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Lead hazards are prevalent globally, causing significant health issues by disrupting iron homeostasis
and increasing the burden of diseases, Iron overload, causes oxidative damage to lipids, impairing
mitochondrial and lysosomal functions, and compromising DNA, leading to severe health issues.
To evaluate the neuroprotection of Syzygium aromaticum (also known as clove) against iron and
lead co-exposure in Harwich strain Drosophila melanogaster. Adult Drosophila melanogaster were
randomly assigned into six groups: control, clove only, iron only, lead only, co-exposure of iron-
lead, and co-exposure with clove. Flies were treated via diet supplementation for seven days.
Neurobehavioral tests such as negative geotaxis, phototaxis, and chemotaxis were carried out to
qualitatively assess motor activity, sensory response, and feeding behavior of flies. Following the
completion of tests, brain tissues were isolated and visually assessed histologically for evidence of
neurodegenerative changes. Drosophila melanogaster exposed to iron and lead, relative to controls,
exhibited significant deficits in climbing performance, light response, and food-seeking behavior
following total co-exposure. This was coupled with histological evidence of neurodegeneration,
such as neuronal vacuolization and evidence of tissue disorganization. Supplementation with clove
extract significantly improved behavioral performance and preserved brain histoarchitecture, for
instance, it reduced neuroinflammation and oxidative damage. Syzygium aromaticum extract has
important neuroprotective characteristics against iron and lead-induced neurotoxicity in Drosophila
melanogaster, likely operating through antioxidant, anti-inflammatory, and neurocellular protective
actions.
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Introduction

Iron has a vital function in various key processes
regulated in the body. Iron is an essential metal involved in
several biological processes ranging from the transport of
oxygen to energy production and DNA synthesis (Vogt et
al., 2021). However, iron can be harmful and toxic when in
excess via the generation of reactive oxygen species and
oxidative damage (Gammella et al., 2016). Iron overload is
common throughout the world and can lead to serious
health problems by oxidatively damaging lipids, affecting
lysosomal and mitochondrial processes, and harming DNA
(Zhao et al., 2024).

Lead is the most important toxic heavy element in the
environment. Due to its important physio-chemical
properties, its use can be retraced to historical times (Ara
& Usmani, 2015). Being a heavy metal, it embodies soft
characteristic features, malleability features, and a
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relatively low melting point (Boldyrev, 2018). Globally it
is an abundantly distributed, important yet dangerous
environmental chemical. However, it is also known to be
among the major toxicants (Ara & Usmani, 2015). The
exposure to lead can be through air, dust, or lead-based
paints and results in serious health effects. Therefore, there
isn't a medication that works to prevent Pb from being
absorbed (Finlay, 2019).

Cloves (Syzygium aromaticum) a precious spice, is a
member of Mirtaceae family which has been employed for
centuries as food preservative and medicine because of its
antimicrobial, antifungal, antibacterial, anti-inflammatory
effects and antioxidant properties (Otunola, 2022). Clove,
scientifically, is one of the most valued spices and has been
used for centuries not only as a food preservative but also
for several pharmaceutical purposes (Idowu et al., 2021). It
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is considered one of the best sources of phenolic
compounds such as gallic acid, eugenol, and eugenol
acetate (da Silva et al., 2018). Cloves enhance memory
retention. It is recommended for relieving brain fog,
lethargy and depressive state of mind.

Drosophila melanogaster is a small fly typically pale
yellow to reddish brown to black, with red eyes. The fruit
fly has been used for genetic experiments since T.H.
Morgan started his experiments in 1907 (Mohr, 2018). This
species is commonly known to be found in environments
like the kitchen, where rotting or fermented fruits
especially banana (Rabha et al., 2024). Drosophila
melanogaster has been a cornerstone in biological
research, especially in genetics, physiology, and
developmental biology (Victor et al., 2025), since its
introduction as a model organism by Charles W.
Woodworth in 1901 (Qu et al., 1901). It has been linked to
having about 75% percentage of human disease-causing
homologous genes (Casas-Tinto, 2024). Its short life span,
large number of offspring, many genetic techniques, are a
few of the numerous factors that make Drosophila
melanogaster is an organism for biomedical research
(Staats et al., 2018).

