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Inflammation-mediated alterations in glutamate neurotransmission constitute the most important path-
way in the pathophysiology of various brain disorders. The excessive signalling of glutamate results in
excitotoxicity, neuronal degeneration, and neuronal cell death. In the present study, we investigated
the relative efficacy of black cumin (Nigella sativa) oil with high (5 % w/w) and low (2 % w/w) thymo-
quinone content (BCO-5 and BCO-2, respectively) in alleviating ibotenic acid-induced excitotoxicity
and neuroinflammation in Wistar rats. It was found that BCO-5 reversed the abnormal behavioural pat-
terns and the key inflammatory mediators (TNF-o and NF-kB) when treated at 5 mg/kg body weight.
Immunohistochemical studies showed the potential of BCO-5 to attenuate the glutamate receptor sub-
units NMDA and GluR-2 along with increased glutamate decarboxylase levels in the brain tissues.
Histopathological studies revealed the neuroprotection of BCO-5 against the inflammatory lesions, as evi-
denced by the normal cerebellum, astrocytes, and glial cells. BCO-2 on the other hand showed either a
poor protective effect or no effect even at a 4-fold higher concentration of 20 mg/kg body weight indicat-
ing a very significant role of thymoquinone content on the neuroprotective effect of black cumin oil and
its plausible clinical efficacy in counteracting the anxiety and stress-related neurological disorders under
conditions such as depression and Alzheimer’s disease.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Neuroinflammation, an inflammatory response within the brain
due to factors such as stress, infection, toxins, autoimmunity or
injury, is interceded by the generation of cytokines, reactive oxy-
gen species and secondary messengers produced by the glial cells

* Corresponding author.

E-mail addresses: sibitho@gmail.com (S.P Ittiyavirah), kannanramalingam.
g@gmail.com (K. Ramalingam), arathysathyan28@gmail.com (A. Sathyan), rajas-
reejkrishnan@gmail.com (R.S. Rajasree), mkurunian@kku.edu.sa (M.S. Kuruniyan),
muhammed@kvasu.ac.in (M. Elayadeth-Meethal), drnaseefpp@gmail.com (P.P.
Naseef).

Peer review under responsibility of King Saud University.

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.jsps.2022.10.007

in the central nervous system (CNS) (Di Sabato et al., 2016).
Inflammation-mediated alteration in the glutamate neurotrans-
mission constitutes the most critical pathway in the pathophysiol-
ogy of various brain disorders since glutamate is the principal
excitatory neurotransmitter responsible for the execution of pri-
mary physiological functions like the acquisition of memory, per-
ception, and motor activity (Benussi et al., 2019). The
glutamatergic neurotransmission occurs through the activation of
N-methyl-p-aspartate receptors (NMDAR) (Zhou et al., 2020). How-
ever, excessive glutamatergic signalling may result in excitotoxic-
ity, and neuronal degeneration, and even neuronal death (Malik
et al., 2019, Cabeza et al., 2021). A balanced level of extracellular
glutamate is thus needed for normal synaptic function (Halder
et al,, 2021).

Neuroinflammation causes increased production of proinflam-
matory cytokines by glial cells (Yang and Zhou, 2019). These proin-
flammatory cytokines, especially TNF-o, increase glutamate
production by enhancing glutaminase and preventing glutamine
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uptake by inhibiting glutamate reuptake proteins (lovino et al.,
2020). As a result, the extracellular glutamate accumulates in the
synapse leading to excitotoxicity and neuronal death (Kang et al.,
2021). Therefore, the control of neuroinflammation through bal-
ancing the glutamate level in the brain was considered as an ideal
therapy for various neurodegenerative diseases (Cunnane et al.,
2020). Glutamate regulators like 6-diazo-5-oxo-norleucine (DON)
(a glutaminase inhibitor) and ceftriaxone and riluzole (glutamate
reuptake protein enhancers) are found to be effective, but are bur-
dened with unknown target specific actions and thus with varying
side effects (Clark and Vissel, 2016). Memantine, a medicine cur-
rently in practice for the treatment of various neurodegenerative
diseases, is an NMDA receptor antagonist drug that has also been
found to exhibit some side effects like hypertension, dizziness,
headaches, constipation, and somnolence (Blanco-Silvente et al.,
2018). Yet another approach in practice is the use of a combination
of non-steroidal anti-inflammatory drugs (NSAID) (Ozben and
Ozben, 2019). The use of specific anti-TNF biologicals like etaner-
cept has also been shown to be effective, but is not cost-effective
(Clark and Vissel, 2016). More importantly, most of these drugs
are effective in the correction of only one pathogenic pathway,
since they are target specific (Vezzani et al., 2019). Thus, there is
tremendous interest in the development of multi-targeted thera-
peutic agents, which are safe (Zieba et al., 2022). Various natural
agents, including the phytonutrients derived from food compo-
nents, have been shown to possess significant multi-targeted
anti-neuroinflammatory and neuroprotective effects without sig-
nificant side effects Chen et al, 2021; Mohd Sairazi and
Sirajudeen, 2020).

