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Abstract: Alzheimer’s disease (AD) is one of the most common forms of dementia. Cognitive dysfunction and memory loss are

the two main clinical symptoms of AD. Drosophila melanogaster models of AD, which are based on overexpression of human

amyloid β (Aβ) or human tau (hTau) protein, have been used to study the mechanism underlying AD and to screen potential

therapeutic compounds. Drugs that are currently available for AD provide only symptomatic relief. Huge unmet medical needs

exists to slow, stop, or reverse the progression of AD. Thymoquinone (TQ) is an active ingredient isolated from Nigella sativa

(NS) and possesses various pharmacological activities, and it is also a potential neuropharmacological agent. The current study

was performed to investigate the effect of dietary administration of TQ at concentrations of 12.5 μM and 25 μM for 15 and 30

days on biochemical and behavioral parameters, gene, and protein expression of hTau, using Drosophila models of AD.

Transgenic Drosophila models exhibiting pan-neuronal and eye-specific expression of hTau were generated using the

GAL4/UAS system. Treatment with TQ at both concentrations resulted in a significant increase in behavioral activity, a

significant reduction in the amount of reactive oxygen species (ROS), and restoration of depleted superoxide dismutase

(SOD) and acetylcholine esterase (AChE) activities. A significant decrease in gene and protein expression of hTau was also

observed at the molecular level for both concentrations of TQ. Therefore, TQ has the potential to be investigated as a

potential therapeutic phytochemical for the treatment of AD in future studies.

Graphical Abstract Abbreviations

AChE: Acetyl choline esterase
AChI: Acetylthiocholine iodide
AD: Alzheimer’s disease
APP: Amyloid precursor protein
Aβ: Amyloid beta
BACE: β-Secretase
DCHF-DA: 2’, 7’-dichlorofluorescein diacetate
DTNB: 5,5’-dithiobis-2-nitrobenzoic acid
elav: Embryonic lethal abnormal vision
FDA: Food and Drug Administration
GMR: Glass multiple reporter
MAPT: Microtubule-associated Tau
NADH: Nicotinamide adenine dinucleotide
NBT: Nitroblue tetrazolium
NFT: Neurofibrillary tangles
NS: Nigella sativa
OPS: Orthophosphoric acid
PD: Parkinson’s disease
PMS: Phenazonium methosulphate
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PUFA: Polyunsaturated fatty acids
ROS: Reactive oxygen species
TQ: Thymoquinone
UAS: Upstream activating sequence
α-syn: α synuclein

Introduction

Alzheimer’s disease (AD) is a chronic-non curative
irreversible neurodegenerative disease caused due to damage
to neurons and synapses in the cerebral cortex and brain
stem. It is one of the fatal disease forms related to dementia
associated with aging and cannot be cured or prevented
using existing therapies. The five drugs that have been
approved by the Food and Drug Administration (FDA) to
date only help to improve cognitive functions and provide
temporary symptomatic relief (Kumar et al., 2015). Over the
past decade, the number of deaths from AD has increased
to 146.2%, and it is estimated that by 2050, the total
prevalence of the disease will surpass 13.8 million
(Alzheimer’s Association, 2020). Neurodegenerative diseases
consist of several pathological processes that lead to
progressive neuronal cell death in specific regions of the
brain (Fu et al., 2018). The major causative factors for
neuronal death are the aggregation of proteins such as
microtubule-associated tau (MAPT) and β-amyloid (Aβ)
[Alzheimer’s disease], Lewy bodies [Dementia], α-synuclein
(α-syn) [Parkinson’s disease (PD)], Huntingtin
[Huntington’s disease], and TDP-43 [frontotemporal lobar
degeneration and amyotrophic lateral sclerosis] (Fu et al.,
2018; Dugger and Dickson, 2017). AD and PD are
considered the most widespread neurodegenerative diseases
(Erkkinen et al., 2018; Mayeux and Stern, 2012). In the Aβ
pathology of AD, there is an abnormal production of
Aβ protein, which results in the excessive accumulation of
Aβ plaques extracellularly. On the other hand, tau pathology
is characterized mainly by the hyperphosphorylation of tau
protein and the subsequent destabilization of microtubules
leading to abnormal tau aggregation and formation of intra-
neuronal tangles. Currently, therapeutic hypotheses mainly
focus on these two proteins, neurotransmitters and
neuroinflammatory molecules (Sanabria-Castro et al., 2017;
Buée et al., 2000).

