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Abstract

Background and purpose: Methamphetamine (METH) abuse has devastating consequences on the nervous
system. There are limited therapy choices in METH abuse with reduced effectiveness and elevated recurrence
rates. Thymoquinone (TQ), the most bioactive constituent of Nigella sativa seeds exerts neuroprotective effects
mainly via antioxidant properties. This study aimed to evaluate the effect of TQ against METH-induced striatal
neurotoxicity and hyperlocomotor activity in mice.

Experimental approach: Our groups of animals received METH (10 mg/kg) four times a day with 2 h
intervals. Normal saline or TQ (5, 10, or 20 mg/kg) was injected intraperitoneally 30 min before METH
administration. Control and sham groups received vehicle or TQ, respectively. The rectal temperature and
behavioral tests including the open field for locomotor activity and rotarod for motor coordination were
evaluated. The level of superoxide dismutase (SOD), as well as pathological changes, were also assessed in
the striatum region.

Findings/Results: No significant differences in rectal temperatures were observed among treated groups.
Administration of METH increased locomotor activity and did not change motor coordination. TQ
co-administration with METH significantly reduced the central and total locomotion and the mean latency to
fall off the rotarod in a dose-dependent manner compared with the METH group. TQ also alleviated the
METH-induced decrease in the activity of SOD.TQ, especially at the high dose, reduced the METH-induced
reactive gliosis level.

Conclusion and implications: In conclusion, TQ prevents the enhanced locomotor activity, antioxidant
impairment, and morphological striatal damage caused by METH in mice. TQ may be a potential candidate
for the treatment of specific METH-induced brain disorders or neurological diseases.

Keywords: Adverse drug effects; Methamphetamine; Nervous system; Nigella sativa; Substance abuse;
Thymoquinone.
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METH has a long history of use going back
to the date of World War 2 when it was used by
soldiers to reduce their fatigue and after that
prescribed to treat a wide range of disorders
such as narcolepsy, depression, obesity,
alcoholism, and attention deficit hyperactivity
disorder (ADHD) (3). METH abuse is rising all
over the world due to reasons such as easy
access to the necessary precursor chemicals like
pseudoephedrine, uncomplicated synthesis,
long-lasting effects (10-12 h), and low-cost
price, which is about 75% cheaper in
comparison with cocaine (4).

METH abuse is followed by severe,
devastating consequences on individual health,
specifically the nervous system. Therefore, it
has been presented as an important public
health issue around the world (5). Researches
have shown that METH affects almost every
organ and system in the body. It changes brain
structure, metabolism, and neurotransmitter
levels and results in various neurological
problems and psychiatric disorders(6,7).
Brain-imaging studies indicated structure
abnormalities in METH abusers and prenatally
METH-exposed children, especially in their
striatum region (8).

Up to now, there are limited therapy choices
for METH abusers with reduced effectiveness
and elevated recurrence rates. Special
consideration has been given to METH abuse
all over the world, and although scientists are
searching for the best treatment, there is no
specific drug to reduce this substantial global
issue. Most of the time, acute METH
intoxication is controlled via supportive
interventions (9).

N. sativa, also called black seed or black
cumin has been used for the treatment of
various diseases and conditions including
toothache,  flatulence, asthma, cough,
inflammation, fever, hypertension, diabetes,
obesity, back pain, headache, dizziness, and
gastrointestinal  disturbances. The  most
pharmacological properties of the N. sativa
seeds are mainly attributed to thymoquinone
(TQ). TQ possesses several beneficial effects
including anti-inflammatory, analgesic,
anticonvulsion, immunomodulatory, anticancer
activities, and antioxidant activity. TQ has been
shown to induce significant neuroprotection
against beta-amyloid-, acrylamide-, and sodium
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arsenate-induced neurotoxicity (10,11). It was
documented that the N. sativa extract can
markedly decrease the cellularity of the
hippocampus in mice that were treated with
METH at the dose of 10 mg/kg (12). TQ has
been suggested as a promising candidate for the
treatment of amphetamine abuse through the
interaction with the dopaminergic system.
N. sativa and its derivatives effectively reduced
the adverse health effects associated with
opioids abuse such as withdrawal symptoms,
dependency, and tolerance (13). In all studies,
the antioxidant properties of TQ had an
apparent role in its neuroprotective effects.
According to the previous studies, we aimed
to investigate the effect of TQ against METH-
induced striatal injury in the mouse brain.