Nigella sativa L. belonging to the family of Ranunculaceae, gener-
ally referred to as black cumin or black seed is a popular kitchen
spice and is generally recognized as safe (GRAS)-listed food compo-
nent that has been widely used to treat a range of diseases and dis-
orders worldwide (Tavakkoli et al., 2017). The oil fraction of black
cumin, comprising both the essential and fixed oils, has been iden-
tified as its primary bioactive component (Mazaheri et al., 2019).
While linoleic acid forms the major part of the fixed oil, thymo-
quinone (TQ) was identified as the most abundant molecule in
the essential oil fraction (Gawron et al., 2021).Various studies have
demonstrated the beneficial effects of natural compounds
(Thajudeen et al., 2022, Rajasree et al., 2022, Ilyas et al., 2022).
Several studies have linked the pharmacological effects of black
cumin oil (antimicrobial, anti-inflammatory, antihypertensive,
anti-obese, hypoglycemic, hypolipidemic, hepatoprotective, and
neuroprotective) to its TQ content Kooti et al., 2016; Mukhtar
et al., 2019).

Ibotenic acid is a potent NMDA receptor agonist resembling the
chemical structure of glutamate (an excitatory neurotransmitter).
An excitotoxin preferentially binds to NMDA receptors causing
prolonged activation and excitotoxicity similar to glutamate. As a
result, there occurs an excess influx of chloride and calcium ions
and increased water entry in the neurons due to osmotic lysis. Ibo-
tenic acid also induces neuronal loss throughout the nucleus basa-
lis of the Meynert (nbM) complex and destroys the cholinergic cells
in the ventral pallidum and substantia innominate complex (Van
Dam and De Deyn, 2011). It was demonstrated that the intracere-
broventricular administration (ICV) of IBO to rats could induce cor-
tical cholinergic dysfunction with significant neuroinflammation
and neurodegeneration (Karthick et al., 2016). Neuroinflammation,
glutamate excitotoxicity, and cholinergic dysfunction are known to
be the major pathological process that play key role in Alzheimer’s
disease.

The present study investigated the pathogenesis of neuroin-
flammation and receptor modulation by black cumin oil as a func-
tion of its TQ content employing ibotenic acid (IBO)-induced
neurotoxicity model of rats.
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2. Materials and methods
2.1. Animals

Colony inbred strains of adult Wistar rats weighing 200 - 250 g
were used in the study. The animals were purchased from M/s
Nagarjuna Herbal Concentrates Limited, Cochin, India and were
housed at the animal house facility of the Department of Pharma-
ceutical Sciences, Centre for Professional and Advanced Studies,
Kottayam, India, in a properly ventilated polypropylene cage under
controlled temperature (22 - 25 °C), relative humidity (60 - 80 %)
and the light-dark cycle of 12 h. The animals were provided with
standard rat feed (M/s VRK Nutritional Solutions, Pune, India)
and water ad libitum. The animals were acclimatized to the labora-
tory conditions for a week prior to the experiments. The study was
conducted in compliance with the Institutional Animal Ethics Com-
mittee guidelines (IAEC) of the Centre for Professional and
Advanced Studies, Kottayam, India, with approval no: MGU/DPS/
IAEC/2016/PD-5.

2.2. Materials

Ibotenic acid (Cat. No: 12765) was purchased from Sigma-
Aldrich, Inc., MA, USA. GAD-65/67 polyclonal antibody (ITT1830),
GluR-2 polyclonal antibody (ITT1923) and NMDAg1/2 polyclonal
antibody (ITT3149) were purchased from Geno Technology Inc. St
Louis MO, USA. A standard black cumin oil containing 2 % of TQ
(BCO-2) and a TQ-rich black cumin oil containing 5 % thymo-
quinone (BCO-5) were obtained from M/s Akay Natural Ingredi-
ents, Kerala, India. Sunflower oil was employed as diluent and
vehicle control.

2.3. Experimental design

2.3.1. Toxicity study

Detailed toxicity studies [single dose acute (14-day), and sub
chronic (90-day) repeated-dose toxicity studies of black cumin
oil containing 5 % (w/w) of TQ (BCO-5) were conducted as per
OECD 423, 407 & 408 guidelines and reported previously
(Kannan et al., 2022).

2.3.2. Ibotenic acid-induced model

Wistar rats of both sex weighing 200 - 250 g were randomly
assigned into eight groups, with eight animals per group (Table 1).
The dosage was selected based on toxicity studies (Kannan et al.,
2022). Ibotenic acid was administered intracerebroventricular

Table 1
Grouping of animals, dose of drugs and route of administration followed in the study.

