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Abstract

Context: Cerebrovascular insults contribute significantly to morbidity and mortality statistics
worldwide. More than half of the ischemic stroke survivors experience residual memory deficits.
Thymoquinone (TQ) effect on the hippocampus has gained more attention.

Objective: To clarify the impact of TQ administration on memory status-associated with global
cerebral ischemia/reperfusion (I/R)-injury in rats and to illustrate the potential role of peroxisome
proliferator-activated receptor gamma (PPAR-γ) as a novel suggested mechanism.

Method: Sham, Sham+ TQ, I/R, I/R+ TQ, and I/R+ BADGE (selective PPAR-γ antagonist) + TQ
groups were assigned. Memory status was assessed by the novel object recognition test. Hippocampal
content of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), tumour
necrosis factor-alpha (TNF-α ) and interleukin-6 (IL-6), in addition to the expression levels of PPAR-ɣ,
brain-derived neurotrophic factor (BDNF), and nuclear factor-κB (NF-κB) were evaluated.

Results: Global cerebral I/R impaired the memory functions and increased hippocampal levels of
oxidative stress and inflammatory biomarkers. TQ administration to ischemic rats significantly improved the
previous parameters with uprising PPAR-ɣ and BDNF but, lowering NF-κB levels. The prior treatment
with PPAR-γ antagonist significantly attenuated the TQ effect.

Conclusion: TQ exerted nootropic effect against ischemic stroke associated-memory deficits through
antioxidant, anti-inflammatory, and neurotrophic mechanisms with PPAR-γ contributes, partly at least,
toward TQ-mediated protection.

Keywords:Thymoquinone, Memory deficits, PPAR-ɣ, Cerebral ischemia/reperfusion, Novel object
recognition test
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1. Introduction

Cerebrovascular disorders have become a
major cause of disability and death all over the
world [1]. More than half of the ischemic stroke
survivors experience residual cognitive impairment
such as learning disability and memory loss [2].
Global cerebral ischemia, the most common clinical
feature of circulatory arrest, is a recognized cause
for neuronal injury [3]. The hippocampus is a
vulnerable brain area that firstly suffers damage
from ischemic changes. It plays important roles in
the consolidation of information from short-term
memory to long-term memory, and in spatial
memory [4]. Numerous processes are tangled in the
pathogenesis of ischemic neuronal damage,
comprising basically, oxidative stress, inflammation
in addition to energy-metabolism disturbance and
excitotoxicity [5] that eventually, unsettle synaptic
plasticity and long-term potentiation essentials for
memory storage mechanisms [6].

The Peroxisome proliferator-activated receptor
gamma (PPAR-γ ) plays a vital role in regulating
multiple biological processes in the brain. This
nuclear receptor functions as a principal
“ gatekeeper ” for modulation of transcription
factors and a broad range of target genes as a brain-
derived neurotrophic factor (BDNF), nuclear factor
kappa-B (NF-κB), pro-inflammatory cytokines and
chemokines, antioxidant enzymes, and among
others [7]. BDNF plays a fundamental role in
neuronal survival and growth, works as a
neurotransmitter modulator, and contributes to
neuronal plasticity, that is vital for learning and
memory functions. It has been identified in most
brain areas including the hippocampus and
commonly downregulated in rodent models of
cerebral neurodegenerative diseases [8]. So, uprising
BDNF levels could causally improve cerebral I/R
injury and its outcomes. Moreover, the
proinflammatory transcription factor NF-κ B and
its downstream inflammatory response pathway

have been implicated in the pathogenesis of cerebral
stroke [9]. Accordingly, PPAR-ɤ is becoming an
encouraging therapeutic target in ischemic strokes.

Thymoquinone (TQ), an emerging natural
medication with a varied range of medical
applications, is the primary active ingredient in the
seeds of Nigella sativa, known as black cumin in
English and “Habbat Al-Barakah” in Arabic [10].
It was described as a potent neuroprotective agent
against neural injury-induced by forebrain ischemia
[11]. It also exerted a potential anticonvulsant
activity against petit-mal epilepsy [12]. Moreover, a
recently published study has highlighted a potential
therapeutic cross-talk between TQ and PPAR-ɤ in
spinal cord injury [13]. We, therefore, assumed that
TQ might maintain the hippocampus integrity
following cerebral I/R injury via PPAR-ɤ-dependent
pathway.

