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A B S T R A C T

Parkinson's disease (PD) is a common neurodegenerative disease characterized by progressive dopaminergic
neurodegeneration with a concomitant increase in oxidative stress and neuroinflammation in the substantia
nigra pars compacta (SNc). Recent studies have focused on targeting neuroinflammation and oxidative stress to
effectively treat PD. The present study evaluated the neuroprotective effect of thymoquinone (TQ) against 1-
methyl-4-phenyl 1,2,3,6 tetrahydropyridine (MPTP)-induced oxidative stress and neuroinflammation in a PD
mouse model. TQ (10mg/kg body weight [b. wt.]) was administered for 1 week prior to MPTP (25mg/kg b. wt.).
MPTP administration caused oxidative stress as evidenced by decreased activities of superoxide dismutase and
catalase, a depletion of reduced glutathione, and a concomitant rise in malondialdehyde. It also significantly
increased pro-inflammatory cytokines and elevated inflammatory mediators such as cyclooxygenase-2 (COX-2)
and inducible nitric oxide synthase (iNOS) in the striatum. Immunohistochemical analysis revealed dopamine
neuron loss in the SNc and decreased dopamine transporters in the striatum following MPTP administration;
however, these were rescued by TQ treatment. TQ treatment further restored antioxidant enzymes, prevented
glutathione depletion, inhibited lipid peroxidation, and attenuated pro-inflammatory cytokines. TQ also de-
creased the raised levels of inflammatory mediators, such as COX-2 and iNOS. Therefore, TQ is thought to
protect against MPTP-induced PD and the observed neuroprotective effects are attributed to its potent anti-
oxidant and anti-inflammatory properties. Moreover, the in vitro analysis found that TQ significantly inhibited α-
synuclein aggregation and prevented cell death induced by pre-formed fibrils. Thus, TQ not only scavenges the
MPTP-induced toxicity but also prevents α-synuclein-fibril formation and its associated toxicity.

1. Introduction

Parkinson's disease (PD) is an age-related neurodegenerative disease
that is characterized by selective nigrostriatal dopaminergic neurode-
generation and the presence of intraneuronal cytoplasmic inclusions
known as Lewy bodies, consisting primarily of α-synuclein (α-syn).
Globally, it is estimated that approximately 1% of the population over
60 years of age is affected; however, as the international life expectancy
is steadily rising, we anticipate that this number will increase in the
coming years. Although the exact mechanisms of the selective loss of
dopamine (DA) neurons in the substantia nigra pars compacta (SNc) are
not fully understood, excessive free-radical formation due to mi-
tochondrial dysfunction, impaired ubiquitin proteasome function, in-
flammation, autophagy, and aberrant α-syn aggregation are believed to

be involved in the progression of PD (Beal, 2003; Hald and Laotharius,
2005; Casey et al., 2012; Rocha et al., 2017). Current literature de-
monstrates that genetic and environmental risk factors are implicated in
the etiology of PD; exposure to environmental toxicants such as rote-
none, paraquat, and 1-methyl-4-phenyl 1,2,3,6 tetrahydropyridine
(MPTP) are thought to increase the risk of developing PD (Sanders
et al., 2013; He et al., 2015; Tinakoua et al., 2015).

Among the various dopaminergic neurotoxins, MPTP has been
highlighted due to its ability to produce clinical features of PD in hu-
mans and monkeys. MPTP is highly lipophilic and readily crosses the
blood brain barrier and enters into astrocytes. In astrocytes, MPTP is
oxidized into its toxic metabolite 1-methyl-4-phenylpyridinium (MPP
+), which causes the death of Dopamine (DA) neurons and results in
parkinsonism in experimental animal models. Therefore, MPTP has
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been used to develop animal models of PD to test new therapies, which
are valuable pharmacological tools for studying the mechanisms of
oxidative stress and inflammation-induced dopaminergic damage and
evaluating novel pharmacotherapeutic agents for PD.

Furthermore, α-syn can undergo conformational changes, which
promotes its self-assembly and aggregation. α-syn aggregation proceeds
through the formation of oligomers (early aggregates), which ulti-
mately convert into well-ordered fibrils (late aggregates) (Uversky
et al., 2001). It has been reported that the early aggregate oligomers are
the pathogenic species causing neurodegeneration and neuronal cell
death, rather than the mature amyloid fibrils (El-Agnaf et al., 2003;
Conway et al., 2000; Winner et al., 2011). Recent studies have de-
monstrated that insertion of aggregated α-syn (pre-formed fibrils) into
the striatum of mouse brains propagate from the injection site to other
brain regions that innervate the striatum by a prion-like mechanism,
while also inducing DA neuronal death (Luk et al., 2012a, 2012b).
Thus, the role of α-syn is of importance, not only because of its pa-
thogenic role in sporadic and familial PD, but also because it may
elucidate the mechanisms underlying the pathogenesis of PD. Ad-
ditionally, the inhibition of the aberrantly formed α-syn and its pro-
pagation can be used as a model to identify potential drugs for PD.

Thymoquinone (TQ) is the most abundant component found in the
plant Nigella sativa, also known as black seed or black cumin
(AbuKhader, 2013). Black seed oil extracts have been used in tradi-
tional medicine in the Middle East and India (Hamdy and Taha, 2009).
Most importantly, Prophet Muhammad (SWS) once stated that black
cumin or habbatus sauda (the black seed of Nigella sativa) can heal
many diseases (Ahmad et al., 2013). TQ has low toxicity (LD50, 2.5 g/
kg) and is generally well tolerated when administered subchronically,
up to a dose of 90mg/kg/day for 90 days (Elmaci and Altinoz, 2016).
Numerous studies have demonstrated that TQ has potent anti-in-
flammatory and antioxidant activities (Hamdy and Taha, 2009; Taka
et al., 2015; Gore et al., 2016). Moreover, TQ has been shown to de-
crease the level of malondialdehyde (MDA), a marker of oxidative
stress, and prevent dopaminergic neurodegeneration in the 6-hydro-
xydopamine (6-OHDA)-induced hemi-Parkinson rat model, which sug-
gests its antioxidant role (Sedaghat et al., 2014). MPP + or rotenone-
induced toxicity in primary dopaminergic neuronal cultures isolated
from the mouse midbrain can be ameliorated with TQ treatment (Radad
et al., 2009, 2015). TQ is not only beneficial in neurotoxic models, but
also protects dopaminergic neurons against leucine-rich repeat kinase
2-induced toxicity in a genetic model of PD using drosophila (Angeles
et al., 2016). Additionally, TQ protected rat cultured hippocampal
neurons and human induced pluripotent stem cell-derived neurons
against α-syn (α-syn-induced synapse damage) (Alhebshi et al., 2014);
however, the exact biochemical mechanism of the neuroprotective ac-
tion of TQ in a well characterized in vivo PD model has not yet been
demonstrated.

