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Abstract Recent attention is focused on the impact of diet
on health and mental well-being. High-salt and cholesterol
diet (HSCD) is known to be associated with neuroinflam-
mation which is the predominant factor for neurodegenera-
tive disease like Alzheimer disease (AD). In the present
study, we examined the neuroprotective potential of rosu-
vastatin, an HMG-CoA reductase inhibitor against HSCD
induced neuroinflammation and cognitive impairment. Our
results demonstrated that HSCD-induced cognitive impair-
ment as determined by Morris water maze (MWM) task.
HSCD also activated nuclear factor kappaB (NF-kB) sign-
aling pathway. The cytokine response was measured using
a cytometric bead-based assay quantified by flow cytom-
etry. Treatment with rosuvastatin decreased the production
of nitric oxide (NO), tumor necrosis factor alpha (TNF-o)
and increased interleukin-10 (IL-10) in a dose-dependent
manner. Our results also demonstrated that the rosuvasta-
tin modulates neuronal cell death by inhibiting the overex-
pression of NF-kB in the CAl region of hippocampus. In
addition, molecular docking study of rosuvastatin indicated
high affinity and tighter binding capacity for the active site
of the NF-kB. These results suggest that HSCD-triggered
inflammatory response and cognitive impairment may
be associated with NF-xB signaling pathway. Therefore,
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treatment with rosuvastatin could be a potential new thera-
peutic strategy for sporadic dementia of AD.

Keywords Cognitive impairment - Nuclear factor
kappaB - High-salt and cholesterol diet - Rosuvastatin

Introduction

Increased intake of high-salt and cholesterol diet (HSCD)
today, has become a worldwide health problem, predispos-
ing individuals to coronary, cerebrovascular, and peripheral
vascular diseases, as well as type-2 diabetes [1, 2]. In addi-
tion, accumulated evidences from preclinical and clinical
studies had shown that HSCD may develop significant cog-
nitive impairment [3-5]. HSCD can trigger neuroinflam-
mation and influence amyloidogenesis in neuronal cells
[6, 7]. In addition, levels of pro-inflammatory mediators
or cytokines which include chemokines, interferons, inter-
leukins, lymphokines, and tumor necrosis factors are found
elevated in the brains of patients with Alzheimer disease
(AD) [8]. Furthermore, nuclear translocation of nuclear
factor kappaB (NF-kB), transcription factors involved in
AD, indicate the presence of inflammatory processes [9].
Diet associated neuroinflammation is a potential contribu-
tor to the accumulation of beta-amyloid (Ap) and other risk
factors of AD [10-12]. AD is a devastating neurodegenera-
tive disorder that influences the daily lives of many patients
through memory loss as well as behavioral and cognitive
changes [13, 14].

Nuclear factor kappaB (NF-xB) is a transcription factor
that is involved in regulating a variety of key biological pro-
cesses including inflammatory responses and the induction
of apoptosis. NF-kB can be activated by HSCD [11]. The
NF-kB family consists of p5S0 (NF-kB1), p52 (NF-xB2),
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p65 (RelA), c-Rel (Rel), and RelB. These proteins can
form homo- or heterodimers which often are held captive in
cytoplasm, inactive form [15]. The activated NF-kB trans-
locates to the nucleus triggering expression of a number of
inflammatory genes such as tumor necrosis factor-a (TNF-
a), interleukins (IL-1pB, IL-6, and IL-18), inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)
[16]. Enhanced immunoreactivity was observed in neurons
surrounding amyloid plaques in the brains of AD patients
[17]. In in-vitro studies, NF-kB was shown to be activated
by AP in both neuronal and microglial cells [18]. NF-xB
signaling had been proven to be involved in AD [19].
Therefore, inhibiting NF-xkB pathways could interrupt gen-
eration of AP as well as neuroinflammation. Together, it is
suggested that activation of NF-kB plays an important role
in mediating neuroinflammation in AD [20, 21].