Groups Drug Dose Route of administration
Normal control Sunflower oil - Oral
(C1)
IBO control (C2)  Ibotenic acid 1 pL* Intracerebroventricular
(IBO) (1cv)
Standard (S) IBO + memantine 30 mg/ Oral
kg
TQF1 IBO + BCO-5 10 mg/ Oral
kg
TQF2 IBO + BCO-5 5 mg/kg Oral
TQF3 IBO + BCO-5 25 mg/ Oral
kg
TQN1 IBO + BCO-2 20 mg/ Oral
kg
TQN2 IBO + BCO-2 10 mg/ Oral
kg

" Ibotenic acid (IBO) was dissolved in sunflower oil (pH 7.2) at a concentration of
5 pg/pL.
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(ICV) using the surgical procedures as described by Mahdi et al.,
and the treatment with TQF1, TQF2, TQF3, TQN1, TQN2 and
memantine was continued for 30 days (Mahdi et al., 2019). Behav-
ioral and cognitive parameters were assessed after 24 h of the last
dose of treatment. The animals were sacrificed by cervical disloca-
tion under anaesthetic conditions followed by decapitation, and
the brains were removed for biochemical assays.

The rats were anaesthetized by injecting xylazine (20 mg/kg i.
p.) and ketamine hydrochloride (80 mg/kg s.c) and were placed
on a warm mat to maintain their body temperature. Sterile PBS
drops were applied to both eyes, which prevented the dryness of
the cornea during surgical procedures. About 70 % of ethanol was
sprayed to the middle forehead of the rat and rubbed with dry cot-
ton swabs. The same area on the forehead was wiped with 2 %
chlorhexidine solution and the scrubbings with alcohol and
chlorhexidine were repeated thrice. The hair on the forehead was
shaved, and chlorhexidine antiseptic solution was applied to avoid
contamination. The bregma in the brain was located using the
thumb and index finger and the injection point was located using
a measuring tape (1.0 £ 0.06 mm posterior to bregma, 1.8 + 0.1 m
m lateral to the sagittal suture and 2.4 mm in depth). The syringe
was filled with 1 pL of IBO in sunflower oil (5 pg/uL) and placed at
the injection point, perpendicular to the plane of injection. The
reflected images of the syringe were aligned in both mirrors, with
the lines drawn from a fixed perspective. The needle was inserted
with the utmost care until the para film wrapping touches the skin
and slowly injected the IBO solution or vehicle for five seconds at
the rate of 0.2 pL/s. The syringe was kept steady and perpendicular
throughout the procedure and an adequate time of 3 to 5 s were
spent before the syringe was removed to avoid diffusion. The IBO
injected rat was placed on a warm pad for recovery and its sternal
recumbence was maintained. Adequate post-surgical care was
maintained until it regained consciousness and were placed into
separate cages to avoid contamination and any possible infections.
The mobility of the rat in the cage was monitored post-operatively
and checked for signs of infection or illness for 5 - 7 days.

Sunflower oil was injected instead of Ibotenic acid (C1) as a
sham group and IBO (5 pg/pL) was injected as a control group
(C2). Administration of the vehicle without the drug was given to
both sham and control groups. Sham and control groups were used
as positive and negative control groups, respectively (Glascock
et al,, 2011).

2.4. Behavioral analysis

Elevated plus maze: The elevated plus maze is a widely used
method for evaluating anxiety and memory-related parameters.
It consisted of two open arms measuring 50 x 10 cm and two
closed arms measuring 50 x 10 x 40 cm with one roof. The two
arms were arranged opposite to each other. The experimental ani-
mals (rats) were placed in the centre square of the maze facing
towards the closed arm and allowed to explore the elevated
plus-maze for five minutes freely. Before the next rat was released
into the maze, the maze was washed with 20 % ethanol and dried.
The number of open and closed arm entries and the amount of time
spent on open and closed arms were measured and tabulated. The
data from the above-said parameters were analyzed for the total
number of entries (open arm) and the percentage of time spent
on open arms (Pellow et al., 1985).

Open field test: The behavioral changes were evaluated using
the open-field apparatus, a wooden box with dimensions of
60 x 60 x 35 cm. It consisted of four holes of 3.8 cm in diameter
equally placed on the floor of the apparatus. The apparatus itself
consists of lines; each animal was positioned individually at the
centre of the open field and permitted for five minutes to explore
freely in the apparatus. The total number of rearing (vertical activ-
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ity), duration of rearing, grooming (protracted of the coat) and
locomotion (number of line crossings) were measured (Pellow
et al., 1985).