The aim of the present study was to investigate the role of TQ in
MPTP-induced PD with an in vivo mouse model that mimics most of the
pathological features of human PD. The MPTP injected mouse, which is
widely used as a preclinical model to test the potential efficacy of drugs,
has been shown to develop a PD-like phenotype characterized by loss of
dopaminergic neurons and activation of neuroinflammation. We also
investigated the modulating effects of TQ on α-syn aggregation, which
are critical in dopaminergic neurodegeneration in sporadic PD.

2. Materials and methods

2.1. Experimental animals

Male C57BL/6c mice aged 2–3 months (25–30 g body weight) bred
in the animal research facility of the College of Medicine and Health
Sciences (United Arab Emirates University, UAE) were used in the
present study. A maximum of two mice were housed per cage and were
acclimatized to the laboratory conditions for 1 week prior to the start of

the experiment. The animals were housed under standard laboratory
conditions of light and dark cycle. The animals had access to com-
mercially available rodent food and water ad libitum. All the experi-
ments were carried out between 09:00 and 17:00 h. The experimental
protocol for animal experimentation was approved by the Animal
Ethics Committee of the College of Medicine and Health Sciences at
United Arab Emirates University.

2.2. Experimental design

Mice were intraperitoneally (i.p.) injected with MPTP once daily for
5 consecutive days (25mg/kg body weight [b. wt.] measured as a free
base; MPTP-HCL; Sigma-Aldrich, St. Louis, MO, USA). MPTP was first
dissolved in normal saline to obtain the desired concentration for the
injection. The regimen used in the current study for the induction of
parkinsonism in the mice was adopted from a previous report (Haque
et al., 2012). To assess the neuroprotective efficacy of TQ, it was first
dissolved in a minimum volume of absolute ethanol and then diluted in
olive oil and injected i.p. at a dose of 10mg/kg b. wt. once daily for 1
week, 60min prior to each dose of MPTP administration. The dose of
TQ was selected based on a dose-dependent study (5, 10, 20mg/kg/b.
wt.) performed in a different set of experiments and did not show any in
vivo toxicity (unpublished data). The control group received an equal
amount of vehicle only. The mice were divided into four experimental
groups, each containing six to eight mice. The experimental groups
were: Group I: Vehicle and saline injected control (V + Sal); Group II:
Vehicle-treated and MPTP-injected (V + MPTP); Group III: TQ-treated
and MPTP-injected (TQ + MPTP); and Group IV: TQ-treated and saline
injected (TQ + Sal).

2.3. Tissue preparation for biochemical analysis

At the end of the experiments, the animals were anaesthetized with
pentobarbital (40mg/kg b. wt.) and cardiac perfusion was performed
using 0.01M phosphate-buffered saline (PBS; pH 7.4) to wash out the
blood. The brains were quickly removed and placed on an ice-plate and
the striatal region was dissected and immediately frozen in liquid ni-
trogen for further biochemical assay analysis.

2.4. Biochemical analysis

KCl buffer (Tris-HCl 10mM, NaCl 140mM, KCl 300mM, ethylene-
diaminetetraacetic acid [EDTA] 1mM, Triton X-100 0.5%, 1X PPI) was
used to homogenize the striatum. The homogenates were then cen-
trifuged at 14 000 g at 4 °C for 20min. The total protein in the cleared
supernatant was then estimated using the bicinchoninic acid (BCA)
assay and stored at −80 °C for further analysis.

2.5. Estimation of lipid peroxidation

The amount of lipid peroxidation in the samples was determined
using the MDA assay kit (Northwest Life Science Specialties LLC,
Vancouver, WA, USA). The kit was used as per manufacturer's in-
structions and as previously described (Ojha et al., 2015). The samples
(1 mg total protein) or standards (125 μl) were incubated in the pre-
sence of acid reagent (125 μl) and thiobarbituric acid (125 μl) and was
vortexed vigorously. Samples were incubated for 60min at 60 °C and
then centrifuged at 10 000 g for 2–3min. The reaction mixture was
transferred to a 96-well clear plate (150 μl/well in duplicate) and re-
corded the spectra at 532 nm. The results were expressed as μM MDA/
mg protein.

2.6. Reduced glutathione (GSH) estimation

A GSH kit (Sigma Cat #38185; Sigma-Aldrich) was used for the
estimation of GSH according to the manufacturer's instructions and as
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previously described (Ojha et al., 2015). Briefly, the GSH standard was
prepared by mixing 100 μl of 200 μmol/l GSH standard solution and
300 μl of 0.5% 5-sulfosalicylic acid (SSA) solution in a microfuge tube
to prepare a 50 μmol/GSH standard solution. This standard solution
was used to prepare the following GSH standard solutions by serial
dilution using 0.5% SSA solution: 50.0, 25.0, 12.5, 6.25, 3.13, 1.57, and
0 μmol/l. Then, 40 μl of GSH standard solution and samples were added
to a 96-well plate in triplicate. The absorbance was measured at 405 nm
using a plate reader and the results were expressed as μM GSH/mg
protein.

2.7. Antioxidant enzyme activity estimation

The superoxide dismutase (SOD) and catalase (CAT) were de-
termined using kits purchased from Cayman Chemicals Company (Ann
Arbor, MI, USA). The estimation was carried out following the manu-
facturer's instructions and as previously described (Ojha et al., 2015).
Briefly, the formaldehyde standards were prepared as 0, 5, 15, 30, 45,
60, and 75 μM. Twenty microliters of the prepared standards and 30 μl
of methanol were then added to each well in the plate. The reaction was
initiated by adding 20 μl of diluted hydrogen peroxide. After 20min of
incubation at room temperature (RT), 30 μl of potassium hydroxide was
added to each well to terminate the reaction, followed by 30 μl of
catalase purpald, Chromogen (Cayman Chemicals Company). Before
reading the absorbance at 540 nm, 10 μl of catalase potassium periodate
was added to each well. For SOD measurements, sample or standard
(10 μl each) were added to a well of a 96-well plate. Xanthine oxidase
(20 μl) was added to each well to initiate the reaction. The plate was
shaken for a few seconds and then covered with a plate cover and in-
cubated for 30min at RT. Absorbance was read at 450 nm by using a
microplate reader. The CAT activity was expressed as nmol/min/mg
protein and the SOD activity was expressed as U/mg protein.

