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ABSTRACT: Parkinson’s disease (PD) is the second most common neurodegenerative
disorder; however, its etiology remains elusive. Antioxidants are considered to be a
promising approach for decelerating neurodegenerative disease progression owing to
extensive examination of the relationship between oxidative stress and neurodegenerative
diseases. In this study, we investigated the therapeutic effect of melatonin against
rotenone-induced toxicity in the Drosophila model of PD. The 3−5 day old flies were
divided into four groups: control, melatonin alone, melatonin and rotenone, and rotenone
alone groups. According to their respective groups, flies were exposed to a diet containing
rotenone and melatonin for 7 days. We found that melatonin significantly reduced the
mortality and climbing ability of Drosophila because of its antioxidative potency. It
alleviated the expression of Bcl 2, tyrosine hydroxylase (TH), NADH dehydrogenase,
mitochondrial membrane potential, and mitochondrial bioenergetics and decreased
caspase 3 expression in the Drosophila model of rotenone-induced PD-like symptoms.
These results indicate the neuromodulatory effect of melatonin, and that it is likely modulated against rotenone-induced
neurotoxicity by suppressing oxidative stress and mitochondrial dysfunctions.

■ INTRODUCTION
Parkinson’s disease (PD) is the second most devastating, late-
onset neurological condition next to AD in humans;1,2 it is
characterized by the progressive loss of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) region and
ensuing dopamine (DA) content reduction in the striatum
clinically.3,4 DA is an important mammalian neurotransmitter
that plays a crucial role in movement control, cognition, and
motivation.5 Postural instability, slowness of movement,
rigidity, and tremor are the most common pathological
conditions in both familial and sporadic cases of PD. The
wistful is that these PD symptoms appear at a late stage, i.e.,
when >70% of the nigrostriatal region’s dopaminergic neurons
are already deceased.6 The exact cause of PD remains elusive,
but genetic mutations and several environmental risk factors
have been implicated in the etiology of the idiopathic form.7

Concerning genetic factors in the onset of PD, parkin, DJ1, and
SNCA (α-synuclein) have been identified as causative genes in
familial forms. In addition to genetic factors, insecticides have
been repeatedly implicated in PD pathogenesis. Rotenone, a
commonly used insecticide, is found to be safe at lower
concentrations owing to its very short half-life. Because of its
lipophilic nature, rotenone readily passes across the blood−
brain barrier.8 It is suspected to be a mitochondrial complex I

inhibitor that inhibits the transfer of electrons from iron−sulfur
centers to ubiquinone and elicits PD-like symptoms.9,10

Rotenone potentially inhibits complex I (NADH: ubiq-
uinone oxidoreductase) of the mitochondrial electron trans-
port chain.11 Rotenone inhibits adenosine triphosphate (ATP)
synthesis in mitochondria in vitro by completely preventing the
oxidation of pyruvate and many other physiological substrates
like malate and glutamate. Pyruvate, malate, and glutamate are
complex I substrates and are widely used to initiate
mitochondrial oxidative phosphorylation.12,13 Moreover, rote-
none and other complex I inhibitors stimulate reactive oxygen
species (ROS) production from mitochondria induce oxidative
stress14,15 and lead to cell death of dopaminergic neurons.16

There is strong epidemiological evidence that chronic
rotenone exposure is associated with PD in humans.17,18

Melatonin (N-acetyl-5-methoxytrptamine), a tryptophan
metabolite released by the pineal gland, is a neurohormone
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that exhibits a circadian pattern of secretion.19 In addition to
circadian rhythm regulation, it is also implicated in the
regulation of various other important physiological functions
including seasonal reproduction, immunity, and modulation of
human mood and behavior in mammals.20 Antioxidant
responses are strongly linked to melatonin and its metabo-
lites.21 Melatonin ameliorates oxidative stress, and it is initiated
by scavenging different oxidative stress-causing agents like
hydroxyl radicals, restoring the mitochondrial membrane

potential (MMP), and increasing the activity of antioxidant
enzymes.22,23 In situations of elevated oxidative stress, it has a
regulatory effect on the activities of enzymes involved in the
generation of free radicals and on the microsomal membrane
fluidity.24 Moreover, its solubility in lipid and aqueous media
permits melatonin to function as a highly effective inhibitor of
oxidative damage because it allows it to easily cross the
morphophysiological barriers and enter subcellular compart-
ments.25,26 It is associated with apoptosis, metastasis, angio-

Figure 1. Pictorial representation of the overall experimental design (Mel, melatonin; Rot, rotenone).

