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Abstract
Nardostachys jatamansi has long been used to prepare Medhya Rasayana in traditional Indian Ayurveda medicine to treat 
neurological disorders and enhance memory. Jatamansinol from the N. jatamansi against Alzheimer’s disease (AD) showed 
that it could be a multitargeted drug against AD. Drosophila is an ideal model organism for studying a progressive age-
related neurodegenerative disease such as AD since its neuronal organizations and functioning are highly similar to that of 
humans. The current study investigates the neuroprotective properties of jatamansinol against Tau-induced neurotoxicity 
in the AD Drosophila model. Results indicate jatamansinol is not an antifeedant for larva and adult Drosophila. Lifespan, 
locomotor activity, learning and memory, Tau protein expression level, eye degeneration, oxidative stress level, and cho-
linesterase activities were analyzed in 10, 20, and 30-day-old control (wild type), and tauopathy flies reared on jatamansinol 
supplemented food or regular food without jatamansinol supplementation. Jatamansinol treatment significantly extends the 
lifespan, improves locomotor activity, enhances learning and memory, and reduces Tau protein levels in tauopathy flies. It 
boosts the antioxidant enzyme activities, prevents Tau-induced oxidative stress, ameliorates eye degeneration, and inhibits 
cholinesterase activities in Tau-induced AD model. This study provides the first evidence that jatamansinol protects against 
Tau’s neurotoxic effect in the AD Drosophila model, and it can be a potential therapeutic drug candidate for AD.
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Abbreviations
AChE	� Acetylcholine esterase
AD	� Alzheimer’s disease
ANOVA	� Analysis of variance

Aβ42	� Amyloid beta-42
BuChE	� Butrylcholine esterase
CAT​	� Catalase
CDNB	� 1-Chloro-2,4-dinitrobenzene
CI	� Climbing index
95% CI	� 95% Confidence interval
DCF-DA	� 2′,7′-Dichlorodihydrofluorescein diacetate
DNPH	� Dinitrophenyl hydrazine
ELISA	� Enzyme-linked immunosorbent assay
FDA	� Food and Drug Administration
GMR	� Glass multimer reporter
GST	� Glutathione S-transferase
H2O2	� Hydrogen peroxide
HRP	� Horseradish peroxidase
Keap1	� Kelch-like ECH-associating protein 1
LC50	� Lethal concentration 50
LPO	� Lipid peroxidation
MAPτ	� Microtubule-associated protein tau
NBT	� Nitroblue tetrazolium
NFTs	� Neurofibrillary tangles
NO	� Nitric oxide

Highlights   
• Jatamansinol is a pyranocoumarin present in Nardostachys 
jatamansi.
• It increases lifespan and improves memory and climbing ability 
in tauopathy flies.
• Jatamansiol protects the eye degeneration.
• It prevents oxidative stress and boosts antioxidant enzymes.
• Jatamansinol inhibits the choline esterase enzymes.
• Jatamansinol reduces tau protein level.
• Jatamasninol does not change the tau gene expression.
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Nrf2	� Nuclear receptor factor 2
P scores	� Eye phenotypic score
PC	� Protein carbonyls
PI	� Performance index
PVDF	� Polyvinylidene difluoride
qRT-PCR	� Quantitative real-time polymerase chain reaction
RNS	� Reactive nitrogen species
ROS	� Reactive oxygen species
RP49	� Ribosomal protein 49
SDS	� Sodium dodecyl sulfate
SOD	� Superoxide dismutase
UAS	� Upstream activation sequence
μM	� Micromolar

Introduction

Alzheimer’s disease (AD) is a significant age-related human 
neurodegenerative disease that causes the most common form 
of dementia [1]. In 2021, about 58 million people with AD 
may increase to 88 million in 2050 [2]. Major pathophysi-
ological features of AD are the amyloid-β (Aβ) plaque accu-
mulation in the extracellular region of neurons and deposition 
of neurofibrillary tangles in the intracellular area of neurons 
[3]. Impaired cellular antioxidant systems, bioenergetics, 
and neurotransmitters also contribute to the onset of AD 
[4]. Oxidative stress in the pathogenesis of AD is associated 
with Aβ, and Tau protein linked neural damage. It has been 
evident that cognitive impairment in AD patients is associ-
ated with increased oxidative stress in the neuronal cells [5]. 
Human AD patients’ brains have increased oxidative stress 
by forming senile plaques and neurofibrillary tangles [6]. It 
has been evidenced that the pan-neuronal overexpression of 
human tau protein in Drosophila leads to increased oxidative 
stress and reduced antioxidant enzymes [7]. Hence, oxidative 
stress is considered one of the significant cellular factors in 
AD pathogenesis.

No therapeutic drugs prevent AD’s onset, cure or reverse 
AD progression, treat AD-related cognitive symptoms, and 
prevent further cognitive decline. The available FDA-approved 
rivastigmine, galantamine, and donepezil drugs for AD treat-
ments relieve symptoms by inhibiting cholinesterase enzymes. 
Several lines of research are under investigation to find the best 
therapeutic medicines to treat AD. One such approach is devel-
oping an antioxidant-based therapeutic agent against oxidative 
stress-mediated AD [8]. Since AD is a multifactorial disease 
[9], it is essential to develop multitargeted therapeutic drugs 
for its treatment. Medicinal plants and their metabolites used 
in traditional medicine systems are the most prospective can-
didates for developing multitargeted therapeutics against AD.

Ayurveda is an ancient Indian medicine system in 
which medicinal plants and plant compositions treat many 

neurological disorders and enhance memory [10]. Nardos-
tachys jatamansi is one of the important memory-enhancing 
plants (Medhya) mentioned in the compendium of Ayurveda. 
It is a perennial herb with a hairy rhizome and grows in the 
Himalayas at an altitude of 3000–5000 m. Studies have dem-
onstrated that root extract of N. jatamansi improves learning 
and memory in mice [11], anticonvulsant and antioxidant 
potential in rats [12, 13], and it can decrease the Aβ42-induced 
toxicity in Drosophila [14]. Our in silico studies showed a 
pyranocoumarin, jatamansinol, from N. jatamansi can be a 
multitargeted therapeutic agent for multifactorial AD [15]. 
Accordingly, supplementation of isolated jatamansinol from 
the N. jatamansi root to the Aβ42 protein-induced AD Dros-
ophila model evidenced the neuroprotective efficacy of jata-
mansinol [16]. However, there is no study on the antitauo-
pathic activity of jatamansinol in an in vivo model organism.