2.8. Pro-inflammatory cytokine estimation

To estimate interleukin (IL)-1β, IL-6, and tumor necrosis factor-α
(TNF-α) levels in the samples, commercially available kits were pur-
chased from R&D Systems (Minneapolis, MN, USA). Briefly, the diluted
capture antibody (100 μl) was used to coat the 96-well plate overnight
at RT. After washing with wash buffer (0.05% Tween 20 in 0.01M PBS,
pH 7.4), the samples were blocked with 300 μl reagent diluent (1%
bovine serum albumin in PBS) for 1 h. Thereafter, 100 μl of the sample
or standard was added and incubated for 2 h. After washing, the de-
tection antibody (100 μl) was added and then incubated for 2 h at RT. A
working solution (1:200) of streptavidin horseradish peroxidase
(100 μl) was then added and incubated for 20min, followed by a sub-
strate solution (100 μl) and incubating for another 20min. Stop solution
(2 N H2SO4; 50 μl) was added and the plate was gently tapped to ensure
proper mixing. Optical density of each well was read immediately at
450 nm using a microplate reader. The results were expressed as pg/mg
protein.

2.9. Immunostaining and assessment of tyrosine hydroxylase (TH) in the
SNc and DA transporters in the striatum

Mouse brains were collected as described in Section 2.3 and sec-
tioned for TH and DA transporter (DAT) staining. For the evaluation of
TH neurons, we employed an optical fractionator using Stereo In-
vestigator (version 2017; MBF Bioscience, Williston, VT, USA), as pre-
viously described (Haque et al., 2012). In brief, 40 μm brain sections
were examined within the rostral and caudal limits of the SNc (−2.54
to −3.88mm of bregma). For each brain, seven coronal sections were
examined. Serial sections of the mouse brain covering TH neurons in
the SNc were washed twice with 0.01M PBS (pH 7.4) and then in-
cubated with a blocking reagent (10% normal goat serum in PBS 0.3%
Triton-X 100) for 1 h. Further, the sections were incubated with the

primary polyclonal rabbit antibody against TH (1:1000) overnight at
4 °C and then with a secondary antibody. Immunoreactivity of the an-
tibodies was visualized using the avidin-biotin complex peroxidase re-
action of 3,3′-diaminobenzidine (DAB). After immunoblotting,
mounting, defatting, and cover slipping, the thickness of the sections
was measured with a z-axis microcreator according to the manufac-
turer's instructions. Sections were analyzed using a 63X lens. The total
number of TH positive neurons was determined using the optical frac-
tionator and presented in a graph.

The loss of striatal fibers was evaluated by measuring the optical
density of dopaminergic fibers in the striatum (adjacent to 0.3mm of
bregma) using Image J software (NIH, Bethesda, MD, USA). Striatum
sections were washed twice with 0.01M PBS (pH 7.4) and then in-
cubated with a blocking reagent (10% normal goat serum in PBS 0.3%
Triton-X 100) for 1 h. Further, the sections were incubated with a pri-
mary polyclonal rat antibody against DAT (1:1000) overnight at 4 °C
and then with a secondary antibody. Immunoreactivity of the anti-
bodies was visualized using the avidin-biotin complex peroxidase re-
action of DAB. The optical density of the DAT at three different fields of
each section (three sections/mouse) with an equal area within the
striatum was measured for each mouse. The averages of the three areas
was calculated and represented as a percentage with reference to the
control. The optical density of the overlying cortex was taken as a
background measure and subtracted from the value generated from the
striatum. TH positive neurons and optical density of the DAT were es-
timated by an investigator blind to the experimental groups.

2.10. Western blot analysis of cyclooxygenase-2 (COX-2) and inducible
nitric oxide synthase (iNOS)

The striatum tissue lysate used for the biochemical assays was also
used to detect COX-2 and iNOS levels in the samples. In total, 20 μg of
each sample was loaded in 15% sodium dodecyl sulfate (SDS)-poly-
acrylamide gel (PAGE) and electrophoresed; proteins were then trans-
ferred onto a polyvinylidene fluoride membrane and incubated over-
night at 4 °C with a specific primary rabbit polyclonal antibody against
COX-2 (1:1000) and iNOS (1:500) followed by a horseradish perox-
idase-conjugated secondary antibody. The protein recognized by the
antibody was visualized using a West Pico Chemiluminescent Kit
(Thermo Fisher Scientific, Waltham, MA, USA). The blots were stripped
and re-probed for β-actin (1:5000; monoclonal mouse; Millipore,
Burlington, MA, USA), which was used as a loading control. The in-
tensity of the bands was measured by densitometry and quantified
using Image J software.

2.11. Expression and purification of recombinant human α-syn

The expression vector pT7-7 wt-α-syn (pT7-7 wt-α-syn was a gift
from Hilal Lashuel, Addgene plasmid #36046) (Paleologou et al., 2008)
was transformed with E. coli strain BL21 DE3 cells, and expression was
induced by the addition of isopropyl D-thiogalactopyranoside. Cells
were harvested, resuspended in a non-denatured lysis buffer (PBS
containing 5mM EDTA and 0.02% sodium azide), and homogenized
using a glass homogenizer, followed by sonication for 10min. The cell
resuspension was then boiled for 10min and cooled on ice for 30min.
Next, the cell lysate was centrifuged at 1500×g for 20min, the su-
pernatant was dialyzed against gel filtration buffer (10mM Tris pH 7.6,
50mM NaCl, 1 mM EDTA, 1mM phenylmethylsulfonyl fluoride), and
the lysate was filtered using 0.22μm filters and concentrated (2–4ml/l
of cell culture) using protein concentration columns (7K MWCO). The
concentrated lysate was injected into gel filtration columns (Superdex
200) and the fractions were collected and examined by SDS gel. Se-
lected fractions were then pooled, and the concentration was estimated
using a BCA assay.
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2.12. Aggregation of α-syn in vitro

The aggregation of α-syn with or without the TQ compound was
carried out as previously described (Ardah et al., 2014a). Briefly, TQ
stock solutions (10mM) were prepared in absolute ethanol. α-syn
samples in PBS were aged alone or in the presence of TQ at various
molar ratios (TQ: α-syn molar ratios of 4:1, 2:1, and 1:1) while the final
concentration of α-syn was 25 μM. The samples were incubated at 37 °C
for 9 days with continuous shaking at 800 rpm in a Thermomixer
(Eppendorf, Hamburg, Germany). Thioflavin-S (Th-S) binding assay
was performed at each time point.