Figure 2. Effect of melatonin on (A) mortality assay, (B) climbing assay, and (C) mitochondrial complex I activity. ***P < 0.001 vs unexposed
control group, and significant (###P < 0.001) differences were seen between melatonin- and rotenone-exposed groups. One-way analysis of variance
(ANOVA) was used to examine differences between the groups, with Tukey’s multiple-comparison test used to examine posthoc pairwise
differences. The data is represented as the mean ± standard error of the mean (SEM) of three independent experiments (Mel, melatonin; Rot,
rotenone).
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genesis, and inflammatory pathways at the molecular level.27 It
inhibits apoptotic cell death through its antiapoptotic proper-
ties in various neurological diseases.28−30 Our previous
laboratory study indicated that melatonin shows a neuro-
protective impact against oxaliplatin-induced neurotoxicity in
rodent models by maintaining mitochondrial integrity.31

Hence, based on these actions, it will be very interesting to
look at the role of melatonin in rotenone-induced toxicity in
the Drosophila model of PD. Further, in the sense of structural
and functional similarity with humans, Drosophila melanogaster
is the most common genetic model. It showed a human
equivalence of the disease gene of 75%.32 Currently, both
environmental neurotoxin-intoxicated and transgenic PD
models have been developed to understand the pathogenesis.33

The rotenone-exposed Drosophila model showed a wide range
of parkinsonian symptoms related to the loss of dopaminergic
neurons.34−36 Here, we have studied the behavioral and
neurodegenerative effects of rotenone exposure in the
Drosophila model. We found that the rotenone-exposed
Drosophila displayed severe impairment in locomotion, mortal-
ity, and selective loss of dopaminergic neurons in the brain. We
also employed the importance of Drosophila as an in vivo
model to study the role of melatonin in PD. In our study, we
found that melatonin rescued rotenone-induced behavioral
deficits and neuronal death, thus displaying the neuro-
protective nature of melatonin.

■ RESULTS
Melatonin Supplementation Reduces Rotenone-In-

duced Mortality, Modulates Climbing Deficits (Neg-
ative Geotaxis Assay), and Mitigates Decline in
Complex I Enzyme Activity in Drosophila. For this

study, concentration of rotenone (250 μM) was employed.
We examined the effect of melatonin (1 mM) on the rotenone-
induced survival ability of the flies. Exposure of adult male flies
to rotenone and melatonin during a 7 day experimental period
compared to the control group was observed. The result
showed a significant decrease (P < 0.001) in the mortality of
the flies over the experimental period compared to the
rotenone group, and the number of mortalities each day was
counted for 7 days. In general, mortality occurred between 4
and 7 days among rotenone-exposed flies. There was a
significant increase (P < 0.001) in the number of deaths in the
rotenone-exposed group compared to that in control (Figure
2A).

The results on climbing ability are shown in Figure 2B. The
rotenone-exposed flies show a significant decrease (P < 0.001)
in the climbing ability compared to control flies. As evident by
the large number of flies staying at the bottom of the glass
column, cosupplementation with melatonin significantly
improved (P < 0.001) the performances of flies. With
melatonin supplementation, a greater number of flies showed
negative geotaxis behavior, indicating a neuroprotective effect.

