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Abstract

Rationale Alzheimer’s disease (AD) is a neurodegenerative
disorder with irreversible loss of intellectual abilities. Current
therapies for AD are still insufficient.

Objective In this study, the effect of ellagic acid on learning
and memory deficits was evaluated in intrahippocampal amy-
loid beta (A[3,5_35)-microinjected rats and its modes of action
were also explored.

Methods AD rat model was induced by bilateral
intrahippocampal microinjection of Af,5 35 and ellagic acid
was daily administered (10, 50, and 100 mg/kg), and learning,
recognition memory, and spatial memory were evaluated in
addition to histochemical assessment, oxidative stress, cholin-
esterases activity, and level of nuclear factor-kappaB
(NF-kB), Toll-like receptor 4 (TLR4), and nuclear factor (ery-
throid-derived 2)-like 2 (Nrf2).

Results The amyloid beta-microinjected rats showed a lower
discrimination ratio in novel object and alternation score in Y
maze tasks and exhibited an impairment of retention and recall
capability in passive avoidance paradigm and higher working
and reference memory errors in radial arm maze (RAM). In
addition, amyloid beta group showed a lower number of Nissl-
stained neurons in CA1 area in addition to enhanced oxidative
stress, higher activity of cholinesterases, greater level of
NF-kB and TLR4, and lower level of nuclear/cytoplasmic
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ratio for Nrf2 and ellagic acid at a dose of 100 mg/kg signif-
icantly prevented most of these abnormal alterations.
Conclusions Ellagic acid pretreatment of intrahippocampal
amyloid beta-microinjected rats could dose-dependently im-
prove learning and memory deficits via neuronal protection
and at molecular level through mitigation of oxidative stress
and acetylcholinesterase (AChE) activity and modulation of
NF-kB/Nrf2/TLR4 signaling pathway.

Keywords Ellagicacid - Alzheimer’sdisease - Amyloid beta -
Learning and memory - Oxidative stress - Neuroinflammation

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder and
is the most common form of dementia in elderly with patho-
logical hallmarks including extracellular accumulation of beta
amyloid and intracellular neurofibrillary tangles (Mattson
2004). AD is typically represented by a progressive loss of
cognitive function, dementia development, and altered behav-
ior (Lau and Brodney 2008). Amyloid beta (Af3) peptides
have the potential to induce oxidative stress and neuroinflam-
mation in the brain and play pivotal roles in the pathogenesis
of AD (Galasko and Montine 2010). Learning and memory
and spatial recognition memory deficits have been reported in
AfB-induced model of AD in rodents (Capurro et al. 2013;
Ghofrani et al. 2015). Cholinergic dysfunction and its ensuing
memory deficit (Daulatzai 2010), inflammatory processes, an
overexpression of Toll-like receptor 4 (TLR4), and an activa-
tion of nuclear factor kB (NF-kB) signaling pathway have all
contributed to Af3-induced dysfunctions and pathology (Ma
et al. 2015b). The nuclear factor erythroid-2-related factor 2
(Nrf2) pathway also plays a significant role in inducing some
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detoxifying enzymes and antioxidant proteins and for this rea-
son has been suggested as a promising target for neuroprotec-
tive strategies in AD (Yang et al. 2015). Current management
therapies for AD are still insufficient and research studies are
underway to explore more effective therapeutics to prevent
and/or retard AD pathogenic course (Golde 2016).

Ellagic acid is a polyphenol and a natural dimeric deriv-
ative of gallic acid that is found in fruits and nuts like
grapes, strawberries, raspberries, pomegranate, and walnut
(Priyadarsini et al. 2002). This polyphenol acts as an anti-
oxidant and anti-inflammatory agent in mammalian cells
(Hwang et al. 2010). The neuroprotective role of this com-
pound has been reported in different experimental models
(Dolatshahi et al. 2015; Ferreres et al. 2013; Kabiraj et al.
2014). In addition, ellagic acid could improve memory def-
icit in 6-hydroxydopamine-induced model of Parkinson’s
disease (Dolatshahi et al. 2015) and is able to ameliorate
cognitive disturbance following scopolamine administra-
tion (Mansouri et al. 2016) and to prevent cognitive deficits
due to traumatic brain injury (Farbood et al. 2015).
Anticholinesterase and antioxidant activity of ellagic acid
in an in vitro setting has also been demonstrated (Ferreres
et al. 2013). Since compounds capable to improve cholin-
ergic transmission and with anti-oxidative and anti-
inflammatory properties are good candidates for AD thera-
py, therefore, we tried to assess the neuroprotective poten-
tial of ellagic acid in an intrahippocampal A [3,5_35-injected
rat model of AD and to unravel some underlying and related
mechanisms.