The hypothesis of the amyloid cascade has been
extensively researched and has led to the production of
newer drugs that target neuronal plaques. However, the
failure of these drugs to elicit any significant beneficial
effects has opened research prospects to explore non-
amyloid targeting strategies (Iqbal et al., 2010). The intense
exploration of non-amyloid targets revealed numerous
research openings based on the hypothesis regarding
aggregation of hyperphosphorylated tau proteins in the
brain. However, Aβ proteins are involved in various
pathways and have many physiological functions, and it is
likely that targeting Aβ protein therapeutically may also
cause detrimental effects. It is also evident from various
in-vitro experiments and neuronal cell line assays that
abnormality and alterations in Aβ protein directly induce
tau pathologies (Wang et al., 2003; Zheng et al., 2002;

Götz et al., 2001). The Aβ oligomers, especially Aβ-42,
induce hyperphosphorylation of tau protein, leading to the
formation of neurofibrillary tangles (NFTs), and this
concludes the major event in the onset of molecular AD
pathology. Existing therapeutic options mainly provide
symptomatic relief by targeting the neurotransmitters that
are secondary to the pathology of AD. As AD involves
complex pathology, it is essential to consider several
molecular divergent factors apart from the events that result
in the production of toxic plaques and NFTs (Hanger et al.,
2009). Therefore, drugs and therapeutic agents that can
target the secondary factors involved in the pathogenesis of
AD and inhibit the hyperphosphorylation of tau are being
considered as promising candidates for the treatment of AD
(Kawamata et al., 2008).

Tau is a phosphorylated, soluble microtubule-associated
protein encoded by 17q21 of the human chromosome
having a native unfolded structure. It contains potential
phosphorylation sites for binding serine (S), threonine (T),
and tyrosine (Y) residues. Most of the phosphorylated
residues on tau are seen in the proline-rich domain, adjoining
the microtubule-binding domain. Hyperphosphorylation of
the tau protein or a mutation caused by the dysregulation of
the gene encoding for the tau protein leads to a disruption in
axonal transport, destabilization of the neuronal structure,
and impairments in neurite outgrowth, resulting in a
pathological condition known as Tauopathy. Recent evidence
suggests that targeting tau phosphorylation via inhibition of
the protein kinases could represent a valid therapeutic
approach to reduce tau aggregation and the associated
neuronal death (Churcher, 2006).

Apart from problems such as lethality and toxicity,
several factors such as high costs and prolonged time
consumption in the phase of drug development delay the
discovery of synthetic therapeutics for the treatment of
neurological disorders. Hence, the numerous potential
benefits and safety of phytochemicals and herbal medicines
enable their investigation as an alternative drug treatment
for disorders of the nervous system. The trend seen in the
last five years indicates the increased focus of researchers to
investigate the ameliorating effects of various natural
compounds and phytoconstituents for the treatment of AD.
These traditional medicinal herbs and their constituents
are immensely proven to possess antioxidant, anti-
inflammatory, and neuroprotective properties (Duraiswamy
et al., 2019). The use of natural compounds also has other
advantages, such as the reduction in side effects and the
ability to target multiple pathological factors, which is
particularly useful for the treatment or prevention of
neurodegenerative diseases (Pohl and Kong Thoo Lin, 2018;
Bagli et al., 2016). Since polyphenolic compounds such as
curcumin, resveratrol, epigallocatechin gallate, and capsaicin
possess antioxidant properties, they are currently being
investigated for their neuroprotective effects (Habtemariam,
2019; Zhang et al., 2017).

Drosophila melanogaster is a powerful model organism in
the field of developmental biology and genetics. The insect is
approximately 3 mm in length and weighs 0.5 mg. Drosophila
is commonly used as an in-vivo model organism to study
neurodegenerative diseases due to the feasibility to perform
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many types of genetic manipulations. The genes of Drosophila
are approximately 60% homologous when compared with
human genes, and they have been widely studied to gain a
better understanding of the disease processes in human
beings. The flies can be grown and maintained with
minimal resources such as a cornmeal agar and occupy very
little space. Compared to other in vivo models, drug
screening and different assays can be performed at a faster
rate in Drosophila, since its reproductive cycle is 12–14 days
at 25°C (Wangler et al., 2015). Transgenic flies have been
used in several studies to express the human amyloid
β-precursor protein (APP) and β-secretase (BACE) to
investigate the pathways involved in Aβ-induced
neurodegeneration. Overexpression of BACE and APP
caused the neuronal loss (Muhammad et al., 2008). Age-
dependent neurodegeneration in neurons caused by the
overexpression of wild-type or mutant hTau is characterized
by vacuole formation and nuclear fragmentation. Currently
used fly models of human tauopathy include those that
overexpress tau mutants (R406W & V337M) or the wild-
type hTau (Nishimura et al., 2004; Wittmann et al., 2001;
Jackson et al., 2002). The expression of tau protein in the
eyes induces retinal degradation, which is characterized by
the reduction in retinal thickness and degradation of
neuropils in the medulla (Jackson et al., 2002; Nishimura
et al., 2004). Transgenic flies expressing tau have a reduced
lifespan, and the pathological phenotypes are severe than
the wild type due to the expression of mutant tau
(Wittmann et al., 2001). Moreover, expression of hTau in
the mushroom body neurons can result in impaired
memory and olfactory learning prior to the onset of
neurodegeneration (Mershin et al., 2004). The GAL4/UAS
system is used in Drosophila to drive the expression of a
gene of interest. Thus, over-expression or misexpression of
various genes at different sites in the body can be studied
using tissue-specific promoters. The fly is an apt model to
investigate the tau-associated AD pathology due to
similarities with humans in tau homology and signaling
pathways involved in neurotoxicity (Heidary and Fortini,
2001). It also exhibits the tau-induced alterations in both
behavioral and cognitive abilities, thus making it a powerful
tool in tau pathology. Drosophila is a perfect, proven tool
for therapeutic screening, drug testing, and deciphering the
biological mechanisms of AD. Drosophila can also be used
as an ideal model organism to test natural products for the
treatment of AD (Chen et al., 2007; Prüßing et al., 2013).
Nigella sativa (NS) (black cumin) is the seed of a flowering
plant, belonging to the Ranunculaceae family, commonly
seen in the Middle East, Southwest Asia, and Africa. NS and
its derivatives are commonly used as spices and
preservatives in the food industry. It is one of the most
valued nutrient-rich medicinal plants possessing enormous
therapeutic properties such as anti-inflammatory, anti-
diabetic, anti-hypertensive, and anti-tumor activity
(Ramadan, 2007). Thymoquinone (TQ) is one of the major
bioactive constituents present in the seeds of NS and
possesses inherent antioxidant and other curative properties,
particularly related to cell damage. NS oil (NSO) contains
high amounts of fatty acids such as polyunsaturated fatty
acids (PUFA), phytosterol, TQ (30% in volatile NSO),