2.13. Th-S assay

A Th-S binding assay was used in the present study to monitor the
fibril formation of the α-syn protein. Th-S is a fluorescent dye that in-
teracts with fibrils containing a β-sheet structure that exhibits enhanced
fluorescence upon binding to amyloid fibrils and is commonly used to
monitor amyloid fibril formation. In the present study, we used a Th-S
assay to monitor the effect of TQ on α-syn aggregation, and TQ in-
hibition was calculated using Th-S fluorescent emission maximum
shifted to 486 nm. From each sample, 10 μl was added to 40 μl of Th-S
(final concentration is 5 μM of α-syn and 20 μM of Th-S), using fresh
samples obtained daily. Fluorescence (450/486 excitation and emis-
sion) was then measured by using a 384-well, black micro-well plate
(Nunc, Roskilde, Denmark) using a microplate reader (Victor X3 2030;
PerkinElmer, Waltham, MA, USA).

2.14. Transmission electron microscopy

α-syn aged alone or in the presence of TQ was incubated 9 days.
Next, 5 μl quantities from each reaction were added to 400 mesh copper
grids (Agar Scientific, Essex, UK), as previously described (Ardah et al.,
2014a, 2014b). The samples were then fixed by adding 5 μl of 0.5%
glutaraldehyde, and then stained with 2% uranyl acetate. Images were
viewed using a Philips CM10 transmission electron microscope (Philips
Electron Optics, Eindhoven, The Netherlands).

2.15. Seeding polymerization assay

The seeding assay was conducted as previously described (Ardah
et al., 2014a, 2014b). Briefly, α-syn fibrils were fragmented by soni-
cation to obtain short fibrils (seeds). In total, 2 μM of seeds were added
to 100 μM of monomeric α-syn and incubated in the presence or ab-
sence of 10 μM or 50 μM of TQ at 37 °C for 48 h with continuous
shaking. The fibril formation in α-syn samples was monitored using the
Th-S binding assay as described in Section 2.13.

2.16. α-syn disaggregation assay

As described in Section 2.12, α-syn was aggregated at a con-
centration of 25 μM. The preformed α-syn aggregates were incubated
alone or with TQ at molar ratios of TQ:α-syn=6:1, 4:1, and 1:1. The
samples of α-syn and TQ were then incubated for 48 h at 37 °C with
continuous mixing at 800 rpm. The fibril content was measured using
the Th-S assay at regular time points.

2.17. Culture of SH-SY5Y human neuroblastoma cells

SH-SY5Y human neuroblastoma cells were cultured in Dulbecco's
Modified Eagle Medium (MEM): Nutrient Mixture F-12 (1:1) (Thermo
Fisher Scientific), containing 15% fetal bovine serum and 1% penicillin-
streptomycin (100 U/ml penicillin, 100mg/ml streptomycin). The cells
were maintained at 37 °C in a humidified incubator with 5% CO2/95%
air (Ardah et al., 2014a).

2.18. Cell cytotoxicity (MTT) assay

SH-SY5Y cells suspended in Dulbecco's MEM F-12 (1:1) medium
were plated at a density of 10 000 cells (200 μl/well) in a 96-well plate.
After 24 h, the medium was replaced with 200 μl of Opti-MEM (Thermo
Fisher Scientific) serum-free medium containing α-syn aged with or
without TQ at the molar ratios of α-syn:TQ=1:4, 1:2, and 1:1. Cells
were then incubated at 37 °C in 5% CO2 for 48 h. In total, 20 μl of MTT
(6mg/ml) in PBS was added to each well and the plate was re-in-
cubated at 37 °C for 4 h. The MTT-containing medium was removed
carefully, and 100 μl of lysis buffer (15% SDS, 50% N,N-di-
methylformamide; pH 4.7) was added in each well of the plate. The
plate was incubated overnight at 37 °C. Absorbance values at 590 nm
were recorded by a microplate reader (PerkinElmer, Waltham, MA,
USA).

2.19. Silver (AgNO3) staining

For silver staining, gels were fixed with 50ml of 50% ethanol
containing 10% acetic acid for 30min, and then incubated for 15min
with 15% ethanol, followed by washing three times (5min each) with
deionized water. Next, the gels were sensitized by incubating with
0.02% (w/v) sodium thiosulfate (Na2S2O3) for 90 s, followed by
washing three times with deionized water. The washed gels were
stained with 0.2% (w/v) AgNO3 for 25min, then developed with 6%
(w/v) NaCO3 containing 50 μl of 37% formaldehyde and 2ml of 0.02%
Na2S2O3 until bands appeared clearly. The silver staining was stopped
with 6% acetic acid.

2.20. Proteinase K (PK) digestion

Aggregated α-syn (25 μM), alone or in the presence of TQ at a molar
ratio 1:1, was subjected to PK digestion (2.5 μg/ml) by incubation for
15min at 37 °C with PK (Sigma-Aldrich) (Ardah, 2014a). To stop the
digestion reaction, 2X sample loading buffer (250mM Tris-HCl, pH 6.8,
30% glycerol, 0.02% bromophenol blue, 8% SDS, 5% beta-mercap-
toethanol) was added, followed by 10min of heating at 95 °C. The
samples were then separated using 15% SDS-PAGE gels, followed by
silver staining.

2.21. Protein estimation

The protein content was estimated using the Pierce BCA protein
assay kit (Thermo Fisher Scientific), following the manufacturer's in-
structions.

2.22. Statistical analyses

The data were expressed as the mean value ± standard error of the
mean. The data for all studies were analyzed using one-way analyses of
variance (ANOVA) followed by Tukey's test to calculate the statistical
significance between various groups using GraphPad InStat software
(GraphPad Software Inc., La Jolla, CA, USA). In all the tests, the cri-
terion for any statistically significant difference was set at ***,
p < 0.001; **, p < 0.01; *, p < 0.05.

3. Results

3.1. TQ prevents MPTP-induced dopaminergic neurodegeneration in the
SNc and DA transporters in the striatum

We evaluated the neuroprotective efficacy of TQ by assessing TH-
positive DA neurons in the SNc and the optical density of striatal DA
fibers. MPTP administration caused a significant loss of DA neurons in
the SNc and decrease of striatal DA fibers in the brains of experimental
mice when compared to vehicle-injected control mice. However,
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treatment with TQ prior to MPTP injection prevented the MPTP-in-
duced loss of DA neurons (p < 0.05) in the SNc and striatal DA fibers
(p < 0.05), compared to the MPTP group animals. Moreover, TQ alone
did not cause any deleterious changes on DA neurons in the SNc and
striatum (Fig. 1). Therefore, this result suggests that TQ treatment
provides neuroprotection against MPTP.