In spite of the accumulating data about the TQ
protective property against memory impairments in
diabetes [14], hypothyroidism [15], and following
lipopolysaccharides and amyloid-β injection [16, 17],
TQ impact on global cerebral I/R – induced
memory impairment remains to established. In view
of these considerations, this study was designed to
evaluate the possible neuroprotective impact of TQ
on memory deficits associated with global cerebral
I/R using the novel object recognition test (NOR) to
assess memory function and to outline the possible
involvement of PPAR- γ pathway and its
modulation by bisphenol-A-diglycidyl ether
(BADGE), a selective PPAR-γ antagonist [18], as a
novel mechanism in such effect within the
hippocampus.

2. Materials and Methods

2.1 Animals
Adult male Wistar rats weighing 220-240 g

were obtained from the Experimental Animal Unit
of the Faculty of Veterinary Medicine. Animals
were given standard laboratory diet and water ad
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libitum. Animal handling and experimental
procedures were performed according to the
National Institute of Health Guide for the Care and
Use of Laboratory Animals. The experimental
protocol was approved by the Animal Research
Ethics Committee at Faculty of Medicine, Benha
University (REC-FOMBU, MoHP No:0018122017/
Certificate No.: 1017, June-2018), Egypt.

2.2 Experimental design and TQ administration
In this study, forty rats were randomly

assigned to five groups (n=8) each: sham-operated
group; cerebral I/R group; sham-TQ treated group,
cerebral I/R-TQ treated group, and cerebral I/R-
BADGE-TQ treated group. The TQ-treated groups
received TQ (Sigma-Aldrich Co., USA.) at (10
mg/kg, i.p.) dissolved in ethanol and diluted with
saline immediately after surgery then, once daily for
14 days [16]. In cerebral I/R-BADGE-TQ treated
group, the PPAR-γ selective inhibitor, Bisphenol
A diglycidyl ether (BADGE) (Sigma-Aldrich Co.,
USA.) was dissolved in ethanol, diluted with saline,
and given at a dose of (30 mg/kg i.p.) [19], 30 min
before TQ administration. The rats from the sham
and cerebral I/R untreated groups received an equal
volume of the solvent at the same time.

2.3 Induction of global cerebral
ischemia/reperfusion (I/R)

The rats were subjected to global cerebral I/R
or sham surgery under urethane anesthesia (1g/kg;
i.p.). A median neck incision was performed. The
muscles’ planes and trachea deviated and common
carotid arteries were freed from the surroundings.
Rats were subjected to bilateral common carotid
artery occlusions using blunt mini clamps for 30
min. followed by slow declamping. Sham-operated
rats were treated identically without occluding
carotid arteries. Skin to skin stitch and intra-
peritoneal antibiotic injection were given [20].

2.4 Memory assessment by novel object
recognition test

Novel object recognition test (NOR) is a
frequently used behavioral assay for the study of
learning and memory in rodents. It is based on an
innate preference of rats for novelty [21]. In this task,
normal rats spend more time exploring a novel
object than they spend exploring a familiar object;

reflecting their memory of the familiar object. This
task does not involve positive or negative
reinforcement and has clear parallels with human
recognition memory [22].

Briefly, the animals are exposed to two
identical objects and memory is evaluated in a
second test trial by exchanging one of the familiar
objects for a novel one. It has consisted of an open
box (100×100 cm2, and 50 cm high) made of wood,
painted gray inside. The objects to be differentiated
were available in copies and were made of plastic,
glass or metal and the animals could not move them
through the arena [22].

The test composed of 3 phases; habituation,
familiarization, and proper testing sessions:

-Habituation: One day after the surgery, the rat
was allowed to explore the empty box for 5-min
each day for 4 days.

-Familiarization or sample phase: 24hs after
the last habituation session, the animal was trained
for recognition of two identical objects placed in the
test arena in two opposite and equidistant locations
for 3-min.

