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Abstract
In the current study, the therapeutic potential of cerium oxide nanoparticles  (nCeO2) was investigated in a human tau 
(htau) model of Alzheimer’s disease (AD), using Drosophila melanogaster as an in vivo model.  nCeO2 synthesised via the 
hydroxide-mediated approach were characterised using Fourier transform infrared (FTIR), transmission electron microscopy 
(TEM), X-ray diffraction (XRD) analyses and Raman spectroscopy. Characterisation studies confirmed the formation of 
pure cubic-structured  nCeO2 and showed that the particles were spherically shaped, with an average size between 20 and 
25 nm. The synthesised  nCeO2 were then administered as part of the diet to transgenic Drosophila for one month, at 0.1 and 
1 mM concentrations, and its effect on the biochemical levels of superoxide dismutase (SOD), acetylcholinesterase (AChE), 
and the climbing activity of flies were studied in a pan-neuronal model (elav; htau) of AD. Using an eye-specific model of 
htau expression (GMR; htau), the effect of  nCeO2 on htau and autophagy-related (ATG) gene expression was also studied. 
Dietary administration of  nCeO2 at a concentration of 1 mM restored the activity of SOD similar to that of control, but both 
concentrations of  nCeO2 failed to modulate the level of AChE, and did not elicit any significant improvements in the climb-
ing activity of elav; htau flies. Moreover,  nCeO2 at a concentration of 1 mM significantly affected the climbing activity of 
elav; htau flies.  nCeO2 also elicited a significant decrease in htau gene expression at both concentrations and increased the 
mRNA expression of key autophagy genes ATG1 and ATG18. The results therefore indicate that  nCeO2 aids in replenishing 
the levels of SOD and tau clearance via the activation of autophagy.
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Introduction

Alzheimer’s disease (AD) is a disorder of the brain and nerv-
ous system which commonly causes dementia. The major 
symptoms of AD include decline in cognitive domains such 
as visuospatial functions memory, language and behaviour 

which in turn greatly affect the ability of the patient to per-
form day-to-day activities (Weller and Budson 2018). Age 
is the major risk factor for AD and the risk of developing 
AD increases 2 times for every 5 years for a person above 
65 years of age (Querfurth and LaFerla 2010). Pathologi-
cally, the presence of neurofibrillary tangles (NFTs) consist-
ing of aggregated tau protein and cerebral plaques contain-
ing β- amyloid (Aβ) peptides, leading to oxidative damage 
and inflammation, are the important hallmarks in the diag-
nosis of AD (Braak and Braak 1991; Querfurth and LaFerla 
2010). There is a need for developing newer drugs since the 
drugs available currently treat the patient only symptomati-
cally (Weller and Budson 2018).

Tau is a heat stable and a tubulin binding protein, which 
is essential for the assembly of microtubules. It has multiple 
phosphorylation sites for kinases, such as cAMP-depend-
ent protein kinases and type I casein kinase, to act upon. 
Phosphorylation significantly affects the ability of tau to 
bind to tubulin, which is greatest when tau protein is not 
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phosphorylated (Jameson et al. 1980; Lindwall and Cole 
1984; Pierre and Nunez 1983; Weingarten et al. 1975). In 
pathological states such as AD, there is an excess produc-
tion of phosphorylated tau which does not bind to tubulin 
and gets accumulated intracellularly. The amyloid cascade 
hypothesis first proposed by Hardy et al. has since become 
the focal point of AD research, especially in familial forms 
of AD (Hardy and Higgins 1992). This hypothesis postulates 
that increased deposition of Aβ peptide, found in extracel-
lular plaques, is the first and major trigger for the subse-
quent damages that occur in AD. Amyloid precursor protein 
(APP) is the precursor from which Aβ peptide is produced. 
This initial event leads to the formation of NFTs, which are 
characterised by the presence of phosphorylated tau protein 
(p-tau), subsequently leading to neuronal cell death, vascu-
lar damage and dementia (Hardy and Allsop 1991; Hardy 
and Selkoe 2002; Hardy and Higgins 1992). While the pres-
ence of Aβ peptide results in structural and morphological 
changes to dendritic spines, the death of neurons proceeds 
only when both Aβ and tau protein are present. Further-
more, the presence of hyperphosphorylated tau, even in the 
absence of NFTs, can elicit neuronal toxicity (Bakota and 
Brandt 2016).

