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A B S T R A C T

Curcumin is a hydrophobic polyphenol derived from the rhizome of the Herb Curcuma longa belonging to the
family Zingiberaceae. Curcumin possesses antioxidative, anti-inflammatory and anti-depressant-like properties.
In this study, we evaluated the rescue role of Curcumin in Copper2+-induced toxicity in D. melanogaster. Adult,
wild type flies were exposed to Cu2+ (1 mM) and/or Curcumin (0.2 and 0.5 mg/kg diet) in the diet for 7 days.
The results indicated that Cu2+- fed flies had reduced survival compared to the control group. Copper toxicity
was also associated with a marked decrease in total thiol (T-SH), as well as catalase and glutathione S-transferase
activities, contemporaneous with increased acetylcholinesterase (AChE) activity, nitric oxide (nitrate and nitrite)
and dopamine levels. Co-exposure of flies to Cu2+ and Curcumin prevented mortality, inhibited AChE activity
and restored dopamine to normal levels (p< 0.05). Moreover, Curcumin restored eclosion rates, and the cellular
antioxidant status, as well as alleviated the accumulation of nitric oxide level in the flies. Curcumin ameliorated
oxidative damage in the flies as evidenced by the survival rates, longevity assay as well as the restoration of
antioxidant status. Our findings thus suggest that Curcumin ameliorated Cu2+-induced neurotoxicity in D.
melanogaster and as such could be considered an effective therapeutic agent in the prevention and treatment of
disorders, where oxidative stress is implicated.

1. Introduction

Copper (Cu2+) is an essential trace element (ETE) for all biological
organisms, ranging from bacterial cells to humans and is implicated in a
variety of biological processes and vital functions such as cell respira-
tion, maturation of erythrocytes, antioxidant defense [1,2]. Copper is
also a cofactor required for structural and catalytic properties of en-
zymatic machineries involved in oxidative phosphorylation, protein
synthesis, neurotransmission modulation including superoxide dis-
mutase (Cu-Zn-SOD), dopamine–β-hydroxylase, ceruloplasmin and cy-
tochrome oxidase [3–5]. However, when in excess, copper is cytotoxic
and is capable of generating highly damaging free radicals such as
hydroxyl radicals by Fenton or Haber-Weiss reaction, thereby con-
tributing to oxidative stress [6–9]. In addition, organelle dysfunction,
lipid peroxidation, and formation of toxic alkenals such as 4-hydroxy
nonenal, an inhibitor of pyruvate dehydrogenase and alpha-keto-glu-
tarate dehydrogenase are damaging products of disrupted copper
homeostasis [10–12].

Cu2+ from geological materials and particulate matter is released

into the air [13], and a higher concentration of Cu2+ is found in surface
water, groundwater, seawater and drinking-water in addition to 40 %
of dietary copper that originates from yeast breads, white potatoes,
tomatoes, cereals, beef and dried beans [14]. Collectively, these sources
of Cu2+have been implicated in neurotoxicity and neurodegeneration
[15]. Particularly, Cu2+ release can be via by-products of industrial
wastes including pesticide and fungicide applications. Thus, this in-
creased levels of Cu2+ in the soil and water surface in several countries
has attracted attention due to its potential toxic effects [16–18].

The excessive ingestion of inorganic Cu2+ affects cognition and has
been implicated in the pathogenesis of numerous neurological and
neurodegenerative diseases, such as Parkinson’s disease (PD),
Alzheimer’s disease (AD) and amyotrophic lateral sclerosis [19–21]. In
Wilson’s disease for instance, copper overload induces liver failure and
causes oxidative damage to the central nervous system, through free
radical generation, lipid peroxidation and mitochondrial dysfunction
[22–24].

Recently, plant phenolics and bioactive compounds are being ex-
plored as chemoprotective and chemopreventive agents in
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epidemiological and experimental studies to mitigate, suppress and
regulate the progression of oxidative stress-related diseases [25,26].