-Proper testing session or choice phase: 2hs,
24hs, and 7days after the familiarization phase,
animals were again placed for 3-min in the testing
box [21]. During each one of these trials, one copy of
the familiar objects used during the sample phase
was introduced along with a novel object. To avoid
confounds by lingering olfactory stimuli and
preferences, the objects and the arena were cleaned
with70% ethanol after each trial [22].

2.5 Performance measures and analyses
Exploration of an object was defined as

directing the nose to the object at a distance 2 cm
and/or touching it with the nose. Conversely,
turning around or sitting on the object was not
considered as exploratory behavior.

The basic measure was the time spent by the
rat in exploring objects during the sample phase and
during the choice phase using a stopwatch. A video
camera was positioned over the NOR arena and the
behavior were recorded using a video tracking
system for offline analyses for the following
measures:

e1: The total time spent exploring the two
identical objects in the sample phase (novel +
familiar) (seconds).
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e2: The total time spent exploring the two
objects in the choice phase (novel + familiar)
(seconds).

d1: The discrimination index, which is the
difference in time spent exploring the two objects in
the choice phase, i.e. (time spent for the novel
object - time spent for the familiar object) (seconds).

d2: The discrimination ratio, which is the
difference in exploration time between the novel

and familiar objects (d1) divided by the total time
spent exploring the two objects in the choice phase
(e2) i.e. (novel ─ familiar / novel + familiar). This
ratio makes it possible to adjust for any differences
in the total amount of exploration time [22].

The general experimental design and memory
assessment protocol are shown in Figure 1 and
Figure 2, respectively.

Figure 1: Schematic diagram giving an overall picture of the sequential order of the memory tasks and TQ
injection in the experimental groups. TQ; Thymoquinone, OR; object recognition test

Figure 2: Drawing illustrating the sample phase and the choice phases of the novel object recognition memory
test.A1, A2, A3, A4, and A5 indicate copies of the familiar object. B, C, and D indicate different novel objects

2.6 Sacrifice and tissue preparation
Rats were decapitated 24 h after the last

behavioral experiments. Brains were quickly

removed and hippocampi were isolated on a cold
stage and frozen in liquid nitrogen then stored at -
80 ℃ till analysis. One part was homogenized
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(Teflon-glass homogenizer) in 0.25 M sucrose
buffer. The homogenate was then, centrifuged at
9000 rpm for 15 min at 4 ℃ , and the supernatants
were collected for biochemical analysis. The other
one was stored in RNA stabilizing reagent (Qiagen
Inc., Valencia, CA) at 10 µL per 1mg of tissue then
stored at -80℃ for RNA extraction.

2.7 Biochemical analysis of hippocampal
oxidative stress and inflammatory markers

The colorimetric superoxide dismutase (SOD)
activity assay kits (No. 706002, Cayman Chemical
Co., MI, USA) were used according to the method
described by Sun et al. [23].

The colorimetric glutathione peroxidase (GSH-
Px) activity assay kits (No. 703102, Cayman
Chemical Co., MI, USA), were used to determine
the GSH-Px activity spectrophotometrically [24].

The level of malondialdehyde (MDA), a
marker for the degree of lipid peroxidation in the
hippocampal neuronal tissue, was determined by
measuring a thiobarbituric acid reactive substance
in the tissue homogenate [25].

The hippocampal levels of the inflammatory
cytokines (TNF- α) and interleukins-6 (IL-6) were
assessed by using specific rat ELISA kits
(ab100785 and ab100772 kits respectively, Abcam,
Cambridge, UK), by following the manufacturer’s
instructions.

2.8 Real-time quantitative PCR (RT-qPCR)
testing for PPAR-γ, BDNF, and NF-κB

Total RNA was isolated from 25mg
hippocampal tissue using total RNA purification kit
(Jena Bioscience Germany). It was further analyzed
for quantity and quality with a dual beam
spectrophotometer (Beckman Coulter, Fullerton,
California, USA). For quantitative expression of
PPAR-γ, BDNF, and NF-κB genes, the following
procedure was performed; 200 ng of the total RNA
from each sample was used for cDNA synthesis by
reverse transcription using High Capacity cDNA
Reverse Transcriptase kit (Applied Biosystems Inc.,
Foster City, CA, USA). The cDNA was
subsequently amplified with the SYBR Green One-
Step PCR Master Kit in a 48-well plate (Applied
Biosystems Inc., Foster City, CA, USA) as follows:
10 minutes at 95 ° C for enzyme activation