Cerium oxide nanoparticles  (nCeO2) have gained wide-
spread interest among researchers recently as a potential 
therapeutic compound since it can act as an antioxidant by 
mimicking the activities of catalase and superoxide dis-
mutase (SOD), and as a scavenger of free radicals (Dowd-
ing et al. 2012; Korsvik et al. 2007; Pirmohamed et al. 2010; 
Szymanski et al. 2015).  nCeO2 exerts both antioxidant and 
pro-oxidant activities. It elicits beneficial effects, mainly by 
its ability to decrease oxidative stress, by acting as an anti-
oxidant. It also elicits detrimental effects by causing inflam-
mation, endocrine imbalance, genotoxicity and oxidative 
stress (Adebayo et al. 2018; Alaraby et al. 2015b; Ali et al. 
2015; Azari et al. 2019; Eriksson et al. 2018; Nemmar et al. 
2017; Schwotzer et al. 2017; Tisi et al. 2019; Vafaei-Pour 
et al. 2018).

nCeO2 have been recently explored as a potential thera-
peutic to treat AD in vitro and in vivo, mainly using the Aβ 
model. It was reported that  nCeO2 acted as a beneficial com-
pound by scavenging free radicals, reducing the aggrega-
tion of Aβ, favouring the survival of neurons, and improving 
mitochondrial functions (Cimini et al. 2012; Dowding et al. 
2014; Kwon et al. 2016; Zhao et al. 2016). However, there 
are no studies to date that have investigated the efficacy of 
 nCeO2 in a tau model of AD.

Drosophila is a commonly used in vivo model for study-
ing the toxicity elicited by various nanoparticles and the 
mode of administration is mainly via the oral route (Alaraby 
et al. 2015a; Dan et al. 2019; Mishra et al. 2017; Sunda-
rarajan et al. 2019). It has a short life cycle of 10–12 days 
(Ong et al. 2015) and comparison with the human genome 

revealed an approximately 60% sequence homology in 
genetic makeup of humans and Drosophila (Wangler et al. 
2015), thus emphasising its importance as an invaluable 
and cost-effective model for understanding the complexity 
of normal as well as pathological mechanisms in humans. 
Transgenic disease models can also be obtained in Dros-
ophila via genetic manipulation by the use of GAL4-UAS 
system for tissue-specific expression of target gene (Brand 
and Perrimon 1993).

In this study,  nCeO2 synthesised via the hydroxide-
mediated approach were investigated for their ability to 
ameliorate commonly observed biochemical, genetic and 
behavioural changes in human tau (htau)-induced AD in 
Drosophila. To the best of the authors’ knowledge, no stud-
ies have been performed to date that investigate the thera-
peutic potential of  nCeO2 in a tau model of AD using Dros-
ophila. elav-GAL4 and GMR-GAL4 flies were crossed with 
UAS-htau/TM3 flies to overexpress htau in the neurons and 
eyes of the F1 progeny (Sheik Mohideen et al. 2015). Such 
flies expressing the htau protein were administered  nCeO2 
orally along with food for one month, at concentrations of 
0.1 and 1 mM, to study the biochemical levels of SOD, 
AChE, the locomotor activity of flies, and mRNA expres-
sion of htau. Moreover, autophagy was hypothesised as one 
of the mechanisms responsible for tau clearance based on 
previous reports (Krüger et al. 2012; Sheik Mohideen et al. 
2015; Wang et al. 2010; Zhang et al. 2017) and therefore, 
the gene expression of important autophagy markers such 
as autophagy-related 1 (ATG1), ATG12, and ATG18 was 
investigated in the current study.