Drug discovery for AD has been strongly focused on
B-amyloid (initially plaques, then soluble oligomers), as
genetic evidence from the familial cases have been sup-
ported by the hypothesis that f-amyloid must be driving
the disease process [22]. Based on the “amyloid cascade
hypothesis,” anti-amyloid therapies provided a hope to
deliver a cure for AD. Unfortunately, numerous clinical
trials with active and passive amyloid vaccines as well as
y -secretase inhibitors had failed. Pharmacological treat-
ment of AD currently involves NMDA receptor antago-
nists and cholinesterase inhibitors. Piracetam is a com-
monly prescribed drug for cognitive impairment in Europe,
Asia, and South America [23, 24]. Currently, there are no
disease-modifying drugs available for AD. Consequently,
alternative therapeutic targets such as neuroinflamma-
tion have been suggested for the prevention and treatment
of AD [25]. As the expression of many pro-inflammatory
cytokines is driven by the transcription factor NF-kB there-
fore modulation of HSCD-induced activation of NF-xB
pathway could be a potential therapeutic strategy for the
treatment of AD.

Statins, competitive inhibitors of the 3-hydroxy-3-meth-
ylglutaryl-coenzyme A (HMG-CoA) reductase are widely
used as cholesterol-lowering drugs and have been indi-
cated to have pleiotropic effects including anti-oxidative
stress and anti-inflammatory properties [26]. Recently,
the neuroprotective effects of statins have become an area
of intense investigations [27]. Rosuvastatin, a new HMG-
CoA reductase inhibitor, has exhibited a more potent affin-
ity for the active site of HMG-CoA reductase than other
statins [28]. The above fact has also been supported by the
STELLAR, the DISCOVERY and the Discovery Belux
studies [29]. Moreover, rosuvastatin is reported to pos-
sess neuroprotective effects in experimental stroke models
including the focal cerebral ischemia model and the stroke-
prone hypertensive rat [30]. In addition, an in vitro study
showed that rosuvastatin protected cortical neurons from

N-methyl-p-aspartate—induced excitotoxicity [31]. How-
ever, limited research is available that examines the effects
of rosuvastatin in the context of neuroinflammation asso-
ciated cognitive impairment. Therefore, the present study
evaluated the neuroprotective potential of rosuvastatin
against HSCD induced neuroinflammation and cognitive
impairment via NF-kB pathway.

Materials and Methods

Rosuvastatin was obtained as a gift sample from Sun Phar-
maceutical Industries Limited, Gurgaon, India. Piracetam
was obtained as a gift sample from Arbro Pharmaceuticals
Limited, New Delhi, India. Griess reagent was procured
from Sigma Aldrich (Bangalore, India). NF-kB protein
was purchased from Abcam, Cambridge, MA, USA. Goat
anti rabbit secondary antibody was purchased from Jackson
Immuno Research, West Grove, PA, USA. Cytokines kit
was purchased from BioHouse Solution Private Limited,
India.

Suspension of rosuvastatin and piracetam were prepared
by triturating the weighed amount of rosuvastatin (5, 10
and 15 mg/kg) and piracetam (200 mg/kg) in 0.5% carboxy
methyl cellulose (CMC) suspension (w/v) in normal saline
respectively [32, 33]. High salt saline was prepared freshly
by adding 2% w/v NaCl in water. Pellets of high cholesterol
diet were prepared freshly by adding 1.25% cholesterol and
10% coconut oil in standard diet pellets and dried at room
temperature.

The experimental protocol was approved by Institu-
tional Animal Ethics Committee (IAEC) of Jamia Hamdard
(Hamdard University), New Delhi, India (Registration No.
JH/993/CPCSEA) as per the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPC-
SEA) guidelines. Female Wistar rats (8—12 weeks old,
150-200 g body weight) were issued from Central Animal
House Facility, Jamia Hamdard, New Delhi and housed in
standard polypropylene cages (six in each cage) and had
access to commercial standard pellet diet (Amrut rat feed,
Mfd by: Nav Maharashtra Chakan Oil Mills Ltd, New
Delhi, India) and water ad libitum. The rats were main-
tained under controlled room temperature (20-25+2°C)
and relative humidity (50 % 15%) with 12 h light/12 h dark-
ness (day/night) cycle in the animal house.