followed by 40 cycles of 15 seconds at 95°C, 20
seconds at 55°C, and 30 seconds at 72°C for the
amplification step. According to the RQ manager
program ABI SDS software (ABI 7900), the data
are produced as sigmoid shaped amplification plots
in which the number of cycle is plotted against
fluorescence. Fluorescent emission data were
captured and mRNA levels were analysed using the
critical threshold (CT) value. Changes in the
expression of each target gene were normalized
relative to the mean CT values of GAPDH
housekeeping gene by the 2–ΔΔCT method [26] 1 μL
of both primers specific for each target gene were
used. Primer sequence specific for each gene were
as follow:

- PPAR- γ : Forward: 5 ′ -
CCCACCAACTTCGGAATCAG -3′

Reverse: 5 ′ -
GGAATGGGAGTGGTCATCCA-3′.

- BDNF: Forward 5`
AGTGATGACCATCCTTTTCCTTAC3`,

Reverse 5`-
CCTCAAATGTGTCATCCAAGGA -3`.

- NF- κ B: Forward 5`-:
GCTACACAGAGGCCATTGAA3`,

Reverse 5`-
ATGTGCTGTCTTGTGGAGGA3`.

- GAPDH: Forward: 5 ′ -
GTGGTGAAGCAGGCATCTG-3′

Reverse: 5 ′ -
AGCCGTATTCATTGTCATACCA-3′.

2.9 Statistical analysis
All data were analyzed using the program

Statistical Package for Social Sciences (SPSS)
version 19 (SPSS Inc., Chicago, Illinois, USA).
Data are presented as the mean ± standard
deviation (SD). Comparisons of all parameters
among the study groups were performed by using
one-way analysis of variance (ANOVA) with LSD
post-hoc to compensate for multiple comparisons. A
P value < 0.05 was considered statistically
significant.
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3. Results

3.1 Effects on object recognition memory in the
experimental groups; total time spent exploring
objects in the sample phase (e1), discrimination
index (d1), and discrimination ratio (d2) (Fig. 3
& Table 1)

The present study revealed no significant
differences between the overall time spent
exploring two identical objects presented during the
familiarization phase among all experimental
groups (P > 0.05) (Fig. 3A). In the choice phases

2hs, 24hs and 7days after the familiarization phase,
the rats in sham group tend to explore a novel object
more than a familiar one. This discrimination was
significantly decreased in rats exposed to global
cerebral I/R surgery, indicating disturbed memory
for the familiar one. The difference between time
they spent exploring the novel object and the
familiar one, (d1), and the discrimination ratio (d2)
was significantly decreased in ischemic group
versus the sham one (P < 0.05).

Figure 3: Changes in the e1 and d1 of NOR test in the experimental groups
(A) Time spent exploring the objects during the sample phase by rats in the experimental groups; (B), Discrimination
index during the choice phase 2 hours after the sample phase in the experimental groups; (C), Discrimination index
during the choice phase 24 hours after the sample phase in the experimental groups; (D), Discrimination index during
the choice phase 7days after the sample phase in the experimental groups. Data is expressed as mean ± standard
deviation (n = 8 per group). P < 0.05 is significantly tested by using One-way analysis of variance (ANOVA) and Post
Hoc multiple comparisons (LSD). a P< 0.05 vs. sham group; bP < 0.05 vs. cerebral I/R group; c P < 0.05 vs. Sham-TQ
treated group; d P < 0.05 vs. cerebral I/R-TQ treated group. I/R; ischemia/reperfusion, TQ;thymoquinone, BADGE;
bisphenol A diglycidyl ether
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TQ-treated cerebral I/R rats spent more time
exploring a novel object compared to the familiar
one, causing significant increase in the
discrimination index and ratio (d1) and (d2); 2hs,
24hs, and 7days choice phases when compared with
the cerebral I/R group (P < 0.05). This indicates
recognition memory is intact. On the other hand,
BADGE-pretreatment to cerebral I/R-TQ group
caused disturbed discrimination for both familiar

and novel objects hence; an observed significant (P
< 0.05) decrease in both (d1) and (d2) - 2hs, 24hs,
and 7 days choice phases was documented in
BADGE-pretreated when compared with cerebral
I/R-TQ group. In addition, a significant (P < 0.05)
increase in the (d1) and (d2) was observed in TQ-
treated sham group compared to the untreated one
(Fig. 3 B, C, D & Table 1).