carvacrol, terpinol, and t-anethole. It has also been reported
to possess the ability to reduce the levels of intracellular
reactive oxygen species (ROS) in neuronal cells (Akram
Khan and Afzal, 2016).

The neuroprotective effect of TQ is mediated via
mechanisms such as ROS scavenging, inhibition of lipid
peroxidation, downregulation of proinflammatory cytokines,
and inhibition of apoptosis (Isaev et al., 2020). It has been
reported that when cultured rat primary neuronal cells were
subjected to Aβ1–42-induced neurotoxicity and subsequently
treated with TQ, it elicited protective effects, reduced Aβ-
induced toxicity, and inhibited synaptic vesicle recycling
(Alhibshi et al., 2019). TQ has been reported to exhibit the
ability to restore the learning function in a rat model of AD.
While Aβ proteins elicited neurotoxic effects, treatment with
TQ decreased the formation of plaques in the hippocampus,
increased neuronal survivability, and protected the
pyramidal cells (Poorgholam et al., 2018). The ameliorative
and inhibitory effects of TQ on Parkinson’s disease have
also been recently proven, thus paving the way for a wider
scope of research into the neuroprotective role of
nutraceuticals (Samarghndian and Farkhondeh, 2018).
Various in-vitro studies using cell lines and in-vivo studies
on rats have been reported for the pathological
improvements in AD following treatment with TQ. TQ
elicited beneficial effects via mechanisms such as ROS
scavenging, decreasing the levels of Aβ, inhibition of
acetylcholine esterase (AChE) activity, prevention of
neurotoxicity memory enhancement, preventing the
depletion of hippocampal neuronal cells, and behavioral
changes, respectively (Cascella et al., 2018). Even though TQ
has been recently reported to possess neuroprotective and
curative effects, the influence and therapeutic potential of
this phytochemical have so far not been investigated in a tau
model of AD. Therefore, the current study was performed
to investigate the efficacy of TQ in reducing the levels of
aggregated tau protein using behavioral and biochemical
assays, gene, and protein expression studies in hTau-
induced Drosophila models of AD.

Materials and Methods

Materials and reagents
Sodium phosphate monobasic, sodium phosphate dibasic,
ethanol, and agar-agar type I were obtained from HiMedia,
Mumbai. D-glucose, 5,5’-dithiobis-2-nitrobenzoic acid
(DTNB), copper sulfate, sodium carbonate, sodium
potassium tartrate, potassium chloride, sodium hydroxide,
acetylthiocholine iodide, potassium chloride, methanol, yeast
extract powder, chloroform, nicotinamide adenine
dinucleotide (NADH), nitro blue tetrazolium (NBT),
phenazonium methosulphate (PMS), glacial acetic acid, and
bovine serum albumin were purchased from SRL Chemicals,
Mumbai. Propionic acid was procured from Merck Life
Sciences, Mumbai, while methyl para-hydroxy benzoate was
obtained from Rankem, New Delhi. 2’,7’-Dichlorofluorescein
diacetate (DCHF-DA) and thymoquinone were obtained
from Sigma Aldrich, China. Orthophosphoric acid was
purchased from Thermo Fischer Scientific, Mumbai.
Acetylthiocholine iodide (AChI) and antibodies for hTau
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and β-actin were obtained from DSHB. All the chemicals and
reagents utilized were of standard analytical grade.

