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Effect of kaempferol
on the transgenic Drosophila model
of Parkinson’s disease

Rahul, Falaq Naz, Smita Jyoti & Yasir Hasan Siddique™

The present study was aimed to study the effect of kaempferol, on the transgenic Drosophila model of
Parkinson’s disease. Kaempferol was added in the diet at final concentration of 10, 20, 30 and 40 pM
and the effect was studied on various cognitive and oxidative stress markers. The results of the study
showed that kaempferol, delayed the loss of climbing ability as well as the activity of PD fliesin a

dose dependent manner compared to unexposed PD flies. A dose-dependent reduction in oxidative
stress markers was also observed. Histopathological examination of fly brains using anti-tyrosine
hydroxylase immunostaining has revealed a significant dose-dependent increase in the expression

of tyrosine hydroxylase in PD flies exposed to kaempferol. Molecular docking results revealed that
kaempferol binds to human alpha synuclein at specific sites that might results in the inhibition of
alpha synuclein aggregation and prevents the formation of Lewy bodies.

Abbreviations

PD Parkinson’s disease

TH Tyrosine hydroxylase

DOPA 3,4-Dihydroxy phenylalanine
UPS Ubiquitin-proteasomal system
ALP Autophagy-lysosomal pathway

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
6-OHDA  6-Hydroxydopamine

ROS Reactive oxygen species

NOS Nitric oxide synthase

RNS Reactive nitrogen species

MAO Monoamine oxidase

OCI Odour choice index

CI Courtship index

GSH Glutathione

GST Glutathione-S-transferase

LPO Lipid peroxidation

PC Protein carbonyl

MAO Monoamine oxidase

SOD Superoxide dismutase

CAT Catalase

TH Tyrosine hydroxylase

BCIP 5-Bromo-4-chloro-3'-indolyphosphate p-toluidine
NBT Nitro blue tetrazolium chloride
TCA Trichloroacetic acid

APS Aversive phototaxis suppression
PyRx Python prescription

PBS Phosphate buffer saline
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Figure 1. Effect of Kaempferol on the climbing ability. The flies were allowed to feed on the diet supplemented

with Kaempferol for 24 days and then assayed for climbing ability. The values are the mean of 5 assays.

[*significant with respect to control, p<0.05; significant with respect to PD flies; K = Kaempferol; L-Dopa:

107 M; K1=10 uM; K2 =20 uM; K3 =30 pM; K4 =40 uM; PD: PD flies].

Parkinson’s disease (PD) is the second-most common neurodegenerative disorder and about 6.3 million people
are affected worldwide. The disease is characterized by four major symptoms tremor, bradykinesia, muscle rigid-
ity, and postural instability. Majority of human PD cases are “sporadic PD” (SPD), because of no genetic linkage,
and the remaining cases are “familial PD “(FPD) due to genetic relationships with parents'. The pathological
hallmarks of PD are the loss of dopaminergic neurons (DA) in the substantia nigra pars compacta (SNpc) region
of midbrain and deposition of proteinacious aggregates of a-synuclein, known as “Lewy bodies ” (LB)* Oxidative
stress generates reactive oxygen species (ROS), which activates glial cells and activated glial cells generate inflam-
matory chemokines and cytokines causing mitochondrial dysfunction®. Although there are several drugs, for
curtailing the symptoms of PD such as DOPA caboxylase, carbidopa; dopamine agonists, such as bromocriptine,
pramipexole and ropinirole; MAO-B inhibitors, such as rasagiline and selegiline, but none of them completely
cures the disease and are also associated with several side effects*. Thus, we need to develop therapies that can
target both motor as well as non-motor symptoms and prevents the progression of disease. The animal models
are helpful in screening and testing of new therapeutic agents for PD®. In this context Drosophila has emerged
as an effective model for studying PD pathogenesis®. Feany and Bender’ have developed transgenic Drosophila
melanogaster for understanding the mechanisms of PD. These PD flies express human a-synuclein, protein aggre-
gation (Lewy bodies formation), decline in dopaminergic neurons and locomotor defects’. The brain of Dros-
ophila contains clusters of dopaminergic neurons® and these neurons degenerate when the flies express human
a-synuclein®. The multifunctional attributes of Drosophila like robust phenotypes have provided opportunities
for genetic and drug screens to identify therapies for PD, and other age-related neurodegenerative disorders®.

Kaempferol is a yellow coloured compound commonly found in plants. It has a defensive effect against the
brain oxidative damage induced by various types of agents'®!!. It also exhibit antioxidant potential and is able
to cross the blood brain barrier and reduced the neuronal damage' Our present study explores the protective
potential of kaempferol in transgenic Drosophila model of PD.

Results

A dose dependent significant increase in scavenging the free radicals was observed at selected doses of kaempferol
(Fig. S1; p<0.05). Similarly, the results of the superoxide anion scavenging assay also showed the same pattern.
A dose dependent significant increase was observed in scavenging anions by kaempferol (Fig. S2; p <0.05).

The results obtained for the activity of flies are shown in Fig. S3 to S13 (a&b) in the form of activity pattern
and chi-square periodogram. The PD flies (Fig. S3a & b) showed a decrease in the activity with an increase in age
of the flies compared to the control flies (Fig. S4a & b). The PD flies exposed to 10, 20, 30 and 40 pM of kaemp-
ferol showed a dose dependent delay in the loss of activity (Figs. S5a & b-S8a & b). The control flies exposed to
10, 20, 30 and 40 uM of kaempferol showed no difference in the loss of activity Fig. S9 (a & b) to Fig. S12 (a &
b). The PD flies exposed to 10~ M of L-dopa also showed a delay in the loss of activity compared to unexposed
PD flies (Fig. S13 a & b).

The results obtained for retinal degeneration showed the presence of distorted organization of ommatidia in
PD flies (Fig. S14a) in comparison to the control flies (Fig. S14b). The PD flies exposed 10, 20, 30, and 40 uM of
kaempferol showed no disorganization in the ommatidia compared to PD flies (Fig S14c to g). The normal flies
exposed to 10, 20, 30 and 40 uM of kaempferol and 10~ M of L-dopa also showed no distorted organization of
ommatidia (Fig. S14h to k).

The PD flies showed a significant decrease of 3.95 fold in the climbing ability compared to control flies (Fig. 1;
p<0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol showed a significant delay of 1.75, 2.04,
2.29 and 2.45 folds, respectively, compared to unexposed PD flies (Fig. 1; p <0.05). The control flies exposed
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to 10, 20, 30, and 40 uM of kaempferol showed no significant difference compared to unexposed control flies
(Fig. 1; p<0.05). The PD flies exposed to L-dopa (107> M) showed a delay of 3.12 fold in the loss of climbing
ability (Fig. 1; p<0.05).

The PD flies showed a significant increase of 3.5 fold in TBARS compared to control flies (Fig. 2a; p <0.05).
The PD flies exposed to 20, 30 and 40 uM of kaempferol showed a dose dependent significant decrease of 1.35,
1.68 and 1.82 folds, respectively, in the TBARS compared to unexposed PD flies (Fig. 2a; p <0.05). There was
no significant difference in TBARS between the control flies and the control flies exposed to the selected doses
of kaempferol (Fig. 2a; p <0.05). The PD flies exposed to L-dopa (107> M) and 10 uM of kaempferol showed no
significant reduction compared to unexposed PD flies (Fig. 2a; p <0.05).