2.5. Acetylcholinesterase activity

Following the sacrifice of the animals, the brain was carefully
removed without damage. The adhering blood particles were
removed by washing with an ice-cold buffer solution and the tis-
sues were weighed and homogenized in 0.1 M Phosphate buffer
(pH 8). The activity was measured by determining the yellow anion
formation from the reaction of the thiocholine generated by enzy-
matic hydrolysis of ATCh and Ellman’s reagent. The change in
absorbance was measured at 412 nm for 3 min at regular intervals
of 30 s using a UV-visible spectrophotometer immediately after
the enzyme was obtained. Acetylcholinesterase (AChE) inhibition
was then evaluated by Ellman’s method (Kannan et al., 2018).

2.6. Quantification of NF-kB and TNFa. by ELISA

The quantification of cytokines was performed by ELISA kit
method following the kit instructions (Cat No: E-EL-R0674; E-EL-
R0019; Elabscience, Texas, USA). Optical density was read at
415 nm in an ELISA reader (Erba, Germany, Amable et al., 2013;
Kim et al.,, 2016).

2.7. Immunohistochemical analysis

Four animals per group were processed for immunohistochem-
ical analysis as per Kim et al., 2016. The collected samples were
washed with ice-cold normal saline, post-fixed with 4 %
paraformaldehyde, were cryoprotected in 30 % sucrose - PBS
(0.1 M), and stored at —80 °C until processed. The sections were
deparaffinised, hydrated and incubated with 3 % hydrogen perox-
ide for immunohistochemistry. Antigen retrieval was carried out
by heating for 10 min in a 10 mM sodium citrate buffer (pH 6.0).
Specimens were blocked for 30 min at room temperature using a
protein block solution (BSA) and incubated with primary antibod-
ies (N-methyl-p-aspartate receptor (NMDAg1/2) (dilution
1:250); MPA - Selective glutamate receptor (GIuR2) (dilution —
1:200) and glutamic acid decarboxylase 65/67 (GAD 65/67) (dilu-
tion — 1:250) at 4 °C overnight. Polymer-horseradish peroxidase
anti-rabbit was used as a secondary antibody and 3, 3'-
diaminobenzidine as the chromogen. The Immune-stained hip-
pocampal coronal sections were scanned with a confocal laser
microscope and the immune-stained cells were counted in the
cornu Ammonis (CA1) area and dentate gyrus region (AP: Bregma
4.3 to 4.5 mm). Images of five replicate sections were analyzed
(Yim et al., 2016).

2.8. Histopathology

For histopathology studies, the brain samples fixed in 10 % for-
mal saline (10 mL of formaldehyde in 90 mL of physiological sal-
ine) were used. The paraffin-embedded sections were taken
(100 pum thickness) and processed in alcohol - xylene series. The
sections were stained with Haematoxylin-Eosin (H&E) dye and
examined microscopically.

2.9. Statistical analysis

The statistical study was conducted using GraphPad Prism (Ver-
sion 7.00) by one-way ANOVA accompanied by Tukey’s multiple
post-hoc test comparisons. All the values were expressed as
Mean = SEM with P < 0.05 considered as significantly different (a,
b, c represents P < 0.001, P < 0.01 and P < 0.05 respectively when
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compared with control; X, y, z represents P < 0.001, P < 0.01 and
P < 0.05 respectively when compared with IBO control; ns - non-
significant).

3. Results
3.1. Behavior studies

In the present study, the IVC administration of IBO induced
behavioral changes, as evident from the significant decrease
(P < 0.001) in the number of open arm entries and the time spent
by the animals in the open arm (Group C2; IBO-treated) as com-
pared to vehicle control animals (Group C1). BCO-5 treated group
of animals showed significant protective activity at 5 mg/kg b.
wt., while BCO-2 treated group showed lesser or no activity even
at 20 mg/kg b. wt. (P > 0.05) (Fig. 1a and 1b). Significant improve-
ment in both open arm entries and time spent by the animals in
the open arm were observed in both TQF1 and TQF2 groups and
were comparable to the memantine treated group (Group S). How-
ever, the effect was more pronounced in TQF2. Moreover, this was
similar to the normal control group of animals indicating the rever-
sal of the behavior in both TQF2 and memantine treated groups.

Ibotenic acid administration also produced a significant
decrease (P < 0.001) in the ambulation and rearing behavior in dis-
ease control animals (IBO-treated) when compared to that of vehi-
cle control (C1). Both memantine and BCO-5 at concentrations of
10 and 5 mg/kg body weight (TQF1 and TQF2 respectively) pro-
duced a significant increase (P < 0.001) in both the ambulation
and rearing behavior and were similar to the behavior of the con-
trol group of animals (P > 0.05) (Fig. 1c and 1d). However, BCO-2 at
both the tested doses of 20 and 10 mg/kg body weight produced

@) 8- Elevated plus maze - No. of open arm entries

o
1
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only a minimum response, which was not statistically significant
to the IBO control group C2.