Fly strains
Transgenic strains used in this study, such as elav-GAL4, UAS
R406W, and GMR-GAL4, were procured from Bloomington
(IU, Indiana). The flies were reared in a 12-hour dark-light
cycle at 25°C and 60% humidity on a standard cornmeal agar
diet (consisting of corn flour, sugar, agar-agar, D-glucose, and
yeast). Anti-fungal chemicals such as TEGO (methyl para-
hydroxy benzoate dissolved in ethanol), propionic acid, and
orthophosphoric acid (OPS) were added to the food medium
after it was autoclaved at 121°C for 15 min.

Experimental group
The experimental group consisted of control, 12.5 μM, and 25
μM of TQ/mL of food. A stock concentration of TQ (25 mM)
was prepared in 0.1% DMSO and diluted accordingly to
obtain the working concentrations. 0.1% DMSO was used as
the control vehicle for elav-GAL4 and untreated AD flies.
After 24 h, 10 male flies and 20 female flies were transferred
to the vials. After 48 h, the flies were discarded, and the F1
males were used for performing different experiments.

Behavioral studies

Crawling assay
The larvae obtained by the mating of elav-GAL4 virgin
females and UAS R406W males in control and TQ-
containing food at concentrations of 12.5 μM and 25 μM
were allowed to grow till the third instar stage, following
which they were used for performing the crawling assay
based on a previously described method. Briefly, nine third
instar larvae from control and treatment groups were
collected, washed with 1X PBS to remove any food traces,
and transferred onto a glass Petri plate coated with 2%
agarose. The larvae were allowed to crawl thrice on the agar
surface placed over a graph sheet for one minute, and a
video was recorded. The number of grid lines crossed in one
minute was counted, and the distance covered in 1 min per
treatment group was obtained by calculating the mean of
the distance covered by 9 larvae (Sundararajan et al., 2019;
Nichols et al., 2012).

Negative geotaxis assay
elav- GAL4 virgin females were crossed with UAS- hTau
R406W male flies in a standard cornmeal agar medium with
TQ, and the agar medium devoid of TQ served as the
control group. Twenty F1 male flies (3 replicates per group)
having a pan-neuronal expression of hTau were collected
and maintained in TQ containing food for 15 days and 30
days, respectively, for performing the climbing assay. The
flies were transferred into 10-cm-long vials that contained a
mark at 3 cm from the bottom, and the other end of the
vial was sealed using cotton. The vials were tapped three
times, and flies were allowed to climb for 10 s. The number
of flies that climbed beyond the 3 cm mark within 10 s was
noted. Triplicates were done for each group. The mean
number of flies that climbed beyond the marked distance
was used to express the result in the form of percentage.

Phototaxis assay
The experimental and control groups consisted of GMR-
GAL4 flies crossed with UAS hTau R406W flies in standard
cornmeal agar medium, with and without TQ, respectively.
The F1 flies (GMR; hTau R406W) were assessed for their
phototaxis activity. The F1 flies were exposed to TQ-
containing food for 15 days, following which they were
transferred into a 30-cm-long vial. The vials were tapped
three times, and a light source was placed at the opposite
end of the 30-cm-vial to attract the flies (Vang et al., 2012).
The percentage of flies that moved toward the light was
calculated in triplicates per treatment group. The attraction
of flies toward three different colors, namely blue, green,
and red, was analyzed, and the mean value was used to
express the result in the form of percentage.

Biochemical assays

Quantification of ROS generation
The amount of ROS produced in the flies was estimated using
DCHF-DA. Twenty fly heads were dissected from elav;
R406W flies exposed to TQ-containing-food for 15 days and
30 days, respectively, and homogenized separately in 1 mL
of 20 mM Tris buffer (pH 7). This was followed by
centrifugation at 5000 rpm for 10 min at 4°C. The
supernatant was incubated with DCHF-DA (10 mM) in the
dark for 1 h at room temperature. A microplate fluorometer
was used to measure the intensity of the product formed as
a result of the reaction (488 nm excitation, 525 nm emission).

Quantification of acetylcholine esterase (AChE) activity
AChE activity in male fly heads (3 replicates and 20 flies per
treatment group) after exposure to TQ-containing-food for
15 days and 30 days, respectively, was estimated using
Ellman’s method. The fly heads were homogenized in
0.5 mL of 0.1 M sodium phosphate buffer containing 150
mM KCl (pH 7.4) and centrifuged at 5000 rpm for 10 min
at 4°C. From the supernatant, 0.2 mL was aspirated and
added to a mixture containing 0.65 mL of 100 mM sodium
phosphate buffer (7.4 pH). This was followed by the
addition of 0.2 mL of 10 mM DTNB and 0.02 mL of
75 mM acetylthiocholine iodide (AChI). The change in
absorbance per minute for 10 min was read at 412 nm, and
the enzyme activity was expressed per mg of protein.