Material and methods
Animals

Adult male Wistar rats (Pasteur’s Institute, Tehran) (200—
245 g at the start of the study), three to four per cage, were
kept in a temperature-controlled colony room (21-23 °C)
under 12:12 light/dark cycle (lights on at 06—18). Animals
allowed to habituate to their environment for 1 week prior
to being tested and handled daily. All behavioral experi-
ments carried out between 10 a.m. and 4 p.m. This study
was conducted in accordance with the policies stipulated in

Bilateral intrahippocampal
microinjection of ABss 35

RAM acquisition and training

the Guide for the Care and Use of Laboratory Animals
(NIH) and approved by the Ethics Committee of Shahed
University (Tehran, Iran).

Experimental procedure

Rats (n = 72) were randomly allocated to the following equal-
sized groups: sham, ellagic acid-pretreated sham at a dose of
100 mg/kg, AP, and ellagic acid-pretreated A3 groups at
doses of 10, 50, or 100 mg/kg. For stereotaxic surgery, rats
were anesthetized with a combination of ketamine and
xylazine (80 and 10 mg/kg, respectively; i.p.) and then placed
in a Narishige stereotaxic apparatus (Japan) (incisor bar
—3.3 mm, ear bars placed symmetrically). The scalp was
disinfected with an iodine solution and incised on the midline,
and a burr hole was drilled through the skull and aggregated
A5 35 (Sigma-Aldrich, USA) at a volume of 2 pl was de-
livered at coordinates —3.5 mm posterior to bregma, 2 mm
lateral to sagittal suture, and 2.7-2.8 mm below dura, accord-
ing to the stereotaxic atlas (Paxinos and Watson 1986). Ellagic
acid (Sigma-Aldrich, USA) was dissolved in 30% Cremophor
(Sigma-Aldrich, USA) and intraperitoneally administered at
doses of 10, 50, or 100 mg/kg/day for 1 week and its last
injection was 1 hour before surgery. Animals in the A3 groups
were bilaterally injected in the dorsal hippocampus with 2 ul
of normal saline containing 10 pg aggregated A3,5 35 (5 pg/
ul). To produce neurotoxicity, normal saline-dissolved A325—
35 was incubated at 37 °C for 7 days to allow fibril formation
(Liu et al. 2010). Sham groups received 2 pl of normal saline
bilaterally instead of A3 solution. Postoperatively, the rats
were given special care until normal feeding was restored.
Behavioral tests were conducted at third week post-surgery
as depicted in Fig. 1 and evaluated blind to the treatments by
trained observer.

Behavioral tests
Novel object discrimination (NOD) task

The used protocol of this experiment has been reported in
earlier studies (Baluchnejadmojarad et al. 2017; Stuart et al.
2013; Zarezadeh et al. 2017). In this test, each animal received
two successive 5-min object exploration trials separated by a
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Fig. 1 Experimental protocol for treatments and behavioral tests
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4-h inter-trial interval. During the familiarization trial, the an-
imals were individually exposed to two similar objects, and
one of the objects was selected and replaced with a third, novel
object in the second trial. During these two trials, exploration
of each object, defined as sniffing, licking, chewing, or having
moving vibrissae while directing the nose toward and <1 cm
from the object, was separately recorded. Sitting on an object
in the absence of any directed interest was not recorded. The
objects and test areas between trials were cleaned with diluted
alcohol to lower odor cues and possible errors. The discrimi-
nation (D) ratio was calculated as time spent exploring the
novel object compared with the familiar object relative to
the total time spent exploring all objects, according to the
formula: (¢ [novel] — ¢ [familiar]) / (¢ [novel] + ¢ [famil-
iar]) x 100. NOD task was conducted on day 15 post-surgery.