Materials and methods

Materials

Agar–agar type I was bought from HiMedia, Mumbai. The 
chemicals bought from SRL Chemicals, Mumbai include 
acetylthiocholine iodide, potassium chloride, 5,5′-dithiobis-
2-nitrobenzoic acid (DTNB), nitrobluetetrazolium (NBT), 
sodium hydroxide, D-glucose, chloroform, bovine serum 
albumin (BSA), nicotinamide adenine dinucleotide hydride 
(NADH), glacial acetic acid, phenazonium methosulphate 
(PMS), and yeast extract powder. Propionic acid was pro-
cured from Merck Life Sciences, Mumbai. Orthophos-
phoric acid was purchased from Thermo Fischer Scientific, 
Mumbai.

Synthesis of  nCeO2

nCeO2 were synthesised via the wet chemical method using 
sodium hydroxide and cerium nitrate hexahydrate as pre-
cursors, as previously described (Sundararajan et al. 2019). 
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Briefly, a pinkish-white precipitate was formed following 
drop-wise addition of sodium hydroxide (0.3 M) to sodium 
nitrate hexahydrate (0.1 M), under constant stirring and 
heating for 2 h. The final yellow-coloured product obtained 
after centrifugation, ethanol wash and annealing is  nCeO2. 
Characterisation of the synthesised  nCeO2 was performed 
using transmission electron microscopy (TEM), Fourier 
transform infrared (FTIR) spectroscopy, Raman spectros-
copy and X-ray diffraction (XRD) studies.

Concentration and duration of  nCeO2 administration

A previous study by Sundararajan et al. has reported the 
toxicity elicited by  nCeO2 when administered orally, using 
0.05% BSA as the dispersion medium, at concentrations 
of 0.1 and 1 mM to Oregon-K flies. It was observed that 
one month administration of both concentrations of  nCeO2 
were not toxic to adult male flies (Sundararajan et al. 2019). 
Therefore, in the current study, the treatment period for 
 nCeO2 administration to transgenic flies was fixed to one 
month for performing biochemical and gene expression stud-
ies. 0.05% BSA was used as a vehicle control for elav-GAL4 
and untreated AD flies.

Generation of Alzheimer’s disease model (GMR; htau 
and elav; htau)

A Drosophila model of AD expressing wild-type human 
tau (htau) in the eyes was obtained by crossing 15 virgin 
females of GMR-GAL4 with 5 males of UAS-htau/TM3 in 
control and  nCeO2-containing food (0.1 and 1 mM). The 
new born male flies exhibiting the phenotype of shrunken 
eyes with long hair (referred to as GMR; htau) were col-
lected and maintained in  nCeO2-containing food for one 
month at concentrations of 0.1 and 1 mM, for performing 
the gene expression studies. The food was changed every 
week. Similarly, an AD model with a pan-neuronal expres-
sion of htau was obtained by crossing 15 virgin females 
of elav-GAL4 with 5 males of UAS-htau/TM3 in control 
and treatment food. The new born male flies with the phe-
notype of normal eyes and long hair (referred to as elav; 
htau) were maintained in  nCeO2-containing food for one 
month at concentrations of 0.1 and 1 mM, for performing 
biochemical and climbing assays. elav-GAL4 flies were used 
as control to compare the data from transgenic flies. The 
flies were reared at 25 ± 1 °C and on a 12 h dark–light cycle, 
with 60% humidity on standard cornmeal diet consisting of 
corn flour, D-glucose, sugar, agar–agar type 1, and yeast 
extract powder. Anti-fungal agents such as propionic acid 
and orthophosphoric acid were added to the cornmeal diet 
at 55 °C after autoclaving to prevent the growth of fungus.