Curcumin, chemically known as diferuloyl-methane, is the basis for
the yellow pigment of turmeric [27]. It is a hydrophobic polyphenol
derived from the rhizome of the Herb Curcuma longa belonging to fa-
mily Zingiberaceae. It is widely known for its biological activities, such
as antioxidant, anti-inflammatory and antidepressant properties [27].
Several reports have associated Curcumin with antioxidant, anti-in-
flammatory and anticancer activities in humans, animal and Drosophila
models [27–29]. Recently, Curcumin, when administered singly and in
combination with Quercetin attenuates oxidative stress, by reducing
lipid peroxidation and elevating antioxidant enzymes activity [30].
Importantly, Curcumin can inhibit acetylcholinesterase activity, ame-
liorate cognitive deficits and reduce amyloid accumulation [27,31],
which characterize AD. Further, Curcumin can inhibit the formations of
amyloid oligomers, fibrils, bind plaques and reduce beta amyloid in vivo
[32].

Moreover, the beneficial effects of Curcumin have been studied in
neurodegenerative diseases such as AD and PD in rodent models
[27,31,33]. However, the effect of Curcumin against Copper-induced
neurotoxicity in vivo has not been elucidated in Drosophila melanogaster
- an important model organism in genetic and toxicological studies. In
addition, in previous studies, it was difficult to carry out the effects of
Curcumin on longevity in rodents, which was easy with flies as reported
here. In this study, D. melanogaster was used as an alternative and
complementary model to study Cu2+-induced toxicity and the rescuing
role of Curcumin. Thus, the aim of this study was to assess the rescue
and protective role of Curcuminin in Cu2+-induced toxicity and asso-
ciated oxidative damage in Drosophila melanogaster.

2. Materials and methods

2.1. Chemicals

The 1-chloro-2, 4-dinitrobenzene CDNB, 5,5-dithiobis 2-ni-
trobenzoic acid DTNB, acetylthiocholine iodide, were purchased from
Sigma USA. Copper sulfate was procured from AK Scientific, 30,023
Ahern Ave, Union City, CA 94587, USA. Other reagents were com-
mercial products of high analytical grade.

2.2. Drosophila melanogaster stock and culture

D. melanogaster wild-type (Harwich strain) flies (from National
Species Stock Center (Bowling Green, OH, USA)) were obtained from
Prof. JBT Rocha, Department of Biochemistry and Molecular Biology,
Federal University of Santa Maria, Brazil. The flies were maintained and
reared in Drosophila Laboratory, Biochemistry Department, University
of Ibadan, Nigeria on cornmeal medium containing 1 % w/v brewer's
yeast, 2 % w/v sucrose, 1 % w/v powdered milk, 1 % w/v agar, and
0.08 % v/w nipagin at constant temperature and humidity (22–24 °C;
60–70 % relative humidity) under 12 h dark/light cycle conditions.

2.3. Cu2+exposure and curcumin treatment

Human exposure to Cu2+ in drinking water depends on the source;
a safe level of Cu2+ is about 1.3 mg/ml [34]. Thus, Copper sulfate
(CuSO4) and Curcumin were added into the medium at a final dose of
Cu2+(1 mM) and/or Curcumin (0.2 and 0.5 mg/kg diet)respectively.
Wild-type D. melanogaster of both genders(1–3 days old) were divided
into five groups of 50 flies in each: (1) Control; (2) Curcumin (0.2 mg/
kg diet); (3) Curcumin (0.5 mg/kg diet); (4) Cu2+ (1 mM); (5) Cu2+(1
mM)+ Curcumin (0.2 mg/kg diet) (6) Cu2+(1 mM) + Curcumin (0.5
mg/kg diet). The 1 mM dose of Cu2+used in the ameliorative study was
based on a survival curve and biochemical assays reported later in this
study. Studies by Halmenschelager et al, [35] also informed our choice
of 1 mM Cu2+ dose. The choice of Curcumin doses of 0.2 and 0.5 mg/kg

diet was based on our previous study [36], and the observations that
Curcumin in the range of 0.2-0.5 mg/g diet did not cause overt signs of
toxicity in flies, evidenced by longevity curve and biochemical assays
carried out in this study.

2.4. In vivo assays

2.4.1. Longevity, survival and emergence rate of flies
The survival rate and longevity studies were determined by re-

cording daily mortality of flies and data were analyzed [37]. We eval-
uated emergence rate of D. melanogaster offspring after exposure of the
parent flies to Copper and Curcumin as previously reported [37].