Quantification of SOD activity
SOD activity was estimated by the homogenization of 20 fly
heads (500 µL of 100 mM PB buffer in 150 mM KCl (pH
7.5) followed by centrifugation at 5000 rpm for 10 min at
4°C. The reaction was performed at room temperature by
adding 200 μL of 780 μM NADH to the reaction mixture
(1000 μL of 0.052 M sodium pyrophosphate buffer (pH 8),
100 μL of 186 μM PMS, 300 μL of NBT, 200 μL of water,
and 200 μL of the supernatant from the fly head
homogenate). The reaction was stopped after 1 min at room
temperature by adding 1 mL of acetic acid. The intensity of
the product formed was then measured at 560 nm. One unit
of enzyme activity is denoted as the activity of the enzyme
required to inhibit chromogen formation by 50 percentage.
The final result was expressed as Units/mg of protein.
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Quantitative Real Time PCR (qRT-PCR) studies for gene
expression analysis
Twenty transgenic fly heads (3 replicates per treatment group)
dissected from different treatment groups were homogenized
in TRIZOL reagent (Invitrogen) to isolate RNA. The isolated
RNA was quantified and checked for purity using Nanodrop
lite (Thermo Fisher). By using 500 ng of the isolated RNA,
cDNA was synthesized (iScript cDNA synthesis kit, Bio-
Rad) under the following conditions: 42°C for 1 h and then
85°C for 5 min. The comparative CT (ΔΔCT) method was
used to analyze the relative mRNA expression of hTau and
SOD on a QuantStudio 5 Real-Time PCR system (Applied
Biosystems), and RP49 was used as the internal control. The
reaction mixture included 1 μL of the gene-specific forward
and reverse primers, 2 μL of cDNA, 6 μL of nuclease-free
water, and 10 μL of 2 X SYBR Green master mixes (TB
Green� Premix Ex TaqTM II). Each sample was run in
duplicates. The following reaction conditions were used for
all the genes: 95°C for 5 min, 40 cycles of 95°C for 15 s, and
60°C for 35 s. The melt curve stage consisted of 95°C for
15 s, 60°C for 1 min, and 95°C for 1 s. The primers used in
the study are mentioned in Tab. 1.

Western blot analysis
Western blotting was performed to determine the expression
of hTau protein following dietary administration of TQ for
one month. Twenty fly heads from each treatment group
were dissected and homogenized in sample lysis buffer
(containing 10 mM Tris, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, and 1X PIC) to extract the TS soluble fraction
(Sheik Mohideen et al., 2015). The samples were stored in
−20°C in 2X Laemmli buffer (containing 2 M Tris, 10%
SDS, 1% glycerol, and 2-mercaptoethanol). The samples
were run on SDS-PAGE gel at 100 V for 60 min, then
soaked in transfer buffer for 5 min and finally transferred
onto a PVDF membrane. The transfer was carried out at
100 mA for 240 min. The membrane was then blocked with
10% skim milk for 1 h, followed by overnight incubation
with the primary antibody. The membrane was then washed
three times, each for 15 min, followed by incubation with
the secondary antibody for 60 min. The bands were
visualized using ClarityTM Western ECL substrate (BioRad),
and the image was captured using Multi Imaging System
(Cell Biosciences, Santa Clara, CA).

Statistical analysis
The difference in estimated parameters between control and
treatment groups was analyzed using one-way ANOVA
followed by Bonferroni’s post-test, using GraphPad Prism 5

(San Diego, CA). The data were expressed as mean ± SEM,
and all parameters were analyzed at 95% confidence
intervals. P < 0.05 was considered statistically significant.

Results

Behavioral assays

Crawling assay
The crawling activity of 3rd instar larvae is considered one of
the behavioral activities, and the distance covered by larvae is
generally used as a parameter to assess the effect of drug
treatment on the locomotor activity. Fig. 1a shows the
distance covered in one minute by the 3rd instar larvae. It
was observed that pan-neuronal expression of hTau reduced
the locomotor activity when compared with the elav-GAL4
strain. The distance covered by control larvae with hTau
expression in one minute was 31.78 mm, while that of elav-
GAL4 was 46.17 mm. Moreover, TQ treatment at both
concentrations elicited a significant increase (P < 0.001) in
locomotor activity. The distance covered by larvae with
hTau expression, treated with TQ at concentrations of 12.5
and 25 μM, was 54.05 mm and 77.6 mm, respectively.

Phototaxis assay
The ability of flies to move toward a light source can be
affected due to damaged photoreceptors as a result of hTau
expression in the eyes. The percentage of flies that moved
toward various light sources was analyzed, and it was
observed that there was a significant reduction (P < 0.001)
in the ability of flies to move toward the light source. The
percentage of flies that moved towards different light
sources, white, red, blue, and green, after one-month dietary
exposure to TQ, is shown in Fig. 1b. The flies were attracted
more toward the green color and were not attracted toward
the red color. In assays using white, green, and blue colors,
flies treated with TQ at concentrations of 12.5 and 25 µM
exhibited a significant increase (P < 0.001) in their ability to
move toward the light source.