3.2. Acetylcholinesterase activity

The acetylcholinesterase activity was significantly increased
(P < 0.01) in the IBO- treated group (C2) compared with vehicle
control demonstrating the neurotoxic effect of IBO. It was observed
that both memantine and BCO-2 (10 and 20 mg/kg body weight)
produced no significant change (P > 0.05) when compared with
the treatment group, C2. BCO-5 on the other hand produced max-
imum effect at 5 mg/kg body weight itself, as evidenced from the
significant decrease (P < 0.01) in AChE activity when compared
to IBO control (Fig. 2). However, the AChE activity of BCO-5 at
10 mg/kg was slightly greater than TQF2, but has significantly
decreased (P < 0.05) than C2, indicating the effect on AChE (Fig. 2).

3.3. Effect of BCO on brain tissue levels of NF-kB and TNF-o.

The inflammatory marker TNF-o was significantly increased
(P < 0.001) in the IBO- treated group compared with the control
group. The treatment with memantine and BCO-5 at all the dosage
produced a dose-dependent and significant decrease (P < 0.001) in
the activity of TNF-oo when compared to that of control. Mean-
while, BCO-2 showed only moderate activity (Fig. 4a).

The development of excitotoxic lesions in the brain by the
administration of IBO was evident from the significant increase
(P <0.001) in the expression of NF-kB activity in IBO treated, com-
pared to the vehicle control group of animals. However, treatment
with memantine, BCO-5 (2.5, 5 and 10 mg/kg body weight) and
BCO-2 (10 and 20 mg/kg body weight) significantly decreased
(P < 0.001) the activity of NF-kB (Fig. 3b). However, BCO-5 at

(b) Elevated plus maze - Time spent in open arm
50

ns, x

Time in seconds

Fig. 1. Behavioural changes after IVC administration of IBO. Fig. 1a and 1b- BCO-5 treated group of animals showed significant protective activity at 5 mg/kg b. wt., while
BCO-2 treated group showed lesser or no activity even at 20 mg/kg body weight. Fig. 1c and 1d- Both memantine and BCO-5 at concentrations of 10 and 5 mg/kg body weight
(TQF1 and TQF2 respectively) produced a significant increase (P < 0.001) in both the ambulation and rearing behavior.
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Fig. 2. The acetylcholinesterase activity in treatment and control group. The
acetylcholinesterase activity was significantly increased (P < 0.01) in the IBO-
treated group (C2) compared with vehicle control demonstrating the neurotoxic
effect of IBO.

5 mg/Kg body weight itself showed a more significant effect com-
pared to BCO-2 at 20 mg/kg b. wt.

3.4. Estimation of NMDA reactive cells by immunohistochemical
analysis

Compared with the vehicle control group of animals, there was
an exponential increase in the levels of NMDA positive cells
(P < 0.001) in the IBO group (C2). Meanwhile, treatment with
BCO-5 (2.5 and 10 mg/kg body weight) and BCO-2 (10 and
20 mg/kg body weight) produced significant alterations
(P <0.001) when compared to both IBO control and vehicle control
(Fig. 4a and 4d). In contrast to this, BCO-5 at 5 mg/kg body weight
produced a substantial decrease (P < 0.001) in reactive cells, which
is comparable to the memantine treated group (S).

3.5. Estimation of GIuR-2 reactive cells by immunohistochemical
analysis

The quantity of GluR-2 reactive cells was significantly increased
(P <0.001) in IBO group compared to normal control. The results
showed (Fig. 4b and 4e) that BCO-5 and BCO-2 had significantly
reduced GluR-2 reactive cells (P < 0.001). However, the number
of GluR-2 reactive cells in BCO-5 (5 mg/kg) treated group is compa-
rable to normal (C1) rather than between BCO and C1 group.

Q)
0.8+

Estimation of TNFa - ELISA method

Activity Units/mg protein

C

Activity Units/mg protein

Saudi Pharmaceutical Journal 30 (2022) 1781-1790

3.6. Estimation of GAD 65/67 reactive cells by immunohistochemical
analysis

The GAD levels in the brains of rats were decreased when
administered with IBO as evidenced by the significant reduction
(P<0.001) in the number of GAD reactive cells in IBO treated group
compared to that of control. Meanwhile, treatment with meman-
tine and BCO-5 (10 and 5 mg/kg) significantly increased
(P < 0.001) the number of GAD positive cells when compared to
IBO control. BCO-5 at 2.5 mg/kg and BCO-2 at 20 mg/kg produced
lesser activity (P < 0.05 and P < 0.01, respectively). BCO-2 at 10 mg/
kg body weight showed no activity (P > 0.05) when compared to
IBO control (Fig. 4c and 4f). On the whole, the order of activity of
the black cumin oil with varying levels of TQ content was found
to be in the order BCO-5 at 5 mg/kg body weight (TQF2) > BCO-5
at 10 mg/kg body weight (TQF1) > BCO-5 at 2.5 mg/kg body weight
(TQF3) > BCO-2 at 20 mg/kg body weight (TQN1) > BCO-2 at 10 mg/
kg body weight (TQN2).

