold reduction in
p25-mediated cPLA2 upregulation in 12-week induced curcumin-treated p25Tg mice (Fig.
2D-F). Furthermore, mass spectrometry data demonstrated that LPC levels were markedly
decreased by curcumin treatment in p25Tg mice (Fig. 2G).

Curcumin antagonizes p25-mediated pro-inflammatory cascade in p25Tg mice

We next investigated the curcumin effects on microglial activation levels in p25Tg mice
brains using immunohistochemical studies and Western blot analyses. Altered
immunostaining patterns with anti-Cd11b, a microglial activation marker was observed in
both cortical and hippocampal regions of curcumin-treated 12-week induced p25Tg mice
brains compared to those in the non-treated p25Tg mice (Fig. 3A). Further examination
using western blot analyses revealed that there was a modest reduction in microglial
activation in curcumin-treated 12-week induced p25Tg mice (Fig. 3B, C) and these results
demonstrated that the total activation of microglia was not completely inhibited by curcumin
in p25Tg mice. We then performed RT-PCR analyses to assess the chemokine/cytokine
expression levels in curcumin-treated and non-treated p25Tg/control mice in order to
investigate whether curcumin has any role on p25-mediated pro-inflammatory responses.
The predominantly anti-inflammatory cytokine TGF- (transforming growth factor-f) levels
were unaltered in curcumin treated p25Tg mice. However, the pro-inflammatory cytokines
MIP-1a (macrophage inflammatory protein-1a), TNF-a (tumor necrosis factor-alpha), and

J Alzheimers Dis. Author manuscript; available in PMC 2021 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sundaram et al.

Page 7

IL-1B (Interleukin-1a) expression levels in p25Tg mice were significantly downregulated by
curcumin treatment (Fig. 3D-G). These results collectively concluded that the pro-
inflammatory state was blocked by curcumin in p25Tg mice.

Curcumin attenuates p25-mediated neuropathology in p25Tg mice

Hyperphosphorylation of tau and amyloid accumulations are conspicuous events in p25-
mediated neurodegeneration [10, 11, 20]. To gain insight into the role of curcumin on p25-
induced neurodegeneration, we first studied the tau hyperphosphorylation levels using
immunohistochemistry and Western blot analyses. AT8 immunostaining levels were reduced
prominently in curcumin-treated p25Tg mice compared to non-treated (Fig. 4A). This
finding is consistent with the Western blot results, in which approximately a 2-fold reduction
in AT8 expression levels were observed in curcumin-treated p25Tg mice (Fig. 4B, C).

We next investigated the impact of curcumin treatment on p25-induced amyloid
accumulations in the cortex and hippocampus of the mice brain using immunofluorescence,
thioflavin and Bielschowsky silver staining analyses. The results showed a remarkable
reduction in AB1.42 immunostaining in curcumin-treated p25Tg mice compared to non-
treated mice (Fig. 5A). Moreover, thioflavin and silver staining results were identical to the
immunohistochemistry findings (Fig. 5B, C). Overall, the results supported the conclusion
that curcumin robustly prevented the progression of p25-induced tau hyperphosphorylation
and amyloid aggregations in p25Tg mice.

Curcumin protects neurons against p25-mediated apoptosis and ameliorates
neurocognitive deficits in p25Tg mice

Apparent forebrain atrophy and neuronal apoptosis are seen in p25Tg mice brain after 8-12
weeks induction of p25 expression [10, 12, 13]. In the present study, we investigated
whether curcumin confers neuroprotection against p25-induced neuronal death.
Immunohistochemical analyses results showed that cleaved caspase-3 immunostaining was
reduced in 12-week induced p25Tg mice after curcumin treatment (Fig. 6A).

We next examined whether this neuroprotective effect of curcumin treatment is able to
rescue the p25 overexpression-stimulated neurocognitive deficits in p25Tg mice. Spatial
memory tasks were performed using radial arm maze analyses and curcumin-treated p25Tg
mice displayed better performance compared to non-treated p25Tg mice. Working memory
errors were reduced almost back to the normal levels (Fig. 6B) and reference memory errors
decreased in curcumin-treated p25Tg mice (Fig. 6C). Based on these results, we concluded
that curcumin has a neuroprotective capability to restore p25-induced cognitive deficits in
p25Tg mice.