Prior to the commencement of experimental studies,
animals were fed with standard rat food pellets for 2 days
for acclimatization. Total duration of study was 15 weeks.
Animals were fed a HSCD ad libitum for 8 weeks to induce
neuroinflammation and cognitive impairment [5, 34]. After
that, rats were treated with rosuvastatin (p.o.), piracetam
(i.p.) and a combination of both for 7 weeks in different
doses (Fig. 1). In this study piracetam and rosuvastatin
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Fig. 1 The experimental design
of the study. HSCD high-salt
and cholesterol diet, MWM
Moris water maze test, [HC
immunohistochemistry

Experimental Design

Weeks 00 01 3 04 05 06 07 08

served as a standard and test drugs respectively. The ani-
mals were randomly divided into nine groups (six rats in
each group) for treatment schedule as described in Table 1.
The rats were observed for behavioral parameters and
then immediately sacrificed for estimation of biochemical
parameters and immunohistochemistry analysis.

Molecular Docking Study

To predict binding modes of ligands to receptor on the
basis of structures, molecular docking studies of the com-
pounds were carried out on Maestro 10.5 program (Schro-
dinger Inc. USA). Three-dimensional structure of NF-kB-
DNA complexes was retrieved from protein data bank
(PDB code: 1VKX) to be used for the present docking
study [17]. Molecular docking studies mainly involve selec-
tion and preparation of appropriate protein, grid generation,
ligand preparation followed by docking and its analysis.
The protein preparation was done in three steps i.e., pre-
process, review and modify, followed by refinement using
‘protein preparation wizard’ in Maestro 10.5. In these steps

IHC of NF-kB,
1 Biochemical Estimations

—eeoeeseee)

water molecules were deleted and hydrogen atoms were
added. Energy of the structure was minimized using OPLS
2005 force field. Similarly, ligands were prepared again
using Force Field 2005. Receptor grid generation program
was run by clicking any atom of the ligand and the default
box was prepared. The ligand was docked into the grid gen-
erated from the protein using extra precision. The docking
score, binding free energy and hydrogen bonds and pi—pi
interaction formed with the surrounding amino acids are
used to predict their binding affinities and proper align-
ment of these compounds at the active site of the NF-xB
p50. The results were evaluated by docking score. Higher
the docking score indicates more the binding affinity [35].

MM-GBSA Binding Free Energy

Prime molecular mechanics-generalized born surface
area (MM-GBSA) was calculated using Maestro 10.5.
It is a tool to calculate ligand binding free energy. The
test compound (rosuvastatin) along with the standard
(piracetam) was used against the NF-kB-DNA complexes

Table 1 Treatment schedule of

. . Animal groups (n=6)
different experimental groups

Treatment

NC (normal control)
PSR (per se rosuvastatin)
PSP (per se piracetam)
TC (toxic control)

RS

R10

R15
PCT200
R10+PCT200

NS and ND for 15 weeks

NS and ND for 15 weeks plus last 7 weeks rosuvastatin (10 mg/kg b.wt)
NS and ND for 15 weeks plus last 7 weeks piracetam (200 mg/kg b.wt)
HSCD for 15 weeks

HSCD for 15 weeks and rosuvastatin (5 mg/kg b.wt) last 7 weeks

HSCD for 15 weeks and rosuvastatin administered in the last 7 weeks
(10 mg/kg b.wt) of study

HSCD for 15 weeks plus last 7 weeks rosuvastatin (15 mg/kg b.wt)
HSCD for 15 weeks plus last 7 weeks piracetam (200 mg/kg b.wt)

HSCD for 15 weeks plus last 7 weeks rosuvastatin (10 mg/kg
b.wt) + piracetam (200 mg/kg b.wt)

n Number of rats in each group, HSCD high salt and cholesterol diet, NS normal saline, ND normal diet, R

rosuvastatin, PCT piracetam
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(PDB code: 1VKX). Protein preparation and the ligand
preparation were done from the above described methods.
Alternatively the MM-GBSA results may be procured
running the MM-GBSA program directly from the file
generated by running the docking protocol. The docking
score, binding free energy and hydrogen bonds and pi—pi
interaction formed with the surrounding amino acids are
used to envisage their binding affinities and proper align-
ment of these compounds at the active site of the NF-xB-
DNA [36].