GMR-GAL4 flies used in the current study were estab-
lished by Takahashi et al., using P element-mediated germ 

line transformation. They have a normal eye morphology 
and carry pGMR-GAL4 on the X chromosome (Takahashi 
et al. 1999). UAS- htau/TM3 flies previously established 
by Mohideen et al. were used in the current study (Sheik 
Mohideen et al. 2015).  elavC155 (elav-GAL4, BL#458) flies 
were procured from Drosophila Genetic Resource Center, 
Kyoto Institute of Technology, Japan. GMR-GAL4 and 
UAS- htau/TM3 were gifted by Drs. Fumiko Hirose (Uni-
versity of Hyogo, Japan) and Leo Tsuda (National Centre for 
Geriatrics and Gerontology, Japan).

SOD activity in elav; htau fly heads

The activity of the antioxidant enzyme SOD in control 
and elav; htau fly heads dissected from flies from control 
and treatment food (five replicates per treatment group, 20 
heads/group) was measured colorimetrically, based on its 
ability to inhibit the formation of chromogen (Sundararajan 
et al. 2019). Briefly, 0.15 mL of the supernatant obtained by 
homogenising 20 elav; htau heads in 0.1 M sodium phos-
phate buffer was added to 0.2 mL of milliQ water, 1 mL of 
0.052 M sodium pyrophosphate buffer (pH 8), 0.3 mL of 
NBT, and 0.1 mL of 186 µM PMS. Upon adding 0.2 mL of 
780 µM NADH to the above mixture, the reaction proceeds 
with the formation of a purple colour. Acetic acid was used 
to stop the reaction and absorbance was measured at 560 nm 
to express the results in the form of SOD units/per/min/mg 
of protein, by considering 50% inhibition of chromogen pro-
duction at room temperature as one unit of enzyme activity.

AChE activity in elav; htau heads

Ellman’s method was used for the biochemical estimation of 
the enzyme AChE in control and elav; htau fly heads (five 
replicates per treatment group, 20 heads/group) dissected 
from flies from control and treatment food after one month 
exposure (Sundararajan et al. 2019). Briefly, 0.1 mL of the 
supernatant obtained by homogenising 20 fly heads in 0.1 M 
sodium phosphate buffer was added to 100 µL of 10 mM 
DTNB, 650 µL of 0.1 M sodium phosphate buffer (pH 7.4) 
and 10 µL of 0.075 M acetylthiocholine iodide. The absorb-
ance of the chromogen was read every minute (for a total of 
10 min) at 412 nm to express the results in the form of AChE 
activity/min/mg of protein.

Climbing assay

To perform the climbing assay, 25 control and elav; htau 
flies born in control and  nCeO2-containing food were main-
tained in control and treatment food for one month (five 
replicates per treatment group). The flies were exposed to 
new treatment food every week. Following the treatment 
period, 20 flies/per treatment group were transferred into 
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empty vials that had a marking at 3 cm from the bottom of 
the vial. A video was recorded once the flies began to climb 
after being brought down by gentle tapping, and the ratio of 
flies that moved beyond the 3 cm mark to total number flies 
depicted the final results in the form of percentage (Sunda-
rarajan et al. 2019).

Quantitative Real‑Time PCR (qRT‑PCR)

Fifteen GMR; htau flies from the control (untreated GMR; 
htau) and  nCeO2 treatment groups were anaesthetised via 
 CO2 exposure and their heads were dissected (three rep-
licates per treatment group). RNA was extracted from the 
heads via the Trizol Method (Invitrogen). The purity and 
quantity of the isolated RNA were estimated via Nanodrop 
(Thermo Scientific), and cDNA was synthesised using 
500 ng of RNA (iScript cDNA synthesis kit, Bio-Rad). The 
mRNA expression of htau, ATG1, ATG12, and ATG18 
genes was analysed via qRT-PCR, using a 20-µL reaction 
mixture consisting of 2 × TB Green® Premix Ex Taq™ 
II (Takara) and gene-specific primers on a QuantStudio 5 
Real-Time PCR system (Applied Biosystems). The relative 
mRNA expression was calculated using the comparative  CT 
(ΔΔCT) method and RP49 was used as the housekeeping 
gene. All the samples were run in duplicates. cDNA amplifi-
cation for all the genes was performed at 95 °C for 5 min, 40 
cycles of 95 °C for 15 s and 60 °C for 35 s. The melt curve 
stage had the following conditions: 95 °C, 60 °C, and 95 °C 
for 15 s, 1 min, 1 s, respectively. While manually designed 
primers were used for ATG1, ATG12 and ATG18 (Primer3 
Plus online software), the primers for htau and RP49 were 
used based on a previous publication (Ando et al. 2016). 
Table 1 lists the primers used in this study.