Y maze task

Spatial recognition memory was judged by recording sponta-
neous alternation behavior in a single-session Y maze on the
16th day post-surgery, as described before (Roghani et al.
2006). The maze was made of black Plexiglas with arms
40 cm long, 30 cm high, and 15 cm wide. The arms converged
in a triangular central arena. The procedure was as follows:
each rat, naive to the maze, was placed at the end of one arm
and allowed to move freely through the maze during an 8-min
session. The series of arm entries were recorded. An entry was
considered when the base of the animal’s tail was entirely
within the arm. Alternation was defined as successive entries
into the three arms on overlapping triplet sets. The maximum
number of possible spontaneous alternations was determined
as the total number of arms entered minus 2, and the percent-
age was calculated as the ratio of actual to possible alterna-
tions x 100.

Passive avoidance task

The protocol of this test has been described before (Ahshin-
Majd et al. 2016; Ghofrani et al. 2015; Kiasalari et al. 2016;
Nasri et al. 2012). The apparatus (40 cm long X 20 cm
wide % 30 cm high) was composed of an illuminated chamber
connected to a dark chamber by a guillotine door. An electric
shock was delivered to the grid floor by a stimulator. On the
first and second days of testing, each rat was placed in the
apparatus for 10 min to be habituated. On the third day, an
acquisition trial was conducted. Rats were placed individually
in the illuminated chamber. After a habituation period (5 min),
the guillotine door was lifted, and after rat entrance into the
dark chamber, the door was lowered and an electric shock
(1 mA, 1 s) applied. In this trial, the initial latency (IL) of
entrance into the dark chamber was recorded, and rats with
ILs greater than 60 s were excluded from the study. Twenty-
four hours later, each rat was placed in the illuminated

chamber to evaluate retention and recall capability. The inter-
val between placement in the illuminated chamber and entry
into the dark chamber was regarded as step-through latency
(STL, up to a maximum of 300 s). This test was conducted on
days 17-20 post-surgery.

Radial arm maze task

The radial arm maze apparatus used in our study comprised of
eight arms, numbered from 1 to 8, extending radially from a
central area. The arms were 50 cm above the floor in a dimly
lighted room with various visual cues placed at the same po-
sition throughout the study. At the end of each arm, there was
a food cup. The used protocol of this task has been described
before (Cioanca et al. 2013; Hritcu et al. 2014). The animals
were first kept on a restricted food regimen and their body
weight maintained at 85% of their initial weight. Before the
training started, three to four rats were simultaneously placed
in the apparatus to explore it for 5 min and take food freely.
The food was initially scattered throughout the maze but was
gradually limited to food cups. The animals were trained for
4 days to run to the end of the arms and consume the baited
food. The training trial continued until all the five baits had
been used up or until 5 min has passed. After adaptation, all
the rats were trained with one trial per day for seven consec-
utive days. The test was continued for 11 consecutive days.
Each animal was placed individually in the center of the maze
and checked for working and reference memory, in which the
same five arms (nos. 1, 2, 4, 5, and 7) were baited for each
trial. The other three arms (nos. 3, 6, and 8) were never baited.
When the animals made seven or eight correct choices and
less than one error in three successive sessions, they were
included for further studies. Retention trials were done on
day 21 post-surgery. The maze was cleaned with diluted eth-
anol between the trials. Finally, the number of working mem-
ory errors (entering an arm containing food but previously
entered) and reference memory errors (entering an arm that
never baited) was assessed. Reference memory is regarded as
a long-term memory for information that remains constant
over repeated trials and working memory is regarded a
short-time memory in which the information to be remem-
bered changes in every trial (Hritcu et al. 2012; Olton and
Samuelson 1976).

Determination of hippocampal oxidative stress

At the end of week 3 post-surgery, rats (n = 67 from each
experimental group) were deeply anesthetized with diethyl
ether and hippocampal tissue was punched out and 10% ho-
mogenate was prepared in cold hypotonic lysis buffer and in
the presence of protease inhibitor cocktail. After centrifuging,
the supernatant comprising of cytosolic proteins was used as
cytosolic fraction. The resulting pellets were resuspended in
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hypertonic buffer containing HEPES, MgCI2, NaCl, EDTA,
DTT, glycerol, and PMSF and were vortexed and centrifuged.
The resulting supernatant was used for determination of nu-
clear content of Nrf2.

Malondialdehyde (MDA) level in the supernatant was
measured as described before (Baluchnejadmojarad and
Roghani 2012). For determination of MDA concentration
(thiobarbituric acid reactive substances, TBARS), trichlo-
roacetic acid and TBARS reagent were added to superna-
tant and then mixed and incubated at boiling water for
90 min. After cooling on ice, samples centrifuged at
1000xg for 10 min and the absorbance of the supernatant
were read at 532 nm. The results were reported according to
tetracthoxypropane standard curve.