The PD flies showed a significant increase of 3.5 fold in the PC content compared to control flies (Fig. 2b;
p<0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol showed a significant dose dependent
decrease of 1.31, 1.40, 1.68 and 2 folds, respectively, in the PC content compared to unexposed PD flies (Fig. 2b;
p<0.05). The control flies exposed the selected doses of kaempferol showed no significant difference in the PC
content compared to the unexposed control flies (Fig. 2b; p <0.05). The PD flies exposed to L-dopa showed a
significant decrease of 1.82 fold in the PC content compared to PD flies (Fig. 2b; p <0.05).

The PD flies showed a significant increase of 2.28 fold in the MAO activity compared to the control flies
(Fig. 2¢; p<0.05). The PD flies exposed to 10, 20, 30 and 40 pM of kaempferol showed a dose dependent sig-
nificant increase of 1.2, 1.29, 1.37 and 1.5 folds, respectively, in MAO activity compared to unexposed PD flies
(Fig. 2¢; p<0.05). The control flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant differ-
ence in the MAO activity compared to unexposed control flies (Fig. 2¢; p <0.05). The PD flies exposed to L-dopa
showed a significant decrease of 1.52 fold in the MAO activity compared to PD flies (Fig. 2¢; p<0.05).

The PD flies showed a significant decrease of 1.86 fold in the NPSH content compared to control flies (Fig. 2d;
P <0.05). The PD flies exposed to 10, 20, 30 and 40 pM of kaempferol showed a significant increase of 1.26, 1.41,
1.52 and 1.59 folds, respectively, in the NPSH content compared to unexposed PD flies (Fig. 2d; p <0.05). The
normal flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant difference in the NPSH content
compared to control flies (Fig. 2d; p <0.05). The PD flies exposed to L-dopa showed a significant increase of 1.35
fold in the NPSH content compared to control flies. (Fig. 2d; p <0.05).

The PD flies showed a significant increase of 2.86 fold in the GST activity compared to control flies (Fig. 2e;
p<0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol showed a dose dependent significant
decrease of 1.63 1.75, 2.08 and 2.27 folds, respectively, in GST activity compared to unexposed PD flies (Fig. 2e;
P <0.05). The control flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant difference in the
GST activity compared to unexposed control flies (Fig. 2e; p <0.05). The PD flies exposed to 10~ M of L-dopa
showed a significant decrease of 1.69 fold in the GST activity compared to PD flies (Fig. 2¢; p <0.05).

The PD flies showed a significant increase of 3.99 folds in the activity of catalase compared to control flies
(Fig. 2f; p<0.05). The PD flies exposed to 20, 30 and 40 pM of kaempferol showed a significant decrease of 1.45,
1.60 and 2.17 folds, respectively, in the activity of catalase compared to unexposed PD flies (Fig. 2f; p <0.05).
The control flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant difference in activity of
catalase compared to unexposed control flies (Fig. 2f; p <0.05). The PD flies exposed to 10 pM kaempferol showed
no significant decrease in the activity of catalase compared to unexposed PD flies (Fig. 2f; p <0.05). The PD flies
exposed to 10 M of L-dopa showed a significant decrease of 1.96 folds in the catalase activity compared to
unexposed PD flies (Fig. 2f; p <0.05).

The PD flies showed a significant increase of 1.83 folds in the activity of SOD compared to control flies
(Fig. 2g; p<0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol showed a dose dependent signifi-
cant decrease of 1.18, 1.27, 1.40 and 1.44 folds, respectively, in the activity of SOD compared to unexposed PD
flies (Fig. 2g; p <0.05). The control flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant
difference in activity of SOD compared to unexposed control flies (Fig. 2g; p <0.05).The PD flies exposed to
107 M of L-dopa showed a significant decrease of 1.61 fold in SOD activity compared to unexposed PD flies
(Fig. 2g; p<0.05).

The PD flies showed an increase of 2.90 fold in the activity of caspase-9 compared to control flies (Fig. 3a;
p<0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol showed a dose dependent significant
decrease of 1.18 1.33, 1.60 and 1.77 folds, respectively, in the activity of caspase-9 compared to the PD flies
(Fig. 3a; p <0.05). The control flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant dif-
ference in caspase-9 activity compared to unexposed control flies (Fig. 3a; p <0.05). The PD flies exposed to
1073 M of L-dopa showed a decrease of 1.6 fold in the caspase-9 activity compared to unexposed PD flies (Fig. 3a;
p<0.05).

The PD flies showed a significant increase of 3.16 fold in the caspase-3 activity compared to control flies
(Fig. 3b; p<0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol showed a dose dependent sig-
nificant decrease of 1.18, 1.46, 1.72 and 1.9 folds, respectively, in the activity of caspase-3 (Fig. 3b; p <0.05). The
control flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant difference in the activity of
caspase-3 compared to unexposed control flies (Fig. 3b; p <0.05). The PD flies exposed to 10-> M L-dopa showed
a significant decrease of 1.72 fold in the caspase-3 activity compared to unexposed PD flies (Fig. 3b; p <0.05).

The PD flies showed a significant increase of 1.35 fold in the grey scale value compared to control (Fig. 3¢;
p<0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol showed a dose dependent significant
decrease of 1.03 1.08, 1.13 and 1.17 folds, respectively, in the grey scale values compared to unexposed PD flies
(Fig. 3¢; p<0.05). The control flies exposed to 10, 20, 30 and 40 uM of kaempferol showed no significant difference
in the grey scale values compared to unexposed control flies (Fig. 3¢; p <0.05). The PD flies exposed to 10> M of
L-dopa showed a significant decrease of 1.14 fold in the grey scale value compared to PD flies (Fig. 3¢; p <0.05).

The results obtained for courtship index showed a significant reduction of 2.25 fold in the CI of PD flies
compared to control flies (Fig. 4a; p <0.05). The PD flies exposed to 10, 20, 30 and 40 uM of kaempferol results
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Figure 2. Effect of Kaempferol on TBARS (a) protein carbonyl (PC) content (b) and monoamine oxidase
(MAO) activity (c), NPSH content (d), Glutathione-S-Transferase (GST) (e), catalase (CAT) (f) superoxide
dismutase activity (SOD) (g) measured in the brains of flies. The flies were allowed to feed on the diet
supplemented with Kaempferol for 24 days and then assayed. The values are the mean of 5 assays. [*significant
with respect to control, p <0.05; ®significant with respect to PD flies; K=Kaempferol; L-Dopa: 107> M;

K1=10 pM; K2 =20 uM; K3 =30 uM; K4 =40 pM; PD: PD flies].

in a significant dose dependent increase of 1.27, 1.35,1.47 and 1.57 folds respectively, in the courtship index
compared to unexposed PD flies (Fig. 4a; p <0.05). The PD flies exposed to 10-> M of L-Dopa showed a significant
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Figure 3. Effect of Kaempferol on Caspase 9 activity (a), Caspase 3 activity (b) and grey scale value (c)
measured in the brains of flies. The flies were allowed to feed on the diet supplemented with Kaempferol for

24 days. The values are the mean of 5 assays. [*significant with respect to control, p <0.05; ®significant with
respect to PD flies; L-Dopa: 10~ M; K = Kaempferol; K1 =10 uM; K2=20 pM; K3 =30 uM; K4 =40 uM; PD: PD
flies].

increase of 1.70 fold in CI compared to unexposed PD flies (Fig. 4a; p <0.05). The control flies exposed to 10, 20,
30 and 40 uM of kaempferol showed no significant difference in activity of CI compared to unexposed control
flies (Fig. 4a; p <0.05).