Drosophila melanogaster is popular in vivo model organ-
ism in biomedical research, including neurotoxicity studies [17, 
18]. Its ease of maintenance, short generation time (9–12 days), 
the maximum lifespan of 55–80 days, genetic tools, fully 
sequenced genome, and sequence similarity with a human 
make it more acceptable for this study model. Approximately 
75% of human disease-related genes have homologs in fly, sug-
gesting molecular mechanisms of human disease conserved 
in the Drosophila. The Drosophila brain has about 300,000 
neurons organized into a separate area with specialized func-
tions such as memory, learning, olfaction, and vision, similar 
to humans, making Drosophila an ideal model organism for 
studying a progressive age-related neurodegenerative disease 
such as AD. Tissue-specific expression of microtubule-asso-
ciated Tau/Aβ42 protein is possible by the UAS-Gal4 system 
of Drosophila [19]. In our previous study, the Aβ42 protein-
induced AD Drosophila model evidenced the expression of 
AD characters [16]. Flies overexpressed with Tau protein in 
neuronal cells have specific characteristics of reduced lifespan, 
behavioral alteration, increased oxidative stress, and locomotor 
defects [7]. The Tau protein overexpressed in eye cells induces 
progressive eye cell degeneration [20]. Hence, the well-char-
acterized AD Drosophila model was employed to screen novel 
drug candidates for developing the best therapeutic agents for 
treating various human diseases. This study evaluates the mul-
titargeted therapeutic effect of jatamansinol isolated from the 
plant N. jatamansi, on the Tau-induced AD Drosophila model.

Materials and Methods

Drosophila Husbandry

Oregon K (OK) of Drosophila melanogaster and GMR-
Gal4 driver strains were obtained from the Drosophila Stock 
Center, University of Mysore, Karnataka, India. Transgenic 
UAS-Tau LacZ and Elav-Gal4 driver strains were a generous 
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gift from Dr. S. Srikrishna, Department of Biochemistry, 
Banaras Hindu University, Varanasi, India. All the strains 
were maintained at 22 ± 2 °C and 60–70% relative humid-
ity in the Drosophila Laboratory, Department of Zoology, 
Central University of Kerala. OK strain was used as a control 
in all the assays. UAS-Tau LacZ strain was used to express 
human microtubule-associated Tau protein. GMR-Gal4 and 
Elav-Gal4 driver strains were used for expressing Tau pro-
tein in the eye and neuronal cells to generate transgenic AD 
model flies. The generated AD model flies (Elav-Gal4, UAS-
Tau lacZ or GMR-Gal4, UAS-Tau lacZ) were used for all the 
in vivo experiments. The Tau protein-induced AD model gen-
eration scheme is provided in the supplementary (Fig. SF1). 
The progenies (Elav-Gal4, UAS-Tau lacZ) of UAS-Tau lacZ 
crossed with Elav-Gal4 flies were used to analyze Tau protein 
level, memory and climbing performance, oxidative stress 
markers, level of antioxidant enzymes, and choline esterase 
activities in 10, 20, and 30-day-old adult flies with appropri-
ate replicates. Tau-induced eye degeneration was analyzed in 
20-day-old GMR-Gal4, UAS-Tau lacZ flies.

Preparation of Jatamansinol Supplemented 
Drosophila Food Media

Jatamansinol isolated from the root of N. jatamansi [16] 
was used in this study. In brief, 100 g of root powder was 
soaked in the diethyl ether and extracted the coumarins 
using a Soxhlet extraction apparatus. After extraction, the 
solvent was removed using a rotatory evaporator. The yield 
of the extract was 2.5 g (0.25%). The yield of the crystal-
lized jatamansinol from the 1 g of ether extract was 0.12 g. 
The oral diet supplementation method was employed by 
mixing jatamansinol with wheat cream agar media of 
Drosophila food [10]. Desired concentration (weight/vol-
ume) of jatamansinol dissolved in 0.1% acetone was added 
to the freshly prepared 5 mL media in the experimental 
vials, thoroughly mixed, and allowed to solidify before 
use. The preliminary toxicity experiment showed that 0.1% 
acetone in the food media (solvent control) had no signifi-
cant toxic effect on the Drosophila than in control (without 
the 0.1% acetone) food media. Hence, the solvent (0.1% 
acetone) in the food media was considered the control 
in all experiments. Flies were reared in the jatamansinol 
supplemented food media or without jatamansinol sup-
plemented food media as required.

Toxicity Analysis and Selection of Jatamansinol 
Concentrations for the Assays

LC50, or the concentration at which half of the eggs failed 
to hatch to adults, of jatamansinol was determined to select 

the effective concentrations for the experiments. It was 
conducted by following the method established in our lab-
oratory [18]. First, different concentrations of jatamansinol 
(0–120 μM) were mixed with food media and allowed to 
hatch eggs and grow to adults. From the first to the last 
day of emergence, the number of flies that emerged was 
noted. Then, the viability percentage in treated and control 
groups was calculated and determined LC50 by the Probit 
method [21]. The calculated LC50 was 55.25 μM for OK, 
54.59 μM for Elav-Gal4, UAS-Tau lacZ, and 54.83 μM for 
GMR-Gal4, UAS-Tau lacZ. So, sublethal concentrations of 
10 μM and 20 μM of jatamansinol were selected to study 
its neuroprotective effect. Depending on the experimental 
type, flies were reared in a control food, and 10 μM or 
20 μM jatamansinol was supplemented.

Tau Protein Quantification by Enzyme‑Linked 
Immunosorbent Assay

Tau protein levels in the flies of jatamansinol supple-
mented and control groups were quantified following the 
enzyme-linked immunosorbent assay (ELISA) kit manu-
facturer’s instructions (Elabscience, UK). The samples 
were prepared by homogenizing the heads of 30 flies of 
respective age and experimental groups in 200 μL of ice-
cold PBS (0.01 M; pH 7.4) and centrifuged at 3000 g for 
10 min at 4 °C, and the supernatant was filtered. Standard 
or samples were added to the respective micro-ELISA 
plate precoated with an antibody hMAPτ (human micro-
tubule-associated protein Tau). A biotinylated detection 
antibody specific for hMAPτ and avidin horseradish per-
oxidase (HRP) conjugate was added to each well and 
incubated for 1 h at 37 °C. The substrate solution was 
added to each well after washing the free components. 
The blue color in the wells contains hMAPτ, biotinylated 
detection antibody, and avidin HRP conjugate. The 
enzyme–substrate reaction was terminated by adding an 
H2SO4 solution. A spectrophotometer measured the reac-
tion mixtures’ optical density (OD) at 450 nm. The con-
centration of hMAPτ (pg/mL) in the experimental group 
samples was obtained by comparing the standard curve.