Rapid Iterative Negative Geotaxis (RING) assay
The RING assay is a behavioral assay and is commonly used to
assess the climbing activity of flies. The climbing activity of
control and AD flies with a pan-neuronal expression of
hTau was examined on day 15 and day 30 following dietary
administration of TQ, and the results revealed a significant
increase in climbing activity for both durations of the
treatment. The percentage of flies above the 3 cm mark
decreased from 98.25% to 51.19% (P < 0.001) on day 15 and
94.2% to 31.03% (P < 0.001) on day 30, respectively, for elav

TABLE 1

The list of primers used in the gene expression studies

Genes Forward Primer Reverse Primer

hTau (Ando et al., 2016) CAAGACAGACCACGGGGCGG CTGCTTGGCCAGGGAGGCAG

SOD1 (Sundararajan et al., 2019) GTGACAACACCAATGGCTGC GTTCGATCCGTAACCGATGT

RP49 (Ando et al., 2016) GTGACAACACCAATGGCTGC CTCAATGTTGCCCAGATCGC
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GAL4 and elav; R406W flies. Thus, pan-neuronal expression
of hTau resulted in a significant reduction in the climbing
activity, and TQ treatment at both concentrations helped
in restoring the activity. The percentage of flies that

climbed beyond the 3 cm mark following dietary
administration of TQ at a concentration of 25 µM was
89.39 on day 15 and 59.21 on day 30 (P < 0.001). Figs. 1c
and 1d show the comparison of the percentage of

FIGURE 1. (a) Crawling assay. (b.1–4) Phototaxis assay (15 days). (c) Geotaxis assay (15 days). (d) Geotaxis assay (30 days). Effect of TQ on
various behavioral activities (a) Distance covered by 3rd instar larvae, (b) Percentage of flies attracted towards lights of different colors, i.e.,
white, green, blue and red, respectively, (c) Comparison of percentage of flies above the 3 cm height on 15 days, (d) Comparison of
percentage of flies above the 3 cm height on 30 days (N = 3, 20 flies per group). All comparisons were done for larvae or flies fed on
different treatments, i.e., TQ 12.5 μM and TQ 25μM with respect to elav or GMR GAL4 control and hTau R406W control.
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elav-control, Tau R406W control, and TQ-treated flies that
climbed beyond the 3 cm mark.

Biochemical analysis

Effect of TQ on ROS generation
The amount of ROS was elevated in flies with hTau expression
than elav control flies reared on standard cornmeal food. The
ROS generation was 411.25 and 177.57 relative fluorescence
unit (RFU) on day 15 and day 30 for tauopathy flies, which
was highly significant (P < 0.001) compared to normal flies
that had 48.3 and 198.72 RFU on day 15 and day 30,
respectively. There was a significant reduction (P < 0.01) in
ROS levels in flies that fed on both concentrations of TQ-
containing food when compared with control. Figs. 2a and
2b show the ameliorative effect of TQ on ROS generation in
flies on day 15 and day 30.

Effect of TQ on antioxidant enzyme activity
The activity of the antioxidant enzyme SOD was reduced in
tauopathy flies compared to control flies. The reduction in
the enzyme activity was 32.15% on day 15 and 33.2% on
day 30 (P < 0.01), respectively. Flies that were exposed to

TQ at a concentration of 25 µM exhibited a significant
increase (P < 0.01) in SOD activity compared to tauopathy
flies. A 27.16% increase on day 15 and a 45.05% increase on
day 30 in SOD activity were observed in flies exposed to TQ
at a concentration of 25 µM. The restoration of SOD
activity shows the antioxidant effect of TQ in a tauopathy
model. Figs. 2c and 2d show the SOD activity in flies
exposed to TQ. SOD activity was analyzed based on the
inhibition of reduction in NBT by superoxide anions. 1
SOD unit is equivalent to 50% inhibition of NBT reduction
per min. Therefore, TQ treatment for two weeks and one
month helped in elevating the level of SOD similar to
control values.

AChE activity estimation
AChE activity was estimated to gain more insight into the
neuroprotective effect of TQ. There was a significant
reduction in and 59.38% in AChE activity in tauopathy flies
on day 15 (53.39% decrease, P < 0.05) and day 30 (59.38%
decrease, P < 0.01), when compared with control flies. The
neuroprotective effect of 25 µM TQ was significantly evident
in AChE activity since the enzyme activity was restored to

FIGURE 2. (a) ROS assay (15 days). (b) ROS assay (30 days). (c) SOD assay (15 days). (d) SOD assay (30 days). (e) ACHE assay (15 days). (f) ACHE
assay (30 days). Biochemical assays for the evaluation of TQ activity, (a), (b), (c), (d), (e), (f) shows the estimation of ROS, SOD level, and AChE
activity on 15th and 30th day respectively in control, tauopathy flies and flies fed on TQ supplemented food. Mean ± SEM values are depicted (N = 3,
20 fly head per group). Statistical significance was compared by ANOVA, followed by Bonferroni’s test, P < 0.05 was set as significant.
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75.38% on day 15 and 92.23% on day 30 (P < 0.01). Figs. 2e
and 2f show the activity of AChE in response to dietary
administration of TQ for a period of two weeks and one
month. The TQ- treated flies exhibited an increase in AChE
activity compared to the elav; hTau control.