Table 1: Changes in discrimination ratio (d2) in NOR test in the experimental groups
Sham
group

Cerebral I/R
group

Sham-TQ
treated
group

Cerebral I/R -
TQ treated
group.

Cerebral I/R-
BADGE+TQ
treated group.

d2- 2 hours-choice
phase

0.72±0.02 0.15±0.02 a 0.82±0.03 ab 0.42±0.02 abc 0.23±0.02 abcd

d2- 24 hours-choice
phase.

0.71±0.02 0.13±0.02 a 0.82±0.03 ab 0.46±0.03 abc 0.25±0.02 abcd

d2- 7 days -choice
phase.

0.72±0.03 0.14±0.01 a 0.81±0.02 ab 0.42±0.02 abc 0.23±0.02 abcd

Data is expressed as mean ± standard deviation (n = 8 per group). P < 0.05 is significant tested by using One-way
analysis of variance (ANOVA) and Post Hoc multiple comparisons (LSD). aP< 0.05 vs. sham group; bP < 0.05 vs.
cerebral I/R group; cP < 0.05 vs. Sham-TQ treated group; dP < 0.05 vs. cerebral I/R-TQ treated group. I/R;
ischemia/reperfusion, TQ; thymoquinone, BADGE; bisphenol A diglycidyl ether

3.2 Effect of TQ on hippocampal oxidative stress
markers in the experimental groups (Table 2)

Significant SOD and GSH-Px increases and
MDA decrease were documented in cerebral I/R
rats when compared with the sham group (P<0.05).
While TQ treatment to cerebral I/R rats
significantly increased the SOD and GSH-Px levels
while significantly decreased MDA levels

compared to the cerebral I/R untreated group
(P<0.05). Conversely, BADGE-pretreatment to
cerebral I/R-TQ group significantly decreased the
SOD and GSH-Px levels but increased the MDA
level when compared with the cerebral I/R-TQ
treated group. A significant (P<0.05) increase in the
SOD and GSH-Px level and decrease in the MDA
level was observed in the TQ-treated sham group
when compared with the sham group.

Table 2: Hippocampal oxidative stress markers in the experimental groups
Sham group Cerebral I/R

group
Sham-TQ
treated group

Cerebral I/R -TQ
treated group.

Cerebral I/R
BADGE+TQ
treated group.

SOD (U/mg
protein) 34.3±2.3 14.9±1.2a 40.6±2.1ab 24.3±1.7abc 18.1±1.2abcd

GSH-px(U/g
protein) 84.8±4.6 26.3±4.6a 91.6±2.8ab 58±3.7abc 36.3±2.9abcd

MDA(nmol/mg
protein) 3.3±0.34 8.5±0.39a 2.5±0.2ab 4.3±0.21abc 6.7±0.56abcd

Data is expressed as mean ± standard deviation (n = 8 per group). P < 0.05 is significant tested by using One-way analysis
of variance (ANOVA) and Post Hoc multiple comparisons (LSD). aP< 0.05 vs. sham group; bP < 0.05 vs. cerebral I/R group;
cP < 0.05 vs. Sham-TQ treated group; dP < 0.05 vs. cerebral I/R-TQ treated group. SOD, Superoxide dismutase; GSH-Px,
glutathione peroxidase, MDA; malondialdehyde, I/R; ischemia/reperfusion, TQ; thymoquinone, BADGE; bisphenol A
diglycidyl ether
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3.3 Effect of TQ on hippocampal inflammatory
response markers in the experimental groups
(Table 3)

The levels of inflammatory mediators TNF- α
and IL- 6 in the cerebral I/R group were
significantly higher compared with the sham group
(P < 0.05). Importantly, TNF- α and IL- 6 levels

were significantly decreased in I/R-TQ group
compared with I/R group (P < 0.05). While,
BADGE-pretreatment caused a significant increase
(P < 0.05) in TNF- α and IL- 6 levels versus I/R-TQ
group.