While much research has laid emphasis on the harmful
impacts caused by heavy metals like iron overload on brain
function, especially in humans and animals, there is limited
understanding of how these metals specifically impact the
brain of Drosophila melanogaster (fruit flies), which are
widely used in scientific studies. The increasing prevalence
of neurodegenerative disorders has been linked to
environmental neurotoxins such as heavy metals,
particularly iron (Fe) and lead (Pb). These metals have
been implicated in oxidative stress, mitochondrial
dysfunction, and neuronal apoptosis, contributing to
neurodegeneration. Additionally, while cloves have known
antioxidant and anti-inflammatory properties, there is not
enough research on their potential neuroprotective effects
against metal toxicity, particularly when both iron and lead
are present together. This gap highlights the need for
research to understand the combined impact of iron and
lead on fruit fly brains and to explore whether cloves can
provide a protective effect.

Materials and Methods

Chemicals

Lead (II) acetate and Iron sulphate was purchased from
Laboratory Trade while the Cloves was purchased from a
local market, Oja-Igbo, Oyo state, Nigeria.

Drosophila Strains and Rearing Conditions

D. melanogaster (Harwich strain) was obtained from
Drosophila Research Laboratory; University of Ibadan,
Nigeria were used in the present study. Diet preparation
was performed following previously described (Abolaji et
al., 2014) with some adaptations. They were maintained on
a corn meal medium (3.08% w/v corn flour, 2% w/v
brewer’s yeast, 1% w/v agar, 0.08% w/v nipagin and
93.92% distilled water) at constant temperature (22-24°C)
and relative humidity (60-70%) under 12- h dark/light
cycle conditions at Eagles’ Research Laboratory, Ladoke
Akintola University of Technology, Ogbomosho, Oyo
state, Nigeria.

Experimental Design
Survival analysis
To ascertain the levels and length of exposure to iron,
cloves, and lead. For seven-day survival tests, D.
melanogaster (both genders, ranging from a 1-3 days old)
were split up into six groups of 30 flies each, and
administered lead (10, 20, and 30 mg/L) concentration,
iron (200, 250, and 500 uM) concentration, cloves (100,
140, and 200 mg) concentration, lead and iron co-
administration and lead and iron and cloves co-
administration respectively. Data were analysed and
presented as a percentage of live flies, and daily mortality
was noted. Based on these data, 140 mg of cloves, 500 uM
iron, and 30 mg/L lead were selected and subjected to be
expose to flies for seven days.
Treatment of Drosophila melanogaster
D. melanogaster 1 to 3-day old, 30 flies per vial (n = 6)
were exposed to control, only lead, only iron, only cloves
(incorporated into the diet by solution), lead with iron, lead
and iron with cloves of selected concentrations.
Flies in group A (control) received diet containing 1600
puM distilled water (vehicle).
Group B flies were fed with diet containing cloves
(140mg/20g)
Group C flies were fed with diet containing Lead
(30ppm)
Group D flies were fed with diet containing iron
(500uM)
Group E flies were treated with diet mixed with Lead
and iron (30ppm and 500uM respectively)
Group F flies were co-treated with lead (30ppm), iron
(500uM) and cloves (200mg/20g diet).

Neurobehavioral Analysis

Determination of negative geotaxis

The locomotor performance of flies treated with lead,
iron, cloves, and their co-exposure and co-treatment was
examined using the negative geotaxis test method. Ten
flies from each group were immobilised under light cold
anaesthesia and put in separate vertical glass columns with
labels (15 cm in length; 1.5 cm in diagonal). Following a
20-minute recovery time, the flies were gently tapped to
the column's bottom. The number of flies that ascended to
the column's 6 cm mark and those that stayed below it were
counted after 20 seconds. Each group's score was
calculated by averaging three trials for both the treated and
control fly groups (Abolaji et al., 2014).