For catalase activity assay, Claiborne’s method was used
(Claiborne 1985). Briefly, H,O, was added to a mixture of
50 mM potassium phosphate buffer and supernatant and the
rate of H,O, decomposition assessed by measuring the absor-
bance changes at 240 nm.

Reduced glutathione (GSH) was measured according to
carlier studies (Ellman 1959; Sedlak and Lindsay 1968). For
this purpose, the supernatant was centrifuged with 5% trichlo-
roacetic acid. Then, phosphate buffer (pH 8.4), 5'5-
dithiobis(2-nitrobenzoic acid), and distilled water were added
to the supernatant and the absorbance was read at 412 nm.

Supernatant nitrite (NO, ) content was measured by Griess
method, as described before (Baluchnejadmojarad and
Roghani 2012). In this assay used here, NO; is converted
to NO, by cadmium and this is followed by color develop-
ment with Griess reagent (sulfanilamide and N-naphthyl
ethylenediamine) in acidic medium. The absorbance was de-
termined using a spectrophotometer at 540 nm.

Bradford method was used for the determination of protein
content using bovine serum albumin as the standard (Bradford
1976).

Hippocampal acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE) activity assay

AChE and BChE activity in hippocampal lysates was deter-
mined by a modified method of Ellman’s according to Isomae
et al. (Isomae et al. 2003). The activity of AChE and BChE
was determined by measuring the formation of the yellow
anion obtained from the reaction between Ellman’s reagent
and the thiocholine formed by enzymatic degradation of
acetylthiocholine and butyrylthiocholine, respectively, at a
wavelength of 412 nm and data reported as micromoles of
substrate hydrolyzed per minute per gram protein.

Determination of hippocampal TLR4, Nrf2, and NF-xB

The expression level of TLR4, Nrf2, and NF-kB in the hip-
pocampal supernatant was measured using sandwich enzyme-
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linked immunosorbent assay and commercial kits according
to the manufacturer’s instructions (Cloud-Clone Corp.,
Houston, USA). The absorbance of samples was read at
450 nm by Synergy HT microplate reader (BioTek, USA)
and values calculated according to related standard curves.

Histological evaluation

For this purpose, the rats (n = 5 from each experimental group)
were deeply anesthetized with a high dose of ketamine
(150 mg/kg) and perfused through the ascending aorta with
50 ml of heparinized normal saline followed by 100—150 ml
of fixative solution containing 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4). Following perfusion, brains
were removed from the skull and postfixed for 1 week, left
hippocampal block was prepared and embedded in paraffin,
and hippocampal block was cut into 15 um coronal sections
and prepared for Cresyl violet (Nissl) staining. Neuronal
counting was done in CA1 area of the hippocampus in at least
three sections at a level range between —3.6 and —4.3 mm from
the bregma (according to the coordinates of the stereotaxic
atlas of Paxinos and Watson in an area of 0.1 mm” using an
image capturing and analysis system (Bel Engineering, Italy).
Cells with a clear membrane and a visible nucleolus were
included in counting. The process was repeated two times
for each section and done blind to the treatments received.

Statistical analysis

All results expressed as mean + SEM. The parametric test one-
way ANOVA was used for data analysis and, if a difference
was found out to be significant, pairwise comparison was
done using the Tukey post hoc test. In all calculations, a dif-
ference at P < 0.05 was regarded as significant.

Result
Novel object discrimination

There was a significant reduction of discrimination ratio in
amyloid beta-microinjected group relative to sham
(P < 0.01), and such significant reduction was also observed
for amyloid beta+ellagic acid 10 group (P < 0.05). In contrast,
discrimination ratio was significantly greater in amyloid beta+
ellagic acid 50 and amyloid beta+ellagic acid 100 groups rel-
ative to amyloid beta group (P < 0.05) (Fig. 2a).