Statistical analysis

All the values in the graphs are represented in the form of 
mean ± SEM. One-way ANOVA followed by Bonferroni’s 
multiple comparison post-test was used to assess the signifi-
cance of treatment groups with control and untreated AD 
flies in GraphPad Prism 5.0. P < 0.05 was set as the criterion 
for a denoting a statistically significant value.

Results and discussion

Characterisation of  nCeO2

The FTIR spectrum of the nanoparticle was performed to 
characterise the different functional groups present within 
it (Fig. 1a). The FTIR spectrum confirmed the formation 
of cerium oxide. The spectrum showed peaks at 3430 and 
1620  cm−1 which correspond to the hydroxyl groups. The 
band at 500  cm−1 denoted the Ce–O stretching vibration. 
The peak around 1450  cm−1 was formed as a result of the 
bending vibration of C-H stretching. Moreover, N–O stretch-
ing resulted in the formation of a peak at 1382  cm−1. Fig-
ure 1b shows the XRD image of cerium oxide nanoparticles. 
The XRD image confirmed the formation of pure cerium 
oxide. The peaks at 2θ = 29.3°, 33.3°, 47.45°, 57.5°, 59.2°, 
77.2° and 78.4° corresponded to (111), (200), (220), (311), 
(222), (331) and (420) planes, respectively. The absence of 
any other phase confirmed the purity of the sample. The 
peak broadening confirmed that the formed samples were in 
the nanometer range. The XRD confirmed the cubic fluorite 
structure of  nCeO2. The shape and size of the synthesised 
particles were elucidated via TEM imaging. The particles 
were spherically shaped and ranged in size from 20 to 25 nm 
(Fig. 1c). Raman spectroscopy was performed to investi-
gate if there were any defects in the crystal structure of the 
synthesised  nCeO2 (Fig. 1d). The Raman spectrum showed 
a single Raman band at 461  cm−1, which confirmed the for-
mation of cubic fluorite-structured cerium oxide. It had an 
 F2g symmetry. It also displayed a sharp and a symmetric 
peak. This corresponded to Ce–O–Ce symmetric vibration. 
The observed single peak at 461  cm−1 was due to first-order 
scattering.

Biochemical levels of SOD in elav; htau heads

The biochemical levels of SOD in the homogenate of heads 
of elav; htau transgenic flies were estimated to determine the 
balance of oxidant/antioxidant and oxidative stress in AD. 
The SOD units/min/mg of protein were 17.6, 12.8, 14.7, 
and 17.7 for control, untreated elav; htau, 0.1, and 1 mM 
treatment groups, respectively. Compared to control, there 
was a statistically significant decrease in SOD activity of the 

Table 1  List of primers used in 
the gene expression studies

Gene Forward Reverse

Htau CAA GAC AGA CCA CGG GGC GG CTG CTT GGC CAG GGA GGC AG
RP49 GCT AAG CTG TCG CAC AAA TG GTT CGA TCC GTA ACC GAT GT
ATG1 TCA CGA AGA AGG GAC AAC TGA ATG ACC AGG CTG ACG CAA TC
ATG12 GCA GAG ACA CCA GAA TCC CAG GTG GCG TTC AGA AGG ATA CAAA 
ATG18 GTG TTC GTC AAC TTC AAC CAGA TGT CCA GGG TCG AGT CCA C
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untreated elav; htau group (P < 0.05) and the 1 mM treat-
ment group helped in restoring the enzyme activity similar 
to that of control flies. Comparison between the untreated 
elav; htau group and  nCeO2 treatment groups revealed a 

statistically significant increase in SOD activity (P < 0.05) 
for the 1 mM treatment group (Fig. 2). The increase in SOD 
activity following treatment with  nCeO2 was most likely 
due to the SOD-mimicking activity of  nCeO2 (Baldim et al. 