Neurobehavioral Assessment by Morris Water Maze
Task

Neurobehavioral assessment was done by Morris water
maze task, which is commonly used to evaluate spatial
learning and memory in rodent [37, 38]. The experi-
mental apparatus consisted of a black circular water
pool (diameter 150 cm; height 60 cm; containing water
at 24 +2 °C) with a featureless inner surface and divided
into four equally spaced quadrants (NE, SE, NW, SW). A
translucent 10X 10 cm platform, submerged 1 cm below
the water surface, was hidden in the center of quadrant
NE (target quadrant) during the training period and was
then removed at the time of the probe task. The training
was conducted four times a day for five consecutive days
before the probe task. Each rat was allowed to swim until
they found the platform or until 120 s elapsed. Then, the
rat was left on the platform for 10 s. During the spatial
probe task, the platform was removed from the pool and
the rats were allowed to swim for 120 s. The swim escape
latency, path length and time spent in the target quad-
rant were recorded by a video tracking system (SMART
v3.0.03 software, Panlab Harvard, USA).

Analysis of Nitrite Estimation by a Colorimetric Assay

The accumulation of nitrite in the brain tissue superna-
tant, an indicator of the production of nitric oxide (NO),
was determined by a colorimetric assay with Griess rea-
gent (0.1% N-(1-naphthyl) ethylene diamine dihydro-
chloride, 1% sulfanilamide and 2.5% phosphoric acid).
In brief, equal volumes of Griess reagent and superna-
tant were mixed, after that the mixture was incubated for
10 min at room temperature in the dark. The absorbance
of the supernatant was recorded at 540 nm with Perkin
Elmer lambda 20 spectrophotometer. The concentra-
tion of nitrite in the supernatant was determined from a
sodium nitrite standard curve and calculated in terms of
pg/mL [39].

Analysis of Cytokines Levels by a Bead-Based
Multiplex Assay

Pro-inflammatory cytokine (TNF-o) and anti-inflamma-
tory cytokine (IL-10) concentrations in the serum from
different groups of rats were measured by a bead-based
multiplex assay [40]. This assay used microspheres as the
solid support and allowed simultaneous quantification of
cytokines in a flow cytometer according to the manufactur-
er’s instructions. Briefly serum, or the cytokine standards
were mixed with equal volume of antibody-coated capture
beads and subsequently incubated with biotin-conjugated
secondary antibody mixture (anti-rat) for 2 h at room tem-
perature in the dark. Beads were then washed (400 g, 4°C,
5 min) and the supernatant was discarded carefully, leav-
ing approximately 100 ml sample in each tube. This was
repeated once and the samples were further incubated with
streptavidin—PE for 1 h at room temperature in the dark.
After two further centrifugation steps as mentioned above,
the beads were resuspended in assay buffer and read on a
BD FACS Calibur LSRII (BD Biosciences). FCAP Array
software (BD version 3.0) was used to create the standard
curves for each cytokine and convert the fluorescent MFI
values into cytokine concentrations.

Immunohistochemistry Analysis of NF-kB Protein

For Immunohistochemistry analysis, paraffin sections of
the brains were deparaffinized in xylene and then with
acetone for 5 min each. Samples were rehydrated with
a graded series of ethanol. After washing under running
double distilled water, antigen retrieval was performed by
citrate buffer (pH 6). Three changes of section were done
with TBS buffer solution. These sections were then blocked
with 1.5% normal goat serum for 1 h. Sections were then
incubated with purified goat polyclonal antibody raised
against a peptide mapping at the N-terminus of NF-kB of
human origin (1:200; Santa Cruz Biotechnology) overnight
at 4°C. Immunoreactivity was detected with biotinylated
anti-goat rabbit secondary antibodies and the avidin-biotin-
peroxidase complex. Immunoreactive signal was developed
using diaminobenzidine as a substrate for 2 min. Photomi-
crographs were taken with a Meiji microscope enabled with
lumenera camera. The images were analyzed with lume-
nera analyze 3 software [41]. All immunohistochemical
samples were analyzed in a blinded fashion. For the quanti-
fication of the protein expression semi automatically, Image
J 1.49 software was used to estimate the volume fraction of
immune-reactive cells within the tissue sample. The range
of pixel intensities of images was in between 0 and 250.
Value 0 and 250 indicates the darkest and lightest shade of
the image colour respectively [42].
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Statistical Analysis

Results were expressed as the mean+standard error of
mean (SEM). The statistical significance of difference
between groups was determined using one-way analysis of
variance (ANOVA) followed by Tukey’s test. P value < 0.05
was considered statistically significant. Error bars represent
the SEM. All statistical tests were performed using the
Prism software package (version 4, GraphPad, San Diego,
CA).