Phototaxis

This was carried out according to (Vang et al., 2012)
with some modifications. The apparatus consisted of a vial
of diameter 2.5 cm x 9.5 cm and 20 cm long put together
by a connector. A visible light source (2.8 cm x 45.2 cm,
15 watt) established a gradient of light that acted as an
attractant for the flies, about 3.000 lux at the nearest point
of the apparatus and about 700 lux at the furthest point.
Vial containing 10 flies plugged by cotton and the test tube
were left separately for 30 minutes and kept in a dark room.
This allowed adaptation of the flies to darkness. The vial
was then gently pounded down to place the flies at the end
away from the cotton, the cotton was removed, and the vial
was attached to the test tube by a connector. This apparatus
was horizontal and perpendicular to the horizontal light
source 15 cm away. The vial was separated into a light
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exposed side and dark side (covered by opaque black
substance). The light was then turned on and a timer was
started. The flies on the light side were counted after 5
minutes. The side exposed to light was then covered by the
opaque substance while the previous dark side was exposed
to light. The number of flies that are able to crawl back to
the recent light exposed area are recorded after another 5
minutes.

Determination of larvae crawling activity

The larvae's crawling speed was analysed by using five
males and five females each in a vial, totalling ten flies,
aged 1-3 days, were subjected for twenty-four hours to the
specific concentrations of lead, iron, cloves, their co-
exposure, co-treatment and control as shown above. After
that, the larvae were gathered and all of the flies were taken
out of the vials. The analysis was done in triplicate for each
group, and the larvae were left to crawl around in a shaded
petri dish for five minutes. Image J software was
subsequently utilised to measure the crawling traces.

Chemotaxis (response to volatile chemicals smell)

The experiment was carried out in a dark room 15 cm
away from a turned-on parallel visible-light source, which
served for visibility throughout the duration of the
experiment. (A lighted room also works but the light must
be uniform, which may be difficult to achieve, because
non-uniform light is itself a stimulus). 10 flies were placed
into a vial of diameter 2.5 cm x 9.5 cm and 20 cm long with
a screw cap and kept in the dark room for 30 minutes
parallel to the light source. At that time the flies were
randomly distributed. Then the screw cap was gently
removed and Volatile repellent, benzaldehyde placed in the
cover and replaced with a screw cap containing Iml of 100
mM benzaldehyde dissolved in 1.5% agar. The number of
flies in each third of the test tube was then counted every 2
minutes for 10 minutes (Vang et al., 2012).

Biochemical Analysis

Homogenization

Homogenization is the process in which a solid is
converted to a liquid state (which mostly requires grinding
with a vehicle (liquid)) (Kluge et al., 2012). The commonly
used vehicle used for homogenizing Drosophila
melanogaster is phosphate buffer as it helps to maintain the
pH of the model. It should be noted that all homogenizing
process should be done on or in ice (at 4°C temperature).
D. melanogaster ranging from 1 to 3 days old, 50 flies per
vial (n = 6) were grouped to control, iron, lead, cloves, co-
exposed and co-treatment of selected concentrations for 7
days. The flies were collected into empty vials. Then, the
flies were anesthetized in ice, weighed and homogenized
in 0.1 M phosphate buffer, pH 7.4 (ratio of Img:10uL), and
centrifuged at 10.000g for 10 min at 4 °C in a cold Mikro
220R centrifuge (CERID Laboratory, Ogbomoso, Oyo
state). Then, the supernatants were transferred into labelled
micro fugetube,and wused for the evaluation of
acetylcholinesterase (AChE), glutathione (GSH), nitric
oxide (NO), Superoxide dismutase (SOD),
malondialdehyde (MDA), and catalase, levels at
Neuropharmacology Laboratory, University of Ibadan.

Determination of acetylcholinesterase (AChE) activity

The activity of acetylcholinesterase was determined
with the method of (Ellman et al., 1961). The reaction was
carried out in 0.1 M potassium phosphate buffer of pH 7.4,

1 mM Dithiols-nitrobenzoic acid and 0.8 mM
acetylthiocholine, the initiator. The reaction was monitored
for 2 minutes (30 s interval) at 412nm. The enzyme activity
was estimated as pmol of acetylthiocholine
hydrolysed/minute/mg protein.