3.7. Histopathology

The intracerebroventricular injection of IBO produced lesions in
the brain of animals, as evidenced by the presence of necrosis and
hyperplastic astrocytes in the IBO treated group. The treatment
with memantine and BCO-5 at concentrations of 10 and 5 mg/kg
body weight showed normal astrocytes and glial cells in all groups,
except BCO-5 at 2.5 mg/kg body weight and BCO-2 at 20 mg/kg
body weight where hyperplastic astrocytes were observed. The
cerebellum of memantine, BCO-5 (10, 5 and 2.5 mg/kg body
weight) and BCO- 2 at 20 mg/kg body weight treated animals were
found to be normal. However, BCO-2 at 10 mg/kg body weight
showed necrosis (Fig. 5).

4. Discussion

Over the past two decades, there has been a significant rise in
the use of herbal medicines (Naseef et al., 2021, Ilyas et al.,
2021). A number of botanical extracts and phytochemicals have
also found scientific research-based applications as phytonutrients
and are widely available as ’'nutraceuticals’ or ’dietary supple-
ments’ or as 'functional foods’ (Rajasree et al., 2021, Laj et al,,
2022). Black cumin seed is one such culinary spice possessing wide
range of medicinal effects, especially on brain functions (Oskouei
et al., 2018). Both the black cumin oil and its major component
TQ have shown to exhibit beneficial neuropharmacological effects
suitable for the management and treatment of Alzheimer’s disease,
Parkinson’s disease, anxiety, depression, encephalomyelitis, epi-
lepsy, traumatic brain injury, ischemia and other neurodegenera-

Estimation of NF-«xB - ELISA method

(g

Fig. 3. Effect of BCO on brain tissue levels of NF-xB (3a) and TNF-a (3b).
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Fig. 4. Estimation of NMDA reactive cells, GluR-2 reactive cells and GAD 65/67 reactive cells by immunohistochemical analysis.

tive conditions (Samarghandian et al., 2018). However, although
TQ has been regarded as the main bioactive molecule of black
cumin oil, systematic investigations on the role of TQ content on
neuroprotective effect has not been investigated yet (Tavakkoli
et al., 2017). Thus, the present study attempted to evaluate the
anti-neuroinflammatory effect and hence the neuroprotective
activity of standardized black cumin oil as a function of its TQ con-
tent, using ICV administered IBO-induced neuroinflammatory
model of rats.

Ibotenic acid has been shown to affect significant loss of nerve
cells at various parts of the brain, including the striatum, hip-
pocampus, substantia nigra, and cortex and produces vigorous
gliosis in the region of neuronal loss (Zong et al., 2016). The non-
neuronal inflammatory cells thus produced have the phenotype
of macrophages and can damage the healthy axons and contribute
to the increase in vascular permeability at the site of the lesion
(Gaudet and Fonken 2018). Thus, ICV-administration of IBO has
been shown to affect both the resident microglia and the proto-
plasmic astrocytes leading to inflammation and neuronal cell
death. It is also validated as a model for anxiety-related behavioral
changes and excitotoxic lesions resembling Alzheimer’s disease
(Tan and Kuner, 2021, Yang et al., 2020).

Significant behavioral changes, as observed in elevated plus-
maze and open field study, clearly indicate the development of sig-
nificant neurotoxicity upon administration of IBO as observed by
Afees et al. (2022). The elevated plus-maze open field is a widely
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used behavioral experiment to assess the anxiolytic effects of phar-
macologically active compounds (Walf and Frye 2007; Sestakova
et al., 2013). In the elevated plus-maze experiment, both the num-
ber of entries and the time spent in the open arms were signifi-
cantly increased upon treatment with BCO-5 compared to the
IBO-treated disease control group, indicating the anxiolytic effects
of BCO-5. The behavioral patterns were also reversed among BCO-5
treated animals, as evident from the significant increase in the
ambulation and rearing frequencies compared to IBO group. How-
ever, the fact that BCO-2 showed no significant improvement in the
behaviour indicates a definite role of TQ in the anxiolytic effect of
black cumin oil. In a separate clinical study involving 15 healthy
persons, we have shown that BCO-5 alleviated anxiety and stress
levels. The anxiolytic effect of TQ due to its effects on the GABA-
ergic pathways and on the NO-cGMP levels have already been
reported (Gilhotra and Dhingra, 2011). The anxiolytic effect has
great importance to reduce the psychiatric burden among the Alz-
heimer’s patients (Becker et al., 2018).