DISCUSSION

Our group previously reported that robust astrocyte activation and subsequent
neuroinflammation were prominent features in p25Tg mice brain. In addition, our previous
in vitrofindings indicated that the inhibition of early neuroinflammation by reducing LPC
and cPLAZ2 signaling reversed the progression of p25-mediated neuropathology [20]. In this
study, we focused on the detailed understanding of the effects of inhibiting p25/Cdk5
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hyperactivation-mediated inflammatory triggers on the progression of the neurodegeneration
in vivoin p25Tg mice using curcumin, a potent anti-inflammatory agent.

An obvious reduction in astrocyte activation in curcumin treated p25Tg mice was the first
prominent finding in this study. In addition, curcumin-mediated reduction in astrocyte
activation was previously reported in various /7 vitro and /n vivo neurodegenerative disease
model studies [44-47]. However, the principal underlying mechanism(s) responsible for
efficacy in AD models remains still unclear. In our previous report, we determined that
cPLA2 activation and LPC release were crucial events behind p25-induced astrocyte
activation [20]. Moreover, the results in this study specified that curcumin mediated
downregulation of cPLA2/LPC signaling pathways in p25Tg mice might be responsible for
the reduction of glial activation, particularly astrocytes. Furthermore, our results using
parent curcumin and its metabolites (bisdemethoxycurcumin, curcumin glucuronide,
curcumin sulphate, and tetrahydrocurcumin) on human glioblastoma cells (A172) activated
with LPC clearly demonstrated that parent curcumin (free form) was more active in reducing
the glial activation compared to its other metabolites (Supplementary Figure 1).

Our group and others previously reported that p25Tg mice displayed increased accumulation
of hyperphosphorylated tau and intraneuronal amyloid deposits in the forebrain [10, 11, 20].
Evidence from studies in other transgenic AD mouse models indicate that accumulation of
amyloid peptide starts intraneuronally and these intraneuronal amyloid-p (Ap)
accumulations are one of the earliest events and also key players in the AD pathogenesis
progression [14-19]. In this study, the striking observation of remarkable clearance of p25-
induced amyloid accumulations and reduced tau hyperphosphorylation in curcumin treated
p25 mice strongly supported the hypothesis that early inhibition of neuroinflammation can
slow down the development of later pathological events. Our results are also consistent with
previous studies using other AD mice models showing that curcumin reduces tau
hyperphosphorylation [48]. Numerous studies have suggested that curcumin is a potent anti-
amyloidogenic agent that inhibits Ap aggregation, conferring protection against Ap-induced
cell death [28, 45, 49-51]. In addition, studies reported that curcumin cleared amyloid
aggregates via the induction of phagocytosis by microglia [52-56]. However, the actual
mechanism behind this reduction has not been fully elucidated. It is widely reported that
curcumin acts on several pathways and so, its effects may not be due to just a single pathway
effect. Firstly, the anti-inflammatory effect of curcumin might attenuate the inflammation
induced tau hyperphosphorylation and A aggregation. Secondly, the negative regulatory
role of curcumin on Cdk5 hyperactivation observed in p25Tg mice suggesting a possible
direct inhibitory effect of curcumin on tau hyperphosphorylation via modulating the activity
of a prominent tau kinase. Although, it has already been reported that curcumin inhibits
GSK-3pB (glycogen synthase kinase-3 beta) [57], there has not been any prior evidence
concerning curcumin-mediated inhibition of Cdk5 hyperactivity. Therefore, further
investigation on curcumin-mediated specific reduction in Cdk5 hyperactivity would pave the
way to the development of an alternative targeting strategy against aberrantly hyperactivated
CdkK5 in neurodegenerative diseases.