Determination of nitrite levels

Nitrite was measured as an indicator of nitric oxide
(NO) production according the Griess method as described
by (Green et al., 1982). Griess reagent was freshly prepared
by mixing equal volumes of 0.1% N-(1-napththyl) ethylene
diamine dihydrochloride and 1% sulphanilamide (in 5%
phosphoric acid). 5S0uL of 2X diluted supernatant was
added into microtitre plate and diluted with 50uL of
distilled water before incubation with 100uL of Griess
reagent for 10 min at room temperature in the dark. The
concentration of nitrite was determined from sodium nitrite
standard curve and expressed as uM nitrite/mg protein.

Determination of glutathione level

Reduced glutathione (GSH) as non-enzymic
antioxidant maker was measured in tissue homogenate
supernatant (Palsamy et al., 2010). Briefly, 100uL of
supernatant was diluted twenty times in 0.15 M Tris-KCl
buffer, and deproteinized with 500uL trichloroacetic acid
(30%). The mixture was centrifuged in a bench top
centrifuge at 4000 rpm for 10 min at room temperature.
100puL of the deproteinized supernatant was mixed 100uL
of 5°, 5’-Dithiols-nitrobenzoic acid (DTNB, 0.0006M) in a
microplate plate.

Determination of lipid peroxidation level

Malondialdehyde was measured as an index of lipid
peroxidation using the assay of thiobarbituric reacting
substances (TBARs) by the method of (Nagababu et al.,
2010). 100uL of supernatant was diluted twenty times in
0.15M Tris-KC1 buffer, and deproteinized with 500uL
trichloroacetic acid (30%). The mixture was centrifuged in
a bench top centrifuge at 4000rpm for 10min at room
temperature. 200uL of the supernatant was removed into
microtubes, followed by addition of 200uL thiobarbituric
acid (0.75%), and the mixture was heated at 80°C for an
hour. The tubes were cooled by placing on ice, 200uL was
removed into microtitre plate and absorbance measured at
532nm. The concentration of TBARs in the tissues were
expressed as nmol MDA/mg protein

Determination of catalase enzyme activity

Catalase activity in the supernatants of the flies was
determined using the colorimetric assay based on the
yellow complex with molybdate and H,O,, which was
described by (Goth et al., 1991). Briefly, 50uL of 2X
diluted supernatant was added into a microtiter plate, and
then 50uL of a reaction mixture containing 65mmol/mL of
H202 in sodium-potassium phosphate buffer (60mM, pH
7.4) was added. The enzymatic reaction was incubated for
3 minutes and stopped with 100uL of ammonium
molybdate (64.8mM) in sulfuric acid. The absorbance at
405nm was measured. The catalase enzyme activity unit
was expressed as pu/mg protein

Histology of brain of Drosophila melanogaster

D. melanogaster was kept in 10% neutral buffered
formalin for histological examination under a light
microscope. The brains were prepped for haematoxylin
and eosin (H&E) and immunostaining, following
deparaffinization. A light microscope to inspect the slides
and gave their interpretation (Gregor et al., 2022)

119



Adeleye et al. / Turkish Journal of Agriculture - Food Science and Technology, 14(1): 117-126, 2026

Statistical Analysis

All the experiments were replicated at least three times.
The data are presented as the Mean + SEM. A One-way
Analysis of variance (ANOVA) was used to assess the
significant differences among multiple groups under
various treatments, followed by Turkey's and post-hoc and
Fischer’s LSD test where appropriate. In all the groups,
differences with a p-values < 0.05 were considered
statistically significant.