Tau Protein Expression by Western Blot Analysis

The western blot analysis confirmed the Tau protein expres-
sion in Drosophila reared in control and jatamansinol sup-
plemented food. For this, 20 mg of Drosophila heads was 
lysed in an extraction buffer (sodium phosphate buffer, pH 
7.4) containing a protease inhibitor cocktail (Bio-Rad). The 
protein concentrations were determined using the Brad-
ford assay. Tau protein in the samples was separated on 
12% SDS polyacrylamide gels and transferred onto PVDF 
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(polyvinylidene difluoride) membranes. The membranes 
were blocked with non-fat milk and incubated with primary 
antibody against Tau protein (1:2000; Elabscience, UK) at 
4 °C overnight. The reaction was stopped by adding wash 
buffer and incubated for 2 h at room temperature with anti-
HRP-conjugated secondary antibody (1:1000; Elabscience). 
After washing, protein bands were detected with a chemilu-
minescent HRP substrate (Bio-Rad, USA). The membrane 
image was taken using Versa Doc (Bio-Rad, USA). Band 
intensity was analyzed to measure protein concentration 
using the gel analyzer option from ImageJ 1.52a software.

Tau Gene Expression

The Tau gene expression in the experimental groups was ana-
lyzed using quantitative real-time polymerase chain reaction 
(qRT-PCR). Total RNA from the flies was extracted using 
TRIzol reagent (Invitrogen, USA), and cDNA was synthe-
sized using RT2 first-strand synthesis kit (Qiagen, USA). 
qRT-PCR was carried out by the protocol established in our 
laboratory [22]. The ribosomal protein 49 (RP49) gene was 
used for normalization. Tau gene primers were manually 
designed using Integrated DNA Technologies (IDT). These 
primer sequences were used for Tau (forward) 5′-GCT​CTG​
AAA​CCT​CTG​ATG​-3′ and (reverse) 5′-CCT​GGC​TTA​TGA​
TGG​ATG​-3′ and RP49 (forward) 5′-GCT​AAG​CTG​TCG​
CAC​AAT​G-3′ and (reverse) 5′-TGT​GCA​CCA​GGA​ACT​TCT​
TG-3′. The SYBR Green qPCR master mix (Applied Biosys-
tems, USA) was used to quantify the relative gene expression.

Lifespan Assay

Lifespan assay was carried out with freshly emerged flies 
from the regular and jatamansinol supplemented food as per 
the protocol given in our previous publication [16].

Behavioral Assays

All the behavioral assays were performed with a double-blinded 
approach. A climbing assay or negative geotaxis assay was con-
ducted to assess the effect of jatamansinol on the motor activity 
of OK or Elav-Gal4, UAS-Tau LacZ flies using our established 
method [16]. The climbing behavior assay video is provided as 
supplementary data (SV1). The classical olfactory conditioning 
assay was conducted to measure short-term memory and learn-
ing in Drosophila following the established protocol [16]. The 
supplementary figure (SF2) illustrates the protocol.

Eye Degeneration Analysis

A phenotypic marker study was conducted to analyze the 
therapeutic effect of jatamansinol on Tau protein-induced 

eye degeneration in Drosophila. GMR-Gal4, UAS-Tau 
lacZ progenies obtained from the UAS-Tau lacZ trans-
genic Drosophila crossed with GMR Gal4 driver strains 
were used. Twenty-day-old adult flies from each experi-
mental group were observed under a stereomicroscope 
(Carl Zeiss, Germany) and photographed. Eye degenera-
tion analysis was made using an open-source package of 
ImageJ plugins, Flynotyper (http://​flyno​typer.​sourc​eforge.​
net/). This method uses eye images to spot the individ-
ual ommatidium and calculates the phenotypic score to 
measure its degeneration. Normal ommatidia with the 
symmetrical arrangement and degenerated ommatidia 
with asymmetrical arrangements were quantified using 
phenotypic (P) scores [23]. The eyes of experimental 
groups (10 replicates) were studied, and P scores were 
compared. The scanning electron microscope (SEM) 
analysis was performed to validate the therapeutic effect 
of jatamansinol on Tau protein-induced eye degeneration 
in Drosophila. The eye samples from respective experi-
mental groups were collected and fixed in 70% alcohol. 
The samples were further dehydrated in a series of alco-
hol grades (70%, 80%, 90%, 95%, and 100% alcohol) for 
20 min each, followed by washing in acetone twice. The 
samples were dried and mounted on carbon tape on an 
aluminum stub. The samples were gold-coated by sputter 
deposition for 5 min. Samples were imaged in the Zeiss 
field emission scanning electron microscope (FESEM) 
facility at DST-PURSE, Mangalore University, India.

Oxidative Stress Markers

Dihydrofluorescein diacetate (DCF-DA) was used to 
measure the ROS generation in fly heads following the 
Driver et al. [24] method. The thiobarbituric acid reac-
tive substance (TBARS) was used to measure LPO in 
the fly head homogenate by following the Gajare et al. 
[25] method. H2O2 in the Drosophila head samples was 
quantified based on the ferrous oxidation in the pres-
ence of the xylenol orange (FOX) method [26]. Dintro-
phenylhydrazine (DNPH) was used to quantify the PC 
in the Drosophila head by following the Levine et al. 
[27] method. The NO level in the Drosophila head was 
determined using the Griess reagent [28]. The detailed 
assay methods used to analyze oxidative stress markers 
are provided in our previous publication [16].

Antioxidant Analysis

SOD activity was measured using the inhibition of nitroblue 
tetrazolium (NBT) auto-oxidation method [29]. CAT activity 
was determined using the method of Aebi [30]. GST activity 
was measured using 1-chloro-2,4-dinitrobenzene (CDNB) 
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[31]. The detailed assay methods are provided in our previ-
ous publication [16].

Acetylcholine Esterase and Butrylcholine Esterase

Neurotransmitter enzymes acetylcholine esterase (AChE) 
and butrylcholine esterase (BuChE) were analyzed following 
the biochemical method of Ellman et al. [32]. The methods 
used to analyze neurotransmitters are provided in our previ-
ous publication [16].

Quantification of Jatamansinol Consumption 
by Larvae and Adult Fly

Intake of supplemented jatamansinol through food by the 
individual larva or adult fly was quantified using the meth-
ods given in our previous publication [16].

Gustatory Assay

The feeding assay was performed following the Anet et al. 
[33] method with minor modifications to confirm the intake 
of jatamansinol-containing food. The details of the experi-
mental protocol are given in our publication [16].

Data Analysis

All the experiments were conducted in replicates. The obtained 
data were tested for normality using the homogeneity vari-
ance test. The difference between survival curves was ana-
lyzed using the Kaplan–Meier log-rank test followed by the 
Tukey HSD post hoc test. The mean lifespan, CI, PI, and eye 
degeneration P scores among experimental groups were shown 
as box and whisker plots. All error bars in the whisker plots 
represent a 95% CI. The 95% CI was resampled 5000 times, 
bias-corrected, and accelerated using bootstrap methods for 
behavioral assays. All the biochemical assays were conducted 
in triplicate, and independent experiments were repeated 
thrice. The qRT-PCR experiment was conducted in triplicate. 
A significant difference between the experimental groups in 
all the assays was analyzed by one-way ANOVA (analysis of 
variance) followed by the Tukey HSD post hoc test. Two levels 
of probability, p < 0.05 and p < 0.01, were adopted for the com-
parisons. The statistical analyses were performed using SPSS 
(version 16.0) (SPSS Inc., Chicago, IL, USA).