2.5. Ex vivo assays

2.5.1. Preparation of samples for biochemical assays
For the biochemical assays, 50 control and treated flies per group

were anaesthetized on ice, weighed, homogenized in 0.1 M potassium
phosphate buffer, pH 7.4 (1:10 (flies/volume (μL)), and centrifuged at
10,000 g for 10 min at 4 °C. The supernatants were separated from the
pellets into Eppendorf tubes, kept at −20 °C freezer and used for the
evaluation of biochemical assays: acetylcholinesterase (AChE), catalase
and glutathione S-transferase (GST) activities, as well as total thiol (T-
SH) and hydrogen peroxide (H2O2) levels. Notably, all the assays were
carried out in duplicates for each of the 5 replicates of control and
treated flies.

2.6. Biochemical assays

2.6.1. Determination of protein concentration
The concentration of protein was determined by the method of

Lowry et al. [38], with minor modifications.

2.6.2. Determination of total thiol level
Total thiol content was determined according to the method de-

scribed by Ellman [39]. The reaction mixture contained 510 μL of 0.1 M
phosphate buffer (pH 7.4), 20 μL of sample, 35 μL of 1 mM DTNB and
35 μL of distilled water. Then, incubation was carried out at room
temperature for 30 min. The absorbance was measured at 412 nm.

2.6.3. Determination of glutathione S-transferase activity
The activity of GST was evaluated using the method of Habig and

Jakoby [40] where 1-chloro-2,4-dinitrobenzene (CDNB) was used as
substrate. The reaction mixture contained 270 μL of a solution made up
of (20 μL of 0.25 M potassium phosphate buffer, pH 7.0, with 2.5 mM
EDTA, 10.5 μL of distilled water and 500 μL of 0.1 M GSH at 25 °C),10
μL of 25 mM CDNB and 20 μL of sample (1:5 dilution). The mixture was
monitored for 5 min. (10 s intervals) at 340 nm using a spectro-
photometer.

2.6.4. Determination of catalase activity
Catalase activity was determined by the method of Aebi [41]. The

reaction mixture consisted of 50 mM potassium phosphate buffer (pH
7.0), 300 mM H2O2 and sample (1:50 dilution). The loss in absorbance
of H2O2 was monitored for 2 min at 240 nm and thereafter used to
calculate catalase activity expressed as μmol of H2O2 consumed per
minutes per milligram of protein.

2.6.5. Determination of acetylcholinesterase activity
The activity of acetylcholinesterase was determined with the

method of Ellman et al. [42]. The reaction was carried out in 0.1 M
potassium phosphate buffer of pH 7.4, 1 mM DTNB and 0.8 mM acet-
ylthiocholine, the initiator. The reaction was monitored for 2 min (30 s
interval) at 412 nm. The enzyme activity was estimated as μmol of
acetylthiocholine hydrolyzed/minute/mg protein.
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2.6.6. Determination of hydrogen peroxide level
The level of hydrogen peroxide level was carried out using the

method of Wolff [43]. The reaction mixture consisted of FOX 1 (10 ml
of 100 mM xylenol orange, 50 ml of 250 mM ammonium ferrous sul-
fate, 10 ml of 100 mM sorbitol, 5 ml of 25 mM H2SO4 and 30 ml of
distilled water) mixed with the sample. After 30 min incubation at room
temperature, the absorbance was measured at 560 nm. The values were
extrapolated from the standard curve and expressed in micromole per
milligram protein.

2.6.7. Determination of nitric oxide (nitrate/nitrite) level
Nitric oxide (nitrate and nitrite) level was quantified by following

the method of Griess reaction [44], by incubating 250 μL of sample with
250 μL of Griess reagent[0.1 % N-(1-naphthyl) ethylenediamine dihy-
drochloride; 1 % sulfanilamide in 5 % phosphoric acid; 1:1 ratio] at
room temperature for 20 min. The absorbance at 550 nm (OD 550) was
measured spectrophotometrically and nitrite concentration was calcu-
lated by comparison with the OD 550 of a standard solution of known
sodium nitrite concentrations.