Obesity is one of the major causes of the occurrence and devel-
opment of cardiovascular events, thus the body weight gain was
considered as one factor for cardiovascular risk (Powell-Wiley
et al,, 2021). It is noted that hyperlipidemia is closely associated
with cardiovascular disease and high blood pressure is an impor-
tant risk factor for CVD occurrence (Powell-Wiley et al., 2021). It
has been demonstrated that the acetylcholine and cholinergic neu-
rotransmission pathway play a vital role in learning, memory and
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Fig. 5. Histopathological leisions in the brain of animals in response to different treatments.

spontaneous alertness, cognition, emotional behavior, wakefulness
and attention (Lee et al., 2021, Luchicchi et al.,, 2014). Acetyl-
cholinesterase (AChE) is an enzyme that catalyzes the breakdown
and hence increased AChE causes the depletion of acetylcholine
(Colovic et al., 2013). So, one of the therapeutic strategies for
may ailments including Alzheimer’s disease is the use of AChE
inhibitors (Khazdair, 2015). In the present study, BCO-5 at 10
and 5 mg/kg body weight dosage produced significant inhibition
of AChE activity and produced significantly high levels of acetyl-
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choline in the brain tissues of animals as compared to IBO-
treated disease control groups, which caused a significant reduc-
tion in acetylcholine levels compared to the vehicle control group.
However, the BCO-2 group produced no significant effect, indicat-
ing the positive role of TQ in AChE inhibition and hence in the neu-
roprotective effect of black cumin oil. Previous research has shown
the AChE inhibitory effects for other molecules found in black
cumin oil, such as thymol, carvacrol, and thymohydroquinone
(Silva et al., 2018).
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Tumor necrosis factor (TNF-o) is an important pro-
inflammatory cytokine and NF-kB is a transcription factor found
in excessive levels in the brain tissues of Alzheimer’s patients
(Mohan et al., 2021, McCaulley and Grush, 2015). The TNF-o/NF-
KB signalling pathway closely links neuroinflammation and neu-
rodegeneration in the Alzheimer’s pathogenesis (Zhou et al.,
2014). NF- kB is a crucial mediator of neuronal inflammation and
can regulate pro-inflammatory markers such as cytokines
(Mohan et al., 2021). We observed a significant decrease in both
TNF-oo and NF-xB levels when treated with both BCO-5 and BCO-
2, with a more significant effect for BCO-5 in a dose-dependent
manner, further supporting the role of TQ in ameliorating the neu-
roinflammation. Various other phytochemicals, including cur-
cumin, resveratrol, and green tea catechins have also been
reported to modulate the brain tissue levels of TNF-o. and NF-kB;
but at higher doses (Jit et al., 2021). The significant activity of
BCO-5 at relatively lower doses of 5 to 10 mg/kg body weight indi-
cate the strong anti- neuroinflammatory effect, probably due to the
better bioavailability of TQ. Previous reports have shown that TQ
inhibits NF-kB mediated neural inflammation by activating Nrf2/
ARE signalling pathway and prevents PI3k and Akt phosphoryla-
tion in BV2 microglia (Wang et al., 2015).

We have also studied the activity of black cumin oil on various
receptors and their subtypes by using immunohistochemical anal-
ysis to gather better information on their pathway or mode of
action. The NMDA receptor-mediated glutamatergic neurotrans-
mission has been shown to play a crucial role in the synaptic func-
tions and the plasticity of neurons. Excessive glutamatergic
neurotransmission and neurotransmitter glutamate play a vital
role in the pathogenesis of anxiety and neurodegenerative disor-
ders, specifically in Alzheimer’s (Schwartz et al., 2012, Celli et al.,
2019). Strong activation of NMDA receptors leads to enhanced
synaptic strength, leading to neuroinflammation and nerve cell
death (Wang and Reddy, 2017). Besides, previous studies have
shown that continuous activation of NMDA receptors can increase
B amyloid (AB) levels in the brain (Fouad et al., 2018). The signifi-
cant decrease in the NMDA-positive immunoreactive cells
observed upon the immunohistochemical analysis in the present
study may be due to the NMDAR antagonistic property of the
BCO-5 in a dose-dependent manner.