Gene expression studies
The mRNA expression of hTau and SOD1 genes was studied
using qRT-PCR. The gene expression of hTau showed a
significant decrease and following treatment with TQ at
concentrations of 12.5 μM (68% decrease, P < 0.01) and 25
μM (77.12% decrease, P < 0.001) concentrations, with
respect to tauopathy flies (Fig. 3a). Dietary administration of
TQ at a concentration of 25µM helped in significantly
elevating (P < 0.01) the SOD gene expression, which was
decreased in GMR; hTau flies. The SOD1 gene expression in
the heads of tauopathy flies was reduced by 27% compared
to GMR control, and treatment with TQ at a concentration
of 25 µM significantly increased the expression of SOD1 (P
< 0.01) compared to tauopathy flies (Fig. 3).

Western blot analysis
Western blotting was performed using β actin (42 kDa) as the
housekeeping protein and Tau5 (55 kDa) as the target protein.
There was a concentration-dependent decrease in hTau
protein expression compared to the GMR; hTau control
flies. GMR-GAL4 flies were used as a negative control.
Thus, dietary administration of TQ for one month helped in
reducing the amount of soluble hTau protein in GMR;
R406W hTau fly heads (Fig. 4).

Discussion

Drosophila melanogaster is commonly used as an in vivo
model to study neurodegenerative diseases such as AD and
is considered a powerful model to study disorders that occur
due to aging. This is mainly due to the short life span and
ease of handling Drosophila (Caesar et al., 2012; Iijima et al.,
2010). Over the last decade, the primary focus of research
has been to investigate the therapeutic effect of drugs that
can target important pathological markers of tau protein-
induced degenerative changes in AD (Panza et al., 2016).
Using Drosophila models of tauopathy, various

phytochemicals and plant extract-based studies are currently
being performed (Anupama et al., 2017; Zhang et al., 2016),
and TQ has been reported to exert neuroprotective effects
against Aβ-induced toxicity in Aβ models of AD (Elibol
et al., 2019; Alhibshi et al., 2019). To the best of the authors’
knowledge, this is the first study to investigate the protective
effects of TQ on hTau models of AD. Previous studies using
N. sativa had reported that the main constituents present in
it were amino acids, proteins, fatty acids, volatile oils,
vitamins, carbohydrates, crude fiber, alkaloids, saponins, and
minerals. The TQ content in volatile NS oil is approximately
25%, and NS oil also contains phytosterol, polyunsaturated
fatty acids (PUFA), terpinol, t-anethole, and sesquiterpene
longifolene (Liu et al., 2011; Akram Khan and Afzal, 2016).
TQ also possesses antioxidant and anti-inflammatory
properties (Ragheb et al., 2009), free radical scavenging
activity (Badary et al., 2003), anticancer activity (Kundu et al.,
2014), and hepatoprotective activity (Yildiz et al., 2008).

To achieve overexpression of hTau in D. melanogaster
models, the UAS-GAL4 system was used in the current
study. Crossbreeding of UAS R406W with GMR GAL4
driver and elav GAL4 driver line results in the expression of
the UAS target sequence in a spatiotemporal manner. While
GMR-GAL4 drives the expression of the protein of interest
in the eyes, elav-GAL4 drives the pan-neuronal expression
of the protein of interest. The binding of the GAL4 protein
to the UAS enhancer sequence results in the expression of
UAS target sequences (Duffy, 2002), as shown in Fig. 5.

Neurodegenerative disorders and diseases often affect
locomotor activity. Progressive deterioration in learning,
memory, and motor disorders are the clinical manifestations
of AD (Kurlan et al., 2000). In this study, behavioral studies
were performed to understand the effect of TQ on
locomotor activities such as movement, climbing activity,
and attraction toward light. The locomotor activity of
Drosophila larvae can be assessed by calculating the distance
covered by larvae in a specific period of time. Therefore, the
ability to cover more distance can be used as a preliminary
assessment of the effect of tau expression in the specific
enhancer region (Mudher et al., 2004). The 3rd instar larvae
that were reared on TQ-supplemented food exhibited a
significant increase in the crawling activity compared to
larvae from normal food. The pan-neuronal expression of