2.7. Analyses of dopamine concentrations

After the 7-day treatment, 50 flies per vial, n = 5, were frozen at
−20 °C and their heads were separated from the bodies using forceps
and sharp blade/cutter. Then, fly heads were homogenized in 0.1 M
Perchloric acid and centrifuged using an Eppendorf Legend Micro 17R
Centrifuge (fixed angle rotor) at 12000×g for 30 min at 4 °C. The su-
pernatants were carefully separated from the pellets and stored at −20
°C until used within 24 h. Dopamine ELISA kit (Abnova, Taiwan) was
thereafter used to determine the level of dopamine in the supernatants
by following the manufacturer’s procedure. Spectramax Plus 384
Microplate Reader (Molecular Devices) was used to measure the ab-
sorbance at wavelength of 450 nm.

2.8. Statistical analyses

Analyses of data for survival and longevity were carried out using
the Kaplan-Meier method, and comparisons were made with the log-
rank tests. The biochemical data are presented as the Mean± SEM.
One-way Analysis of variance (ANOVA) was used to assess the sig-
nificant differences among multiple groups under various treatments,
followed by Dunett’s posthoc test. In all the groups, differences were
considered statistically significant among groups with p< 0.05, using
the GraphPad Prism5.0 software.

3. Results

3.1. Longevity and selected biochemical markers of flies after exposure to
Curcumin

The effects of Curcumin on the longevity and selected biochemical
markers in D. melanogaster are shown in Fig. 1.There was no significant
difference in the longevity of flies treated with Curcumin compared
with the control. Lifespan was extended by 4.2 % (0.2 and 0.5 mg/kg
diet) and by 1.4 % for 1 mg/kg diet concentrations (Fig. 1A). Im-
portantly, the levels of total thiol and H2O2, as well as catalase activity
were not affected by Curcumin administration (Fig. 1B, E and F). In
addition, Curcumin, 0.2 and 0.5 mg/kg diet caused a 20 % reduction in
nitric oxide (nitrate and nitrite) level and a 67 % inhibition of AChE
activity respectively after 7 days of treatment (Fig. 1D and G; p< 0.05).
Curcumin (0.2 and 0.5 mg/kg diet) increased GST activity (about 1.25
folds compared to control p< 0.05) but offered a 42 % reduction at 1
mg/kg diet dose (Fig. 1C) compared with control. Hence, the 1 mg/kg
dose was excluded from the ameliorative study.

3.2. Survival rate and selected biochemical markers after exposure to
copper sulfate

Fig. 2 shows the effects of Cu2+ on the survival and selected bio-
chemical markers in D. melanogaster. Cu2+ exerted a toxic effect at all
the doses used, thus, decreasing the survival of flies (Fig. 2A). We se-
lected 1 mM Cu2+ dose and 7 days as treatment period in the ameli-
orative study, since no significant mortality was recorded at this dose
and duration. In addition, after 7 days of treatment, Cu2+(1 mM) sig-
nificantly depleted T-SH level (42 % reduction compared to the control
group, p<0.05; Fig. 2B), increased NO (nitrate and nitrite, Fig. 2D)
and H2O2 (Fig. 2E) levels by 69 % and 47 % respectively compared to
the control, p< 0.05). Further, Cu2+ at 1 mM caused more than half-
fold reductions in GST activity (57 % reduction compared to control,
Fig. 2C; p< 0.05) and catalase activity (53 % reduction compared to
control, Fig. 2F; p< 0.05).

3.3. Ameliorative role of Curcumin in Cu2+-induced toxicity in D.
melanogaster

3.3.1. Curcumin ameliorates Cu2+-induced accumulations of H2O2level,
depletion of T-SH, and inhibition of catalase and GST activities in D.
melanogaster

Fig. 3 shows the effects of Cu2+ and Curcumin on selected oxidative
stress and antioxidant parameters in D. melanogaster. After a 7-day ex-
posure of D. melanogaster to Cu2+ and Curcumin, we observed that
Curcumin restored Cu2+-induced elevation of H2O2 level (25 % re-
duction compared to Cu2+ treated group, Fig. 3C, p< 0.05), depletion
of total thiol level (37 % protection compared to Cu2+ treated group,
Fig. 3A, p< 0.05), and ameliorated Cu2+-induced inhibition of catalase
(1.73 folds protection, Fig. 3D)and GST (1.85 folds protection, Fig. 3B)
activities compared to the Cu2+ in D. melanogaster (p< 0.05).