Results

Survival Analysis Results

The effect of lead, iron, and clove on the survival of D.
melanogaster was assessed as mentioned in the
methodology. Lead exposure resulted in a concentration-
dependent decline in survival, with the most significant
reduction observed at 30mg/L, followed by 20mg/L and
10mg/L as shown in Figure 1A. Similarly, iron exposure
produced a dose-dependent decrease in survival, with the
highest concentration (500uM) showing the most
pronounced effect. Co-exposure to both lead (30mg/L) and
iron (500uM) led to a significant synergistic decline in
survival compared to individual metal exposures (Figure
1B). As depicted in Figure 1C, clove administration at
100mg/20g slightly improved survival relative to the
control group, while 140mg/20g further enhanced survival,
suggesting a protective effect. However, exposure to
200mg/20g of clove resulted in a reduction in survival,
indicating potential toxicity at higher doses.

Neurobehavioral Results

Locomotion activity

Climbing activity and crawling

As presented in Figure 2A (a), as shown in the crawling
assay, all other groups show a significant decreased when
compared with control except the co-treatment group. The
co-treatment shows a significant increase when compared
to iron and the co-exposed flies. Notably, the group co-
treated exhibited a significant improvement in crawling
ability when compared to the iron-only group, suggesting
a potential mitigating effect of clove on iron-induced
locomotor deficits. Figure 2A (b) Illustrates the graphical
representation of adult climbing activity (negative
geotaxis), iron has a significant decrease when compared
to control and cloves. Also, the co-treatment shows a
significant increase when compared to the flies co-exposed
to lead and iron, backing up the crawling assay result which
shows that cloves offer protective roles in flies exposed to
heavy metals like lead and iron overload. Statistical
significance is indicated as follows: “*” denotes a
significant difference compared to the control group (p <
0.05), and “@” indicates a significant difference compared
to the cloves group, and “&” represents a significant
difference compared to the iron group.

Phototaxis

Figure 2 Illustrates that lead causes a significant
decrease in the response of flies to light on both the right
and left side. On the left side, lead and iron causes a
significant decrease in the flies’ response when compared
to the control and cloves. On the right side, lead and iron
has a significant decrease when compared to control and
cloves. Also, lead and iron co-exposure has a significant
decrease when compared to cloves.
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Figure 1. A graphical representation illustrating the
survival rate of Drosophila melanogaster when exposed to
lead, iron and cloves for 7 days.

Biochemical Results

Oxidative stress markers

Biomarkers of oxidative stress, such as nitric oxide
(NO) and malondialdehyde (MDA), were measured in D.
melanogaster (Figure 3). Exposure to lead (4.68nmol/mg
protein) iron (2.76nmol/mg protein), and the co-exposure
(3.49 nmol/mg protein) led to a significant elevation in
MDA levels in comparison to the control group
(1.69nmol/mg protein). A notable reduction in MDA levels
(2.10 nmol/mg protein) was recorded in the co-treatment
flies, in contrast to the co-exposed flies (3.49nmol/mg
protein). The co-exposed flies exhibited a notable elevation
in NO levels (7.17umol/mg protein) relative to those co-
treated flies (6.45 umol/mg protein).

Enzymatic markers

As illustrated in Figure 3, acetylcholinesterase (AChE)
and catalase represent anti-inflammatory and antioxidant
enzymes, respectively.
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Acetylcholinesterase (AChE) (A) and Catalase Enzyme Activity
(B) in D. melanogaster Following a 7-Day Exposure to Lead and

Iron-induced toxicity.

'Data are presented as mean = SEM from 50 flies per vial, with three independent replicates per treatment group. Statistical significance is indicated as
follows: “*” denotes a significant difference compared to the control group (p < 0.05), “@” indicates a significant difference compared to the cloves
group, “#” represents a significant difference compared to the iron group, “$” represents a significant difference compared to the lead group, and “&”
represents a significant difference compared to the iron group. Pb: Lead; Fe: Iron. “Data are presented as mean + standard error of the mean (SEM) from
50 flies per vial, with three independent replicates per treatment group. Statistical significance is indicated as follows: “@” denotes a significant

difference compared to the clove group (p < 0.05). Pb: Lead; Fe: Iron.