FIGURE 3. (a) Relative mRNA
expression-hTau. (b) Relative mRNA
expression-SOD1. The relative
mRNA expression of (a) hTau and
(b) SOD1 gene in the heads of male
GMR; hTau R406W flies newly born
in and exposed to dietary TQ for
one month. The gene expressions
were normalized using RP49 and
presented compared to control
values (N = 5, 20 fly heads per
group). Statistical significance was
compared by ANOVA, followed by
Bonferroni’s test, P < 0.05 was set as
significant.
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hTau elicited a significant decrease in the climbing activity of
flies. The loss of photoreceptors in the eyes results in a decline
in the ability of flies to get attracted toward a light source. The
phototaxis activity of flies can be considered as a behavioral
activity, which can decline in AD (Kain et al., 2012; Luo
et al., 1992). The phototaxis activity of flies can be easily
assessed in order to determine the variation in activity
between treatment groups (Vang et al., 2012). The results of
the current study indicated that the ability of flies to move
toward the light source increased with TQ supplementation
and the response varied according to the color of the light
used. It demonstrated a positive response toward white,
blue, and green light. There was a significant decrease in the
phototaxis activity of tauopathy flies when compared with
normal flies. Color vision in D. melanogaster has been
extensively studied over recent years (Yamaguchi et al.,
2010; Paulk et al., 2013; Schnaitmann et al., 2013).
Drosophila species are considered to be most sensitive to
green, blue, and ultraviolet light (Kelber and Henze, 2013;
Bertholf, 1932). The visual sensitivity in D. melanogaster is
consistent and stable from 406 nm to 525 nm. However, the
sensitivity decreases by 25 times at a longer wavelength
(Hernández de Salomon and Spatz, 1983). Thus, D.
melanogaster is less sensitive to infrared, red, and orange
(longer wavelength) and more sensitive to green, blue, and
ultraviolet (shorter wavelength) (Kelber and Henze, 2013).
The climbing assay is one of the commonly used
assays to assess locomotor defects in Drosophila, and
neurodegenerative diseases such as AD often significantly
affect the climbing activity of flies. The decline in locomotor

activity is considered a phenotypic marker of aging and
neurodegenerative disorders (Iijima et al., 2004).
Administration of TQ at a concentration of 25 μM elicited a
significant improvement in the climbing activity of AD flies
compared to control tauopathy flies. In this study when TQ
is administered from the larval stage, the effects elicited by
TQ could be considered as preventive as the hTau effect on
is taking place and while the treatment is done after
eclosion, the treatment is done also to induce a therapeutic
effect. Thus, the neuroprotective effect of TQ helped in
ameliorating the climbing defects in AD flies.

Biochemical analyses were performed in the current study
to investigate the modulatory effect of TQ on the levels of ROS,
SOD, and AChE in AD flies. Generally, oxidative stress is
higher in tau-induced AD flies than normal flies due to the
downregulation of antioxidant enzymes (Dias-Santagata et al.,
2007). Moreover, neurodegeneration in the elderly population
is also due to the significant reduction in the levels of
antioxidant enzymes (Fabian et al., 2011). The amount of
ROS increased significantly (P < 0.001) in tauopathy flies
compared to non-AD flies, and dietary administration of TQ
helped in significantly reducing (P < 0.01) the amount of
ROS. Also, it is evident from the current study that the
activities of SOD and AChE were regained following dietary
administration of TQ when compared with tauopathy flies. It
has been reported that depletion in the levels of AChE can
affect cholinergic neurotransmission, which is considered one
of the cognitive symptoms of AD (Rinne, 2003). Thus, it is
clear that dietary administration of TQ helps in scavenging
the free radicals and enhances the activity of SOD.

FIGURE 4. (a) Western blot analysis of transgenic protein, β actin (42 kDa), was used as a housekeeping protein and Tau5 (55 kDa) as a target
protein. (a) The bands represent the protein contents for the following genotypes: GMR GAL4 (control), GMR; hTau R406W as a negative
control group, and TQ-treated flies as treatment groups. (b) Quantitative representation of Tau5 normalized with β Actin. Mean ± SEM
values are depicted (20 fly head per group). Statistical significance was compared by ANOVA, followed by Bonferroni’s test, P < 0.05 was
set as significant.analysis. (b) Quantitative representation of a western blot.

FIGURE 5. UAS/
GAL4 expression
system.
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The relative mRNA expression of hTau and SOD genes
was analyzed in AD flies following dietary administration of
TQ for one month. The SOD enzyme helps in the reduction
of oxidative stress and in a Drosophila model (Elmaci and
Altinoz, 2016). In the current study, dietary administration of
TQ at a concentration of 25 µM resulted in a significant
increase (P < 0.01) in the mRNA expression of the SOD gene
and a significant reduction in the mRNA expression of the
hTau gene (P < 0.001). Moreover, a preliminary analysis of
the effect of dietary administration of TQ on soluble hTau
protein fraction revealed a concentration-dependent decrease.

In summary, dietary administration of TQ to AD flies
improved their climbing activities, restored the activities of SOD
and AChE, decreased ROS production, and also elicited a
significant decrease in hTau expression at the transcriptional and
translational levels. Therefore, further investigations are warranted
in Drosophila and other disease models of AD to elucidate the
mechanisms underlying the neuroprotective effects of TQ.
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