Results

Jatamansinol Reduces the Tau Protein Level

Tau protein expression was significantly increased in 20-day-
old Elav-Gal4, UAS-Tau LacZ flies than control flies when 

both were reared on regular food (Fig. 1A, B; p < 0.01). 
On the other hand, Tau protein expression was reduced in 
20-day-old Elav-Gal4, UAS-Tau LacZ flies reared on 10 μM 
or 20 μM jatamansinol supplemented food compared with 
the Elav-Gal4, UAS-Tau LacZ flies reared on regular food 
(Fig. 1A, B; p < 0.01). The quantity of Tau protein was sig-
nificantly increased in all the age groups of Elav-Gal4, UAS-
Tau LacZ flies reared on regular food than the control flies 
reared on the same type of food (Fig. 1C; p < 0.01). Con-
versely, there was a decrease in the quantity of Tau protein in 
all the age groups of Elav-Gal4, UAS-Tau LacZ flies reared 
on 10 μM or 20 μM jatamansinol supplemented food. But 
the reduction in the quantity of Tau protein was significant 
in 10 or 20-day-old Elav-Gal4, UAS-Tau LacZ flies only 
(Fig. 1C).

Jatamansinol Does Not Change the Tau Gene 
Expression

There was endogenous Tau gene expression in 10 and 
20-day-old OK flies reared on regular and 10 μM or 20 μM 
jatamansinol supplemented food. But a comparatively higher 
Tau gene expression is evident in the Elav-Gal4, UAS-Tau 
LacZ flies when reared on regular food. Also, there were no 
noticeable changes in Tau gene expression in 10, 20, and 
30-day-old Elav-Gal4, UAS-Tau LacZ flies reared on 10 μM 
or 20 μM jatamansinol supplemented food compared to the 
same type of flies reared on regular food (Fig. 2; p > 0.05).

Jatamansinol Prolongs the Lifespan

The Drosophila was reared on regular food media; the 
lifespan of tauopathy (Elav-Gal4, UAS-Tau lacZ) flies 
was 38.27 ± 0.621  days and control (OK) flies was 
69.14 ± 0.94 days (Fig. 3A). The supplementation of jata-
mansinol with food media improved OK and Elav-Gal4, 
UAS-Tau lacZ flies’ survival rate in a dose-dependent manner 
(Fig. 3B). The OK flies reared in 10 μM (72.10 ± 0.87 days) 
or 20 μM (73.46 ± 0.84 days) and Elav-Gal4, UAS-Tau 
lacZ flies reared in 10 μM (40.73 ± 0.758 days) or 20 μM 
(41.85 ± 0.774 days) jatamansinol supplementation extended 
their lifespan than of Tau-expressed AD flies reared in regu-
lar food.

Jatamansinol Increases the Locomotor Activity

There was a significant reduction in the number of flies 
with regular locomotor activity in Elav-Gal4, UAS-Tau 
lacZ flies reared on regular food in 10, 20 and 30-day-aged 
groups compared to control (p < 0.01; Fig. 4A). There was 
no significant change in the locomotor activity of OK flies 
reared in regular and jatamansinol supplemented food media 
(p > 0.05; Fig. 4A). The supplementation of 10 μM or 20 μM 
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of jatamansinol in food-fed Elav-Gal4, UAS-Tau lacZ flies 
improved locomotor activity. A significant improvement in 
locomotor activity was observed in all the age groups of 
Elav-Gal4, UAS-Tau lacZ flies reared in 20 μM jatamansinol 

supplemented food. But significantly improved locomotor 
activity was observed only in 10-day-old Elav-Gal4, UAS-
Tau lacZ flies reared in 10 μM of jatamansinol supplemented 
food compared to Elav-Gal4, UAS-Tau lacZ flies reared on 
regular food (Fig. 4A; p < 0.05).

Jatamansinol Enhances the Learning and Memory

There was a significant decrease in memory performance 
index in Elav-Gal4, UAS-Tau lacZ flies reared on regular 
food compared to control flies with their respective age 
groups (Fig.  4B). The memory performance index was 
increased in 10, 20, and 30-day-old tauopathy, and OK flies 
reared in 10 μM or 20 μM jatamansinol supplemented food. 
A significant increase in the memory performance index was 
recorded in all the age groups of OK and Elav-Gal4, UAS-
Tau lacZ flies reared in 20 μM jatamansinol supplemented 
food compared to Elav-Gal4, UAS-Tau lacZ flies reared 
without jatamansinol food (Fig. 4B).

Jatamansinol Ameliorates the Eye Degeneration

The eye images of control and GMR-Gal4, UAS-Tau 
lacZ flies evidence the eye degeneration in GMR-Gal4, 
UAS-Tau lacZ flies reared in regular food (Fig. 5A, B). 
Tau-induced eye degeneration was significant compared 
to control flies reared in regular food (p < 0.01; Fig. 5C). 
A significant reduction in the phenotypic score of eye 

Fig. 1   Quantification of Tau 
protein. A Tau protein expres-
sion in western blot and B band 
intensity of expressed Tau 
protein. C Tau protein level by 
ELISA method in 20-day-old 
control, Elav Gal4, UAS-Tau 
LacZ flies reared in regular 
food media, and 10 and 20 μM 
jatamansinol supplemented food 
media. Values are mean ± SE 
Tau protein level by ELISA or 
western blot band intensity. Sig-
nificant against OK control at 
**p < 0.01. Significant against 
Elav-Gal4, UAS-Tau LacZ at 
††p < 0.01. Without the asterisk 
symbol (*) is not significant 
against OK control; without 
the dagger symbol (†) is not 
significant against Elav-Gal4, 
UAS-Tau LacZ 

A

B C

10 20 30
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Days

****

level noisserpxe eneg uaT

**

OK                                                           OK+ 10 µM J
OK+ 20 µM J                                          Elav-Gal4, UAS-Tau LacZ
 Elav-Gal4, UAS-Tau LacZ+ 10 µM J   Elav-Gal4, UAS-Tau LacZ+ 20 µM J 

Fig. 2   Tau gene expression in OK and Tau protein-induced AD Dros-
ophila was reared on regular and 10 μM or 20 μM concentrations of 
jatamansinol supplemented food media. Values are mean ± SE. Sig-
nificant against OK control at **p < 0.01. Without any symbol in the 
error bars is not significant against OK control or Elav-Gal4, UAS-
Tau LacZ 
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degeneration was recorded in GMR-Gal4, UAS-Tau lacZ 
flies reared in 10 μM or 20 μM jatamansinol supplemented 
food to GMR-Gal4, UAS-Tau lacZ flies reared in regular 
food (p < 0.01; Fig. 5C).