It has been reported that the phagocytic ability of microglia may be dampened by the
expression of pro-inflammatory cytokines especially TNF-a. [58]. In addition, it has
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previously been demonstrated that TGF-p expression might promote the microglial-
mediated clearance of AB [59]. In the present study, our observations of selective
downregulation of TNF-a expression levels without altering the level of TGF- by curcumin
treatment in p25Tg mice suggest that curcumin may trigger a change in glial phenotype to
promote the phagocytic ability of microglia to clear amyloid aggregates. However, further
validation of this observation is needed to fully understand the role of curcumin on
microglial activation. Results from this study also showed that p25-mediated neuronal
apoptosis and spatial memory deficits were reduced after curcumin treatment in p25Tg mice.
We believe that curcumin-mediated reductions in the p25-mediated pathologies including
aberrant astrocyte activation, upregulated pro-inflammatory cytokines especially TNF-a.,
and intraneuronal tau/amyloid accumulations could be the reasons behind this curcumin-
mediated reversal of neuronal apoptosis and cognitive deficits. In another recent /in vivo
study, we characterized a tetra transgenic mouse model that overexpresses both CIP (Cdk5
inhibitor peptide, a specific inhibitor for p25/Cdk5 hyperactivation) [60, 61] and p25 in the
forebrain and we observed a remarkable reduction in hyperphosphorylated tau, amyloid
accumulations, and brain atrophy. However, neuroinflammation was not completely reversed
in these mice [13]. Therefore, it would be interesting to investigate whether curcumin can be
additive to this protection in addition to the CIP effect to bring about a complete reversal of
p25-mediated neurotoxicity. Furthermore, we believe that this combinational therapy could
be an improved therapeutic approach to treat neurodegenerative diseases with multiple
pathologies such as AD. The development of such curcumin therapeutics such as Longvida-
curcumin also opens avenues to investigate how to increase the bioavailability of curcumin
further and explore alternative delivery systems.

Our data in this report with Longvida-curcumin supported our hypothesis that early
inhibition of neuroinflammation can reduce the development of later pathological events
associated with tau and amyloid pathologies, reduce neuronal death and improve cognitive
function. A key future experiment would be to treat these mice after these pathological
hallmarks are evident to see if curcumin can reverse these effects which will determine
whether curcumin will be a prophylactic or therapeutic compound.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Expression and activity levels of Cdk5 in curcumin-treated p25Tg mice. A) Confocal images
(from the cortex (layer 2/3) (top panels) and hippocampus (CA3 region) (bottom panels) of
the brain sections and from 18-week-old wild type mice with normal feed (NFWT), wild
type mice with curcumin feed (CFWT), 12-week induced (18-week-old) p25Tg mice with
normal feed (NFBT), and p25Tg mice with curcumin feed (CFBT) using anti-GFP antibody
(= 3). Scale bars represent 20 um. B) Immunoblot analyses results of brain lysates from
the samples same as in (A) using anti-GFP antibody (7= 3). C) Western blot analyses results
of brain lysates from 12-week induced p25Tg/control mice with/without curcumin treatment
using anti-C8 antibodies (7= 3). D) Quantification of C8 immunoblots in C by
densitometric scanning (NS p> 0.05). E) Kinase assay results of the brain lysates from the
samples same as in A (n=3) (***p< 0.001, **p < 0.01, and NS p> 0.05) (one-way
ANOVA followed by post-hoc Tukey’s test). Error bars indicate £ s.e.m.
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Fig. 2.

Curcumin reduces p25-induced astrocyte activation in p25Tg mice. A) Representative
immunofluorescence images from the cortex (layer 2/3) (top panels) and hippocampus (CA3
region) (bottom panels) of the brain sections from 18-week-old wild type mice with normal
feed (NFWT), wild type mice with curcumin feed (CFWT), 12-week induced (18-week old)
p25Tg mice with normal feed (NFBT), and p25Tg mice with curcumin feed (CFBT) (7= 3)
using anti-GFAP (red) and DAPI (blue). Scale bars represent 20 pm. B) Immunoblot
analyses results of brain lysates from the samples same as in (A) using anti-GFAP antibody
(n=13). C) Quantification of GFAP immunoblots in by densitometric scanning (***p <
0.001, one-way ANOVA followed by post-hoc Tukey’s test). D) Western blot analyses
results of brain lysates from 18-week-old NFWT, CFWT, 12-week induced (18-week-old)
NFBT, and CFBT mice (n7= 3) using anti-cPLA2 and anti-tubulin (bottom panel) antibodies.
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E) Quantification of immunoblots in (A) by densitometric scanning (***p < 0.001, **p <
0.01, *p<0.05 and NS p> 0.05). F) cPLA2 activity assay results for the mice groups same
asin (D) (**p<0.01, *p<0.05, and NS p> 0.05). G) Lysophosphatidylcholine (LPC)
levels were analyzed using mass spectrometric analyses with lipids extracted from the
forebrain samples of the mice groups same as in (A) (7= 3) (***p < 0.001, *p< 0.05, and
NS p > 0.05) (one-way ANOVA followed by post-hoc Tukey’s test). Error bars indicate +
s.e.m.
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Fig. 3.