The odour choice index (OCI) of 24 days old PD flies showed a significant reduction of 12.28 fold compared
to control flies (Fig. 4b; p <0.05). The exposure of PD flies to 20, 30 and 40 uM of kaempferol showed a dose
dependent significant increase of 2.42, 3.14 and 4 folds, respectively, in the OCI compared to unexposed PD
flies (Fig. 4b; p<0.05). The PD flies exposed to 10~> M of L-Dopa showed a significant increase of eightfold in
OCI compared to unexposed PD flies (Fig. 4b; p <0.05). PD flies exposed to 10 uM of kaempferol showed no
significant increase in the OCI compared to unexposed PD flies (Fig. 4b; p <0.05). The control flies exposed to
10, 20, 30 and 40 uM of kaempferol showed no significant difference in OCI compared to unexposed control
flies (Fig. 4b; p <0.05).

A significant improvement in the memory was observed in the PD flies exposed to 10, 20, 30 and 40 uM of
kaempferol, evaluated through aversive phototaxic suppression assay (Fig. 4c; p <0.05). Likewise, exposure of PD
flies to 10> M of L-Dopa showed a delay in the memory loss compared to unexposed PD flies (Fig. 4¢; p <0.05).

The results obtained for tyrosine hydroxylase immunostaining are shown in Fig. 5a and the same has been
quantified in Fig. 5b.The PD flies showed a marked age dependent reduction in the activity of tyrosine hydroxy-
lase compared to control (Fig. 5a). The exposure of PD flies to different doses of kaempferol showed an increased
immunoreactivity in comparison to unexposed PD flies (Fig. 5a). The PD flies showed a reduction of 2.07 fold
in the TH* cells (Fig. 5b; p <0.05) compared to control flies. The PD flies exposed to 10, 20, 30 and 40 uM of
kaempferol showed a significant dose dependent increase of 1.62, 1.70, 1.80 and 1.84 folds, respectively, in
TH*cells compared to unexposed PD flies (Fig. 5b; p <0.05).

Ligplot analyses results showed 2D representation of ligand-protein interactions between alpha-synuclein
and kaempferol (Fig. 6). Hydrogen bond forming residues are shown in green lines with hydrogen bonds shown
as dotted lines and residues interacting by hydrophobic interactions are represented as red lines (Fig. 6).

Discussion

The results of the present study reveal that the kaempferol is potent in reducing the oxidative stress, cogni-
tive dysfunction, and prevents the loss of dopaminergic neurons. Although, L-Dopa is considered as the most
effective drug to treat PD symptoms but its excessive use is associated with fluctuations in motor response and
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Figure 4. Effect of Kaempferol on Courtship Index (CI) (a), Odour Choice Index (OCI) (b) and Aversive
Phototaxis Suppression Assay (APS assay) (c). The flies were allowed to feed on the diet supplemented with
Kaempferol for 24 days. The values are the mean of 5 assays.[*significant with respect to control, p <0.05;
bsignificant with respect to PD flies; L-Dopa: 10~> M; K =Kaempferol; K1=10 uM; K2 =20 uM; K3 =30 uM;
K4 =40 uM; PD: PD flies].

dyskinesia'*~'5. As oxidative stress is considered to be involved in the pathogenesis of PD hence any agent that
reduced the oxidative stress in the brain may be use as a possible therapeutic agent'?. The available medical
treatments and operative procedures for PD only provide symptomatic relief'®. Hence, it becomes necessary
to explore new pharmacological agents based on natural plant products with less or no side effects for the pro-
tection against the pathogenesis of PD. Natural antioxidants such as phenols, flavonoids and tannins play an
important role in reducing the oxidative stress by scavenging free radicals and reactive oxygen species thereby
preventing the protein, lipid and DNA damage'”'®.The autopsies of the brain of PD patients have revealed that
oxidative stress is responsible for lipid, proteins and DNA damage along with decreased in the activity of SOD,
catalase and glutathione levels'*-?'. Our present study on PD flies has also confirmed the same trend. The PD
flies exposed to kaempferol showed a dose dependent increase in the scavenging of superoxide as well as free
radicals. PD flies showed a decrease in the NPSH content. The PD flies exposed to various doses of kaempferol
showed an increase in the NPSH content compared to unexposed PD flies. Glutathione-S-Transferase (GSTs)
are phase II family of antioxidant enzymes that plays a vital role in the detoxification process during a condi-
tion of oxidative damage®. In our present study the PD flies showed an increase activity in GST activity but the
PD flies exposed to kaempferol showed a dose dependent decrease in the GST activity. Glutathione (GSH) is
synthesized by glycine, cysteine and glutamate and acts as a vital factor in the reduction of hydroperoxides, the
quenching of free radicals, and the detoxification of xenobiotics®. Superoxide dismutases (SODs) are a group
of metalloenzymes catalysing the dismutation of superoxide anion free radical (O,") into molecular oxygen and
hydrogen peroxide (H,0,)*. In our study the PD flies showed an increase in the SOD activity, however the PD
flies exposed to kaempferol showed a dose dependent decrease in the activity of SOD. Catalase is responsible for
breaking H,O, to water and O,. The activity of CAT was higher in PD flies indicating the increased production
of H,0, but the CAT activity was found to be decreased in a dose dependent manner in the PD flies exposed to
various doses of kaempferol. The increase in TBARS and PC content in our study also supports the generation
of free radicals that damage lipid membranes and protein. TBARS and protein oxidation are the reliable mark-
ers of oxidative stress. Hence, restoration of these markers towards the normal range gives an indication of the
reduction in oxidative stress. A significant dose dependent decrease in the TBARS and PC content in the PD
flies exposed to various doses of kaempferol supports its scavenging potential. Caspases are highly conserved
cysteine proteases which play role in the regulation of apoptosis®. Drice and Dronc are orthologs of Caspase-3
and Caspase-9, respectively, in Drosophila®. Acridine orange is a vital dye that specifically stains cells undergo-
ing apoptosis in Drosophila melanogaster”. It does not specifically stain the cells dying by oxygen starvation or

SCIENTIFICREPORTS |  (2020) 10:13793 | https://doi.org/10.1038/s41598-020-70236-2



www.nature.com/scientificreports/

PD PD + K1 PD+K2
" NNt
b Y s Y
LA £
L % 9,\'@" £ ;
\ >¥
%] b i‘
” : P .
PD + K3 PD + K4 Control
(a)
100 -+
° ab
et b
E i
g 7
=3
(=3
9 —
z g
£
= o
[ ]
]
=
e
& g
X X
L L

(b)

Figure 5. Tyrosine hydroxylase immunostaining performed on the brain section (a), quantification of Tyrosine
hydroxylase on the brain section (b) of flies after 24 days of the exposure PD, L-Dopa: 107 M; K=Kaempferol;
K1=10 uM; K2=20 uM; K3 =30 uM; K4=40 uM; PD: PD flies].