Jatamansinol Prevents the Oxidative Stress 
Generation

Ten or 20 μM jatamansinol treatment to the OK flies reduced the 
ROS, LPO, H2O2, PC, and NO oxidative stress markers (Fig. 6). 
In all the age groups of Elav-Gal4, UAS-Tau LacZ flies, oxidative 
stress marker levels increased significantly compared to OK flies 

reared on regular food (p < 0.01). There was a significant reduc-
tion of ROS in 10-day-old Elav-Gal4, UAS-Tau LacZ flies reared 
in 10 μM (p < 0.05) and 20 μM (p < 0.01) jatamansinol supple-
mented food, whereas 20- and 30-day-old Elav-Gal4, UAS-Tau 
LacZ flies were significantly reduced in the 20 μM jatamansi-
nol supplemented group (Fig. 6A). A significant reduction of 
LPO was noticed in 20 μM jatamansinol fed 20- and 30-day-old 
Elav-Gal4, UAS-Tau LacZ flies (Fig. 6B; p < 0.01) compared to 
the same set of flies reared on regular food. Also, it reduced sig-
nificantly in 20-day-old Elav-Gal4, UAS-Tau LacZ flies reared 
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Fig. 3   Survival rate (A) and mean lifespan (B) of OK and Tau pro-
tein-induced AD Drosophila reared on regular and 10 μM or 20 μM 
concentrations of jatamansinol supplemented food media. Values 
are mean ± SE mean lifespan (n = 20/assay, assay repeated 20 times/
experimental group). Significant against OK control at **p < 0.01. 
Significant against Elav-Gal4, UAS-Tau LacZ at ††p < 0.01. Without 
the asterisk symbol (*) is not significant against OK control; without 
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Fig. 4   Climbing index (CI) (A) and memory performance index (PI) 
(B) of OK and Tau protein-induced AD Drosophila reared on regular 
and 10  μM or 20  μM concentrations of jatamansinol supplemented 
food media. The box represents the 1st quartile (Q1–25th percent) 
and 3rd quartile (Q3–75th percent), and the line inside the box rep-
resents the data set’s median. All error bars represent a 95% confi-
dence interval. Values are mean ± SE CI/PI (n = 20 or 50/assay, assay 
repeated 20 times/experimental group). Significant against OK con-
trol at **p < 0.01. Significant against Elav-Gal4, UAS-Tau LacZ at 
†p < 0.05, ††p < 0.01. Without the asterisk symbol (*) is not significant 
against OK control; without the dagger symbol (†) is not significant 
against Elav-Gal4, UAS-Tau LacZ 
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on 10 μM jatamansinol supplemented food (Fig. 6B; p < 0.01). 
Irrespective of age groups, H2O2, PC, and NO levels were sig-
nificantly reduced in Elav-Gal4, UAS-Tau LacZ flies reared on 
10 μM or 20 μM jatamansinol supplemented food (Fig. 6C, D, E).

Jatamansinol Improves Antioxidant Defense Level

The SOD, CAT, and GST enzyme activities were enhanced in 
OK flies reared on 10 μM or 20 μM jatamansinol supplemented 
food compared to the same type of flies reared on regular food 
(Fig. 7). Significant reduction is evidenced in the SOD, CAT, 
and GST enzyme activities in Elav-Gal4, UAS-Tau LacZ flies 
than in the OK flies reared on regular food (Fig. 7; p < 0.01). 

Significantly increased SOD activity is shown in the 20 and 
30-day-old Elav-Gal4, UAS-Tau LacZ flies reared on 10 μM or 
20 μM jatamansinol supplemented food than Elav-Gal4, UAS-
Tau LacZ flies reared on regular food (Fig. 7A; p < 0.01). But 
significantly increased SOD activity was noticed in 10-day-old 
Elav-Gal4, UAS-Tau LacZ flies reared on 20 μM jatamansi-
nol supplemented food (p < 0.01). CAT activity significantly 
increased in 10 μM or 20 μM jatamansinol supplemented 
20-day-old Elav-Gal4, UAS-Tau LacZ flies and 20 μM jata-
mansinol supplemented 10-day-old Elav-Gal4, UAS-Tau LacZ 
flies than the same type of flies reared on regular food (Fig. 7B; 
p < 0.01). GST activity was significantly increased in 10-day-
old Elav-Gal4, UAS-Tau LacZ flies fed with 10 μM or 20 μM 

Fig. 5   Eye degeneration in 
20-day-old OK and Tau protein-
induced AD Drosophila reared 
on regular and 10 μM or 20 μM 
concentrations of jatamansinol 
supplemented food media. A 
Scanning electron microscopic 
(SEM) fly eye pictures. B Fly-
notyper analysis eye pictures. 
C Eye phenotypic score in 
respective experimental groups. 
The box represents the 1st 
quartile (Q1–25th percent) and 
3rd quartile (Q3–75th percent), 
and the line inside the box 
represents the data set’s median. 
All error bars represent a 95% 
confidence interval. n = 10/
assay/experimental group. Sig-
nificant against OK control at 
**p < 0.01. Significant against 
GMR-Gal4, UAS-Tau LacZ at 
††p < 0.01. Without the asterisk 
symbol (*) is not significant 
against OK control; without 
the dagger symbol (†) is not 
significant against GMR-Gal4, 
UAS-Tau LacZ 
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jatamansinol supplemented food compared to Elav-Gal4, UAS-
Tau LacZ flies reared on regular food (Fig. 7C; p < 0.01).

Jatamansinol Inhibits the Cholinesterase Activity

An age-dependent decrease in AChE and BuChE activ-
ity was recorded in OK flies reared in jatamansinol sup-
plemented regular food (Fig. 8). But a significant age-
dependent increase in AChE and BuChE activity was 
recorded in Elav-Gal4, UAS-Tau lacZ f lies compared 
to control flies when both flies were reared in regular 
food media (Fig. 8A, B; p < 0.01). The reduced AChE 
and BuChE activity was recorded in Elav-Gal4, UAS-
Tau lacZ flies reared in 10 μM or 20 μM jatamansinol 

supplemented with regular food (Fig. 8A, B). The sig-
nificant inhibition of AChE activity was recorded in 
10 or 20-day-old Elav-Gal4, UAS-Tau lacZ flies reared 
in 10  μM or 20  μM jatamansinol supplemented food 
(Fig. 8A), whereas significant BuChE inhibitory activ-
ity was recorded in Elav-Gal4, UAS-Tau lacZ flies reared 
on 20 μM jatamansinol supplemented food compared to 
the Elav-Gal4, UAS-Tau lacZ flies reared on regular food 
(without the jatamansinol supplementation) (Fig. 8B).