Alternation behavior in Y maze task
Figure 2b illustrates the performance of rats in the Y maze

task, which assesses spatial recognition memory. In this re-
gard, alternation score was significantly different between the
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groups (P < 0.005). The alternation score was significantly
lower in ellagic acid untreated and treated amyloid beta
groups as compared to the sham group (P < 0.01 for amyloid
beta and amyloid beta+ellagic acid 10 groups and P < 0.05 for
the other two groups). Additionally, the score was significant-
ly higher for amyloid beta+ellagic acid 100 group relative to
amyloid beta group (P < 0.05). To exclude compounding
effect of locomotor activity on the performance of rats in
memory evaluation tasks, we considered total number of arms
entered by rats as locomotor index. In this regard, there were
no significant differences among the groups (data not shown).

Passive avoidance test

Figure 2c shows the conductance of animals in the passive
avoidance task as reported by IL and STL. Regarding IL, no
significant difference was found out between the groups. With
respect to STL, there exists a significant difference between
the groups (P < 0.005). In this regard, both amyloid beta and
amyloid beta-+ellagic acid 10 groups showed a significant im-
pairment of retention and recall relative to sham group
(P < 0.01). Moreover, amyloid beta+ellagic acid 50 and am-
yloid beta+ellagic acid 100 groups showed a significant
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improvement of STL as compared to amyloid beta group
(P < 0.05 and P < 0.01, respectively).

Radial arm maze task

Figure 2d illustrates the performance of rats in radial arm maze
as a valid indicator of spatial memory. In this regard, working
and reference memory errors were significantly higher in am-
yloid beta and amyloid beta+ellagic acid 10 groups as com-
pared to sham group (P < 0.01). In addition, amyloid beta+
ellagic acid 100 group had a significantly lower level of these
errors (P < 0.01) in comparison with amyloid beta group.

Hippocampal oxidative stress

Amyloid beta group exhibited a significantly higher level of
MDA (Fig. 3a) as a reliable marker of lipid peroxidation
(P < 0.01) and a significant reduction of catalase activity
(Fig. 3b) (P < 0.01) and glutathione (Fig. 3¢) (P < 0.05) with
no significant change of nitrite (Fig. 3d) as compared to sham
group. Furthermore, pretreatment of amyloid beta group with
ellagic acid at doses of 50 and 100 mg/kg significantly im-
proved MDA (P < 0.05) and GSH (P < 0.05) and such
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improvement for catalase activity was observed only at a dose
of 100 mg/kg. Additionally, ellagic acid-pretreated amyloid
beta groups did not show a significant change of nitrite versus
amyloid beta group.

Hippocampal NF-kB, Nrf2, and TLR4

Expression level of hippocampal NF-«kB (Fig. 4a) (P < 0.005)
and TLR4 (Fig. 4c) (P < 0.01) significantly increased, and
nuclear/cytoplasmic ratio for Nrf2 (Fig. 4b) (P < 0.05) signif-
icantly decreased in amyloid beta group relative to sham
group (P < 0.005). Treatment of amyloid beta group with
ellagic acid at a dose of 100 mg/kg significantly improved
NF-kB (P < 0.05), nuclear/cytoplasmic ratio for Nrf2
(P<0.05), and TLR4 (P < 0.05) as compared to amyloid beta
group. Additionally, ellagic acid treatment of amyloid beta
group at a dose of 50 mg/kg was capable to significantly
restore only NF-kB and nuclear/cytoplasmic ratio for Nrf2
(P < 0.05).

Hippocampal AChE and BChE activity
AChE (Fig. 5a) and BChE (Fig. 5b) activity was significantly
greater in amyloid beta group (P < 0.01 and P < 0.05, respec-

tively). In addition, amyloid beta+ellagic acid 50 and amyloid
beta+ellagic acid 100 groups had a significantly lower level of
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AChHE activity versus amyloid beta group (P < 0.05) and
ellagic acid at none of the used doses had no significant effect
on BChE activity.

Histochemical findings in Nissl staining

In this study, the number of neurons per unit area in the CA1
area of hippocampus was counted and compared among the
groups (Fig. 6). Our results showed that amyloid beta and
amyloid beta+ellagic acid 100 groups had a significant reduc-
tion of CA1 neurons (P < 0.01 and P < 0.05, respectively)
versus sham group and ellagic acid pretreatment of amyloid
beta group at both doses of 50 and 100 mg/kg significantly
prevented this reduction as compared to A3 group (P < 0.05).
These data clearly indicate that ellagic acid at higher doses
could protect the hippocampal neurons against Af3
neurotoxicity.