3.2. Effect of TQ on lipid peroxidation and GSH levels in the striatum

We investigated whether the neuroprotective effect of TQ against
MPTP was mediated through its antioxidant and anti-inflammatory
effect. As expected, mice administered with MPTP showed a significant
(p < 0.01) increase in the lipid peroxidation product MDA compared
to the control group. Concomitantly, MPTP administration caused a
significant (p < 0.001) decrease in GSH levels when compared to the
control group. Since TQ has antioxidant activity, we investigated
whether it had a role in inhibiting MDA generation and normalizing
GSH levels. Interestingly, we found that mice pre-treated with TQ prior
to MPTP injection showed a significant (p < 0.001) reduction in MDA
levels and improved GSH levels (p < 0.01) when compared to the
MPTP group; however, mice treated with only TQ (i.e., TQ + Sal
group) did not show significant alteration in the levels of MDA and GSH
compared to control animals (Fig. 2C/D).

3.3. Effect of TQ on antioxidant enzyme activity in striatal tissues

We also measured the activity of antioxidant enzymes, SOD and
CAT, which were found to be significantly decreased (p < 0.001) in
MPTP-injected animals in comparison with control animals; however,
treatment with TQ significantly increased (p < 0.001) the activity of
SOD and CAT when compared to the MPTP control group. We did not
observe any significant changes in the activity of CAT between controls
and TQ alone treated animals (Fig. 2B). However, TQ alone treated
animals showed a decrease in SOD levels when compared to the control
group (Fig. 2A). The reason for the low SOD level in the TQ group is
currently unknown; therefore, further study is necessary to elucidate its
effect on SOD activity.

3.4. Effect of TQ on the induction of pro-inflammatory cytokines in the
striatum

We also measured the concentration of pro-inflammatory cytokines
IL-1β, IL-6, and TNF-α in the striatum to determine the role of neu-
roinflammation and its attenuation caused by TQ. MPTP administration
induced a significant increase in the level of pro-inflammatory cyto-
kines compared to the control group; however, TQ treatment sig-
nificantly decreased the elevated level of these pro-inflammatory cy-
tokines in MPTP-challenged animals (i.e., TQ +MPTP) when compared
to the MPTP (i.e., V + MPTP) group. Mice treated only with TQ (i.e.,
TQ + Sal) did not show any increase in the levels of pro-inflammatory

Fig. 1. Immunostaining of tyrosine hydroxylase positive (TH+) neurons to quantify the number of dopamine (DA) neurons in the substantia nigra (SNc)
and dopamine transporter (DAT) in the striatum. Representative images illustrating TH+ neurons in the SNc area (A). The number of DA neurons in the SNc was
counted in each animal using unbiased stereoinvestigator system as described in “methods” section. The number of DA neurons was significantly higher in the SNc of
the Control group (V + Sal) when compared to the MPTP group (V + MPTP). TQ treatment significantly rescued the DA neurons from the MPTP-induced neu-
rodegeneration (B). Representative images showing the immunoreactivity of DAT in the striatum. The expression of dopamine nerve terminals was significantly
reduced in the striatum of MPTP-injected mice as compared with that in the control (V + Sal) group. TQ treatment prior to MPTP shows significant attenuation of
dopamine nerve terminals (C). DAT intensity was measured using NIH image and presented in the graph (D). Values are means ± SEM (n=4–5 animals). ***,
p < 0.001; *, p < 0.05.
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cytokines when compared to control group animals (Fig. 3).

3.5. Effect of TQ on inflammatory mediators: striatal COX-2 and iNOS
expression

We further investigated the expression of COX-2 and iNOS using
Western blots in the cytoplasmic fraction of striatal tissue lysates
(Fig. 4). The expression level of COX-2 was increased in MPTP-chal-
lenged mice, compared to control mice (Fig. 4C/D); however, treatment
with TQ in MPTP-challenged mice decreased the elevated level of COX-
2 compared to the MPTP group (Fig. 4C/D). Similarly, we also observed
an increase in iNOS expression in the MPTP-injected animals compared
to the control animals (Fig. 4A/B). Alternatively, following treatment
with TQ in MPTP-administered mice, a significant reduction in the level
of iNOS was observed when compared to MPTP treated group (i.e.,
V + MPTP). TQ alone injected mice did not cause any alterations in the
expression levels of COX-2 and iNOS (Fig. 4A/B).

3.6. TQ inhibited α-syn amyloid fibril formation

One of the pathological hallmarks of PD is the deposition of α-syn as
Lewy bodies. It has been considered that α-syn plays a critical role in
the development of PD; hence, we examined whether TQ has any effect
in preventing fibril formation. α-syn at a concentration of 25 μM was
incubated with continuous shaking for 9 days at 37 °C, and fibril for-
mation was monitored by Th-S fluorescence assay at specific time
points. In the experimental group, α-syn was incubated with TQ at

molar ratios of 1:4, 1:2, and 1:1 (α-syn:TQ).
Interestingly, we found that TQ inhibited α-syn aggregation, as in-

dicated by the reduced Th-S fluorescence (Fig. 5A). More specifically, at
a concentration of 100 μM, TQ exhibited a significant inhibitory effect,
which was prominent from the fifth day of incubation. After 9 days of
incubation (Fig. 5B), TQ at 100 μM abolished almost 64% of the α-syn
fibrillation, while at 50 μM it inhibited fibrillation by almost 28%. At
lower concentrations (i.e., 25 μM), TQ also induced inhibition of α-syn
fibrillation by approximately 16% after 9 days of incubation. Moreover,
the IC50 of TQ was determined to be 80 μM (Fig. 5B). These results
indicate that TQ inhibited fibril formation in a dose-dependent manner.

To confirm the above findings, further tests were carried out, such
as immunoblotting and electron microscopy. Samples of α-syn were
incubated alone or in the presence of TQ at different molar ratios for 9
days and were used in immunoblotting. The radiographs (Fig. 5C) show
clear inhibition of the high molecular weight aggregates in a 4:1 sample
comparing α-syn sample aged alone, which supports our results.
Transmission electron microscopy images of α-syn aged in the presence
of TQ showed different morphological features, unlike the dense me-
shes of long fibrils formed by α-syn aged alone (Fig. 5D), which also
explain why a reduced Th-S signal was previously obtained.