Jatamansinol Is Not an Antifeedant

No significant difference is evidenced (p > 0.05) in the 
OD values of OK and Elav-Gal4, UAS-Tau LacZ larvae 

Fig. 6   Oxidative stress analysis. 
A ROS, B LPO, C HP, D PC, 
and E NO in OK and Tau 
protein-induced AD Drosophila 
reared on regular and 10 μM 
or 20 μM concentrations of 
jatamansinol supplemented food 
media. Values are mean ± SE. 
Significant against OK control 
at *p < 0.05, **p < 0.01. 
Significant against Elav-Gal4, 
UAS-Tau LacZ at †p < 0.05, 
††p < 0.01. Without the asterisk 
symbol (*) is not significant 
against OK control; without 
the dagger symbol (†) is not 
significant against Elav-Gal4, 
UAS-Tau LacZ 
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or adults reared on regular and 10 μM or 20 μM con-
centrations of jatamansinol supplemented food media 
(Fig.  9A). Also, insignificant differences (p > 0.05) 
were seen in the red color intensity plot of larvae or 
adults of OK and Elav-Gal4, UAS-Tau LacZ Drosophila 
reared on regular and 10 μM or 20 μM concentrations 
of jatamansinol supplemented food media (Fig. 9B, C).

Quantification of Jatamansinol Consumption 
by Drosophila

The HPLC chromatogram of the adults or larvae of OK and Elav-
Gal4, UAS-Tau LacZ showed the consumption of jatamansinol 
(SF3). It is clear that the consumption of jatamansinol increases 
with the increased concentrations of jatamansinol (Table 1).

Fig. 7   Antioxidant enzymes: 
SOD (A), CAT (B) and GST 
(C) activities in OK and Tau 
protein-induced AD Drosophila 
reared on regular and 10 μM 
or 20 μM concentrations of 
jatamansinol supplemented food 
media. Values are mean ± SE. 
Significant against OK control 
at **p < 0.01. Significant 
against Elav-Gal4, UAS-Tau 
LacZ at ††p < 0.05. Without 
the asterisk symbol (*) is not 
significant against OK control; 
without the dagger symbol (†) is 
not significant against Elav-
Gal4, UAS-Tau LacZ 
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Fig. 8   AChE (A) and BuChE 
(B) activities in OK and Tau 
protein-induced AD Drosophila 
were reared on regular and 
10 μM or 20 μM concentra-
tions of jatamansinol supple-
mented food media. Values are 
mean ± SE. Significant against 
OK control at **p < 0.01. 
Significant against Elav-Gal4, 
UAS-Tau LacZ at †p < 0.05, 
††p < 0.01. Without the asterisk 
symbol (*) is not significant 
against OK control; without 
the dagger symbol (†) is not 
significant against Elav-Gal4, 
UAS-Tau LacZ 

10 20 30
0

20

40

60

80

100

Days

**

µm
ol

e 
D

TN
B/

m
in

/m
g 

pr
ot

ei
n

†
††

†
 †

** **
AChE BuChEA B

10 20 30
0

20

40

60

80

100

120

140

Days

µm
ol

e 
D

TN
B/

m
in

/m
g 

pr
ot

ei
n **

††
††

**

† ††

**
††

OK OK+ 10 μM J
OK+ 20 μM J Elav-Gal4, UAS-Tau LacZ
Elav-Gal4, UAS-Tau LacZ+ 10 μM J Elav-Gal4, UAS-Tau LacZ+ 20 μM J

6100 Molecular Neurobiology (2022) 59:6091–6106



1 3

Discussion

The jatamansinol isolated from the plant N. jatamansi is an 
angular pyranocoumarin [34]. It contains a six-membered 
pyran ring angularly fused with coumarin moiety and has 
neuroprotective properties [35, 36]. In our earlier study, 

jatamansinol showed its multitarget therapeutic nature 
against AD in Aβ42-induced AD Drosophila model [16]. 
But its neuroprotective properties against Tau-induced 
Drosophila are not yet validated. Hence, the current study 
investigated the neuroprotective effect of jatamansinol in the 
Tau-induced Drosophila AD model.
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Fig. 9   Jatamansinol food intake analysis: A optical density (OD) val-
ues as a guesstimate of food consumption, B representative of larval 
and adult fly pictures, and C red color intensity plot of third instar 
larvae and adult OK and Tau protein-induced AD Drosophila reared 

on regular and 10 μM or 20 μM concentrations of jatamansinol sup-
plemented food media. Values are mean ± SE. Without any symbol in 
error bars are not significant against OK control or Elav-Gal4, UAS-
Tau LacZ 
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The Tau protein hyperphosphorylation in the brain leads 
to neurofibrillary tangle formation and is one of AD’s 
leading pathological markers. It has been evidenced that 
pan-neuronal overexpression of Tau protein in Drosophila 
increases its expression and level in Elav-Gal4, UAS-Tau 
lacZ flies (Fig. 1A, B), causing AD-like symptoms. The 
reduced Tau protein expression level in Elav-Gal4, UAS-Tau 
lacZ flies reared in jatamansinol supplemented food (Fig. 8) 
is evidence of the antitauopathic nature of jatamansinol. It 
is also evidenced that medicinal plants such as N. jatamansi 
root extract ameliorate Aβ42-expressed protein in Drosophila 
[14]; Convolvulus pluricaulis root extract reduces the Tau 
protein in tauopathy flies [7]. The reduction of Tau protein 
level in Elav-Gal4, UAS-Tau lacZ flies reared in jatamansi-
nol supplemented food indicates that jatamansinol could 
have targeted Tau-based therapies.

Ten-, 20-, and 30-day-old OK flies show Tau gene expres-
sion (Fig. 2), confirming the Tau gene in OK flies. Elav-
Gal4, UAS-Tau LacZ flies express Tau gene indicates trans-
genic Tau expression in the Drosophila AD model (Fig. 2). 
Jatamansinol supplemented Elav-Gal4, UAS-Tau LacZ flies 
show no change in the Tau gene expression compared to 
Elav-Gal4, UAS-Tau LacZ flies reared on regular food; it 
is the indication that jatamansinol is not transcriptionally 
regulating Tau gene expression. Tau-based therapies include 
targeting Tau phosphorylation inhibition, microtubule stabi-
lization, blocking Tau oligomerization, and enhancing Tau 
degradation [37]. This result proposes that (1) Jatamansinol 
might be translationally modifying the Tau protein expres-
sion or (2) Jatamansinol might be inducing Tau protein deg-
radation. Further molecular-level studies are required about 
the mechanism of neuroprotective activity of jatamansinol 
against Tau protein-induced AD.