Fig. 1  Characterisation of  nCeO2. a FTIR spectrum; b XRD analy-
sis; c TEM imaging, and d Raman spectrum. In the FTIR spectrum, 
the peaks at 500, 1382 and 1450  cm−1 denoted the Ce–O stretching, 
N–O stretching, and C-H stretching vibrations, respectively. The 
peaks at 3430 and 1620   cm−1 were formed due to the presence of 
the hydroxyl groups. In XRD analysis, the presence of peaks corre-
sponding to (111), (200), (220), (311), (222), (331) and (420) planes 

confirmed the polycrystalline nature and purity of the sample. TEM 
imaging revealed that the particles were spherically shaped, with an 
average size between 20 and 25 nm. The Raman spectrum showed a 
single Raman band at 461   cm−1, which confirmed the formation of 
cubic fluorite-structured cerium oxide.  nCeO2: cerium oxide nano-
particles; FTIR: Fourier transform infrared; XRD: X-ray diffraction; 
TEM: transmission electron microscopy
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2018). SOD is an antioxidant enzyme that acts on the free 
radical superoxide anion to convert it to hydrogen peroxide. 
It has three major isoforms, SOD1, SOD2 and SOD3, which 
differ in the localisation within the cell (Fukai and Ushio-
Fukai 2011). Oxidative stress plays a major role in the brain 
damage of patients with AD and antioxidant enzymes such 
as SOD are significantly reduced in the blood and brain of 
patients suffering from AD (Casado et al. 2008; Ihara et al. 
1997; Marcus et al. 1998). Compounds that can increase the 
activity of antioxidant enzymes therefore have the ability to 
aid in the recovery of neuronal cells from oxidative damage 
(Alamro et al. 2020). The restoration of SOD activity to nor-
mal levels following treatment with  nCeO2 at a concentra-
tion of 1 mM suggests that it might confer beneficial effects 
to neuronal cells undergoing oxidative stress and apoptosis.

Biochemical levels of AChE in elav; htau heads

The biochemical levels of AChE, an important neuro-
transmitter, were also estimated in the homogenate of 
heads of elav; htau transgenic flies after dietary exposure 
to  nCeO2 for one month (Fig. 3). The AChE units/min/mg 

of protein ×  10–4 were 2.16, 1.27, 1.33 and 1.36 for con-
trol, untreated elav; htau, 0.1, and 1 mM treatment groups, 
respectively. Compared to control, there was a statistically 
significant decrease in AChE activity of untreated elav; 
htau flies (P < 0.001). Comparison of the enzyme activity 
of the control group with  nCeO2 treatment groups revealed 
a significant decrease for 0.1 and 1 mM concentrations 
(P < 0.01). However, there was no significant difference 
in the enzyme activity when compared with the untreated 
elav; htau group. This indicates that  nCeO2 did not possess 
AChE inhibitory activity. Inhibition of AChE activity is one 
of the therapeutic targets used in patients with AD to pro-
vide symptomatic relief due to the presence of cholinergic 
deficits. Some of the commonly prescribed AChE inhibi-
tors to patients suffering from AD include galantamine, riv-
astigmine, and donepezil (Mehta et al. 2012). Depletion of 
neurons specialising in cholinergic functions in regions of 
the brain associated with learning and memory is a common 
finding in patients suffering from AD and AChE inhibitors 
compensate for this by increasing the concentration of ace-
tylcholine in synaptic cleft (Saify and Sultana 2014). Patho-
genic forms of tau protein bind to synaptic vesicles to reduce 