Results
Molecular Docking Analysis

Docking studies were carried out by using ligand docking
to study the binding mode of rosuvastatin with the active
site of NF-kB p50 using Schrodinger programme Maestro
10.5. For the validation, the protein was docked with the
standard piracetam. The NF-kB p50/p65 heterodimer is
the classical member of the Rel family of transcription fac-
tors that regulate diverse cellular functions such as immune
response, cell growth, and development. Secondary struc-
tures of the subunits are equivalent, apart from a 32-ami-
noacid insert in the N-terminal domain of p50 that adds a
second a-helix [43].

The docking scores, binding energy and interaction
with amino acids of the rosuvastatin and piracetam with
the active site of NF-kB p50 are summarized in Table 2.
Rosuvastatin is well fitted in the active sites of NF-xB p50.
Three hydrogen bond was observed between —SO,NH of
rosuvastatin with Gly365, Hie364 and Arg356 similar to
the standard piracetam (C=O of amide portion). These
interactions underscore the importance of sulphonamide
portion of the rosuvastatin interacting with the same amino
acid as amide portion of standard drug piracetam (Fig. 2).
Additional hydrogen bond interactions were also observed

with pyrimidine ring of rosuvastatin and Ser363, hydroxyl
group and Lys414, Cys416, Gly413, carboxylic acid group
with Gly419, Asp418 and Gly413. This may be attributed
for the slight increase in the docking score and higher bind-
ing energy of rosuvastatin as compared to piracetam. Resi-
dues within 2.8 A areas of piracetam and rosuvastatin are
shown in Fig. 3. These results along with the experimental
study outcome further confirmed that rosuvastatin could
ameliorate neuroinflammation and cognitive impairment.

MM-GBSA Binding Free Energy Estimation

The rosuvastatin, piracetam and protein were prepared
from the described methods and all the water molecules
were deleted prior to the running of MM-GBSA prime.
The binding free energy calculation was carried out using
model Prime MMGBSA DG binds from Maestro 10.5. The
free energy results from the Table 2 showed that the ligand
rosuvastatin and piracetam fit into the protein receptor
NF-kB p50 (PDB ID: 1VKX), the best one is the rosuvasta-
tin having more favorable conformation and showed high-
est DG binding (Kcal/mol). The binding free energy of the
standard drug piracetam was found to be —25.06 Kcal/mol
which is lower than the potent test compound rosuvastatin
(—=37.63 Kcal/mol).

Morris Water Maze Task

The ability of the rats to learn and process spatial informa-
tion was tested by the Morris water maze. As Fig. 4a shows,
the mean escape latency to find the platform declined pro-
gressively during the 5 days of training. TC group rats had
significant (**p <0.001) impairment in spatial learning
ability during the 5-day place navigation training indi-
cated by the longer escape latency relative to the NC group,
while treatment with R15, P200 and R10+P200 group rats
significantly (***p <0.001) shortened the escape latency.
R10 group rats also showed a significant (1st, 2nd, 4th day;

Table 2 Docking score and binding free energy of piracetam and rosuvastatin with the active sites of NF-kB p50 along with the interacting

amino acids

Drug Target (PDB ID) Interacting amino acids residues Stacking amino acids residues Pi- Binding free Docking score
H-bond bond energy (Kcal/
mol)?

Piracetam p50 (1VKX) Gly365, Val412, Asn436, Arg356, Ser363, Gly438, 11e439, Tyr357, -25.06 -7.36

Hie364 Leu440, Glu360, Val358, Gly361,

Pro362, Gly413, Gly366, Leu437

Rosuvastatin Gly413, Lys414, Cys416, Gly419, Asn436, Pro362, Phe364, Leud37, -37.63 -7.80

Asp418, Gly365, Hie364, Ser363, Gly438, Gly361, Val412, Leu440

Arg356, 11e439
PDB Protein data bank

*Binding free energy calculation using Prime MM-GBSA DG bind
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Fig. 2 Representation of 2D ligand interaction of rosuvastatin and
piracetam. a 2D ligand interaction representation of rosuvastatin
showing hydrogen bond interaction with purple colour arrow line
and pi—pi stacking with green line in the binding site of NF-kB p50.