necrosis®. The cells undergoing apoptosis will show bright fluorescence under fluorescent microscopy. A more
intensity of fluorescence brain would possess a higher grey scale values compared to a less intensity fluorescing
brain. Cell death and neuronal dysfunction are hallmarks of age related neurodegenerative disorders®. In our
present study the PD flies exposed to kaempferol showed a dose dependent decrease in the activity of Caspase-9,
3 and grey scale values suggesting the anti-apoptotic role of kaempferol. Our earlier studies with natural plant
products/extract have also suggested the anti-apoptotic role by performing the same assays®**'. Our results
obtained for DPPH and superoxide anions scavenging assays also support the antioxidant potential of kaempferol
that could be helpful in reducing the oxidative stress. Ligplot analyses between alpha-synuclein and kaempferol
showed two residues Thr59 and Ala56 which are proved to hold the terminal ring to be cleaved in the catalytic
reaction by forming a hydrophobic patch are observed to be present. The Val74 was also observed to form form-
ing hydrophobic interactions. It was observed that a hydrophobic patch comprising of Thr59 and Glu61 hold the
terminal ring of kaempferol. Ligplot analyses are especially useful in knowing the hydrophobic interaction pat-
tern. It has been reported that a-synuclein enhances the fragmentation of mitochondria, disrupt mitochondrial
membrane potential and inhibit autophagy®. Mitochondrial damage leads to the increased production of ROS
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Figure 6. Binding site of kaempferol on the alpha synuclein protein showing the presence of hydrogen bond
formed with threonine (a) and (b).

enhancing the aggregation of a-synuclein and finally leading to the formation of Lewy bodies®. These events
lead to the loss of dopaminergic neurons which results in the decrease of dopamine content in the brain’. L-Dopa
is converted into dopamine by the action of tyrosine hydroxylase and is also a rate limiting step. In our present
study the PD flies showed less TH immunopositive cells. The pathophysiology of PD involves the dysregulation
of the nigrostriatal dopaminergic system, with a decrease in TH activity in the striatum of PD patients and in
animal models**. The PD flies exposed to various doses of kaempferol showed a dose dependent increase in the
TH immunopositive cells. The protective role of kaempferol is due to the reduction in the oxidative stress in the
brain of PD flies on its exposure. Kaempferol is potent in scavenging free radicals, thereby leading to the reduc-
tion in oxidative stress and protects the neurons.
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Figure 7. Possible mechanism of free radical scavenging by Kaempferol which it binds to a-synuclein thereby
inhibiting Lewy body formation and preventing a-synuclein aggregation.

Olfactory dysfunction is very frequent in PD and has been reported in number of studies performed on
PD patients®>-*. Post-mortem studies performed on PD patients revealed that due to the formation of Lewy
bodies in the olfactory bulb and in other regions of the brain such as the anterior olfactory nucleus, the piri-
form cortex, the amygdaldoid complex, the entortinal cortex and the hippocampal may lead to the olfactory
dysfunction®®*. However, correlation has also been suggested between the death of dopaminergic neurons and
olfactory dysfunction®. Invertebrate brain though simpler but is capable of directing complex behaviors, learning
and memory. In Drosophila, the mushroom body is a collection of small neurons called Kenyon cells. These cells
are situated on top of the calyx, the site of sensory input***. Mushroom body is important for learning, memory,
olfaction and spatial navigation*’. In our present study with the transgenic flies expressing human alpha synuclein
in the neurons and the formation of LBs may also lead to the damage of neurons of the mushroom bodies and
hence these flies exhibit the loss of olfaction and memory.

In our present study the PD flies showed a reduction in the odour choice index however the PD flies exposed
to various doses of kaempferol showed a dose dependent increase in the OCI. The present model express
a-synuclein panneurally hence its expression and the formation of Lewy bodies may also affects the region of
the Drosophila brain that controls the olfaction i.e. mushroom body. The formation of Lewy bodies affects the
neurons of the mushroom body and thus flies exhibits the loss of olfaction. The exposure of kaempferol reduced
the oxidative stress in the neurons as a result the damage to the neurons is reduced and therefore the PD flies
showed an increase in the OCI. Sexual behavior is a functioning of complex rituals involving autonomic, sensory
and motor systems*%. It has been reported that PD may increase sexual dysfunction by up to six times*. There
are evidences which indicate that the central dopaminergic system has a major role in the control of sexual
function both in animals and humans. Dopamine depletion in PD has been associated with the impairment of
desire and arousal*. In Drosophila courtship ritual involves orientation of the male towards the female, serenad-
ing the female with a species-specific love song (wing vibration), licking the females genitalia, and attempting
copulation®. Since the courtship involves many neural and motor elements, it might be affected by the expression
of a-synuclein. A decline in the behavioral response has been reported in the transgenic flies expressing A30P
a-Synuclein in the brain’. In our present study the PD flies showed a significant decrease in the courtship index.
The PD flies exposed to various doses of kaempferol showed a dose dependent significant increase in the CI.
The loss of neurons can also lead to the memory loss”. In our study the PD flies showed the loss of memory as
measured by performing aversive phototaxis assay. The natural plant products have been shown to improve the
memory functions in various experimental models**~*°. Based on the results obtained in our present study the
possible mode of protection by kaempferol has been depicted in Fig. 7. The Fig. 7 states that the expression of
alpha synuclein in the neurons leads to the formation of Lewy bodies which selectively damage the dopaminergic
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neurons. The formation of Lewy bodies and the damage of the neurons lead to a state of oxidative stress which
further enhance the neurodegeneration. Due to the loss of dopaminergic neurons, dopamine is not available
and the flies exhibit cognitive impairments. The PD flies exposed to kaempferol showed the reduction in the
oxidative stress as a result the neurons are not damaged hence the dopamine is available and PD flies exhibit
improvement in cognitive impairments. This is evident by the increased activity of tyrosine hydroxylase in the
PD flies exposed to various dose of kaempferol. Kaempferol is able to cross the blood brain barrier (BBB)'? and
the BBB of Drosophila is not as that complex compared to humans. After crossing the BBB, kaempferol due to
its antioxidant and free radical scavenging potential exhibit a protective effect.

In our earlier study with transgenic Alzheimer’s disease model flies kaempferol was found to reduce the oxi-
dative stress markers and associated cognitive dysfunction functions®'. Bioactive compounds from medicinal
plants have gained interest due to their little or no toxicity. The neuroprotection of the kaempferol is due to its
antioxidant property. Hence, it is concluded from our present study that kaempferol is also potent in reducing
the PD symptoms being mimicked in transgenic flies and can be used as possible therapeutic agent against
neurodegenerative disorders.

Materials and methods

Drosophila stocks. Transgenic fly lines that express wild-type human synuclein (h-aS) under UAS con-
trol in neurons “w.*;P{w. + mC.=UAS-Hsap/SNCA.F}”5B and GAL4 “w.*.;P{w.+ mC.=GAL4- elavL}”3. were
obtained from Bloomington Drosophila Stock Centre (Indiana University, Bloomington, IN). When the males
of UAS (Upstream Activation Sequence)-Hsap/SNCA.F strains were crossed with the females of GAL4-elav. L
(Vice-versa), the progeny expressed human aS in the neurons®.

Drosophila culture and crosses. The flies were cultured on standard Drosophila food containing agar,
corn meal, sugar and yeast at 25 °C (24 + 1)%. Crosses were set up as described in our earlier published work®*.
The PD flies were allowed to feed separately on different doses of kaempferol mixed in the diet. Kaempferol was
added in the diet at final concentration of 10, 20, 30 and 40 uM. The PD flies were also exposed to 1073 M of
L-dopa. The UAS Hsap/SNCA.F act as a control. The control flies were separately allowed to feed on the selected
doses of kaempferol.