.

Table 3: Hippocampal inflammatory markers in the experimental groups
Sham
group

Cerebral I/R
group

Sham-TQ
treated group

Cerebral I/R
-TQ treated
group.

Cerebral I/R –
BADGE+TQ
treated group.

TNF- α (pg/mg
protein) 105.4±6.5 406±7.9a 96.6±5.4b 193.8±7.9abc 324.9±14.9abcd

IL- 6 (pg/mg
protein) 3.4±0.9 11.3±1a 2.6±0.13b 6.4±0.9abc 9.1±0.8abcd

Data is expressed as mean ± standard deviation (n = 8 per group). P < 0.05 is significant tested by using One-way
analysis of variance (ANOVA) and Post Hoc multiple comparisons (LSD). aP< 0.05 vs. sham group; bP < 0.05 vs.
cerebral I/R group; cP < 0.05 vs. Sham-TQ treated group; dP < 0.05 vs. cerebral I/R-TQ treated group. TNF-α; tumor
necrosis factor-alpha, IL-6; interleukins-6, I/R; ischemia/reperfusion, TQ; thymoquinone, BADGE; bisphenol A

Figure 4: Changes in relative mRNA expression of PPAR- γ, BDNF, and NF-κB in the hippocampus of the
experimental groups. Data is expressed as mean ± standard deviation (n = 8 per group). P < 0.05 is significantly
tested by using One-way analysis of variance (ANOVA) and Post Hoc multiple comparisons (LSD). aP< 0.05 vs.
sham group; bP < 0.05 vs. cerebral I/R group; cP < 0.05 vs. Sham-TQ treated group; d P < 0.05 vs. cerebral I/R-
TQ treated group. I/R; ischemia/reperfusion, TQ; thymoquinone, BADGE; bisphenol A diglycidyl ether. PPAR-
ɣ; peroxisome proliferator-activated receptor-gamma, BDNF; brain-derived neurotrophic factor, NF-κB;
nuclear factor-κB

3.4 Effect of TQ on hippocampal PPAR- γ ,
BDNF, and NF- κ B expressions in the
experimental groups (Fig. 4)

To further characterize the mechanism of TQ
in cerebral I/R injury, PPAR- γ, BDNF, and NF-κB
mRNA expressions were analyzed. PPAR- γ and
BDNF expressions were significantly decreased

while NF-κB expression was significantly increased
in the hippocampus of cerebral I/R-untreated rats as
compared with the sham group (P<0.01). TQ
administration to cerebral I/R rats significantly
upregulated the PPAR- γ and BDNF expressions
while, suppressed NF-κB when compared with the
untreated cerebral I/R group (P<0.05). Conversely,
the BADGE pretreatment to I/R-TQ treated group
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showed a significant decrease in PPAR- γ and
BDNF expressions with a significant increase in
NF-κB expression when compared with the cerebral
I/R-TQ treated group.

4. Discussion

Cerebrovascular insults contribute significantly
to morbidity and mortality statistics worldwide. The
majority of stroke patients are ischemic either focal
or global [27]. In the current study, we performed
global cerebral I/R injury to ensure diffuse brain
injury with the selective and delayed neuronal
damage of the hippocampus, being a vulnerable
brain area that firstly suffers ischemic damage, that
subsequently causes evident behavioral and
cognitive deficits [4].

The brain, due to its high oxygen consumption
and lipid-rich content, is highly susceptible to
ischemic injury that can be recovered via early
reperfusion. However, this reperfusion can, itself,
turn out to be a start for neuronal damage through
superoxide and other reactive oxygen species
generation at the onset of blood reintroduction,
causing disruption of the overall redox system then
oxidative stress injury [28]. This goes hands with our
findings that revealed elevated MDA (a marker of
lipid peroxidation) and depleted SOD and GSH-Px
(antioxidant markers) in the hippocampus of rats
subjected to global cerebral I/R operation compared
to sham. In addition, a significant increase in the
hippocampal expression of the proinflammatory
transcription factor, NF-κB and its downstream
inflammatory cytokines TNF-α and IL-6 in
ischemic rats versus sham was also, documented.
An increase in these oxidants and inflammatory
molecules play a vigorous role in the progression of
post-ischemic brain injury and is sufficient to
induce neuronal damage within the hippocampus [29,