MATERIALS AND METHODS

Chemicals

METH was donated by the Department of
Medicinal Chemistry, School of Pharmacy,
Mashhad University of Medical Sciences, and
TQ was obtained from Sigma-Aldrich
(Germany, Cat. no. 274666).

Animal treatments

Thirty-six male mice weighing 25-35 g,
were provided from the Animals Research
Center, Mashhad University of Medical
Sciences, Mashhad, Iran, maintained at a
controlled temperature (23 + 2 °C), 12/12-h
light/dark cycle, and allowed free access to food
and water. Animals were divided into six groups,
6 each, in separated cages. All experimental
procedures were conducted according to the
ethical standard protocols approved by the
Animal Experiments Committee of Mashhad
University of Medical Sciences, Iran (Ethics No.
IR.MUMS.PHARMACY.REC.1397.088).

Four groups of animals received METH at
10 mg/kg four times a day with 2 h intervals.
They also received TQ (5, 10, and 20 mg/kg) or
vehicle (10 mL/kg) 30 min before each METH
injection. In the control group, animals received
normal saline plus dimethyl sulfoxide (as TQ
solvent); and in the sham group, normal saline
plus dimethyl sulfoxide and TQ (20 mg/kg). All
injections were done intraperitoneally. The
behavioral tests were conducted on the day after
the last treatment.



Body temperature

The rectal temperature was measured 30 min
before the first METH injection and 30 min
after each METH administration.

Behavioral studies
Rotarod test

The rotarod test is generally applied to assess
motor coordination in rodents. In brief,
mice were scheduled to remain for 5 min
on the rod for three constitutive days.
On test day, animals were placed on the rod
rotating with a maximum time of 300 s and a
speed of 20 rpm. Then, the time that each
animal stayed on the rod (latency) was
measured (14).

Open field test

The open-field test is carried out to measure
behavioral responses including locomotor
activity, hyperactivity, and exploratory
behaviors. Briefly, each mouse was placed in
the center of a cage made of white wood
(45 x 45 x 45 c¢cm) and the movement was
recorded with a digital camera for 10 min.
Motor activity was evaluated by measuring
the number of total and central square
crossings. The two measures are referred
to as central and total locomotion (CL and TL)
(15).

Superoxide dismutase activity

The enzyme activity of superoxide
dismutase activity (SOD) was measured in
5-10 pg of striatum protein with a commercial
kit (706002, Ann Arbor, M1, USA). Briefly, the
tetrazolium salt is used to quantify the
superoxide radicals created from xanthine
oxidase and hypoxanthine. One unit of SOD
was defined as the amount of enzyme
catalyzing 50% of the superoxide radicals into
ordinary oxygen molecules. The standard curve
was obtained using quality-controlled SOD
standards.

Reduced glutathione assay

In brief, the tissue homogenate was mixed
with 10% tricolor acetic acid and vortexed.
After centrifugation, the supernatant was mixed
with reaction mixtures including 500 pL 5,5 ' di
thiobis-  (2-nitrobenzoic  acid) indicator
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(DTNB) and 2 mL phosphate buffer (pH 8).
Within 10 min, the absorbance was recorded at
412 nm using a spectrophotometer (Jenway
6105 UV/Vis, UK). Commercially available
reduced glutathione (GSH) was used to
calculate the standard curve. GSH levels were
reported as nmol/g tissue.

Histopathological examination

On the third day following drug
administration, the animal's brain was removed
after euthanasia and fixed by immersion in 10%
formalin. At the next step, the tissues were
embedded into paraffin blocks and were cut at
a thickness of 5 um. After that, they were
stained with hematoxylin and eosin (H&E).
A pathologist who was blind to the groups
evaluated the striatum section for the level of
neuronal damage.