3.7. TQ disaggregates preformed α-syn amyloid fibrils

As TQ was shown to be an effective inhibitor of α-syn fibrillation,
we examined whether it was possible for TQ to reverse the fibrillation
process. Hence, 25 μM of preformed α-syn fibrils were incubated at

Fig. 2. Quantification of SOD, Catalase, MDA and GSH in the striatal tissue of different experimental groups. MPTP injections significantly decreases the
activities of SOD (A) and Catalase (B). It also increases the lipid peroxidation product, malondialdehyde (MDA) (C) and decreases the total glutathione (GSH) (D) in
the striatum of MPTP treated mice relative to control (V + Sal) group. Thymoquinone (TQ) treatment prior to MPTP significantly increases the activities of SOD and
Catalase. It also decreases the level of MDA and increases the level of total GSH. Values are expressed as means ± SEM (n = 4–5). ***, p < 0.001; **, p < 0.01.
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37 °C for 48 h in the presence of TQ at TQ:α-syn molar ratios of 6:1, 4:1,
and 1:1. Fibril content formation was then estimated by measuring the
intensity of Th-S fluorescence emission at different time points (0, 2, 4,
6, 24, and 48 h) (Fig. 6A). At 0 h, Th-S counts were approximately 2000
for α-syn incubated alone or in the presence of TQ, whereas α-syn fi-
brils that were incubated alone continued to aggregate further over
time, as indicated by the increase in Th-S counts (Fig. 6A). α-syn fibrils
incubated in the presence of TQ significantly disaggregated after 48 h,
as seen as a decrease in Th-S counts. The disaggregation occurred in a
dose-dependent fashion that reached its highest levels after 48 h with a
6:1 M ratio concentration (Fig. 6A).

3.8. TQ interfered with the seeding of α-syn monomers

Mechanistically, amyloid fibril formation takes place in a three step
process, according to a nucleation-dependent polymerization model
(Jarrett and Lansbury, 1992). It starts with “nucleation” or the “lag
time” phase, where soluble species nucleate to form oligomeric species,
which then polymerize in a phase called “polymerization” or the
“growth” phase to produce the final insoluble fibrils (“equilibrium”
phase). This process was accelerated by the presence of small ag-
gregates or seeds that bypassed the nucleation phase of amyloid fibril
formation in vitro and in vivo through a process called seeding. Our
results determined that TQ interfered with the formation of α-syn fibrils
(Fig. 5A/B) and disaggregated preformed α-syn fibrils (Fig. 6A).
Therefore, we sought to determine whether this compound would affect
the seeding of α-syn aggregation.

As expected, the addition of the short fibrillar seeds accelerated the

fibrillation process of α-syn monomers (Fig. 6B). Remarkably, TQ at
concentrations of 10 and 50 μM significantly inhibited the seeding
process at each time point, as indicated by the low Th-S counts, sug-
gesting that TQ interferes with the α-syn seeding process. We also
tested whether the α-syn aggregates formed in the presence of TQ were
resistant to PK digestion. Interestingly, we observed that aged α-syn, in
the presence of TQ, was easily digested by PK treatment and behaved
similar to monomeric α-syn (Fig. 6C).

3.9. The effect of TQ on α-syn-induced cytotoxicity

SH-SY5Y cells were treated either with α-syn aged alone or with TQ
for 9 days at three different concentrations: 1.25, 2.5, and 5 μM. The
viability of the cells was determined by the MTT assay. Prior to any
experiments, the effect of TQ on cell viability was assessed, employing
the same non-toxic TQ concentrations that were later employed for the
experiments with aged α-syn solutions (data not shown).

Aged α-syn inhibited the reduction of MTT in a dose-dependent
manner (Fig. 6D), given that MTT reduction is directly proportional to
the number of surviving cells. It became apparent that the higher the
concentration of aged α-syn, the lower the number of cells that survived
(Fig. 6D). However, aged α-syn solutions in the presence of TQ (4:1 and
2:1 ratios) were less toxic to the cells, as indicated by the increased MTT
reduction (Fig. 6D), which is directly proportional to the number of
living cells. Moreover, 5 μM of α-syn aged alone induced the reduction
of viable cells by almost 75% (25% survival), whereas in the presence of
TQ (4:1 ratio), the survival of the cells improved dramatically (65%
survival). Interestingly, at molar ratios of 4:1, TQ was proved to be a

Fig. 3. Quantification of IL-1β, IL-6, and TNF-α in the striatal tissue. Enzyme-linked immunosorbent assay (ELISA) was carried out to quantify IL-1β, IL-6, and
TNF-α in the striatal tissue of different experimental groups. MPTP treatment significantly increases the level of IL-1β, IL-6 and TNF-α. TQ pretreatment prior to
MPTP injection significantly reduced the level of IL-1β (A), IL-6 (B), and TNF-α (C) when compared to MPTP treated animals. Values are expressed as means ± SEM
(n=4–5). ***, p < 0.001; **, p < 0.01; *, p < 0.05.
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good inhibitor of fibril formation, as indicated by the reduction in Th-S
counts (Fig. 5A). These findings are in agreement with the Th-S fluor-
escence measurements (Fig. 5A) and Western blot analyses (Fig. 5C),
which indicated the inhibition of α-syn aggregation using TQ (4:1 M
ratio).

4. Discussion

PD is the second most common neurodegenerative disorder after
Alzheimer's disease; however, its cause is still unknown. A large amount
of literature suggests that mitochondrial defects, oxidative stress, neu-
roinflammation, and unfolded protein stress are critical in the devel-
opment of PD. There are two major pathological hallmarks observed in
PD patient brains: selective degeneration of dopaminergic neurons in
the SNc and accumulation of intracellular protein aggregates in the
surviving neurons known as Lewy bodies. PD is a progressive neuro-
degenerative disorder, in which current medication cannot halt its de-
velopment. The drugs available to combat the PD only can alleviate the
clinical symptoms; however, over time they cause many side effects
such levodopa-induced dyskinesia, wearing-off or off-period dyskinesia,
and diphasic dyskinesia (Pandey and Srivanitchapoom, 2017). It has
been a great challenge for researchers to develop new drugs that can
halt dopaminergic neuronal death and improve the motor and non-
motor symptoms simultaneously. Thus, in the current study, we have
explored the possibility of whether compounds available in nature with
medicinal properties can cease dopaminergic neuronal death in a pre-
clinical model of PD.