30].
The hippocampus is concerned with short-term

memory consolidation to long-term and in spatial
memory [4] through synaptic plasticity, long term
potentiation, neurotransmitters modulation and
proteins synthesis [6]. At the functional level, NOR
test was used in the current work to assess the
memory performance of ischemic rats. During this
test, the rats were exposed to the same familiar
object at 3 different time intervals 2hs, 24hs, and

7days after the sample phase, so as to evaluate the
status of short-term, long-term, and persistent
memory respectively. The ischemic rats were
unable to recall information concerning the familiar
object and can’t discriminate between it and the
novel object, as presented by significant decreases
in the discrimination index and ratio when
compared to the sham group. It thus, confirms the
hippocampal neuronal damage that has resulted in
memory and cognitive deficits. Our findings were in
agreement with previous researches executed by
Ashabi et al. [31] and Schmidt et al. [32]. They have
reported significant memory impairments in
cerebral I/R model by using NOR test.

Although of rising understanding of the
mechanisms of neuronal injury accompanying
cerebral I/R injury, effective therapy has remained
obscure. TQ, the active ingredient in the seeds of
Nigella sativa plant, is becoming an emerging
natural medication with a varied range of medical
applications. Additionally, accumulating pieces of
evidence pointed out that TQ is efficient to protect
neurons from neuropathological and neurotoxic
challenges and help their survival [14-16, 33, 34]. Thus,
we planned to investigate the potential beneficial
role of TQ co- and post-conditioning on memory
deficits accompanies cerebral I/R.

Behavioral results of NOR test indicated a
significant improvement in the memory
performance of TQ-treated ischemic rats during the
2hs, 24hs, and 7 days choice phases. These rats kept
in memory the initial information concerning the
familiar object and can distinguish it from the novel
one. Thus, they spent more time exploring the novel
object compared to the familiar one. This was
presented by a significant increase in the
discrimination index and ratio compared to the
untreated one. In supporting of our findings, various
studies reported the valuable effect of TQ on
memory impairment in various models [14-16, 33] but,
to the best of our knowledge, this is the first study
reporting a protective effect on memory deficits
accompanies cerebral I/R.

TQ supplementation improved cerebral I/R-
induced oxidative stress in the hippocampal tissue.
Our data revealed up growing levels of SOD and
GSH-Px combined with lowering MDA levels in
the TQ-treated ischemic rats. In supporting of our
findings, TQ has been suggested as a
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neuroprotective agent against global cerebral I/R
injury model [33] Parkinson’s disease [35], in addition
to an epileptic rat model [36], on basis of antioxidant
impact. The TQ antioxidant activity could be
attributable to its reduced form tert-
butylhydroquinone. It acts as a hydrogen donor
antioxidant that inhibits lipid peroxidation.
Additionally, TQ has a direct scavenging effect of
multiple ROS that mimicking SOD activity [37]. As a
side note, TQ administration to sham rats improved
the memory status as well. That was accompanied
by a significant increase in the antioxidant enzymes
and decrease in MDA levels compared to the
untreated one, indicating that TQ is exerting potent
antioxidant properties under sham conditions. This
was in agreement with Sahak et al. [38]. They
reported enhanced memory performance in rats
administrated Nigella sativa oil through antioxidant
effect in addition to acetyl choline preservative
effect which is essential for memory encoding.