Fig. 3 Representation of A
docked pose ligand interaction
of rosuvastatin and piracetam.
a Docked pose of rosuvastatin
represented as stick in the bind-
ing site of NF-kB p50 showing
hydrogen bond interaction
and pi—pi stacking. b Docked
pose of piracetam represented
as stick in the binding site of
NF-xB p50 showing hydrogen
bond interaction and pi—pi
stackin {
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**¥p <0.001 and 3rd, 5th day ***p <0.001) reduction in the
time to reach platform. A non-significant (p >0.05) differ-
ence in RS group was observed in comparison to TC group
rats.

To assess the spatial memory more directly, the rats were
subjected to the probe trial in which the target platform was
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b 2D ligand interaction representation of piracetam showing hydro-
gen bond interaction with purple colour arrow line and pi—pi stack-
ing with green line in the binding site of NF-xB p50. (Color figure
online)

418 L

removed on the next day after the end of navigation train-
ing. For the TC group, time in target quadrant was signifi-
cantly less (**p <0.001) when compared to the NC group.
Rosuvastatin administration significantly (R10, *p<0.05
and R15, **p <0.001) increases the time in target quadrant
in comparison to TC group. A non-significant (p>0.05)
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Fig. 4 Effect of rosuvastatin, A o |
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increase in time in target quadrant of RS group rats was
observed in comparison to TC group. The combination of
both R10+P200 also showed a significant (***p <0.001)
as well as more marked increase time in the target quad-
rant (Fig. 4b). In addition, rats in the treatment groups were
found significantly to have longer (RS, *p<0.05, R10, R15,
P200, R10+P200, ***p <0.001) path length in the target
quadrant in comparison with TC group (Fig. 4c).

Effect on Brain Nitrite Level

A significant increase (**p <0.001) in nitrite level in TC
group was observed when compared with NC group. This
effect was significantly reversed by rosuvastatin (RS, R10,
R15) administration in dose dependent manner (*p <0.05,
**p<0.01, ***p <0.001, respectively). This effect was also
significantly (***p<0.001) reversed by P200 administra-
tion. The combination of both drugs (R10+P200) showed
better reduction in the nitrite level in the brain when the
drugs were given alone (Fig. 5).

Effect on Pro-inflammatory and Anti-inflammatory
Cytokine Levels

Activated microglia are known to express several pro-
and anti-inflammatory cytokines, while statins are able to
reduce the inflammatory effect in the vicinity of athero-
sclerotic plaques. We therefore expected rosuvastatin to
regulate the amount of cytokines released by the microglia.
There was significant increase (**p <0.001) in TNF-a level
in TC group animals when compared to NC group animals
(Fig. 6a). This effect was significantly reversed by rosuv-
astatin (R5, R10, R15, respectively) administration in dose

Fig. 5 Effect of rosuvastatin, 9

piracetam and their combination o
on nitrite level. Data are pre- 8

sented as mean + SEM for six

rats in each group. ##p <0.001 7

vs. TC group. ***p <0.001,
*#p <0.01, *p<0.05 vs. TC
group. ¥%%p <0.001 vs. R5 group

Brain nitrite (pg/ml)

NC TC

dependent manner. P200 group showed a significant reduc-
tion in the TNF-a level (***p <0.001) but the diminution
was less than that observed in the R15 group. The combi-
nation of R10+P200 also showed a significant reduction
in the TNF-a level (***p<0.001). Moreover, rosuvasta-
tin affected the production of IL-10, an anti-inflammatory
cytokine (Fig. 6b). Rosuvastatin-treated levels of IL-10 in
the HSCD fed rats were not significantly different, although
elevated IL-10 production was noted after rosuvastatin
treatment. Interestingly, HSCD decreased the IL-10 pro-
tein expression significantly (**p <0.001) when compared
with NC group. Solitary administration of rosuvastatin, and
piracetam decreased IL-10 levels, but a significant effect
was not observed. When R10 was co-administered with
P200, it boosted the IL-10 protein expression significantly
(***p<0.001), indicating the very strong anti-inflamma-
tory action of rosuvastatin.