No significant change was observed in AChE activity
across the experimental groups, nonetheless the cloves
group showed an increase in AChE activity compared to
other groups. Also, the co-exposed flies showed an
increase in AChE activity when compared to the co-treated
flies. The catalase activity was significantly reduced in the
lead-treated (16.19u/mg protein) group compared to the
clove (22.82u/mg protein) group. Similarly, the cloves
group showed an increase in catalase activity compared to
other groups and the co-exposed flies showed an increase
in catalase activity when compared to the co-treated flies.

Antioxidant markers

Biomarkers of antioxidants such as glutathione (GSH),
and superoxide dismutase (SOD), were measured in D.
melanogaster (Figure 3). In GSH, flies exposed to lead
(42.15pmol/mg protein), iron (61.71 pmol/mg protein) and
lead and iron co-exposure (45.83pumol/mg protein) showed
a significant reduction in GSH levels when compared to the

control group and clove group flies. Also, there is a
significant increase in the GSH levels of the flies exposed
to Iron (61.71umol/mg protein) and the co-treatment of
lead, iron and cloves (79.32umol/mg protein) when
compared to the flies exposed to lead only (42.15umol/mg
protein). No substantial change was observed in SOD
levels among flies subjected to lead, iron, or its co-
exposure as compared to the control group or the co-treated
flies. A significant decrease in SOD levels was detected in
flies subjected to lead (1.48u/mg protein) and lead and iron
co-exposed group (0.97u/mg protein) compared to those
exposed to cloves (1.66u/mg protein).

Histological Results

Photomicrograph ~ (Haematoxylin  and  eosin)
Drosophila melanogaster brain exposed to lead, iron and
cloves for 7 days at X400 magnification.
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Figure 4 Hematoxylin and Eosin (H&E) photomicrograph of the brain region of D. melanogaster brain following 7-day
exposure to lead, iron and cloves.

The control group exhibits normal cellular morphology and cytoplasmic density. Mild tissue lesions and the presence of pyknotic cells (Yellow
Arrows) are observed in the iron and cloves treated groups. The lead exposed group shows a severe tissue rarefaction with pyknotic cells. Co-
exposure to lead and iron results in a significant level of tissue damage and nuclear pyknosis. However, co-treatment with cloves displays only mild
tissue lesions and pyknotic cells, suggesting a potential neuroprotective effect of cloves against heavy metal-induced toxicity.
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Lead Iron Lead + Iron

Figure 3.5 Caspase-3 immuno-stained photomicrograph of the brain region of D. melanogaster brain following 7-day

exposure to lead, iron and cloves.

The control and cloves treated groups exhibit no caspase-3 immunoreactivity, indicating the absence of apoptosis in the fly’s brain. In contrast, flies
exposed to lead and iron show significant caspase-3 expression, reflecting elevated apoptotic activity. The co-exposed group results in a pronounced
increase in apoptosis, as evidenced by strong caspase-3 staining. Similarly, the group co-treated with cloves also demonstrates a slight level of
caspase-3 activation, suggesting that cloves did not completely prevent metal-induced apoptotic cell death but offered some protective roles in
reversing the effects to some extent.

Immunostaining Results (caspase-3)

Immunostaining (Caspase-3) photomicrograph of
Drosophila melanogaster brain exposed to lead, iron and
cloves for 7 days at X400 magnification.

Discussion

This study aims to evaluate the neuroprotective
potential of clove in mitigating iron and lead co-exposure-
induced neurotoxicity in Harwich strain Drosophila
melanogaster, with a focus on oxidative stress reduction,
preservation of neuronal integrity, and behavioural
recovery.

This study demonstrated that clove significantly
enhanced the survival rate and prolonged the lifespan of D.
melanogaster. While the specific anti-aging mechanisms
of clove were not directly investigated, the observed
increase in survival suggests potential anti-aging
properties. Aging is a progressive biological process
characterized by physiological decline and reduced cellular
function, leading to increased susceptibility to age-related
diseases such as Alzheimer's and Parkinson's disease
(Dharmarajan, 2021). Although multifactorial, aging has
been closely associated with the accumulation of reactive
oxygen species (ROS), which contribute to oxidative stress
and cellular damage (Zeng et al., 2024). In this study,
exposure to lead and excessive iron markedly decreased the
survival rate of D. melanogaster, consistent with previous
findings indicating their toxic effects (Zhou et al., 2016).
Conversely, clove treatment improved survival and
lifespan, suggesting its potential role in mitigating metal-
induced oxidative stress and supporting longevity (Elsawy
et al., 2022).