Statistical analysis

All statistical analyses were performed using
SPSS (Version 16.0. Chicago, SPSS Inc) and
reported as mean = SEM and analyzed using
ANOVA, followed by Tukey's test; for non-
parametric data, Kruskal Wallis followed by
Dunn's test was used for data analysis.
Statistically, the significant level was
considered at the P < 0.05.

RESULTS

Body temperature

There was no significant difference between
rectal temperatures of various treated groups
before and after treatments (data not shown).

Motor coordination (rotarod test)

METH injections did not change the latency
to fall in comparison with the respective control
group (the animals did not fall off by 300 s).
TQ administration to the sham group, at
20 mg/kg, significantly reduced the remaining
time of animals on the rotating rod compared to
the control group (P < 0.001). The mean latency
to fall off the rotarod in groups receiving
METH plus TQ, at 10 and 20 mg/kg, was
significantly less than the METH-treated group
(P < 0.001). There were no significant
differences between METH + TQ (5 mg/kg)
and the control group (Fig. 1).
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Methamphetamine

Fig. 1. The effect of methamphetamine and TQ on
motor coordination of mice in the rotarod test. Mice
received intraperitoneal methamphetamine (10 mg/kg)
four times a day in 2-h intervals and TQ at 5, 10, and
20 mg/kg, 30 min before each methamphetamine
injection. The results are presented as mean + SEM,
n = 6. ***P < 0.001 Indicates significant difference
compared to the control group; and ##P < 0.001 versus
the vehicle + methamphetamine group. TQ,
Thymoquinone.

Locomotor activity (open field test)

METH increased the open field test factors,
TL and CL activities in comparison with the
control group (P < 0.001 and P < 0.01,
respectively). However, the mice exposed to the
TQ crossed the total squares significantly less
than the METH group (Fig. 2A). TQ
administration at 5 and 10 mg/kg also could
decrease the CL activities compare to METH
group. Although, a high dose of TQ could not

A1l

Methamphetamine

Number of entranc

decrease the number of the entrance to the central
square in comparison with METH (Fig. 2B).

Determination SOD activity in the striatum
METH was able to significantly decrease the
SOD activity in the striatum region compared
to the control group (P < 0.001). The level of
SOD was increased in the group receiving
METH plus TQ at 10 and 20 mg/kg in
comparison with  METH + vehicle-treated
animals (P < 0.05 and P < 0.01, respectively).
The higher dose of TQ reversed the METH-
induced decrease in SOD activity to normal

(Fig. 3).

Determination of GSH in the striatum

The GSH content was significantly reduced
by METH in comparison with the control group
(P < 0.001). Simultaneous usage of TQ at
different doses could improve the GSH content
compared to the group that received METH.
Administration of TQ (20 mg/kg) alone did not
change the GSH level when compared to the
control group (Fig. 4).

Histopathological examination

Examination of mice brain striatum
following METH exposure showed marked
gliosis in the striatum. TQ at 10 and 20 mg/kg
reduced the METH-induced reactive gliosis
response (moderate to mild gliosis). No
pathological finding was observed in the
control and sham groups (Fig. 5).

[ —
n -1
[T
1 1

1254
1004

(central locomotion)

Methamphetamine

Fig. 2. Effect of methamphetamine and TQ on the (A) total and (B) central locomotion in the open field test. Mice received
intraperitoneal methamphetamine (10 mg/kg) four times a day in 2-h intervals and TQ at 5, 10, and 20 mg/kg, 30 min
before each METH injection. The results are presented as mean + SEM, n = 6. **P < 0.01 and ***P < 0.001
indicate significant differences compared to the control group; and #P < 0.05, #P < 0.01, and #*P < 0.001 against the
vehicle + methamphetamine group. The median of groups was analyzed by Kruskal-Wa Wallis followed by the Dunn