The improved survival rate and extended lifespan of OK 
and Elav-Gal4, UAS-Tau lacZ flies reared in jatamansinol 
supplemented food (Fig. 3) confirm that jatamansinol has an 

antiaging property. Phytochemicals isolated from medicinal 
plants have demonstrated the model organisms’ antiaging 
properties. The antiaging property of jatamansinol in the 
Aβ42-induced AD Drosophila model [16]; these results give 
strong evidence for the same. The chlorogenic acid isolated 
from the N. jatamansi showed a better survival rate in the 
Aβ42-expressed transgenic Drosophila [14]. The curcumin 
isolated from Curcuma longa acts against aging in Dros-
ophila [38] and Caenorhabditis elegans [39].

Tauopathies are the complex clinicopathological assem-
blages of symptoms, including disorders in locomotor activ-
ity [40]. Tauopathic flies showed age-related locomotor defi-
cits and a decline in their climbing ability [7]. The current 
study also showed a significantly reduced climbing ability 
in Elav-Gal4, UAS-Tau lacZ flies compared to control flies, 
while both were reared on regular food (Fig. 4A; p < 0.01). 
The consumption of jatamansinol food-fed Elav-Gal4, UAS-
Tau lacZ flies improved locomotor activity (Fig. 4A). Also, 
jatamansinol improved locomotor ability in Aβ42-induced 
AD Drosophila model [16], suggesting that jatamansinol can 
improve AD’s motor or physiological disability symptoms.

Tau protein accumulation in the Drosophila brain 
mushroom body cells causes learning and memory defi-
cits [41]. The increased memory performance index in 
all the age groups of tauopathic flies reared in jatamansi-
nol supplemented food (Fig. 4B) confirms jatamansinol 
enhances memory. In line with this study, Joshi and Parle 
[11] have experimentally proved that the extract of N. 
jatamansi improves memory in mice. Our previous study 
on the Aβ42-induced AD Drosophila model has demon-
strated the memory-enhancing property of isolated jata-
mansinol from N. jatamansi [16]. In line with the earlier 
observations, the current study suggests that jatamansi-
nol can improve learning and memory in Tau-induced 
AD fly model.

Neurodegeneration is not restricted to human AD 
patients’ brain area; eventually, it leads to extensive gan-
glion cell loss in the eye retina [42]. Using the UAS-Gal4 
system human Tau gene expressed in the fly eye evidenced 
the Tau protein-induced eye degeneration (Fig. 5A, B); it 
has been quantified by the Flynotyper computational method 
(Fig. 5C). GMR-Gal4, UAS-Tau lacZ flies’ phenotypic scores 
reared on regular food media are comparatively higher than 
control flies (p < 0.01); it indicated Tau-induced neurode-
generation in fly eyes. The significantly reduced eye pheno-
typic score in GMR-Gal4, UAS-Tau lacZ flies reared in jata-
mansinol supplemented food media (p < 0.01) is evidence of 
its ameliorative role on eye degeneration. Also, our earlier 
study has proven to lessen the property of jatamansinol on 
the eye degeneration of Aβ42-induced AD Drosophila model 
[16]. This research work is another sign of the neuropro-
tective role of jatamansinol in the Tau protein-induced AD 
Drosophila model.

Table 1   Jatamansinol consumed by OK and Elav-Gal4, UAS-Tau 
LacZ flies reared on regular and jatamansinol supplemented food 
media

Treatment groups Intake of jatamansi-
nol (μg)/individual

Adults OK 0.00
OK + 10 μM J 0.09
OK + 20 μM J 0.18
Elav-Gal4, UAS-Tau LacZ + 10 μM J 0.12
Elav-Gal4, UAS-Tau LacZ + 20 μM J 0.23

Larvae OK 0.00
OK + 10 μM J 0.10
OK + 20 μM J 0.11
Elav-Gal4, UAS-Tau LacZ + 10 μM J 0.04
Elav-Gal4, UAS-Tau LacZ + 20 μM J 0.08
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The brains of human AD patients show a high level of 
oxidative stress with the formation of senile plaques and 
neurofibrillary tangles [43]. It was shown that the pan-neu-
ronal overexpression of human Tau protein in rats and Dros-
ophila leads to an increased level of ROS and a reduced level 
of antioxidant enzymes [6, 7]. Age-dependent increase in 
ROS level in Elav-Gal4, UAS-Tau lacZ flies reared in regular 
food (Fig. 6A; p < 0.01) confirms that Tau protein expres-
sion in flies induces oxidative stress by generating reactive 
free radicals. A dose-dependent decrease in the ROS level in 
Elav-Gal4, UAS-Tau lacZ flies reared in jatamansinol sup-
plemented food (Fig. 6A) suggests that jatamansinol scav-
enges the reactive free radicals generated by Tau protein. In 
line with this study, ethanolic extract of N. jatamansi reduces 
the in vitro cells’ ROS level [44].

Increased malondialdehyde (MDA), an LPO product 
in human AD patients’ brains, indicated brain cells under 
oxidative stress conditions [45]. An increased MDA level 
in Elav-Gal4, UAS Tau-lacZ flies compared to control flies 
(Fig.  6B; p < 0.01) suggests that the overexpression of 
human Tau protein in the Drosophila brain induces oxida-
tive stress and, in turn, initiates the LPO process [7]. The 
reduction in the MDA level in Elav-Gal4, UAS-Tau lacZ 
flies reared in jatamansinol supplemented food (Fig. 6B) 
evidences the anti-LPO activity of jatamansinol. Previous 
studies have demonstrated that N. jatamansi extract protects 
cardiac tissues from LPO in Wistar rats [46], attenuating 
lipid peroxidative potential in 6-hydroxydopamine-induced 
Parkinsonism in rats [47].

H2O2 is a stable, uncharged, and freely diffusible ROS; 
its level increases in human AD patients’ brains [48]. Tau 
protein forms the neurofibrillary tangles, binds and reduces 
copper ions, and serves as a metalloenzyme to catalyze 
the generation of neurotoxic H2O2 from O2 through Cu2+ 
reduction [49]. Highly toxic H2O2 generated by tau protein 
is directly causing mitochondria permeability transition and 
cytochrome release. It activates caspase-3, which is pivotal 
event responsible for the dysfunction or death of neuronal 
cells (neurodegeneration) that contribute to AD pathogenesis 
[50]. An increased H2O2 level in Elav-Gal4, UAS-Tau lacZ 
flies compared to control flies reared in regular food media 
(Fig. 6C; p < 0.01) confirms that the overexpression of Tau 
protein generates the H2O2, by which Tau protein exerts its 
neuronal toxicity. Decreased level of H2O2 in Elav-Gal4, 
UAS-Tau lacZ flies reared in jatamansinol supplemented 
food (Fig. 6C) confirms that jatamansinol has the property 
of scavenging the H2O2 generated by human Tau protein. N. 
jatamansi rhizome extract protects the H2O2-induced oxi-
dative stress in C6 glioma cells [51]. Since the Tau protein 
causes a neurotoxicant (H2O2), it plays a significant role in 
AD pathogenesis; this study empowers the development 
of novel therapeutic strategies to treat AD patients using 
jatamansinol.