Rotenone-exposed flies displayed significant reduction (P <
0.001) in complex I (NADH dehydrogenase) enzyme activity
compared to the control (Figure 2C), while melatonin
cosupplementation clearly showed significant improvement
(P < 0.001) in complex I activity in isolated head mitochondria
of flies compared to the rotenone-treated group.
Effect of Melatonin Supplementation on Rotenone-

Induced Alteration in Mitochondrial Oxidative Phos-
phorylation. We investigated the effect of melatonin on the
level of mitochondrial oxygen consumption (state 3 respira-
tion) and the respiratory control ratio (RCR) in rotenone-

Figure 3. Effect of melatonin on mitochondrial oxygen consumption (state 3, state 4, and RCR). (A) Effect of melatonin on state 3 concerning the
rotenone-exposed group. (B) There was no effect of rotenone and melatonin on state 4. (C) Effect of melatonin on RCR concerning rotenone-
exposed group. ***P < 0.001 vs unexposed control group and #P < 0.05 vs rotenone-exposed group. One-way ANOVA was used to examine
differences between the groups, with Tukey’s multiple-comparison test used to examine posthoc pairwise differences. The data is represented as the
mean ± SEM of three independent experiments (Mel, melatonin; Rot, rotenone).
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exposed flies (Figure 3). We observed a significant decline in
oxygen consumption and RCR rate (P < 0.001) in the
rotenone-exposed flies compared to that in unexposed flies.
Melatonin at 1 mM significantly improved (P < 0.05) the
oxygen consumption and RCR in the coexposed group
compared to that in the rotenone-exposed alone group.
Effect of Melatonin Exposure on Rotenone-Induced

Mitochondrial Membrane Potential. Depolarized or
inactive mitochondria have decreased membrane potential,
which is vital for mitochondrial integrity or survival. We have
done a flow cytometric analysis of tetramethylrhodamine ethyl
ester (TMRE) for mitochondrial membrane depolarization.
The result has depicted that the rotenone-exposed group of
Drosophila had a significant decrease (P < 0.001) in MMP
compared to the control group of Drosophila, while the
melatonin cosupplemented group of flies showed a significant
improvement (P < 0.001) in MMP compared to the rotenone-
supplemented group of Drosophila (Figure 4).
Melatonin Treatment Reduced the Cell Death by

Modulating the Expression of Caspase 3 Protein and

Rescued Bcl 2 and TH Expression in the Coexposed
Groups. To confirm the antiapoptotic effect of melatonin in
the presence of rotenone, we measured the expression of
caspase 3 and Bcl 2 proteins. Rotenone-supplemented flies
have shown significant activation (P < 0.001) of caspase 3
protein expression compared to the control group, while
melatonin cotreated flies significantly reduced (P < 0.05) the
expression of caspase 3 protein compared to the flies
supplemented with rotenone (Figure 5B). There is another
protein called Bcl 2 that has antiapoptotic properties. The
rotenone-exposed group had significantly reduced (P < 0.001)
expression of Bcl 2 protein, whereas melatonin treatment
significantly increased (P < 0.01) the expression of Bcl 2
protein in the coexposed group (Figure 5C).

TH is an enzyme that catalyzes the rate-limiting step in the
synthesis of dopamine.46 The result shows that TH expression
significantly decreases (P < 0.001) in the rotenone-
supplemented group of flies compared to the control group
of flies, while the melatonin cosupplemented group of flies

Figure 4. Effect of melatonin on MMP. (A) Pictorial representation of the number of mitochondrial events in different groups. (B) Pictorial
representation of the TMRE fluorescence intensity in different groups. (C) Graph of relative changes in the TMRE fluorescence intensity. ***P <
0.001 vs unexposed group, ###P < 0.001 vs rotenone-exposed group. A one-way ANOVA was used to examine differences between the groups, with
Tukey’s multiple-comparison test used to examine posthoc pairwise differences. The data is represented as mean ± SEM of three independent
experiments (Mel, melatonin; Rot, rotenone).
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shows significantly increased (P < 0.001) expression of TH
compared to the rotenone-supplemented flies (Figure 5D).