Regarding the inflammatory response in our
experimental model of hippocampal injury-induced
by cerebral I/R, TQ administration downregulated
hippocampal NF-κB expression and its downstream
inflammatory cytokines TNF-α and IL-6 levels,
indicating potent TQ anti-inflammatory effect. The
proinflammatory transcription factor NF-κB is
activated in response to various inflammatory and
oxidants stimuli. On activation, NF-κB translocates
from the cytoplasm to the nucleus, binds DNA, and
causes gene transcription of chemokines, cytokines
and adhesion molecules [39]. TQ was found to
decrease the phosphorylated-P65 subunit of NF-κB.
In addition, it interferes with NF-κB binding to
DNA [40]. These results are consistent with that
of Bargia et al. [16] who revealed that administration
of TQ was accompanied with a reduction in
hippocampal IL-6 and TNF-α content and
improving learning and memory deficits induced by
lipopolysaccharide in rats [16]. Also, other
researchers have also suggested that TQ exerted
anti-inflammatory properties by suppressing NF-κB
and inhibition of cytokine production [41].

TQ administration in ischemic rats also
resulted in a significant rise in the hippocampal
BDNF expression levels compared to the untreated
group. BDNF induces memory persistence and
converts a non- lasting long- term memory trace into
a persistent one, denoting a protective impact on

synaptic transmission and cognitive functions [42]. In
addition, BDNF prevents neuronal death, mend
pathological changes and expedite the regeneration
and differentiation process of injured neurons.
Constantly, the expression level of BDNF was
positively correlated with the capacity of neurons to
tolerate ischemic injury following brain ischemia
[43]. Our findings were in agreement with an earlier
one that investigated the effect of BDNF
administration on hippocampal cognitive functions
after global cerebral I/R in rats using a passive
avoidance test. The BDNF-administrated ischemic
rats showed improved working memory 15 days
after ischemia [44]. Furthermore, upregulated BDNF
within the hippocampus following voluntary
exercise, induced improvements in cognitive
performance after traumatic brain injury in rats [45].

Noteworthy, PPAR-γ is becoming a promising
therapeutic target for cognitive impairment in
animal models of stroke, traumatic brain injury, and
degenerative brain diseases [46]. Consistency,
neuron-specific PPAR-γ knockout mice experienced
significant brain damage and oxidative stress in
response to ischemic insult [47]. In the acute injury
phase, PPAR-γ directly restricts tissue damage by
motivating the antioxidant mechanisms and
reducing free radicals generation to neutralize
oxidative stress and hindering the NF-κB pathway
to mitigate inflammation. During the chronic phase
of acute brain injuries, PPAR-γ activation in injured
cells ends in the repair of gray and white matter,
resolution of inflammation, and long-term
functional recovery [7]. Furthermore, the PPAR-
γ/BDNF pathway is involved in improving synaptic
function in hippocampal neurons by increasing
BDNF expression [48]. Similarly, PPAR-γ
upregulation had increased BDNF level in
Amyloid-β injected rats which were correlated with
recovered synaptic plasticity [49].

Additionally, a recently published study has
documented cross-talk between TQ and PPAR-ɤ [13].
In view of these considerations, we supposed the
neuroprotective and memory preservative effects of
TQ might, at least in part, involve the PPAR-γ
pathway as a potential molecular mechanism. First,
we evaluated hippocampal PPAR-γ levels. Our data
revealed significant PPAR-γ upregulation in the
TQ-treated ischemic rats compared to the untreated
group. Next, BADGE a pure PPAR-γ antagonist
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was used to investigate the possible involvement of
PPAR-γ pathway [18]. We found that the prior
treatment with BADGE attenuated the TQ
protective effect on memory, oxidative stress,
inflammatory response, and BDNF. This indicates
that PPAR-γ functions are required for TQ-
mediated neuroprotective effect in ischemic rats. In
supporting of our data, an earlier study has proven
that TQ was able to increase PPAR-γ activity that
was prohibited in the presence of PPAR-γ specific
inhibitor [50]. Similar findings were reported in
various tissues in spinal cord injury [13] and in the
liver as well [51].

In conclusion, the data of the present study
revealed, for the first time, TQ administration
improved the memory performance in rats with
global cerebral I/R injury using NOR test. The
hippocampal neuroprotective effects of TQ include
improving oxidative stress, inflammatory responses,
and promoting neurogenesis. Such effects were
attenuated with the prior BADGE treatment,
indicating that PPAR-ɣ contributes partly, toward
TQ-mediated protection. To the best of our
knowledge, this study provides a shred of early
evidence for the possible involvement the PPAR-ɣ
in TQ-mediated defense that requires further
molecular and behavioral investigations.
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