Antioxidative assays. Two assays were performed for estimating the antioxidative potential of kaempferol
for the doses selected in our present study:

Diphenyl-picrylhydrazyl (DPPH) free radical scavenging. For estimating free radical scavenging
potential of the kaempferol, DPPH method as described by Wongsawatkul et al.>® was used in our present study.
When DPPH (a stable purple colour) react with an antioxidant, it is reduced to yield a light yellow coloured
diphenylpicrylhydrazine. The reaction mixture consisted of 500 pl of kaempferol and 250 pl of DPPH (0.3 mM).
The reaction mixture was shaken vigorously and allowed to stand at room temperature in the dark for 25 min.
The OD was read at 518 nm and the percentage of radical scavenging activity was calculated by the following
equation:

% Radical scavenging = (1 — Absorbance of sample/Absorbance of control) x 100

Superoxide anion scavenging assay. The inhibition of Nitrobluetetrazolium (NBT) reduction by phen-
azinemethosulphate (PMS) generated O, was used to determine the superoxide anion scavenging activity of
the kaempferol®®. The reaction mixture consisted of 75 pl of each concentration of kaempferol, 750 pl of TrisHCI
(100 mM; pH 7.4); 187 ul of NBT (300 pM), 187 ul of NADH (936 uM). The reaction was initiated by adding
phenazinemethosulphate (PMS) (120 uM). The reaction mixture was incubated at 25 °C for 5 min and the OD
was read at 560 nm and the degree of scavenging was calculated by the following equation:

OD control — OD sample

x 100
OD control

Scavenging(%) =

Drosophila activity pattern. From the 12th day the activity of flies (males) in all treated groups was
analyzed by using Drosophila Activity Monitor (TriTek, USA). The activity was recorded every hour for a total
of 288 h and the data was analyzed by Actogram J software. The results were presented as activity pattern and
chi-square periodogram®’.

Retinal degeneration analysis by SEM. Heads of 24 days old flies (5/treatment; 5 replicates/group) were
fixed overnight in an ice-cold solution Karnovsky’s fixative (2.5% glutaraldehyde, 2.0% formaldehyde in 0.1 M
phosphate buffer, pH 7.3) for 1 h. After rinsing in buffer, heads were post-fixed for 1 h in 0.5% osmium tetraoxide
and processed according to the procedure as described by Chen et al.*®. Samples were then imaged using JEOL
SEM (JSM-6510LV).

Drosophila climbing assay. The climbing assay was performed as described by Pendleton et al.* Ten flies
were placed in an empty glass vial (10.5 cm x2.5 cm). A horizontal line was drawn 8 cm above the bottom of
the vial. After the flies had acclimated for 10 min at room temperature, both controls and treated groups were

SCIENTIFIC REPORTS |

(2020) 10:13793 | https://doi.org/10.1038/s41598-020-70236-2



www.nature.com/scientificreports/

assayed at random, to a total of 10 trails for each. The mean values were calculated and then averaged and a
group mean and standard error were obtained. All behavioral studies were performed at 25 °C under standard
lighting conditions.

Preparation of homogenate for biochemical parameters. Fly heads from each group were taken
(50 heads/group; five replicates/group) and the homogenate was prepared in 0.1 M phosphate buffer for the
biochemical parameters.

Lipid peroxidation assay. Lipid peroxidation was measured according to the method described by
Ohkawa et al.®*. The reaction mixture consisted of 5 pul of 10 mM butyl-hydroxytoluene, 200 pl of 0.67% thio-
barbituric acid, 600 pl of 1% O-phosphoric acid, 105 pl of distilled water and 90 pl of supernatant. The resultant
mixture was incubated at 90 °C for 45 min and the OD was measured at 535 nm. The results were expressed as
pmol of TBARS formed/h/g tissue.

Estimation of protein carbonyl content (PCC). The PC content was estimated according to the pro-
tocol described by Hawkins et al.*!. The brain homogenate was diluted to a protein concentration of approx
1 mg/ml. About 250 pl of each diluted homogenate was taken in an eppendorf centrifuge tubes separately. To it
250 ul of 10 mM 2, 4-dinitrophenyl hydrazine (dissolved in 2.5 M HCI) was added, vortexed and kept in dark
for 20 min. About 125 pl of 50% (w/v) trichloroacetic acid (TCA) was added, mixed thoroughly and incubated
at — 20 °C for 15 min. The tubes were then centrifuged at 4 °C for 10 min at 9000 rpm. The supernatant was dis-
carded and the pellet obtained was washed twice by ice cold ethanol: ethyl acetate (1:1). Finally, the pellets were
re-dissolved in 1 ml of 6 M guanidine hydrochloride and the absorbance was read at 370 nm.

Estimation of monoamine oxidase (MAO). The method described by Pine et al.®? was used to estimate
the monoamine oxidase activity. The assay mixture consisted of 400 pl of 0.1 M phosphate buffer (pH 7.4), 130 pl
of distilled water, 100 ul of benzylamine hydrochloride and 200 pl of brain homogenate. The assay mixture was
incubated for 30 min at room temperature and then 1 ml of 10% perchloric acid was added and centrifuged at
2000 rpm for 10 min. The OD was taken at 280 nm.

Estimation of glutathione (GSH) content. The GSH content was estimated colorimetrically using Ell-
man’s reagent (DTNB) according to the procedure described by Jollow et al.*®. The supernatant was precipitated
with 4% sulphosalicyclic acid in the ratio of 1:1. The samples were kept at 4 °C for 1 h and then subjected to
centrifugation at 5000 rpm for 10 min at 4 °C. The assay mixture consisted of 550 ul of 0.1 M phosphate buffer,
100 pl of supernatant and 100 ul of DTNB. The OD was read at 412 nm and the results were expressed as u moles
of GSH/gram tissue.

Estimation of glutathione-S-transferase (GST) activity. The GST activity was estimated by the
method of Habig et al.**.The reaction mixture consisted of 500 pl of 0.1 M phosphate buffer, 150 pl of 10 mM
1 chloro 2,4 dinitro benzene (CDNB), 200 pl of 10 mM reduced glutathione and 50 pl of supernatant. The OD
was taken at 340 nm and the enzyme activity was expressed as 1 moles of CDNB conjugates/min/mg protein.

Estimation of catalase (CAT) activity. The catalase activity was estimated according to the method of
Beers and Sizer® by kinetic method where rate of dismutation of H,0, to water and molecular oxygen is propor-
tional to the concentration of catalase in the sample. The reaction mixture consisted of 650 pul of 0.1 M phosphate
buffer, 333 ul of H,0, (0.05 M) and 17 pl of sample. A decrease in OD was measured for 2 min, at 30 s interval
at 240 nm. The activity of catalase was calculated and expressed as umoles of H,0, consumed/min/mg protein.

Estimation of superoxide dismutase activity (SOD) activity. The assay was performed according
to the method described by Marklund and Marklund®.The reaction mixture consisted of 17 pl of sample and
950 pl of 0.1 M phosphate buffer. The reaction was initiated by adding pyrogallol. An increase in OD was noted
at 420 nm for 3 min at 30 s interval and the results were expressed as units/mg protein.

Spectrophotometric assay for caspase-9 (Dronc) and caspase-3 (Drice) activities. The assay
was performed according to the manufacturer protocol with some modification (Bio-Vision, CA, USA). After
isolating the brain, a treatment of collagenase (0.5 mg/ml in PBS; pH 7.4) was given before performing the assay
for 10 min .The assay was based on spectrophotometric detection of the chromophore p-nitroanilide (pNA)
obtained after specific action of caspase-3 and caspase-9 on tetrapeptide substrates, DEVD-pNA and IETD-
PNA, respectively. The assay mixture consisted of 50 ul of fly homogenate and 50 pl of chilled cell lysis buffer
incubated on ice for 10 min. After incubation, 50 ul of 2X reaction buffer (containing 10 mM DTT) with 200 uM
substrate (DEVD-pNA for Drice, and IETD-pNA for Dronc) was added and incubated at 37 °C for 1.5 h. The
reaction was quantified at 405 nm.