■ DISCUSSION
PD is a multifactorial disease and may result due to a
combination of reasons, such as environmental exposures,
genetic susceptibility, and age-related changes. There has been
no perfect parkinsonian model to date that can completely
replicate all of the features of human PD, i.e., pathological and
pathogenetic. However, most motor and nonmotor symptoms
of PD are reproduced by the rotenone-based parkinsonian
models. Rotenone is a pesticide that creates oxidative stress by
inhibiting complex I of the electron transport chain. Moreover,
it downregulates the expression of cytoprotective proteins, TH
signaling, and striatal dopamine.47,48 Recently, the reproduci-
bility of the rotenone model of PD has been highly
improved.47 Besides, other advantages of rotenone-induced
Drosophila models are their inexpensiveness, biocompatibility,
and convenient administration, which make them widely
applicable in most PD research.49 Mitochondrial complex I
dysfunction has long been implicated in dopaminergic
neuronal death and the pathogenesis of PD.50 Several
rotenone-based toxin cell, rodent, and Drosophila models
have been used to study the molecular mechanisms of cell
death and potential therapeutics for PD.51 However, little is
known about the precise mechanistic action of these agents in
Drosophila; the involvement of mitochondrial complex I is well
supported by several experimental studies.52,53

In our study, exposure to rotenone in Drosophila reproduces
key aspects of PD, for instance, deficits in locomotion, death,
and loss of dopaminergic neuronal cells. However, the flies
coexposed to melatonin exhibited improvement in geotaxis
(climbing), decreased mortality, and restoration of neuronal
loss. We observed very high mortality in flies after 7 days
exposure to rotenone that was mitigated by the supplementa-

tion of melatonin, clearly suggesting the protective effect of
melatonin. Furthermore, we performed locomotive assays to
confirm the alteration in motor coordination. A significant rate
of locomotory deficit was observed in rotenone-exposed flies
related to unexposed flies.54 Flies with locomotor deficits seem
not to be able to coordinate their legs and wings properly in a
normal fashion and have a tendency to stay at the bottom of
the glass column. This phenotypic form was clarified earlier
because of the high energy demands of ambulatory and flight
muscles, which are rich in mitochondria,55 and rotenone is
known to inhibit complex I of the same. On the contrary, the
melatonin coexposed group of flies showed significant
improvement in locomotory ability.19

It has been implicated that mitochondrial dysfunction, ATP
depletion, alteration in mitochondrial membrane potential, and
oxidative stress are key events involved in the onset of PD.56

Studies report that mitochondria are the powerhouse of cells
and make approximately 95% of the cell’s ATP, utilizing
oxidative phosphorylation.57 The process of ATP formation is
carried out by the oxidative phosphorylation of electron
transport chain enzymes.

NADH dehydrogenase introduces electrons to the electron
transport chain of complex I.58 In our study, we have observed
a significant decrease in the activity of NADH dehydrogenase
due to rotenone administration. Interestingly, mitochondria
isolated from the head of flies in the melatonin coexposed
group showed significantly increased activity of NADH
dehydrogenase. Reduced phospholipids content may be the
cause of this change, as it may influence the movement of
electrons from NADH to ubiquinone, resulting in the
enhancement of activity.59 Further investigations are needed
for a better understanding of the lipid−protein interactions
within complex I and their influence on the kinetics of electron
flow. The protective effect of melatonin against neurotoxicants
has also been reported earlier.60 Here, we tried to explore the

Figure 5. Effect of melatonin on expression of caspase 3, Bcl 2, and TH. (A) Representative immunoblots showing expression of caspase 3, Bcl 2,
and TH in different groups. (B−D) Relative densitometry data of caspase 3, Bcl 2, and TH analyzed and normalized with β-actin. ***P < 0.001 vs
unexposed group, #P < 0.05, ##P < 0.01, and ###P < 0.001 vs rotenone-exposed group. One-way ANOVA was used to examine differences between
the groups, with Tukey’s multiple-comparison test used to examine posthoc pairwise differences. The data is represented as the mean ± SEM of
three independent experiments (Mel, melatonin; Rot, rotenone).
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neuroprotective mechanism of melatonin in rotenone-induced
toxicity in the Drosophila model of PD. Rotenone-induced
mitochondrial ROS production impaired electron flux through
complex I, which eventually reduces the MMP. Reduced MMP
in PD due to the altered electron flow through complex I led to
disturbed pumping of protons across the inner mitochondrial
membrane.61 Flow cytometric monitoring of TMRE fluo-
rescence demonstrated that rotenone-exposed flies resulted in
a quick decrease in MMP, which is visible as a decline in the
fluorescence intensity. This decline in the MMP intensity was
significantly enhanced in the melatonin cosupplemented group
of flies compared to that in only rotenone-exposed flies.
Melatonin-mediated improvement in the preservation of the
integrity of mitochondrial membrane has also been studied in
vitro and in vivo in the Aβ42-induced AD Drosophila model by
other authors.19