Discussion

This study was undertaken to explore the mechanisms in-
volved in protective effect of ellagic acid on learning and
memory disturbances induced by intrahippocampal amyloid
beta microinjection as a reliable model of AD in rodents. The
findings of this study showed that ellagic acid significantly
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and dose-dependently improves the performance of Ap-
injected rats in novel object discrimination, Y maze, passive
avoidance, and radial arm maze tasks through protection of
hippocampal CA1 pyramidal neurons and appropriate modu-
lation of oxidative stress, AChE activity, and NF-«kB/Nrf2/
TLR4 signaling.

Our findings on learning and memory deficits in
intrahippocampal amyloid beta-microinjected rats were consis-
tent with earlier reports. In this regard, it has been shown that
bilateral intracerebroventricular (Guo et al. 2013) or
intraintrahippocampal (Liu et al. 2010) microinjection of
Af5.35 leads to learning and memory deficits in rodents.
Intracerebral injection of other forms of A including A3 49
and A4, could also impair learning and memory (Ghofrani
et al. 2015; Liu et al. 2015; Ma et al. 2015a; O'Neal-Moffitt
et al. 2015; Rasoolijazi et al. 2007). These toxic effects of A3
are considered to be mediated by amino acid residues 25-35
and for this reason A 3,535 is known as the principal neurotoxic
domain (Guo et al. 2013; Mattson et al. 1992). Furthermore, we
observed learning and memory deficits in all conducted behav-
ioral tasks that were in agreement with previous reports using
passive avoidance (Fedotova et al. 2016; Sohanaki et al.
2016b), Y maze (Zhi et al. 2014; Zhou et al. 2014), novel object
discrimination (Bogachouk et al. 2016; Choi et al. 2014,
Gomes et al. 2014), and radial arm maze (Bergin and Liu
2010; Limon et al. 2009; Patricio-Martinez et al. 2016) tasks
following microinjection and/or infusion of Af,s 3s. In our
study, administration of ellagic acid dose-dependently im-
proved learning and spatial memory deficits following
intrahippocampal A 3,5_35. Consistent with our findings, earlier
reports have also documented the beneficial improving effect of
ellagic acid in various models of cognitive deficits (Dolatshahi
et al. 2015; Farbood et al. 2015; Mansouri et al. 2016).

In our study, 3 weeks after intrahippocampal injection of
A25.35, hippocampal level of MDA as a valid marker of lipid
peroxidation increased and antioxidant defensive element in-
cluding GSH content and catalase activity decreased that were
in line with previous reports (Chen et al. 2014; Jiang et al. 2013;
Jimenez-Aliaga et al. 2011; Sohanaki et al. 2016a). All of these
alterations are indicative of enhanced oxidative stress in the
hippocampus following Af3,5_35. Enhanced oxidative stress
plays an important role in the early development of AD.
Experimental evidence have suggested that a preceding and
prolonged dormant period exists for gradual and incremental
impact of oxidative damage, finally leading to development of
clinical and pathological symptoms of AD including cognitive
deficits (Bonda et al. 2010; Swomley and Butterfield 2015).
MDA level elevates in neurotoxic conditions (Zhang et al.
2016) and catalase and GSH that are two important elements
of antioxidant system responsible for removal of excess free
radicals are depressed following induction of brain injury
(Nirwane et al. 2016). Therefore, MDA, GSH, and catalase
are considered as some of the key determinants of antioxidant
and pro-oxidant condition. Ellagic acid in our study attenuated
oxidative stress and improved antioxidant defense system that
is consistent with earlier reports (Hassoun et al. 2004; Uzar et al.
2012). Nrf2 is one of the important transcription factors respon-
sible for regulating induction of antioxidant genes (Vomhof-
Dekrey and Picklo 2012). Under stressful and toxic conditions,
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Nrf2 translocates into the nucleus and after binding to DNA
could induce transcription of genes related to antioxidant de-
fensive system (Li and Kong 2009). In our study, hippocampal
nuclear/cytoplasmic ratio for Nrf2 decreased in Af,s 35-
microinjected rats and ellagic acid pretreatment dose-
dependently reversed this inappropriate alteration. In line with
these results, ellagic acid has shown a defensive role against
UV-B-induced oxidative stress through upregulation of Nrf2
signaling pathway in human dermal fibroblasts (Baek et al.
2016) and could augment nuclear translocation and transcrip-
tional activation of Nrf2 (Hseu et al. 2012).