Effect on Brain Immunohistochemistry Analysis
of NF-xB Protein by Fluorescent Microscope

Further assessing the inflammatory effects of HSCD on the
brain of rat, we examined the expression of nuclear trans-
localized NF-xB in CAl region of hippocampus. HSCD
fed rats demonstrated increased expression of NF-xB as
compared with NC group animals. Rosuvastatin treatment
decreased the nuclear expression of NF-xB in HSCD fed
rats (Fig. 7).

In the CAl region of hippocampus, densitometry
results confirmed a significant increase (**p<0.001)
expression of NF-kB in TC group was observed when
compared with NC group. This effect was significantly
reversed by rosuvastatin (R10, R15) administration in

$SS

AN

RS RI10 P200 R10+P200

Animal groups
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Fig. 6 Effect of rosuvastatin, 20001 A
piracetam and their combi-
nation on cytokines level. a 1800 - #H#
TNF-a concentration (pg/
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dose dependent manner (**p < 0.01, ***p < 0.001, respec-
tively). This effect was also significantly (***p <0.001)
reversed by P200 administration. However, no significant
effect was observed in case of the R5 group. The combi-
nation of both drugs (R10+ P200) showed better reduc-
tion in expression of NF-kB (***p <0.001) in the CA1l
region of hippocampus when compared to the drugs were
given alone (Fig. 8).
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Discussion

The present study demonstrated that a HSCD was signifi-
cantly associated with neuroinflammation and cognitive
impairment in rats, which is supported by previous stud-
ies [5, 11]. Cognitive impairment is one of the strong-
est determinants of quality of life in elderly persons [44].
HSCD-induced neuroinflammation is associated with
cognitive impairment in rat [15]. Rosuvastatin showed
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Fig. 7 Immunohistochemistry analysis of NF-kB protein by fluores-
cent microscope in coronal brain sections at the level of CA1 region
of hippocampus. The profound expression of nuclear NF-kB were
observed in TC group as compared to NC group, treatment groups of

rosuvastatin, piracetam and their combination have shown effect on
staining of NF-kB. Black arrows are showing the positively stained
cells at 10X magnification
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anti-inflammatory and memory-recovering effect in HSCD
induced neuroinflammation and cognitive impairment [32].

In the current study, our findings are consistent with pre-
vious findings that HSCD impaired the cognitive perfor-
mance in rats determined by the MWM task [44]. Learn-
ing and memory skills of HSCD fed rats were weakened,
as evidenced by increase in escape latency during training
days in the MWM task (Fig. 4a). In the probe trials, the
swimming path length and time in the target quadrant that
had held the hidden platform was used to estimate cogni-
tive performance [45]. The swimming path length distance
and time in the target quadrant was longer in groups of rats
treated with HSCD plus rosuvastatin than the group of rats
treated with HSCD alone (Fig. 4b, c). Significant improve-
ments were observed in the R10, R15 and R10+PCT200
group, whereas there were non-significant improvements in
the R5 group. Piracetam also showed a significant effect,
but less than higher dose of rosuvastatin. These observa-
tions indicate that rosuvastatin has the potential to alleviate
HSCD induced cognitive impairment.

Neuroinflammation is known to be associated with the
pathology of neurodegenerative diseases including AD
[46]. It is well recognized that activation of astrocyte is
accompanied by increased production of potentially neuro-
toxic factors including cytokines, NO and reactive oxygen
species [47]. In neuroinflammatory process, redox-sensitive
transcription factor such as NF-kB may be initiated by the
NO and reactive oxygen species [48]. The transcription
factor, NF-xB regulates the transcription of several proin-
flammatory cytokines that play an important role in neuro-
inflammation mediated neurodegeneration. Several studies
have confirmed that, over activation of proinflammatory
genes were observed in AD patients as well as in animal
model of AD [49]. In the present study, HSCD increased
NF-kB protein (Fig. 8) expression in CAl region of the
hippocampus as compared to NC group animals. NF-xB
protein expression was significantly attenuated by rosuvas-
tatin in a dose dependent manner. But, the effect on the R5
group was insignificant when compared TC group. Simi-
lar results were obtained from the densitometric analysis.
These immunohistochemistry results are consistent with
previous findings and support the role of rosuvastatin in
inhibiting NF-kB expression.