Fig. 2  SOD activity in the heads of elav; htau flies exposed to  nCeO2, 
dispersed in 0.05% BSA, for one month along with food. 0.05% BSA 
was used as a vehicle control for elav-GAL4 (control) and untreated 
elav; htau flies. Values represented are mean ± SEM. Five replicates 
per treatment group and 20 fly heads per treatment group, *P < 0.05 
vs. elav; htau, #P < 0.05 vs. control. SOD superoxide dismutase, 
nCeO2 cerium oxide nanoparticles, BSA bovine serum albumin

Fig. 3  AChE activity in the  heads of elav; htau flies exposed to 
 nCeO2, dispersed in 0.05% BSA, for one month along with food. 
0.05% BSA was used as a vehicle control for elav-GAL4 (control) 
and untreated elav; htau flies. Values represented are mean ± SEM. 
Five replicates per treatment group and 20 fly heads per treatment 
group, ###P < 0.001 vs. control, ##P < 0.01 vs. control. AChE acetyl-
cholinesterase, nCeO2 cerium oxide nanoparticles, BSA bovine serum 
albumin
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the rate of neurotransmission in neurons (Zhou et al. 2017). 
AChE inhibitors, by preventing the breakdown of acetylcho-
line, upregulate cholinergic neurotransmission and improve 
deficits associated with memory and learning (Kandimalla 
and Reddy 2017).

Climbing assay

The climbing assay was performed to evaluate the extent of 
recovery from tau-induced climbing deficits following one 
month dietary exposure to  nCeO2. Pan-neuronal expression 
of htau in Drosophila leads to a number of phenotypical, 
pathological, and behavioural changes such as shortened 
lifespan, climbing defects, learning and memory deficits 
and brain vacuolisation (Gistelinck et al. 2012; Mershin 
et al. 2004; Wittmann et al. 2001). 77.67% of flies from the 
control group, 48.5% of flies from the untreated elav; htau 
group, 64.2% of flies from the 0.1 mM  nCeO2 treatment 
group, and 35.7% of flies from the 1 mM  nCeO2 treatment 
group climbed beyond the mark of 3 cm. There was a sig-
nificant decrease in the climbing activity of flies from the 
untreated elav; htau group (P < 0.05) and the 1 mM treat-
ment group (P < 0.001), when compared with control flies. 
Treatment with  nCeO2 at both concentrations for one month 
failed to elicit any significant improvements in the climbing 
activity, when compared with the untreated elav; htau group 
(Fig. 4). The levels of sarkosyl insoluble tau in neurons 
upon htau expression directly affects the climbing activity 
of elav;htau flies and improvements in climbing defects is 
related to the decrease in the amount of insoluble tau (Sheik 
Mohideen et al. 2015). Therefore, the lack of significant 
improvements in climbing defects in  nCeO2-treated elav; 
htau flies could be due to absence of changes in the amount 
of sarkosyl insoluble tau. The decrease in climbing activity 
following the administration of  nCeO2 at a concentration of 
1 mM could also be due to the detrimental effects elicited 
by  nCeO2.

Gene expression of htau and ATG genes in GMR; 
htau fly heads

The effect of one month dietary administration of  nCeO2 
to transgenic GMR; htau flies on the mRNA expression 
of htau and ATG genes was analysed using qRT-PCR. 
Administration of  nCeO2 along with food resulted in a 
concentration-dependent decrease in htau gene expres-
sion and increase in ATG1 gene expression (P < 0.05 for 
0.1 mM and P < 0.01 for 1 mM), when compared with 
control flies. No significant effect was seen on the ATG12 
gene expression for both concentrations of  nCeO2. How-
ever, ATG18 gene expression was significantly increased 
in the 0.1 mM treatment group (P < 0.01), as well as in 
the 1 mM treatment group (P < 0.05), when compared 