Analysis of cell death in the Drosophila brain. The cell death in the Drosophila brain was analyzed as
per the method described by Mitchell and Staveley®. After 24 days of exposure of PD flies to various doses of
kaempferol, the brain were isolated in Ringer’s solution under stereozoom microscope. Flies (20/treatment; 5
replicates/group) were placed in 70% ethanol in a 2 ml microcentrifuge tube for a minute. After removing the
Ringer’s solution, about 100 pl of freshly prepared acridine orange (5 pg/ml) was added for 5 min. Each brain was
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rinsed by Ringer’s solution, immediately viewed and photographed through fluorescent microscope (OPTIKA,
Italy). The image analysis program Image J (available online at https://rsb.info.nih.gov/ij/) was used to analyze
the grey scale values for each brain.

Courtship assay. The assay was performed by the method of Nichols et al.?®. Newly eclosed virgin male and
female flies were separated and kept in different diet vials for 24 days at 25 °C under 12 h light/dark. On the day
of experiment one pair of flies was transferred into a mating chamber and observed. Observations were made
till successful copulation noting the time of each behaviour (orientation, male song, chasing and licking) and the
total time of courtship behaviours until mating. The courtship index (C.1.) was calculated by dividing the time
of courtship by the total time until copulation.

Odour choice index. The assay was performed by the method of Simonnet et al.%. The test flies were
starved for 16-18 h at 25 °C before the experiment. Two small filter paper dipped in propionic acid and octanol,
respectively, were kept in the two tubes of the Y maze. First the experiment was performed by introducing the
newly enclosed flies into the Y maze and then the same was repeated with 24 days old flies from all the groups.
The number of flies entering both the tubes were counted. Five replicates per group and 20 flies per group were
used in the assay. The odour choice index was calculated as: Number of flies in tubel- Number of flies in tube
2)/ total number of flies.

Aversive phototaxis suppression assay (APS assay). This assay makes use of positive phototactic
behavior in flies to associate light with aversive stimuli (Quinine in this experiment) and was performed accord-
ing to described by Ali et al.”’ 24 day old male flies were selected for the experiment from each group (3 repli-
cates/group). First the flies were trained to develop a short term memory against 1 uM of quinine in a T-maze.
Immediately after the training the learning behavior of flies for each group were recorded as PCO (0 h post condi-
tioning). After 6 h the experiment was repeated and the readings were recorded as PC6 (6 h post conditioning).

Immunohistochemistry. The fly heads were isolated and the paraffin sections were prepared according to
the procedure described by Palladino et al.”! The sections were deparaffinized and rehydrated. The slides were
blocked in 8% Bovine Serum Albumin (BSA) for 2.5 h. Then the slides were washed with phosphate buffer saline
(pH 7.2) containing 2% BSA for 5 min. After washing, the slides were incubated with primary antibody (anti-
tyrosine hydroxylase, Merck; 1:1000) in a humidified chamber for 12 h at 4 °C. The slides were then washed with
PBS containing 2% BSA for 5 min and incubated with secondary antibody (Goat anti-Rabbit alkaline phos-
phatase, Santacruz, Biotechnology, USA; 1:100) at room temperature for 2 h. The final wash was given by PBS
containing 2% BSA for 5 min. BCIP-NBT was used as a chromogenic substrate which interacts with secondary
antibody to produce blue coloured product. The slides were then mounted in DPX and observed under the
microscope.

Molecular docking. The molecular docking was performed to study the interaction between alpha synu-
clein and kaempferol. It was performed by using PyMOL and Ligplot. PyMOL is a free cross-platform molecular
graphics system provides most of the capabilities and performance of traditional molecular graphics packages
written in C or Fortran. Ligplot is an essential tool to understand hydrophobic interactions as well as hydrogen
bonding pattern. The structure of alpha synuclein was taken from the RCSB protein data bank (https://www.
rcsb.org/pdb/home/home.do) and of kaempferol was obtained from the PubChem (https://pubchem.ncbi.nlm.
nih.gov). The docking was done keeping the protein constant and allowing the flavonoid molecule to explore
its conformational positions. Visualisation of the protein-flavonoid interaction was done by PyRx (Python Pre-
scription).PyRx is open source software to perform virtual screening, using the combination of software Vina
and AutoDock 4.2,

Statistical analysis. The data was subjected to statistical analysis through one way analysis of variance
(ANOVA) followed by posthocTukey test using GraphPad Prism software (version 5.0). The level of significance
was kept at p <0.05.The results were expressed as mean + SEM.

Received: 29 April 2020; Accepted: 27 July 2020
Published online: 14 August 2020

References

1. Dinda, B., Dinda, M., Kulsi, G., Chakraborty, A. & Dinda, S. Therapeutic potentials of plant iridoids in Alzheimer’s and Parkinson’s
diseases: a review. Eur. J. Med. Chem. 169, 185-199 (2019).

2. Dauer, W. & Przedborski, S. Parkinson’s disease: mechanisms and models. Neuron 39(6), 889-909 (2003).

3. Levy, O. A., Malagelada, C. & Greene, L. A. Cell death pathways in Parkinson’s disease: proximal triggers, distal effectors, and final
steps. Apoptosis 14(4), 478-500 (2009).

4. Jankovic, J. & Aguilar, L. G. Current approaches to the treatment of Parkinson’s disease. Neuropsychiatr. Dis. Treat. 4(4), 743 (2008).

5. Shaltiel-Karyo, R. et al. A novel, sensitive assay for behavioral defects in Parkinson’s disease model Drosophila. Parkinson’s Dis.
https://doi.org/10.1155/2012/697564 (2012).

6. Whitworth, A. J. Drosophila models of Parkinson’s disease. In Advances in Genetics, Vol. 73 (eds Friedmann, T. et al.) 1-50 (Aca-
demic Press, 2011). https://www.sciencedirect.com/bookseries/advances-in-genetics/vol/73.

SCIENTIFIC REPORTS |

(2020) 10:13793 | https://doi.org/10.1038/s41598-020-70236-2


https://rsb.info.nih.gov/ij/
https://www.rcsb.org/pdb/home/home.do
https://www.rcsb.org/pdb/home/home.do
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
https://doi.org/10.1155/2012/697564
https://www.sciencedirect.com/bookseries/advances-in-genetics/vol/73

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
. Jenner, P. & Olanow, C. W. Oxidative stress and the pathogenesis of Parkinson’s disease. Neurology. 47(6 Suppl 3), 161S-170S (1996).
21.
22.
23.
24.

25.
. Chihara, T. et al. Caspase inhibition in select olfactory neurons restores innate attraction behaviour in aged Drosophila. PLoS

27.
28.
29.
30.
31.
32.
33.
34.
35.

36.

42.
43.
44.
45.
46.
47.
48.
49.

50.

. Feany, M. B. & Bender, W. W. A Drosophila model of Parkinson’s disease. Nature 404(6776), 394 (2000).
. Nissel, D. R. & Elekes, K. Aminergic neurons in the brain of blowflies and Drosophila: dopamine-and tyrosine hydroxylase-

immunoreactive neurons and their relationship with putative histaminergic neurons. Cell Tissue Res. 267(1), 147-167 (1992).