test. TQ, Thymogquinone.
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Fig. 3. Effect of methamphetamine and TQ on SOD
enzyme activity in the striatum region. Mice received
intraperitoneal methamphetamine (10 mg/kg) four times
a day in 2-h intervals and TQ at 5, 10, and 20 mg/kg,
30 min before each methamphetamine injection. The
results are presented as mean £ SEM, n = 3. ***P < 0.001
Indicates significant differences compared to the control
group; and #P < 0.05 and ##P < 0.001 against the vehicle
+ methamphetamine group. TQ, Thymoquinone, SOD,
superoxide dismutase.
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Fig. 4. Effect of methamphetamine and TQ on GSH
content in the striatum region. Mice received
intraperitoneal methamphetamine (10 mg/kg) four times
a day in 2-h intervals and TQ at 5, 10, and 20 mg/kg,
30 min before each methamphetamine injection. The
results are presented as mean £ SEM, n=6. ***P <0.001
Indicates significant differences compared to the control
group; and #P < 0.05 and P < 0.001 against the vehicle
+ methamphetamine group. GSH, Reduced glutathione;
TQ, thymoquinone.
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Fig. 5. Light photomicrograph of hematoxylin and eosin-stained sections of the mice striatum that were exposed to
different doses of METH and TQ (original magnification 400x). Mice received intraperitoneal METH (10 mg/kg)
four times a day in 2-h intervals and TQ at 5, 10, and 20 mg/kg, 30 min before each METH injection. Arrows indicate
Rosenthal fibers. (A) Control group, no gliosis; (B) TQ at 20 mg/kg, no gliosis; (C) METH, high grad gliosis;
(D) METH + TQ 5 mg/kg, high grad gliosis; (E) METH + TQ 10 mg/kg, moderate gliosis; (F) METH + TQ 20 mg/kg,
mild gliosis. METH, Methamphetamine; TQ, thymoquinone
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DISCUSSION

The present study evaluated the effects of
TQ in METH-induced striatal neurotoxicity and
hyperlocomotor activity in mice. METH is an
addictive stimulant that affects monoamine
concentrations especially dopamine, in the
synaptic cleft and leading to long-term
neurotoxicity in a variety of species including
rodents, nonhuman primates, and humans. The
predominant alteration in  dopaminergic
neurotransmission occurs in the striatum.
Repeated METH administration can cause
deficits in memory, executive, and motor
function (16).

Depending on the dosage and duration,
METH administration can cause different open
field test results. In this study, METH caused a
significant increase in locomotor activity after
four times injections. Crossing the central
squares by METH-treated mice more than the
control group implied that had an anxiety-like
behavior. It has been reported that METH-
induced behavioral sensitization occurs after
repeated administration in rodents (17). In line
with our results, Struntz and Siegel reported
increased locomotor activity and anxiety-like
behavior in adult mice that were treated with a
single low dose METH, 4 mg/kg (18).
However, in our previous work, animals treated
with a single high dose of METH (45 mg/kg),
lost the ability to cross the lines of open field
(15).

The result of this study showed no motor
coordination deficits were observed in the mice
that received METH. It maybe shows that the
animals were hyperactive at the time of
evaluation and if the cutoff point or speed could
be increased, the results would change and
expressed this increased activity.

In our study, the pathological findings also
revealed marked gliosis in the striatum. METH
exposure, especially at high doses, damaged
primarily dopamine-rich striatal neurons in the
brain and resulted in nerve terminal
degeneration, apoptosis, and gliosis (19).

In our previous study, a high dose of METH-
induced hyperthermia in rats (15). However, in
this study, METH did not affect the core body
temperature of mice. The effect of METH on
body temperature, via both central and
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peripheral nervous systems may be influenced
by several factors including strain, genetic
differences, ambient temperature, dose, and the
method of temperature measurement (20).