We also studied the activity of BCO-5 on AMPA receptor GIuR-2
subunits since they mediate fast excitatory neurotransmission
along with specific synaptic responses related to cognition. The
GIuR-2 receptors present in the hippocampal cornu Ammonis
(CA1) region of the brain play a significant role in dementia and
behavioral changes (Gao et al., 2021, Li et al., 2020). Administration
of IBO leads to the up-regulation of GluR-2 expression and the
GIuR- 2 positive immunoreactive cells were found to be signifi-
cantly increased as reported previously (Karthick et al., 2016).
However, the treatment with BCO-5 significantly reduced the level
of GluR-2 immunoreactive cells, indicating its specific affinity on
AMPA receptor subtypes. Thus, it could be concluded that BCO-5
acts by both NMDA and AMPA subtypes of glutamate receptors.

Apart from glutamate receptor studies, we also studied the
effect of BCO-5 on GABA-ergic system by immunohistochemical
analysis of glutamic acid decarboxylase (GAD), which is an enzyme
involved in the biosynthesis of GABA. GAD 65 and 67 subtypes are
present in the brain and had effects on cognitive performances,
autism, Alzheimer’s and neuropathic pain (Rozycka and Liguz-
Lecznar, 2017). Ibotenic acid is proved to be an inhibitor of GAD
(Maruca et al., 2020). The present study showed a dose-
dependent increase in GAD when treated with BCO-5 as evidenced
by the increased number of immunoreactive cells. The increase in
the production of GAD can result in the conversion of the excess
extracellular glutamate to GABA thereby decreasing the glutamate
excitotoxicity (Gilhotra and Dhingra, 2011),. The observed results
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are also in line with the previou study of Gilhotra and Dhingra
(2011), where TQ modulated the level of GABA in stressed mouse.
It is known that ICV injection of IBO leads to the direct exposure
of the toxin to the nerve cells resulting in severe neuronal lesions
in rats. The histopathological investigation from the study indi-
cated the occurrence of inflammatory lesions as evident by hyper-
plastic astrocytes and necrosis in the cerebellum of the IBO-
treated animals. The present study showed that the protection
offered by BCO-5 at 5 mg/kg body weight was at par with meman-
tine treatment. Both BCO-5 group and memantine treated group
had normal cerebellum with normal astrocytes and glial cells.
However, in the BCO-2 treated group, even at a higher dose, there
were necrotic lesions. Thus, BCO-5 treatment has been shown to
reverse the brain damage caused by IBO as compared to BCO-2.
Thus, the present study has shown that black cumin oil contain-
ing 5 % TQ (BCO-5) was highly effective in ameliorating neurotoxic
effects induced by IBO, as compared to the common black cumin
oil with around 2 % TQ (BCO-2). The low TQ containing BCO-2 even
at a 4-fold higher dosage failed to show significant changes in
majority of the parameters examined in the current study as com-
pared to BCO-5. The anxiolytic effects of BCO-5 were evident from
the increase in ambulation and rearing behavior. BCO-5 has shown
protective effects on the various important pathways involved in
the pathogenesis of neurodegenerative disease such as Alzheimer’s
disease. BCO-5 acted on the acetylcholine pathway (via AChE inhi-
bition), glutamate pathway (via NMDA and AMPA subtypes of glu-
tamate receptors, and GAD) and neuroinflammation (via NF-xB
signalling pathway), improving associated anxiety- related behav-
ior and protected the brain cells from necrosis. Thus, BCO-5 may be
considered as a potent lead as compared to normal BCO-2 for
improvement of various neurodegenerative conditions, especially
to manage stress and anxiety, which very often makes significant
psychological burden to the Alzheimer’s disease patients.

5. Conclusions

In the present study, it was found that black cumin oil exhibits
significant anti-neuroinflammatory and neuroprotective effect as a
function of its TQ content. Black cumin oil with 5 % TQ (BCO-5) was
found to offer a significant neuroprotective effect at 5 mg/kg body
weight and even reversed the behavioral changes induced by the
ICV-administration of IBO. Black cumin oil with 2 % TQ (BCO-2)
on the other hand showed either poor protective effect or no effect
even at 4-fold higher dosage. Moreover, BCO-5 significantly
reduced the key mediators of neuroinflammation-TNF-o. and NF-
KB. Immunohistochemical analysis further revealed the significant
ability of BCO-5 to decrease the NMDA and GIuR-2 positive
immune-reactive cells and increase the number of GAD.
Histopathological results showed that treatment with BCO-5 could
effectively protect from the neuronal damage caused by ICV-
administration of IBO. Significant neuroinflammation and damage
to the neuronal cells with the presence of hyperplastic astrocytes
and necrosis were observed among IBO-treated rats. These changes
in the biochemical markers together with the improvement in
behavioral changes indicate the potential therapeutic effect of
BCO-5 in counteracting the anxiety/stress-related neurological dis-
orders, especially for Alzheimer’s disease.

6. Institutional review board statement

The animal study protocol was approved by the institutional
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