Nigella sativa, known as black seed, was traditionally used to treat
neurodegenerative, coronary artery, respiratory, and urinary tract dis-
eases. TQ is a naturally occurring active compound abundant in black
seed. It has been credited with many medicinal properties such as anti-
inflammatory, antioxidative, anticancer, antibacterial, antimutagenic
and antigenotoxic activities (Su et al., 2016; Badary et al., 2007;
Velagapudi et al., 2017a, 2017b; Ozer et al., 2017; Elsherbiny et al.,

2017; Shao et al., 2016; Mostofa et al., 2017; Barkat et al., 2018;
Alobaedi et al., 2017; Rifaioglu et al., 2013; Inci et al., 2013; Dehghani
et al., 2015). As previously described, oxidative stress, neuroin-
flammation, mitochondrial dysfunction, and misfolded protein stress
are thought to play a critical role to PD development. Since TQ pos-
sesses anti-inflammatory and antioxidative properties, in the current
study, we tested the neuroprotective efficacy of TQ on an MPTP animal
model of PD. MPTP is a lipophilic compound that can cross the blood
brain barrier and accumulate in DA neurons in the SNc through a DA
transporter after being converted to MPP + by glial cells. MPP + can
displace DA from the synaptic vesicles, as well as block Complex I of the
mitochondrial electron transport system. As a result, it generates re-
active oxygen species (ROS) and depletes ATP, which ultimately leads
to DA neuron loss in the SNc of the brain. Due to the selective damage
caused by MPTP in SNc neurons, it has been used to generate a pre-
clinical model of PD, which can also summarize the clinical features of
PD in primate and rodent models. Thus, in the current study, we se-
lected an MPTP model of PD to test the efficacy of TQ. Previously it has
been demonstrated that TQ can prevent dopaminergic neurodegenera-
tion in 6-OHDA (Sedaghat et al., 2014) and rotenone models of PD
(Radad et al., 2009; Ebrahimi et al., 2017); however, such models have
limitations. Moreover, TQ studies using 6-OHDA or rotenone models
were not comprehensive (Sedaghat et al., 2014; Radad et al., 2009;
Ebrahimi et al., 2017). It has been demonstrated that TQ can prevent
behavioral defects that occur in the presence of rotenone (Ebrahimi
et al., 2017). Furthermore, TQ can alter mitochondrial sensor proteins
such as parkin and dynamin related protein 1, which are induced by
rotenone. However, although rotenone can be used to induce models of
PD, there are notable limitations, as it can target any neuron, including
DA neurons, and cause mitochondrial dysfunction.

MPTP has been shown to lead to selective dopaminergic lesions in
the SNc by increasing oxidative stress and altering the antioxidant ca-
pacities of SOD, catalase, and GSH. Similar to earlier reports, we also
observed that MPTP at 25mg/kg b. wt. can significantly reduce SOD,

Fig. 4. Western blot analysis to examine
the expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2
(COX-2) in the striatal tissue. A significant
increase in iNOS was observed in the MPTP
group relative to the control (V + Sal)
group. Thymoquinone (TQ) treatment fol-
lowed by MPTP injection significantly de-
creased the expression of iNOS relative to
the MPTP group (A/B). Similarly, COX2
expression was increased significantly in
MPTP group relative to the control
(V + Sal) group. TQ treatment notably de-
creased the COX2 expression relative to the
MPTP group (C/D). Values are expressed as
percentage of means ± SEM relative to
CONT group. ***, p < 0.001; **,
p < 0.01; *, p < 0.05.
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catalase, and GSH levels, while also increasing the lipid peroxidation
product MDA. We found that pretreatment with TQ significantly nor-
malized the enzyme activities of SOD and catalase, two important en-
dogenous antioxidant enzymes. TQ also modulated GSH levels, sug-
gesting its antioxidant properties. The downstream consequence of ROS
generation is the further generation of lipid peroxidation product
(MDA) due to the oxidation of lipids, which results from MPTP in-
toxication. We also observed an increased level of MDA in the striatum
of MPTP injected animals, whereas TQ administration prior to MPTP
prevented MDA generation; this is consistent with previous results
citing the antioxidant properties of TQ.

Neuroinflammation is critical in neurodegenerative disorders, in-
cluding PD (Hassanzadeh and Rahimmi, 2018; Gelders et al., 2018;
Skaper et al., 2018). We observed that MPTP exposure leads to a sig-
nificant increase in inflammatory markers such as IL-1, IL-6, and TNF-α.
It has been previously determined that MPTP causes neuroinflamma-
tion (Lofrumento et al., 2011; Vroon et al., 2007); therefore, we have
sought to examine whether TQ has any role in preventing such effect.
We found that TQ inhibited the increase of neuroinflammatory cyto-
kines that are observed in MPTP intoxication. We also measured med-
iators of inflammation, COX-2 and iNOS, by performing Western blot-
ting. We observed that TQ administration caused a significant
attenuation of COX-2 and iNOS activation. It is noteworthy that iNOS
knockout mice are resistant to MPTP, suggesting that activation of iNOS
is important in this model (Liberatore et al., 1999). The presence of

reactive microglia in the SNc of primates years after MPTP adminis-
tration has also been observed (McGeer et al., 2003).

One of the key pathological features of PD is the degeneration of
dopaminergic neurons in the SNc. MPTP is a neurotoxic compound that
has been shown to cause DA neuron loss in multiple organisms such as
humans, mice, and monkeys (Langston et al., 1984; Lofrumento et al.,
2011; Vroon et al., 2007; Liberatore et al., 1999; McGeer et al., 2003).
Thus, it has been considered a clinically relevant model for testing
potential drugs. MPTP exposure in mice causes significant degeneration
of DA neurons in the SNc, as counted by unbiased stereology using the
StereoInvestigator system. SNc neurons project their nerve terminals to
the striatum and any degeneration in the SNc will cause DAT retraction.
In the present study, MPTP-treated animals clearly showed a decrease
in DAT, suggesting the loss of DA neurons in the SNc. TQ treatment
before MPTP intoxication rescued DA neurons in the SNc, as well as a
DAT loss in the striatum.