Regduced pro-inflammatory microglial activation and chemokine/cytokine expression levels
in curcumin-treated p25Tg mice. A) Confocal images from the cortex and hippocampus of
the brain sections from 18-week-old wild type mice with normal feed (NFWT), wild type
mice with curcumin feed (CFWT), 12-week induced (18-week-old) p25Tg mice with normal
feed (NFBT), and p25Tg mice with curcumin feed (CFBT) (/7= 3) using anti-Cd11b
antibody (red). Nuclei were stained with DAPI (blue). Scale bars represent 20 um. B)
Western blot analyses results of brain lysates from 12-week induced p25Tg/control mice
with/without curcumin treatment using anti-Cd11b antibody (/7= 3). C) Quantification of
Cd11b immunoblots in (B) by densitometric scanning (**p < 0.01 and NS p > 0.05) (one-
way ANOVA followed by post-hoc Tukey’s test). Real-Time PCR results for (D) MIP-1a,
(E) TNF-a, (F) TGF-B, and (G) IL-p expression levels in 12-week induced p25Tg/control
mice with/without curcumin treatment (7= 3) (***p < 0.001, **p < 0.01, and NS p > 0.05)
(one-way ANOVA followed by post-hoc Tukey’s test). Error bars indicate + s.e.m.
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Fig. 4.

Cl?rcumin attenuates p25-mediated tau hyperphosphorylation in p25Tg mice. A) Brain
sections from 18-week-old wild type mice with normal feed (NFWT), wild type mice with
curcumin feed (CFWT), 12-week induced (18-week-old) p25Tg mice with normal feed
(NFBT), and p25Tg mice with curcumin feed (CFBT) (n = 3) were immunostained with
phospho-tau antibody AT8 (red). Nuclei were stained with DAPI (blue). Scale bars represent
20 pm. B) Immunoblot analyses results of brain lysates from 12-week induced p25Tg/
control mice with/without curcumin treatment using anti-AT8 antibody (7= 3). C)
Quantification of immunoblots in (B) by densitometric scanning (**p < 0.01, *p <0.05, and
NS p > 0.05) (one-way ANOVA followed by post-hoc Tukey’s test). Error bars indicate +
s.e.m.
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Fig. 5.
Amyloid accumulation is reduced in curcumin-treated p25Tg mice. A) Representative

immunofluorescence images from the cortex (layer 2/3) (top panels) and hippocampus (CA3
region) (bottom panels) of the brain sections from 18-week-old wild type mice with normal
feed (NFWT), wild type mice with curcumin feed (CFWT), 12-week induced (18-week-old)
p25Tg mice with normal feed (NFBT), and p25Tg mice with curcumin feed (CFBT) (n= 3)
using anti-Ap1.4 antibody (red) and DAPI (blue). Thioflavin-S staining images (B) and
Bielschowsky silver staining images (C) from the brain sections of the mice groups same as
in (A). Scale bars represent 20 um.
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Fig. 6.

Curcumin reduces neuronal apoptosis and ameliorates cognitive deficits in p25Tg mice. A)
Brain sections from the cortex (layer 2/3) (top panels) and hippocampus (CA3 region)
(bottom panels) of 18-week-old wild type mice with normal feed (NFWT), wild type mice
with curcumin feed (CFWT), 12-week induced (18-week-old) p25Tg mice with normal feed
(NFBT), and p25Tg mice with curcumin feed (CFBT) (77 = 3) were immunostained with
anti-cleaved caspase-3 antibody (green) and DAPI (blue). Scale bars represent 20 um. B, C)
Eight-arm radial maze performance was examined for 12-week induced NFBT (7= 5),
CFBT (n=6), NFWT (n=5), and CFWT (/7= 6) mice. B) Bar graph represents the average
number of working memory errors (average of 10 sessions) (**p < 0.01) (one-way ANOVA
followed by post-hoc Tukey’s test) and (C) line graph represents the average number of
reference memory errors (average of sessions per day (10 sessions in 6 days)) (*p < 0.05
compared to NFWT mice, #p < 0.05 compared to CFWT mice and * p< 0.05 compared to
CFBT mice) (repeated measures ANOVA followed by post hoc Tukey’s test). Error bars
indicate + s.e.m.
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