To confirm apoptosis, we analyzed the expression of caspase
3 protein that is promptly activated by the mitochondria-
mediated stress and cleaved from inactive procaspase-3
protease protein localized in the cytosol.62,63 We found that
the rotenone-exposed flies had enhanced expression or
activation of caspase 3 compared to the control group.
Subsequently, the coexposed group prevented caspase 3
activation compared to the coexposed control group. More-
over, we observed that antiapoptotic protein Bcl 2 expression
was downregulated in the rotenone-exposed group and
treatment with melatonin enhanced the expression. These
observations are also in accordance with those of the
previously published reports and, thus, prove that proapoptotic
and antiapoptotic proteins are downregulated and upregulated,
respectively, by melatonin in rat brains challenged with
neurotoxicants.64,65

Further previous studies suggest that TH plays the role of a
rate-limiting enzyme in the biosynthesis of catecholamines,
such as dopamine, noradrenaline, and adrenaline.66 It is
considered an essential biomarker of dopaminergic neurons in
the pathogenesis of PD, and its decreased expression results in
decreased dopamine synthesis, leading to the onset of PD-like
symptoms. The reduction of TH in the striatum is also related
to the rotenone-induced reduction of the dopamine content
that leads to similar motor impairments.67

Similarly, we found decreased expression of TH in the
rotenone-exposed group compared to that in the control group
and melatonin supplementation helped to recover the loss in
TH. Melatonin has an antioxidative property, which is
responsible for the inhibition of neurodegeneration in
substantia nigra pars compacta of dopaminergic neuronal
cells.68 This might be the reason for the enhanced expression
of TH in the melatonin cosupplemented group.

This study can be further extended to the transgenic and
knockout Drosophila model of PD. This will help authenticate
the present study. However, since Drosophila is an invertebrate
some differences might arise between the metabolic processes
of humans and Drosophila. Thus, the neuroprotective property
of melatonin in the rotenone-induced PD model could be
further studied in other model organisms.

■ CONCLUSIONS
Taken together, melatonin exhibited neuroprotective effects
against rotenone-induced Drosophila model of PD mainly
through its antioxidative property. Melatonin can restore
rotenone-induced mitochondrial dysfunction and apoptosis.
Additionally, melatonin reduced the behavioral deficit induced

by rotenone in the PD model of Drosophila. The current study
has explored the mechanism of neuroprotection attributed to
melatonin. It could be a promising therapeutic approach in the
treatment of PD as melatonin can restore the rotenone-
induced decrease in NADH dehydrogenase activity, MMP, and
impaired oxidative phosphorylation. Melatonin also retains the
normal expression of Bcl 2 and TH. However, future research
is required on the transgenic model Drosophila model of PD.

■ MATERIALS AND METHODS
Drosophila Stock and Culture. The wild-type strain of

Drosophila fly (Canton S) was generously gifted by Dr. Yasir
Hasan Siddique, Department of Zoology, Faculty of Life
Sciences, Aligarh Muslim University, Aligarh, Uttar Pradesh,
India. The flies were maintained and reared on a standard
cornmeal medium containing yeast granules as the protein
source, agar−agar, and nipagin (preservative) at constant
temperature (23 ± 2 °C) and 70−80% relative humidity under
a 12 h dark/light cycle. Diet was prepared according to a
standard protocol. One liter of semisolid diet contained 50 g of
corn flour, 35 g of sucrose (carbohydrate source), 10 g of
agar−agar (solidifying agent), 5 mL of propionic acid
(antifungal agent), and 15 g of yeast granules added to ensure
availability of the protein source. After 24 h, Drosophila flies
were transferred to stock bottles to avoid sticking flies to the
media.
Treatment Regimen and Experimental Design. Adult

male Drosophila flies (n = 50 replicate−1; 3 replicates per
group) were maintained on rotenone- and melatonin-enriched
medium for 7 days. Melatonin was dissolved in 1.0% ethanol in
normal saline (0.9%).23 The medium was changed every
alternate day. Following are the groups and the treatment
schedules we planned:

Group I: Drosophila flies were exposed to an equal volume of
vehicle (dimethyl sulfoxide (DMSO)).