. Trinh, K. et al. Induction of the phase II detoxification pathway suppresses neuron loss in Drosophila models of Parkinson’s disease.

J. Neurosci. 28(2), 465-472 (2008).

Lagoa, R. et al. Kaempferol protects against rat striatal degeneration induced by 3-nitropropionic acid. J. Neurochem. 111, 473-487
(2009).

Lopez-Sanchez, C. et al. Blood micro-molar concentrations of kaempferol afford protection against ischemia/reperfusion-induced
damage in rat brain. Brain Res. 1182, 123-137 (2007).

Heijnen, C. G. M., Haenen, G. R. M. M., Van Acker, E. A. A., Van der Vijgh, W.]. E & Bast, A. Flavonoids as peroxynitrite scavengers:
the role of the hydroxyl groups. Toxicol. In Vitro 15(1), 3-6 (2001).

Ounthaisong, U. & Tangyuenyongwatana, P. Cross docking study of flavanoids against tyrosinase enzymes using PyRx 0.8 virtual
screening tool. Thai J. Pharm. Sci. 41, 189-192 (2017).

Zare, K., Eidi, A., Roghani, M. & Rohani, A. H. Theneuroprotective potential of sinapic acid in the 6-hydroxydopamine-induced
hemi-parkinsonian rat. Metab. Brain Dis. 30(1), 205-213 (2015).

Bargiotas, P. & Konitsiotis, S. Levodopa-induced dyskinesias in Parkinson’s disease: emerging treatments. Neuropsychiatr. Dis.
Treat. 9, 1605 (2013).

Smith, G. A, Heuer, A., Dunnett, S. B. & Lane, E. L. Unilateral nigrostriatal 6-hydroxydopamine lesions in mice II: predicting
1-DOPA-induced dyskinesia. Behav. Brain Res. 226(1), 281-292 (2012).

Kiasalari, Z., Khalili, M., Baluchnejadmojarad, T. & Roghani, M. Protective effect of oral hesperetin against unilateral striatal
6-hydroxydopamine damage in the rat. Neurochem. Res. 41(5), 1065-1072 (2016).

Calou, I. et al. Neuroprotective properties of a standardized extract from Myracrodruonurundeuva FrAll(Aroeira-Do-Sertao), as
evaluated by a Parkinson’s disease model in rats. Parkinson’s Dis. https://doi.org/10.1155/2014/519615 (2014).

Gupta, V. K., Sharma, S. K. Plants as natural antioxidants. NPR 5(4), 326-334 (2006).

Serra, J. A. et al. Parkinson’s disease is associated with oxidative stress: comparison of peripheral antioxidant profiles in living
Parkinson’s, Alzheimer’s and vascular dementia patients. J. Neural Transm. 108(10), 1135-1148 (2001).

Patil, S. P. et al. Neuroprotective and neurotrophic effects of Apigenin and Luteolin in MPTP induced parkinsonism in mice.
Neuropharmacology 86, 192-202 (2014).

Abolaji, A. O. et al. Protective role of resveratrol, a natural polyphenol, in sodium fluoride-induced toxicity in Drosophila mela-
nogaster. Experim. Biol. Med. 244(18), 1688-1694 (2019).

Cheng, S. B. et al. Changes of oxidative stress, glutathione, and its dependent antioxidant enzyme activities in patients with hepa-
tocellular carcinoma before and after tumor resection. PLoS ONE 12(1), 0170016 (2017).

Younus, H. Therapeutic potentials of superoxide dismutase. Int. J. Health Sci. 12(3), 88 (2018).

Genet. 10(6), €1004437 (2014).

Miura, M. Apoptotic and nonapoptoticcaspase functions in animal development. Cold Spring Harbor Perspect. Biol. 4(10), 2008664
(2012).

Abrams, J. M., White, K., Fessler, L. I. & Steller, H. Programmed cell death during Drosophila embryogenesis. Development 117(1),
29-43 (1993).

Siddique, Y. H. et al. Effect of Centellaasiatica leaf extract on the dietary supplementation in transgenic Drosophila model of
Parkinson’s disease. Parkinson’s Dis. https://doi.org/10.1155/2014/262058 (2014).

Siddique, Y. H. et al. Protective effect of Geraniol on the transgenic Drosophila model of Parkinson’s disease. Environ. Toxicol.
Pharmacol. 43, 225-231 (2016).

Thakur, P. & Nehru, B. Inhibition of neuroinflammation and mitochondrial dysfunctions by carbenoxolone in the rotenone model
of Parkinson’s disease. Mol. Neurobiol. 51(1), 209-219 (2015).

PetithommeFeve, A. Current status of tyrosine hydroxylase in management of Parkinson’s disease. CNS Neurol. Disorders Drug
Targets. 11(4), 450-455 (2012).

Bohnen, N. I. et al. Olfactory dysfunction, central cholinergic integrity and cognitive impairment in Parkinson’s disease. Brain
133(6), 1747-1754 (2010).

Saifee, T, Lees, A. J. & Silveira-Moriyama, L. Olfactory function in Parkinson’s disease in ON versus OFF states. J. Neurol. Neurosurg.
Psychiatry 81(11), 1293-1295 (2010).

Camargo, C. H. F. et al. Association between olfactory loss and cognitive deficits in Parkinson’s disease. Clin. Neurol. Neurosurg.
173, 120-123 (2018).

Campabadal, A. et al. Brain correlates of progressive olfactory loss in Parkinson’s disease. Parkinsonism Relat. Disorders. 41, 44-50
(2017).

. Doty, R. L. Olfactory dysfunction in Parkinson disease. Nat. Rev. Neurol. 8(6), 329 (2012).

. Wattendorf, E. et al. Olfactory impairment predicts brain atrophy in Parkinson’s disease. J. Neurosci. 29(49), 15410-15413 (2009).
. Campbell, R. A. & Turner, G. C. The mushroom body. Curr. Biol. 20(1), R11-R12 (2010).

. Schmidt, R. L. & Sheeley, S. L. Mating and memory: an educational primer for use with “epigenetic control of learning and memory

in Drosophila by Tip60 HAT action”. Genetics 200(1), 21-28 (2015).

. Hand, A, Gray, W. K., Chandler, B. ]. & Walker, R. W. Sexual and relationship dysfunction in people with Parkinson’s disease.

Parkinsonism Relat. Disorders 16(3), 172-176 (2010).

Meco, G., Rubino, A., Caravona, N. & Valente, M. Sexual dysfunction in Parkinson’s disease. Parkinsonism Relat. Disorders 14(6),
451-456 (2008).

Bronner, G., Royter, V., Korczyn, A. D. & Giladi, N. Sexual dysfunction in Parkinson’s disease. J. Sex Marital Ther. 30(2), 95-105
(2004).

Ishihara, L. S., Cheesbrough, A., Brayne, C. & Schrag, A. Estimated life expectancy of Parkinson’s patients compared with the UK
population. J. Neurol. Neurosurg. Psychiatry 78(12), 1304-1309 (2007).

Chambers, R. P. et al. Nicotine increases lifespan and rescues olfactory and motor deficits in a Drosophila model of Parkinson’s
disease. Behav. Brain Res. 253, 95-102 (2013).

Farombi, E. O. et al. Garcinia kola seed biflavonoid fraction (Kolaviron), increases longevity and attenuates rotenone-induced
toxicity in Drosophila melanogaster. Pestic. Biochem. Physiol. 145, 39-45 (2018).