Cytokines, which are important immunomodulators in
the normal functioning of the central nervous system, can
be released, among others, by the microglial cells [50].
Cytokines can also be harmful: previous studies have
shown that neurodegeneration originating through neuroin-
flammation is often elicited by activated microglia through
the release of different pro-inflammatory cytokines and
chemokines [51]. High levels of TNF-a and IL-1p could be
observed, for instance, in the vicinity of amyloid plaques
of AD patients, where activated microglia accumulate [52].
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As expected, pro-inflammatory cytokines (TNF-a) were
increased significantly in TC group rats as compared to the
NC group rats. Rosuvastatin strongly inhibited levels of the
pro-inflammatory cytokines TNF-a when tested in HSCD
fed rats. Additionally, the levels of IL-10 were significantly
reduced in the TC group and administration of rosuvastatin
led to a dose-dependent surge in anti-inflammatory IL-10
levels. Thus, rosuvastatin showed a marked decrease in pro-
inflammatory cytokines as well as significantly increased
the anti-inflammatory cytokines which could be responsi-
ble for its potent anti-inflammatory action. Previous studies
also suggested that statins reduce levels of some of the pro-
inflammatory cytokines and increase the anti-inflammatory
cytokine IL-10 [53, 54].

Nitrite estimation in the biological material is gradually
being used as a marker for NO production [55]. NO levels
were increased in HSCD fed rat brain as earlier reported.
Increased level of NO is implicated in neurological and
aging-related disorders [56]. Hence, the regulation of NO
release is helpful to alleviate inflammatory damage [57].
Results of the present study suggest that rosuvastatin exerts
its anti-inflammatory effects by inhibiting NF-kB nuclear
translocation and the subsequent release of cytokines and
activation of NO in HSCD fed rats. Such endogenously
defensive mechanism further broadens the way for rosuvas-
tatin to exhibit its neuroprotective effects.

Our present study showed that rosuvastatin amelio-
rated HSCD-induced DNA- binding activities of NF-xB,
interrupting p50 translocation. NF-kB p50 has a critical
regulatory role in both non-specific and specific functional
immune responses [58]. These results demonstrated that
binding of rosuvastatin to NF-kB p50 results in the inhibi-
tory effect of rosuvastatin on NF-xB, and inhibition of
NF-kB could be significant for the anti-inflammatory effect
of rosuvastatin [59]. According to the docking results,
rosuvastatin showed a high docking score, indicating high
affinity with the NF-kB and tight binding capacity to the
active site of the p50. Rosuvastatin form ten hydrogen bond
with DNA-binding region (DBR), but piracetam makes five
hydrogen bonds with DBR. Our present study confirmed
that rosuvastatin binds to p5S0 of the NF-kB subunit through
the docking model. Rosuvastatin displayed a higher binding
free energy (dG bind) for pS0O which indicates that rosuv-
astatin may have higher selectivity towards NF-kB. The
binding energy of piracetam was found to be —25.06 Kcal/
mol and less than the rosuvastatin (—37.63 Kcal/mol). This
result justify that the rosuvastatin have high affinity for
NF-kB than piracetam. The way to inhibit NF-kB by rosu-
vastatin is important for the basic principle for inhibition
of NF-kB. In this regard, it is noteworthy that rosuvasta-
tin binds to protein of p50, subunit of NF-kB evidenced by
docking model. Rosuvastatin has shown that direct bind-
ing to NF-kB subunit could result in inhibition of NF-kB
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activities. The molecular docking study of the rosuvastatin
was performed for the better understanding of drug-recep-
tor interactions, which supports for the in vivo as well as
behavioral results of rosuvastatin.

Conclusion

In conclusion, our present findings indicate that rosuvasta-
tin could be effective for the treatment of HSCD induced
neroinflammation and cognitive impairment, through anti-
inflammatory responses by inhibiting NF-kB pathway.
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