3.3.2. Curcumin improves Cu2+-induced, reduction of emergence of
offspring and alteration of AChE activity in Drosophila melanogaster

Fig. 4 shows the effects of Cu2+ and Curcumin on markers of neu-
rotoxicity and emergence. Our results show that 1 mM Cu2+dose ef-
fectuated a significant (56 %) increase in AChE activity. However, co-
treatment with Curcumin (0.2 and 0.5 mg/kg diet) significantly re-
stored AChE activity up to 1.57 folds compared to the Cu2+-fed group
(Fig. 4A; p< 0.05). Further, emergence rate of offspring significantly
reduced by 51 % in flies treated with 1 mM Cu2+. This reduction was
ameliorated in flies co-exposed to Cu2+ and Curcumin with about 24 %
improvement in eclosion rate (Fig. 4C, p< 0.05)

3.4. Effect of Curcumin on Cu2+-induced elevation of dopamine levels

Dopamine level in the brains of D. melanogaster treated with Cu2+

and Curcumin is shown in Fig. 5. We observed that flies from the Cu2+-
treated group showed elevation (about 50 %) in the levels of dopamine
compared to the control flies. Treatment with Curcumin restored Cu2+-
induced elevation of dopamine level, offering about 60 % protection
when compared withCu2+-treated flies (Fig. 5; p< 0.05)

4. Discussion

Drosophila melanogaster has been established as a model system in
neurotoxicology and genetics due to ease of genetic manipulations,
simple nervous system, and a relatively short life-span and generation
time [45]. D. melanogaster has been previously used as an alternative
and complementary model for studying disorders potentially associated
with copper dyshomeostasis [9]. The objective of this study was to
evaluate the attenuative role of Curcumin in Cu2+-induced toxicity in
Wild-type D. melanogaster.

Despite the reported low bioavailability of Curcumin, it has been
shown to possess antioxidative, anti-inflammatory and
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acetylcholinesterase inhibiting properties [46]. The bioavailability of
Curcumin is dependent on the route of administration [47,48]. For
instance, following oral administration to rats and humans, only 40 %
of the administered dose was excreted unchanged in the feces [49,50].
Moreover, following intraperitoneal route of administration in mice,
the plasma concentration of Curcumin decreased by 44 % and reduced
rapidly within an hour [51,52]. Additionally, intravenous administra-
tion of Curcumin indicated only about 1 % bioavailability [53].
Moreover, a near limit of detection but effective plasma concentration
of Curcumin was found when mice with intestinal tumour were fed with
diets fortified with Curcumin [54]. The reported bioavailability of
Curcumin in humans and animals [55], may not necessarily be

concordant in D. melanogaster [56]. Considering the evidences re-
garding the potency and bioavailability of Curcumin, we investigated
its rescue role in Cu2+-induced toxicity in D. melanogaster.

In this study, flies were exposed to varying doses of Cu2+ to es-
tablish a dose-response relationship. The flies exposed to Cu2+ showed
decreased survival during the 10-day exposure period. This suggests
that Cu2+ caused toxicity that is detrimental to the life-span of the flies,
which may be due to increased oxidative insults. Furthermore, accu-
mulating evidence reveals that consumption of diets fortified with an-
tioxidant-rich supplements extended organismal life-span [57–59]. Our
study demonstrated statistically indistinguishable life-span main-
tenance and extension capacity of Curcumin (0.2 and 0.5 mg/kg).

Fig. 1. Effects of Curcumin on longevity and selected biochemical parameters in D. melanogaster. Longevity (A), Total thiols (B), Glutathione S-transferase activity
(C), Nitric oxide level (D), Hydrogen peroxide level (E), Catalase activity (F), and Acetylcholinesterase activity (G). in D. melanogaster after exposure to Curcumin
(0.2, 0.5, and 1 mg/kg diet) for 7 days. Data are presented as Mean±SEM of 30 flies/vial with 5 replicates per treatment group. Significant differences from the
control group are indicated by *(p< 0.05). In (A), the p values (log – rank tests) for each group include: Ctrl versus 0.2 mg/kg diet (p = 0.4706), 0.5 mg/kg diet (p =
0.5567), 1 mg/kg diet (p = 0.3767). The maximum lifespan in each group represents the percentage of surviving flies.