One of the key pathological hallmarks of PD is the abnormal de-
position of intracellular protein aggregates to the surviving neurons,
known as Lewy bodies. A major component of Lewy bodies is α-syn, a
140-amino acid protein whose function is currently unknown. The
formation of fibrillar protein aggregates, often called amyloid fibrils, is
a central feature of many diseases (Eisenberg and Jucker, 2012), in-
cluding systemic amyloidosis (Wechalekar et al., 2016), Alzheimer's
disease (Ow and Dunstan, 2014), and PD (Goedert et al., 2015). The
mechanism of protein fibril formation dictates the rate of protein fibril

Fig. 5. TQ inhibits α-syn fibrillation in a dose-dependent manner. Samples of α-syn (25 μM) were incubated alone or in the presence of TQ (molar ration of TQ:
α-syn 4:1, 2:1, 1:1) for 9 days with continuous shaking at 37 °C. Fibril formation was estimated by Th-S fluorescence assay. The assay was performed in triplicate
average of triplicate measurement ± standard deviation (A). Fibril formation was estimated by Th-S fluorescence at day 9 and presented (B). Immunoblot analysis of
the effect of TQ on α-syn oligomerization. Fresh α-syn alone or in the presence of TQ at molar ratios of α-syn: TQ 1:1, 1:21 and 1:4 incubated for 9 days with
continuous shaking at 37 °C were separated by electrophoresis in a15% SDS-PAGE gel. Lane 1: α-syn only; lane 2: α-syn: TQ 1:1; lane3: α-syn: TQ 1:2; lane 4 α-syn:
TQ 1:4M ratios of α-syn and TQ (C). Electron microscopy images of negatively stained samples of α-syn (25 μM) incubated for 9 days alone or in the presence of TQ
(molar ratio of α-syn: TQ: 1:1, 1:2:1, 1:4, (D). Scale bar 500 nm.
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formation, the type of intermediates that exist during this process
(which may be more toxic than the final products), and how long these
intermediates exist in the cells. These factors are crucial as they are
likely to dictate disease onset, progression, and toxicity. In vitro studies
of protein fibrillation mechanisms are therefore important for under-
standing diseases associated with protein fibril formation (Chiti and
Dobson et al., 2017). Unfortunately, protein fibril formation mechan-
isms can be complicated, making it difficult to correlate experimental
observations with specific mechanisms. α-syn is naturally present in its
unfolded form; it can form an alpha helix structure once it binds to the
membrane through a complex transition from a monomer to an oli-
gomer and finally to fibril formation. It has been demonstrated that the
oligomeric species of this protein can be toxic. Previously, it has been
shown that TQ attenuates the toxic effect of glutamate through in-
hibiting amyloidogenic and apoptotic pathways, as well as that na-
noemulsion fractions containing TQ decrease Aβ40 and Aβ42 levels by
modulating amyloid precursor protein and inhibiting beta-secretase 1
(Ismail et al., 2017). TQ also prevents cultured cerebellar granule
neurons from Aβ neurotoxicity (Ismail et al., 2013) and can prevent Aβ
mitochondrial dysfunction and oxidative stress (Khan et al., 2012).
Moreover, previous reports have found that TQ protects the cultured
hippocampal and human-induced pluripotent stem cell-derived neurons
against α-syn-induced synaptic damage (Alhebshi et al., 2014). These
studies suggest that TQ also inhibits synuclein-mediated toxicity.

In the current study, we further explored whether TQ had a role in
preventing α-syn fibril formation. Interestingly, we found that TQ sig-
nificantly prevented the generation of preformed fibrils from

monomeric α-syn when incubated together. TQ inhibited fibril forma-
tion in a dose-dependent fashion, as shown in Fig. 5 A-D. TQ also in-
terfered with the seeding of monomeric synuclein accelerated by the
addition of α-syn preformed fibril. Moreover, TQ were able to disin-
tegrate preformed fibrils into monomeric α-syn; however, this me-
chanism is unclear. To determine the role of TQ in preventing pre-
formed fibril-induced toxicity, we used a cell line that had been
previously used (Paleologou et al., 2008; Ardah et al., 2014a). We
found that TQ prevented SH-SY5Y cell lines from preformed fibril-in-
duced toxicity in a dose dependent manner. Thus, based on our find-
ings, we speculate that the neuroprotective effects of TQ are mediated
by its antioxidant and anti-inflammatory actions and partly by its
ability to inhibit the aggregation of α-syn. However, it is noteworthy
that DA neurons of α-syn knockout mice are resistant to MPTP. Ad-
ditionally, we found that silencing synuclein in the mouse brain pro-
vides neuroprotection against MPTP. Our results indirectly suggest that
TQ-mediated neuroprotection against MPTP may serve as an aid against
α-syn aggregation. Future studies will be required to extend the present
study and examine the in vivo model system.

5. Concluding remarks

PD is the most common movement disorder mostly affecting the
population aged 60 years or older. Currently, there are no preventive
drugs available that can halt the degeneration of the subset of neurons
that produce DA. The only treatment available is DA replacement
therapy, which can only alleviate the clinical symptoms. In the present

Fig. 6. TQ disaggregates preformed α-syn fibrils in a dose-dependent manner and prevents cell death. Samples of aggregated α-syn were incubated for 48 h at
37 °C in the absence or presence of various concentrations of TQ (aged α-syn: TQ: 1:6, 1:4, 1:1). The fibril content was then measured by the Th-S binding assay (A).
The assays were performed in triplicate (average of triplicate measurements ± standard deviations). Monomeric α-syn (100 μM) containing α-syn seeds (2 μM)
incubated alone or in the presence of 10 or 50 μM TQ for 5 h with continuous shaking at 37 °C. The extent of fibrillation was estimated by Th-S binding assay. The
assays were performed in triplicate (average of triplicate measurements ± standard deviations) (B). Silver staining for 15% SDS gel of α-syn monomers, α-syn aged
alone or in the presence of TQ at molar ratio 1:4 (α-syn: TQ: 1:4) for 9 days and then digested with PK (C). The disaggregation of preformed α-syn fibrils by TQ
generated species that were less toxic to the cells. The viability of SH-SY5Y human neuroblastoma cells was assessed by the MTT assay. The results are expressed as
percentages of the control average (i.e. untreated cells). The α-syn species generated by 72 h incubation of preformed α-syn fibrils in the presence or absence of TQ
were added to the cells 48 h prior to MTT addition (average of 3 wells ± SD (D). Statistical analysis was performed using two tailed unpaired t-test, ∗∗, p < 0.01; ∗,
p < 0.05).
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study, we tested the beneficial effect of TQ, a compound that is abun-
dant in black seed. We observed that TQ pretreatment, prior to MPTP
insult, can induce a neuroprotective effect by enhancing antioxidant
capacity and inhibiting neuroinflammation. We also found that TQ
delayed α-syn aggregation and seeding, thereby preventing cellular
toxicity in an in vitro cellular model. Thus, further studies are needed to
examine its in vivo role in α-syn-induced toxicity and α-syn propaga-
tion.
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