For decades, multiple molecular
mechanisms have been reported as responsible
for the neurotoxic effects of METH including
oxidative stress and apoptosis (21,22). In the
present study, the activity of SOD, as an
indicator of antioxidant was measured. The
results indicated that METH significantly
decreased the SOD activity in the striatum that
is in agreement with the previous studies.
Evaluation of the effect of METH-induced
toxicity in copper/zinc-SOD transgenic mice
showed the key role of oxygen-based radicals,
as well as antioxidant enzymes such as SOD, in
the negative consequences of the drug (23). It
was reported that pretreatment with SOD
inhibitors  enhanced the METH-induced
toxicity in the striatum and depleted stores of
dopamine and serotonin. On the other hand,
pretreatment with antioxidants or over-
expression of SOD attenuated the striatal
neurotoxicity (5,24,25). METH administration
also decreased the GSH content, while it
considerably increased by TQ up to the
concentration of 1.32 pmol. GSH, a non-
enzymatic antioxidant defends the cell against
various forms of oxidative injury. It is well
documented that METH selectively alters the
brain, especially the striatum, GSH antioxidant
system (5,22,26). The reduced GSH level in the
current study was restored by TQ treatment. TQ
has been extremely studied for its antioxidant
activities. TQ exerts its antioxidant properties
through the inhibition of lipid peroxidation,
myeloperoxidase, lipid peroxidation, reactive
oxygen species, and nitric oxide levels.
Improvement of catalase (CAT) and SOD
activity and GSH level is also considered an
important TQ-neuroprotective mechanism (27).
These studies indicated the beneficial effects of
TQ against METH-induced neurotoxicity.
Numerous studies have suggested TQ as a
useful therapy in the prevention of many
diseases and conditions such as depression,
epilepsy, Parkinson’s and Alzheimer’s,
ischemia, brain injury, encephalomyelitis,
anxiety, and brain cancers (28). In 2018, TQ
was proposed as a good candidate for the



treatment of amphetamine abuse via its
interaction with dopamine neurotransmission
(29). Our findings indicated that TQ markedly
reduced oxidative stress and locomotor activity
and reversed brain changes in the striatum
associated with METH exposure. Previous
studies have reported this natural product with
a strong sedative effect. It has been proposed
that TQ has an affinity to GABAA receptors
and enhances the inhibitory actions of GABA.
So, it can cause muscular relaxation, motor
incoordination, and a reduction in locomotor
activity. On the other hand, GABAergic, as well
as dopaminergic systems play important roles
in amphetamine-type stimulant use disorders.
Therefore, TQ may exert its beneficial effects
via activation of this pathway (30).

Evaluation of the effect of TQ on chemical
and electrical stimulation of skeletal muscle
revealed significant inhibition of contractile
responses on the skeletal muscle and reduction
in maintenance time of animals in rotarod test
(31). In the last decade, the neuroprotective
effects of TQ have attracted much more
attention and it was mainly attributed to the
antioxidant and anti-inflammatory effects (28).
TQ impacts oxidative stress by increasing
antioxidant capacities, including CAT, GSH S-
transferases, SOD, GSH, and by decreasing
lipid oxidation in the brain tissue (28). In the
present study, TQ significantly increased the
SOD activity in mice that were exposed to
METH. The SOD is considered to be the front
line of antioxidant defense since it converts
superoxide radicals to molecular oxygen and
hydrogen peroxide that were subsequently
decomposed by CAT into H20. Our data are in
agreement with the previous findings that
showed the neuroprotective effect of TQ on
cerebral  ischemia-reperfusion injury by
decreasing the neuronal cell death and
malondialdehyde level as well as increasing
the GSH, CAT, and SOD activities (32).
TQ also exhibited neuroprotection against
6-hydroxydopamine-induced experimental
Parkinson disease. TQ significantly reduced
malondialdehyde and elevated-SOD level in
midbrain and attenuated substantia nigra
pars compacta neuronal loss and resulted
in improved 6-hydroxydopamine-induced
behavioral abnormalities (33). According to our
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results, TQ particularly at a high dose was able
to abolish the METH-induced gliosis in the
mice striatum. Gliosis refers to the reactive
change of glial cells in response to CNS damage
and is identified by the expression of glial-
specific markers and morphological changes. In
a rat model of Alzheimer’s disease, treatment
with TQ decreased plaque formation in the
hippocampal CA1 region (34). TQ also abolished
the vascular and neuronal degeneration,
microglial reaction, demyelination of the axon,
and neuronophagia in the rat hippocampus and
frontal cortex that were exposed to lead (Pb)
through drinking water (10).

CONCLUSION

TQ may prevent the enhanced locomotor
activity, oxidative impairment, and
morphological striatal damage caused by
METH. TQ may be a potential candidate for the
treatment of specific METH-induced brain
disorders or neurological diseases. Although
complementary experimental studies including
the evaluation of METH and TQ effects on
brain structure and function are needed to
confirm these effects.
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