In this study, we also measured some inflammation-related
markers including NF-«B and TLR4 in hippocampal lysate. In
this respect, we found out that ellagic acid is capable to effi-
ciently reduce the level of NF-kB, in this way mitigating neu-
roinflammation and reducing neuronal injury as a result of Af3,
thus protecting the brain against oxidative damage.

@ Springer
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Neuroinflammation is a pathological hallmark of neurodegen-
erative diseases like AD (Kim et al. 2014; Pimplikar 2014).
This phenomenon is mainly due to activated microglia and
astrocytes. Upon A3 exposure, these cells through generation
of a wide range of proinflammatory cytokines cause neuronal
damage (Li et al. 2011). NF-«kB plays a key role in A 3-induced
release of proinflammatory cytokines (Bales et al. 1998). In
addition to microglial activation, complement system activation
also occurs in the brain of patients with AD (Johnston et al.
2011). Immune system exerts modulatory effect on learning
and memory under inflammation conditions (Yirmiya and
Goshen 2011). The innate immune receptor TLR4 on
microglial surface is upregulated following A3 exposure that
is associated with learning and memory deficit (Ding et al.
2011). The AR-induced upregulation of TLR4 may accelerate
neuronal inflammation, which leads itself to neurodegeneration.
NF-kB is itself one of the most important downstream



Psychopharmacology (2017) 234:1841-1852

1849

Fig. 6 Number of Nissl-stained g 160 -
neurons and related coronal £
sections through the hippocampus -
showing CAl pyramidal neurons S 120 -
in different groups. *P < 0.05, 5 1
#%P < (.01 (versus sham); § T #
#P < 0.05 (versus amyloid beta) = # T

= 80- I

®) *

E *% |

2 40- L

£

s

V4

0
Sham Sham+Ellagic Amyloid beta Amyloid Amyloid Amyloid
acid100 beta+Ellagic betatEllagic beta+Ellagic

molecules in TLR signaling pathway (Chen et al. 2009). A
previous report has indicated that ellagic acid could exert pro-
tective effect against T cell-mediated hepatitis through TLR/
NF-kB signaling pathways (Lee et al. 2014) that may have also
occurred in our study.

In the present study, we noted increased activity of AChE
and BChE in the hippocampus of amyloid beta group and
ellagic acid reduced this inappropriate alteration of AChE.
Overexpression of cholinesterases including AChE is a mark-
er of cholinergic dysfunction in the brain (Mufson et al. 1991).
Recent researches have shown that cholinergic abnormality
plays a critical role in A} neurotoxicity (Wang et al. 2014).
An earlier report has also shown that ellagic acid has a weak
inhibitory effect on cholinesterases (Ferreres et al. 2013).
Whether ellagic acid has directly and/or indirectly affected
AChE in our model of AD, this issue needs further researches.

After administration of ellagic acid to rats (50 mg/kg), its
plasma concentration attains a maximum at about 1/2 h and
it is detectable in all tissue fluids including the liver, kidney,

acid10 acidso acid100

Sham+Ellagic
acid100

Beta amyloid

Beta amyloid+
Ellagic acid100

and brain (Yan et al. 2014). The half-life of ellagic acid in
the body is 8.4 £ 1.8 h with its ability of plasma protein
binding (Hamad et al. 2009). In addition, it is assumed that
ellagic acid is capable to pass through the blood—brain bar-
rier at small quantity (Teel 1987); however, there are still no
definitive documents to confirm this. In this respect, ellagic
acid has been detected in the rat brain after its administra-
tion (Yan et al. 2014) and this agent could be considered a
putative factor in the neuroprotection associated with the
intake of certain fruits and foods (Sanchez-Gonzalez et al.
2015). In our study, a neuroprotective effect of ellagic acid
was observed in amyloid beta group, as was shown by pres-
ervation of CA1 pyramidal neurons.

Conclusion

Ellagic acid pretreatment of intrahippocampal amyloid
beta-microinjected rats could dose-dependently improve
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learning and memory deficits via neuronal protection and at
molecular level through mitigation of oxidative stress and
AChE activity and modulation of NF-kB/Nrf2/TLR4 sig-
naling pathway. This may be put forward as an ancillary
therapeutic agent for lowering the risk and progression of
neurodegenerative diseases such as AD.
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