Fig. 2. Effects of Cu2+on survival rate and biochemical parameters in D. melanogaster. Survival rate (A), Total thiol level (B), Glutathione S-transferase activity (C),
Nitric oxide level D), Hydrogen peroxide level (E) and Catalase activity (F)of D. melanogaster exposed to Cu2+ (1 mM). Data are presented as Mean±SEM of 30flies/
vial with 5 replicates per treatment group. Significant differences from the control group are indicated by *(p< 0.05). In (A), the p values (log – rank tests) for each
group include: Ctrl versus 0.5 mM (p = 0.0955), 1 mM (p = 0.0715), 2 mM (p = 0.1118). The maximum lifespan in each group represents the percentage of
surviving flies.
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Glutathione S-transferases (GSTs) are phase II family of multi-
functional enzymes with cysteine-rich domains [60,61]. They play
important roles in the detoxification of xenobiotics by conjugating GSH
with electrophilic molecules [61,62]. Redox active Cu2+has been im-
plicated in the oxidation of thiol-containing proteins. The observation
that Curcumin restored Cu2+-induced depletion of total thiol and in-
hibition of GST activity in D. melanogaster showed that Cu2+ oxidized
thiol groups on GST leading to the modification of its native structure
thereby altering its activity. Notably, Cu2+can also oxidize GSH, and
indirectly interfere with GST activity by depleting its substrate [63].
Curcumin’s protective action may be through scavenging free radicals
and an indirect effect via the activation of ARE (antioxidant responsive
element), which includes Nrf-2 [64]. Thiols are compounds with
carbon-bound sulfhydryl group [65]. Total thiols comprise of GSH and
several other thiol-containing compounds in tissues. Total thiols mirror
the redox state of –SH groups, which are fundamental for the activity of
thousands of proteins (including several oxidoreductases involved in

Fig. 3. Effects of Curcumin and Cu2+ on biochemical parameters in D. melanogaster. Total thiols level (A), Glutathione S-transferase activity (B), Hydrogen peroxide
level (C) and Catalase activity (D) of D. melanogaster exposed to Cu2+(1 mM) and Curcumin (0.2 and 0.5 mg/kg diet) for 7 days. Values are expressed as
Mean± Standard Error of Mean (n = 5). Significant differences from the control are indicated by *(p< 0.05). Significant differences from the Cu2+ - treated group
indicated by #(p< 0.05).

Fig. 4. Effects of Curcumin and Cu2+ on behavioural, nitric oxide and eclosion rate inD. melanogaster. Acetylcholinesterase activity (A), Nitric oxide level, (B) and
Flies emergence (C) in wild-type D. melanogaster. Values are expressed as Mean± Standard Error of Mean (n = 5). Significant differences from the control are
indicated by *(p< 0.05). Significant differences from the Cu2+ - treated group indicated by #(p< 0.05).

Fig. 5. Effect of Curcumin on Cu2+-induced neurotoxicity in treated flies.
Dopamine levels in flies after treatment for 7 days. Values are expressed as
Mean± Standard Error of Mean (70 fly heads/replicate, n = 3). Significant
differences from the control are indicated by *(p<0.05). Significant differ-
ences from the Cu2+ - treated group indicated by #(p<0.05).
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the maintenance of cell redox state) and for the maintenance of the GSH
levels, which is a low molecular mass thiol very important to protect
cells against pro-oxidant species. Our results showed that Curcumin
restored Cu2+ - induced thiol oxidation and depletion of GSH.

In our study, Cu2+ exposure had no significant effect on nitric oxide
(nitrite and nitrate) level in D. melanogaster. Indeed, nitric oxide (NO), a
highly diffusible and short-lived free radical, rapidly recombines to
form the stable metabolites nitrate and nitrite [66,67]. NO has been
considered as a pro-inflammatory mediator because of its potential to
react with superoxide anion and form more deleterious nitrite anion
causing toxicity [68]. Similarly, Curcumin did not have significant ef-
fect on NO (nitrite and nitrate) level in the flies.

Cu2+can promote the Fenton reaction, i.e., the generation of hy-
droxyl radicals and/or other ROS as by product of the reaction of Cu2+

with hydrogen peroxide [69,70]. Here, Cu2+ caused accumulation of
H2O2 and inhibited catalase activity in D. melanogaster. Antioxidants
play protective roles by scavenging ROS and reducing the insults of
oxidative damage [71]. Catalase, a heme-containing enzyme [39],
catalyses the dismutation of H2O2 to molecular oxygen and water in
order to minimize oxidative stress-mediated toxicity [72]. Therefore,
the ability of Curcumin to restore Cu2+-induced inhibition of catalase
activity and H2O2 accumulation suggests that it possesses both anti-
oxidative and free radical scavenging properties.