Group II: Drosophila flies were exposed to only melatonin (1
mM).

Group III: Drosophila flies were coexposed to rotenone (250
μM) and melatonin (1 mM)

Group IV: Drosophila flies were exposed to only rotenone
(250 μM).

Mortality and climbing assays were performed after the
completion of 7 day exposure to drugs. Flies’ heads were
isolated in ice-cold phosphate-buffered saline (PBS) for
molecular and biochemical studies (Figure 1).
Climbing Assay (Negative Geotaxis Assay). The

climbing assay was performed as described by Siddique et
al.37 Test flies were anesthetized and placed in a vertical glass
column (standard length, 25 cm; diameter, 1.5 cm). After a
brief recovery period, flies were gently tapped to the bottom of
the column. Following 1 min, flies that reached the top of the
column and flies that remained at the bottom were counted
separately. Data were expressed as the percent flies escaped
beyond a minimum distance of 6 cm in 60 s of interval.
Twenty adults per replication were used for the assay. The
assays were repeated five times, and the score for each
replication was an average of such trials for each group of flies
including control. All behavioral studies were performed at 25
°C under standard lighting conditions.
Survival Assay. In this assay, about 150 male flies were

separated for each group and transferred to the test food
containing rotenone in various concentrations. The test food
was changed every alternate day for 7 days, and mortality was
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noted every day.38 The survival rate was evaluated by counting
days of the number of living flies until the end of the
experimental period (7 days). The total number of flies
represents the sum of three independent experiments (50 flies/
each treatment repetition).
Isolation of Mitochondria. Mitochondria were isolated

by the differential centrifugation method.39 Briefly, sample
were homogenized in 10% volumes (1:10 w/v) by a motor-
driven tissue grinder in an ice-cold isolation buffer containing
250 mM sucrose, 10 mM 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES), 1 mM ethylene glycol-bis(β-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), and
0.1% fat-free bovine serum albumin (BSA) adjusted by Tris to
pH 7.4 and centrifuged at 1000g for 8 min at 4 °C. The
supernatant was collected and centrifuged at 10,000g for 10
min at 4 °C. Thereafter, the obtained pellet was resuspended;
washed twice with a washing medium containing 250 mM
sucrose, 10 mM HEPES, and 0.1 mM EGTA adjusted by Tris
to pH 7.4; and centrifuged at 12,300g for 10 min. Finally, the
pellet was resuspended in an isolation medium containing 250
mM sucrose, 10 mM HEPES, and 0.1% fat-free BSA adjusted
by Tris to pH 7.4 and centrifuged at 12,300g for 10 min.
NADH Dehydrogenase Activity (Complex I). NADH

dehydrogenase activity was measured spectrophotometrically
according to Waseem and Parvez.40 The reaction mixture
contained 0.6 mM 2,6-dichloroindophenol (DCIP), 2 mM
glycyl glycine buffer, 0.6 mM nicotinamide adenine dinucleo-
tide reduced (NADH), and mitochondrial preparations. The
reaction was followed by recording the absorbance change at
600 nm against a blank. The enzyme activity was expressed as
micromoles of NADH oxidized per minute per milligram
protein using a molar extinction coefficient of 21,000 M−1