Ahmed, M. R, Shaikh, M. A,, Hagq, S. H. I. U. & Nazir, S. Neuroprotective role of chrysin in attenuating loss of dopaminergic
neurons and improving motor, learning and memory functions in rats. Int. J. Health Sci. 12(3), 35 (2018).

Richetti, S. K. et al. Quercetin and rutin prevent scopolamine-induced memory impairment in zebrafish. Behav. Brain Res. 217(1),
10-15 (2011).

Xu, J., Eric, A. W, Ye, D., Qiang, S. & Jia, Z. Therapeutic potential of oridonin and its analogs: from anticancer and antiinflamma-
tion to neuroprotection. Molecules 23(2), 474 (2018).

Siddique, Y. H., Naz, E & Rahul, J. S. Effect of Capsaicin on the oxidative stress and dopamine content in the transgenic Drosophila
model of Parkinson’s disease. Acta BiologicaHungarica 69(2), 115-124 (2018).

SCIENTIFIC REPORTS |

(2020) 10:13793 | https://doi.org/10.1038/s41598-020-70236-2


https://doi.org/10.1155/2014/519615
https://doi.org/10.1155/2014/262058

www.nature.com/scientificreports/

51. Beg, T. et al. Protective effect of kaempferol on the transgenic Drosophila model of Alzheimer’s disease. CNS Neurol. Disorders
Drug Targets 17(6), 421-429 (2018).

52. Fatima, A., Naz, F, Rahul, R. & Siddique, Y. H. Evaluation of the therapeutic potential of Tangeritin against the symptoms of
Parkinson’s disease. Parkinsonism Relat. Disorders 46, e43 (2018).

53. Siddique, Y. H., Jyoti, S. & Naz, E. Effect of epicatechingallate dietary supplementation on transgenic Drosophila model of Parkin-
son’s disease. J. Diet. Suppl. 11(2), 121-130 (2014).

54. Siddique, Y. H., Naz, E, Jyoti, S. & Afzal, M. Protective effect of apigenin in transgenic Drosophila melanogaster model of Parkin-
son's disease. Pharmacology 3, 790-795 (2011).

55. Wongsawatkul, O. et al. Vasorelaxant and antioxidant activities of SpilanthesacmellaMurr. Int. J. Mol. Sci. 9(12), 2724-2744 (2008).

56. Sghaier, M. B. et al. Chemical investigation of different crude extracts from Teucriumramosissimum leaves Correlation with their
antigenotoxic and antioxidant properties. Food Chem. Toxicol. 49(1), 191-201 (2011).

57. Rosato, E. & Kyriacou, C. P. Analysis of locomotor activity rhythms in Drosophila. Nat. Protoc. 1(2), 559-568 (2006).

58. Chen, Y. et al. Expression of human FUS protein in Drosophila leads to progressive neurodegeneration. Protein Cell. 2(6), 477-486
(2011).

59. Pendleton, R. G., Parvez, E, Sayed, M. & Hillman, R. Effects of pharmacological agents upon a transgenic model of Parkinson’s
disease in Drosophila melanogaster. J. Pharmacol. Exp. Ther. 300(1), 91-96 (2002).

60. Ohkawa, H., Ohishi, N. & Yagi, K. Reaction of linoleic acid hydroperoxide with thiobarbituric acid. . Lipid Res. 19(8), 1053-1057
(1978).

61. Hawkins, C. L., Morgan, P. E. & Davies, M. J. Quantification of protein modification by oxidants. Free Radic. Biol. Med. 46(8),
965-988 (2009).

62. Pine, L., Hoffman, P. S., Malcolm, G. B., Benson, R. FE & Keen, M. G. Determination of catalase, peroxidase, and superoxide dis-
mutase within the genus Legionella. J. Clin. Microbiol. 20(3), 421-429 (1984).

63. Jollow, D. J., Mitchell, ]. R., Zampaglione, N. A. & Gillette, J. R. Bromobenzene-induced liver necrosis Protective role of glutathione
and evidence for 3,4-bromobenzene oxide as the hepatotoxic metabolite. Pharmacology 11(3), 151-169 (1974).

64. Habig, W. H. et al. The identity of glutathione S-transferase B with ligandin, a major binding protein of liver. Proc. Natl. Acad. Sci.
71(10), 3879-3882 (1974).

65. Beers, R. E & Sizer, I. W. A spectrophotometric method for measuring the breakdown of hydrogen peroxide by catalase. J. Biol.
Chem. 195(1), 133-140 (1952).

66. Marklund, S. & Marklund, G. Involvement of the superoxide anion radical in the autoxidation of pyrogallol and a convenient assay
for superoxide dismutase. Eur. J. Biochem. 47(3), 469-474 (1974).

67. Mitchell, K. J. & Staveley, B. E. Protocol for the detection and analysis of cell death in the adult Drosophila brain. Drosophila Inf.
Serv. 89, 118-121 (2006).

68. Nichols, C. D., Becnel, J. & Pandey, U. B. Methods to assay Drosophila behaviour. J. Vis. Experim. 61, 3795 (2012).

69. Simonnet, M. M., Berthelot-Grosjean, M. & Grosjean, Y. Testing Drosophila olfaction with a Y-maze assay. J. Vis. Experim. JoVE.
88, 51241 (2014).

70. Alj, Y. O., Escala, W,, Ruan, K. & Zhai, R. G. Assaying locomotor, learning, and memory deficits in Drosophila models of neuro-
degeneration. J. Vis. Experim JoVE 49, 1-6 (2011).

71. Palladino, M. J., Keegan, L. P, Oconnell, M. A. & Reenan, R. A. A-to-I pre-mRNA editing in Drosophila is primarily involved in
adult nervous system function and integrity. Cell. 102(4), 437-449 (2000).

Acknowledgements

We are grateful to UGC for awarding RGNF fellowship to Mr. Rahul, CST, U.P. India for the sanction of the
research project to YHS and to the Chairman, Department of Zoology, AMU, Aligarh for providing Laboratory
facilities.

Author contributions
R. performed experiments, wrote manuscript, statistical analysis EN. performed experiments S.J. performed
experiments Y.H.S. performed experiments, wrote manuscript, statistical analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70236-2.

Correspondence and requests for materials should be addressed to Y.H.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13793 | https://doi.org/10.1038/s41598-020-70236-2


https://doi.org/10.1038/s41598-020-70236-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of kaempferol on the transgenic Drosophila model of Parkinson’s disease
	Anchor 2
	Anchor 3
	Results
	Discussion
	Materials and methods
	Drosophila stocks. 
	Drosophila culture and crosses. 
	Antioxidative assays. 
	Diphenyl-picrylhydrazyl (DPPH) free radical scavenging. 
	Superoxide anion scavenging assay. 
	Drosophila activity pattern. 
	Retinal degeneration analysis by SEM. 
	Drosophila climbing assay. 
	Preparation of homogenate for biochemical parameters. 
	Lipid peroxidation assay. 
	Estimation of protein carbonyl content (PCC). 
	Estimation of monoamine oxidase (MAO). 
	Estimation of glutathione (GSH) content. 
	Estimation of glutathione-S-transferase (GST) activity. 
	Estimation of catalase (CAT) activity. 
	Estimation of superoxide dismutase activity (SOD) activity. 
	Spectrophotometric assay for caspase-9 (Dronc) and caspase-3 (Drice) activities. 
	Analysis of cell death in the Drosophila brain. 
	Courtship assay. 
	Odour choice index. 
	Aversive phototaxis suppression assay (APS assay). 
	Immunohistochemistry. 
	Molecular docking. 
	Statistical analysis. 

	References
	Acknowledgements