with control flies (Fig. 5). Based on the results obtained, 
it can be suggested that htau mRNA reduction is most 
likely due to induction of the autophagy pathway. Cells 
often use autophagy to maintain homeostasis in normal as 
well as diseased states, wherein the fusion of autophago-
somes to lysosomes results in the removal of unwanted 
substrates such as protein aggregates, cellular organelles 
and pathogens (Di Meco et al. 2020; Shpilka et al. 2012). 
Dysfunction of autophagy is one of the important causes 
of neuronal death in AD, due to impaired clearance of 
misfolded and aggregated proteins such as tau. Therefore, 
in AD, compounds capable of activating the autophagy 
pathway to clear aggregated proteins have therapeutic 
potential (Di Meco et al. 2020; Li et al. 2017). ATG1 
is the part of the ATG1 complex and is important for 
autophagosome formation (Davies et al. 2015; Yama-
moto and Ohsumi 2014). ATG12 along with ATG5 and 
ATG16L1 is known as the autophagy elongation com-
plex, and is one of the two essential conjugation systems 
involved in the elongation of the autophagosome (Fahmy 
and Labonté 2017; Goldsmith et  al. 2014). ATG18 is 
required in the formation of autophagosomes and is also 
shed by mature autophagosomes before its fusion with 

Fig. 4  Climbing activity of elav; htau flies exposed to  nCeO2, dis-
persed in 0.05% BSA, for one month along with food. 0.05% BSA 
was used as a vehicle control for elav-GAL4 (control) and untreated 
elav; htau flies. Values represented are mean ± SEM. Five replicates 
per treatment group and 20 elav; htau flies  per treatment group, 
#P < 0.05 vs. control, ###P < 0.001 vs. control. nCeO2 cerium oxide 
nanoparticles, BSA bovine serum albumin
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lysosomes. The level of ATG18 can thus be used to cor-
relate the rate at which autophagosome formation takes 
place (Domínguez-Martín et al. 2017).  nCeO2 could be a 
potential therapeutic compound for the treatment of AD 
if the effects seen at the transcriptional level could also 
be mimicked at the translational level. Therefore, future 

studies could be performed to study the protein expres-
sion of htau, p-tau and autophagy markers.

Fig. 5  The relative mRNA expression of htau and ATG genes in 
the heads of GMR; htau flies exposed to  nCeO2, dispersed in 0.05% 
BSA, for one month along with food. 0.05% BSA was used as a vehi-
cle control for untreated GMR; htau (control) flies. The gene expres-
sion was normalised using RP49 and presented compared to control 

values. Data represent the mean ± SEM. Three replicates per treat-
ment group and 15 fly heads per treatment group, *P < 0.05 vs. con-
trol, **P < 0.01 vs. control. htau human tau, ATG  autophagy related, 
nCeO2 cerium oxide nanoparticles, BSA bovine serum albumin
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Conclusion

The current study was performed to investigate the ther-
apeutic potential of  nCeO2 in htau-induced Drosophila 
models of AD.  nCeO2 were dispersed in 0.05% BSA and 
administered to transgenic Drosophila as part of their diet 
for one month, at concentrations of 0.1 and 1 mM. In the 
GMR; htau model of AD, dietary administration of  nCeO2 
at both concentrations activated the autophagy pathway 
and helped in significantly reducing the levels of htau at 
the transcriptional level. In the elav; htau model of AD, 
 nCeO2 at a concentration of 1 mM also helped in restor-
ing the levels of SOD, an antioxidant enzyme commonly 
depleted in the brain of patients with AD, similar to that 
of control flies. However, it failed to elicit any neuropro-
tective effect and it also affected the climbing activity of 
elav; htau flies at a concentration of 1 mM. The results of 
this preliminary study suggest that  nCeO2 have limited 
beneficial effects in htau models of AD and they may also 
exert detrimental effects at higher concentrations. There-
fore, in future studies, the safety and neuroprotective effect 
of  nCeO2 in htau models of AD should be investigated in 
detail.
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