Moreover, the observation that the treatment of flies with Cu2+

reduced eclosion rates in the flies is worthy of note. It was reported that
copper has a toxic effect on the reproductive system due to decrease
percentage of motile spermatozoa and decrease number of malformed
sperm cells [73]. This might just be due to induced infertility in the
flies. However, flies co-treated with Curcumin and Cu2+ showed in-
creased emergence rate of flies comparable with control probably due
to presumed increased fertility in the flies.

Curcumin ameliorated Cu2+- induced elevation of acet-
ylcholinesterase activity in the flies. This enzyme hydrolyses acet-
ylcholine, a neurotransmitter that plays a vital role in the regulation of
motor function and locomotion [74]. Acetylcholinesterase is a vital
neurotransmitter of the cholinergic system that modulates learning,
memory and locomotor activities. In contrast, AChE, hydrolyzes ACh to
choline and acetate thereby hampering cholinergic neurotransmission
[75]. Sufficient information has elucidated the role of cholinergic
system in the pathogenesis of neurodegenerative diseases especially in
the aged [74,75]. While this holds in vertebrate models, the precise
outcome in flies has not been clearly elucidated. Nevertheless, both an
increase and a decrease in AChE may have toxic consequences in the
flies [35]. In this study, our results revealed that Curcumin significantly
decreased AChE activity when compared with control and ameliorated
Cu2+-induced elevation of AChE activity. This finding agrees with ob-
servations in rodent [57], and our previous study where Curcumin in-
hibited the activity and mRNA expression of AChE [36]. Thus, the in-
hibitory action of Curcumin on AChE activity may increase
acetylcholine level in the synaptic clefts leading to an efficient func-
tioning of the cholinergic system in the flies.

Cu2+ exposure also resulted in an unanticipated significant increase
in dopamine (DA) level. DA is an endogenous organic catecholamine
that functions in the substantia nigra part of the central nervous system
(mid-brain) and plays a unique role in the coordination of learning,
cognition, emotion and locomotion. [76]. In Drosophila, signaling of DA
plays diverse strategic roles in learning and memory [77]. Nonetheless,
increased or reduced DA levels may impact memory retention, and
cognition negatively [78]. Several pathogenetic mechanisms that might
elicit DA-ergic dysfunction in disease states have been reported, re-
vealing that Aβ oligomers possesses toxic and deleterious effects on
neuronal arrangement and neurotransmission, leading to death of the
neocortex and hippocampi neurons [79]. Also, there is evidence linking
the ability of copper to form a complex with dopamine, allowing this
metal to be transported by cells that have the ability to take up dopa-
mine [80]. Our results showed significant increase in dopamine level

observed in fly brainsin thegroups treated with Cu2+ only. This effect
was attenuated to levels statistically indistinguishable from control in
the Cu2+-curcumin treated flies. Due to present constraints, we could
not carry out the protein levels of important copper importer (Ctr1A),
efflux transporters (ATP7A and ATP7B) and chaperone (ATOX1) to
understand the cause of increased level of DA in Cu2+-treated flies.
Nevertheless, this outcome might be due to increased expression and
levels of Cu2+ importers and decreased expression Cu2+ efflux trans-
porters. Furthermore, Cu2+-mediated chaperone (ATOX1) that delivers
copper to the ATPases, might be similarly affected. The ability of Cur-
cumin to ameliorate these effects may present it as a suitable neuro-
protective agent.

5. Conclusion

Taken together, we demonstrated that Curcumin possesses protec-
tive activity against Cu2+ toxicity in vivo. We posit that the rescue
ability of Curcumin is due to its antioxidative effect evidenced by re-
duced mortality, modulation of oxidative stress-antioxidant home-
ostasis, as well as amelioration of altered dopamine level in D. mela-
nogaster (Scheme 1). Thus, Curcumin may be considered an effective
agent in the treatment and prevention of neurological disorders, where
oxidative stress is implicated, such as in AD. Further, the results of the
present study confirm the utility of D. melanogaster as a model to in-
vestigate therapeutic strategies that may be promising in the treatment
of neurodegenerative diseases.
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