cm−1.
Assessment of Mitochondrial Bioenergetics. Mito-

chondrial respiration rates (state 3, ADP-stimulated; state 4,
ADP-deleted; and respiratory control ratio) were observed by a
Clark-type oxygen electrode system connected to a computer-
operated oxygraph control unit (Hansatech Instruments,
Norfolk, U.K.).41 About 1.0 mL of total reaction volume was
used at 28 °C for all of the experiment group conditions.
About 30−60 μg of freshly isolated mitochondria was added to
the respiration buffer (120 mM KCl, 5 mM potassium
phosphate, 3 mM HEPES, 1 mM ethylene glycol-O,-O′-bis-
(2-aminoethyl) tetraacetic acid (EGTA), 1 mM MgCl2, and
0.2% BSA, pH 7.2) and allowed to equilibrate for a minute.
FAD-linked substrate (10 mM succinate) was then added to
the chamber and allowed to equilibrate for 1 min, followed by
the addition of ADP (100 μM final concentration). The
measurements involve addition of ADP for state 3 and removal
of ADP for state 4. The respiratory control ratio (RCR) was
calculated by the ratio of state 3 to state 4 respirations.42

Flow Cytometric Analysis of Mitochondrial Mem-
brane Potential (ΔΨm). Flow cytometric analysis was carried
out using BD-LSR II, and histograms were generated using
FACS-DIVA analysis software, as described previously.43 To
exclude debris in the side scatter (SSC) and forward scatter
(FSC) modes, 50,000 events per sample were collected using
the “low” setting for sample flow rate. Mitochondria were
selectively stained with tetramethylrhodamine ethyl ester
(TMRE) (100 nM), (excitation at 488 nm and emission at
590 nm) accumulated in mitochondria in a membrane
potential-dependent manner. Mitochondria (0.1 mg protein
mL−1) were stained under dark conditions with TMRE in 1

mL of 3 mM HEPES buffer, pH 7.4, containing 70 mM
sucrose, 230 mM mannitol, 1 μM ethylenediaminetetraacetic
acid (EDTA) in the presence of 5 mM Pi and 5 mM succinate
under dark conditions at 25 °C for 10 min. The mean
fluorescent signal intensity was determined by flow cytometry
to estimate the mitochondrial membrane potential.
Western Blotting. Western blot analyses of apoptotic

(Bcl2, caspase 3 and TH) protein expression were performed
in the brain tissue of control and treated flies according to the
standard protocol.44 In brief, an equal number of heads of flies
are homogenized in a buffer containing 10 mM Tris−HCl (pH
7.4), 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.01% sodium
dodecyl sulfate (SDS) protease inhibitor cocktail, and
phosphatase inhibitor. Equal amounts of proteins (20−40 μg
well−1) were resolved in 12−15% SDS gel electrophoresis and
transferred onto polyvinylidene fluoride (PVDF) membranes.
Briefly, proteins were transferred at 50 mA for 2 h to PVDF
membranes using a Mini Trans-Blot Cell apparatus (Bio-Rad,
Hercules, California). The procedure for immunodetection
includes the transfer and blocking of the membrane for 1 h at
room temperature with phosphate-buffered saline-Tween
(PBST) (150 mM NaCl, 10 mM KCl, 0.1 M NaH2PO4, 0.1
M KH2PO4, and 0.05% Tween-20, pH 7.4) containing 5%
nonfat dried milk. After that, the membranes were incubated
with the primary antibodies β-actin (antimouse, 1:1000,
Santacruz), Bcl 2 (antimouse 1:1000), TH (tyrosine
hydroxylase) (antimouse 1:1000, Santacruz), caspase 3
(antirabbit, 1:1000) overnight at 4 °C. After washing for 5−
10 min periods with PBST, the membranes were incubated for
45 min at room temperature with horseradish peroxidase-
conjugated secondary antibodies (1:10,000 in PBST). After
washing for 5−10 min with PBST, the detection of bound
antibodies was visualized by chemiluminescence using the
ECL-plus reagent. An anti-β-actin antibody was used to
normalize protein loading and transfer. Densitometric analysis
was performed by ImageJ software (1.50 version, NIH).
Protein Determination. Protein concentrations were

determined by the Bradford method using BSA as a standard.45

Statistical Analysis. All data were analyzed by taking the
mean ± standard error of the mean (SEM). All data were
analyzed by GraphPad Prism 5 software (GraphPad Software
Inc., San Diego, California). All data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s test to
compare significant differences between different groups.
Values of P < 0.05 were considered significant.
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