Oxidative stress can cause oxidative damage to the pro-
tein, and oxidatively modified proteins accumulate as pro-
tein carbonyls [52, 53]. Neurofibrillary tangles are asso-
ciated with carbonylated protein accumulation in the AD 
brain [54]. The increased PC in the Elav-Gal4, UAS-Tau 
lacZ flies compared to control flies reared on regular food 
(Fig. 6D; p < 0.01) indicates that Tau protein overexpression 
causes protein oxidation. Conversely, the decreased PC in 
the Elav-Gal4, UAS-Tau lacZ flies reared in jatamansinol 
supplemented food (Fig. 6D) evidences its oxidative stress 
inhibitory potential. An in vitro study also demonstrated that 
ethanolic root extract of N. jatamansi reduces protein oxida-
tion and, in turn, the PC [44].

RNS are derivatives of nitric oxide compounds such as 
nitric oxide radical (NO or NO•), nitrogen dioxide radical 
(NO2

•), nitrite (NO2
−), and peroxynitrite (ONOO−). Excess 

RNS results in cell injury and cell death by inducing nitrosa-
tive stress [28]. Higher RNS damages the protein and nucleic 
acids involved in AD’s pathogenesis [55]. The higher NO 
level in Elav-Gal4, UAS-Tau lacZ flies reared on regular 
food (Fig. 6E; p < 0.01) showed the involvement of Tau pro-
tein in the generation of RNS. The significant NO reduction 
in the Elav-Gal4, UAS-Tau lacZ flies reared on jatamansinol 
supplemented food (Fig. 6E) evidences its RNS scavenging 
activity. A previous study also demonstrated the N. jata-
mansi inhibiting NO activity in Aβ42-expressed flies [56].

SOD and CAT are essential antioxidants safeguarding 
oxidative stress-induced damages [18]. In AD patients, 
central and peripheral nerve tissues show reduced SOD 
and CAT activity [57]. It is also evident that pan-neuronal 
Tau protein expression in Drosophila reduces the SOD 
and CAT activity [7, 58]. The significant SOD and CAT 
activity reduction in Elav-Gal4, UAS-Tau lacZ flies reared 
on regular food (Fig. 7A, B; p < 0.01) confirms that Tau 
protein generates overwhelming ROS production; the 
depletion of SOD and CAT antioxidants might be for 
scavenging generated ROS. The gradual increase in SOD 
and CAT activities in Elav-Gal4, UAS-Tau lacZ flies fed 
jatamansinol supplemented food (Fig. 7A, B) confirms 
that jatamansinol can potentially influence the activity 
of SOD and CAT. An aqueous extract of N. jatamansi 
containing coumarin compounds has antioxidant potential 
and can reverse haloperidol-induced catalepsy in rats with 
increased SOD and CAT activities [13].

GST is an essential mediator in ROS response in all 
eukaryotes [59]. The significant reduction of GST level 
in Elav-Gal4, UAS-Tau lacZ flies reared on regular food 
(Fig. 7C; p < 0.01) indicates GST’s involvement in the 
metabolism of ROS generated by Tau protein. It has been 
evident a declined GST level in the frontal cortex of AD 
patients [60]. Hydro-ethanolic extract of N. jatamansi 
increases the GST and other antioxidant enzymes in the 
cold-restraint stress rat model [61]. The increased GST 
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level in Elav-Gal4, UAS-Tau lacZ flies reared in jatamansi-
nol supplemented food (Fig. 7C) suggests that jatamansi-
nol mitigates oxidative stress by increasing the GST level.

It is evident from the biochemical assays that jata-
mansinol increases the antioxidant level and reduces the 
oxidative stress in the Tau protein-expressed AD Dros-
ophila model. Our earlier in silico work demonstrated 
that jatamansinol inhibits Keap1 protein, activating Nrf2 
to detoxify protein, increasing the antioxidant level, and 
reducing oxidative stress [15]. Also, jatamansinol sup-
presses oxidative stress and induces antioxidant enzyme 
activity in Aβ42-induced neurotoxicity in the AD Dros-
ophila model [16]. The current work provides additional 
evidence for the antioxidant capacity of jatamansinol 
against the Tau protein-induced neurotoxicity in the AD 
Drosophila model.

The cholinergic system, composed of organized nerve 
cells that use the neurotransmitters during neuronal sig-
nal transmission, plays a crucial role in AD’s pathogenesis 
[62, 63]. The clinical symptoms associated with AD result 
from deterioration of cholinergic transmission in the human 
cerebral cortex region with the increased neurotransmitter 
enzymes such as AChE and BuChE [64]. One of the thera-
peutic strategies against AD is to increase the cholinergic 
level by inhibiting AChE and BuChE activities [65]. The 
increased AChE and BuChE in the Elav-Gal4, UAS-Tau lacZ 
flies fed with regular food (Fig. 8) indicated that the Tau-
induced neurofibrillary tangles might be involved in disrupt-
ing the cholinergic system. A gradual decrease of AChE and 
BuChE activities in Elav-Gal4, UAS-Tau lacZ flies reared on 
jatamansinol supplemented food media (Fig. 8) evidenced 
jatamansinol has the cholinesterase inhibition property. 
The previous in silico work indicates the dual cholinest-
erase inhibitory activity of jatamansinol [15]; in the Aβ42 
protein-induced AD Drosophila model, dual cholinesterase 
inhibitory activity of jatamansinol was proved [16]. The cur-
rent study supports such properties in the Tau-induced AD 
Drosophila model.

Our recent study [16] confirmed that the intake of jata-
mansinol by the Tau-induced Drosophila AD model through 
food (Fig. 9, Table 1) affirms that jatamansinol is not an 
antifeedant for larva and adult Drosophila.

Conclusion

This study demonstrates that jatamansinol from the N. jata-
mansi is a multitargeted neuroprotective agent against human 
Tau-induced neurotoxicity in the AD Drosophila model. 
Jatamansinol suppresses ROS generation and increases the 
antioxidant enzyme activities in Tau protein-expressed flies. 
It inhibits cholinesterase activities and improves locomotory, 
learning, and memory in the Tau protein-induced AD flies. 

Jatamansinol ameliorates Tau protein-induced eye degen-
eration and decreases the level of Tau protein expression in 
tauopathy flies. The pyrone ring and dihydropyran moiety 
in the jatamansinol might have been responsible for its anti-
oxidant nature.
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