Progressive deterioration of learning, memory, and
motor function is a hallmark of \parkinsonism, with
neurodegenerative diseases frequently manifesting as
impaired locomotor activity (Pathak et al., 2022). In this
study, the potential synergistic and neuroprotective effects
of clove on lead and iron co-exposure were evaluated using
neurobehavioral assays, including larval crawling and
adult climbing tests. The locomotor performance measured
in third instar larvae exposed to iron overload exhibited a
significant reduction in crawling distance compared to the
control group, although no significant differences were
observed among other iron-treated groups. Similarly, lead
exposure significantly reduced larval locomotor activity

relative to controls. Notably, co-treatment with lead, iron,
and clove resulted in a significant enhancement in crawling
ability compared to both the iron only and lead and iron co-
exposed groups, indicating a protective effect of clove
against metal-induced neurotoxicity. Furthermore, adult
flies exposed to iron alone displayed a significant reduction
in climbing ability compared to both the control and clove-
treated groups. In contrast, the group co-treated with lead,
iron, and clove demonstrated a significant improvement in
climbing activity compared to the lead and iron co-
exposure group. These findings reinforce the hypothesis
that clove exerts neuroprotective and ameliorative effects
in mitigating locomotor deficits induced by lead and iron
co-exposure.

However, acetylcholine, a neurotransmitter essential
for the regulation of motor function and movement, is
hydrolysed by the enzyme acetylcholinesterase (AChE)
(Sam & Bordoni, 2022). In this study, AChE activity was
elevated in the clove treated group compared to the control.
In contrast, both the lead and iron exposed groups exhibited
reduced AChE activity relative to the control and clove
groups. The co-exposure to lead and iron resulted in the
most pronounced reduction in AChE activity among all
groups. Interestingly, the group co-treated with lead, iron,
and clove demonstrated higher AChE activity than the lead
and iron co-exposed group alone, highlighting a potential
ameliorative effect of clove. However, this biochemical
finding contrasts with the neurobehavioral outcomes
observed in both third instar larval crawling and adult
climbing assays. This discrepancy may be attributable to
the duration of exposure (7 days) or other underlying
factors, warranting further investigation in future studies
(Alaraby, 2016).

Phototaxis measures the movement of flies in response
to light (Kim et al., 2019). The phototaxis analysis on both
sides, showed that flies exposed to lead and iron overload
showed low sensitivity to light compared to that of the
control and cloves group. The low sensitivity to light of the
flies exposed to heavy metals can be attributed to oxidative
stress and damage to cells in the retina, including
photoreceptors (rods and cones), which are responsible for
detecting light (Kim et al, 2019). The H&E
photomicrographs and immunostaining, Caspase-3 clearly
illustrated tissue lesions and cell apoptosis, this further
explains the possible cause of low sensitivity of the flies
exposed to heavy metals to light. Also, the oxidative stress
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markers, MDA and NO shows a very high level of
oxidative stress in the flies exposed to lead and iron further
supporting the phototaxis analysis

Chemotaxis measures the sensitivity of flies to odorants
(Fishilevich et al., 2005). The chemotaxis analysis showed
that flies exposed to lead, iron, and their co-exposure
exhibited  significantly = enhanced sensitivity to
benzaldehyde, with the co-exposure group showing the
highest olfactory response compared to the control and
clove-treated groups. High sensitivity to odorants, also
known as heightened olfactory sensitivity, can be
influenced by exposure to heavy metals which can generate
reactive oxygen species (ROS), leading to oxidative stress
(Al-Gubory 2014). Oxidative stress can damage olfactory
receptor cells and other components of the olfactory
system, potentially increasing sensitivity to odours (Zheng
et al., 2020). The oxidative stress markers, MDA and NO
shows a very high level of oxidative stress in the flies
exposed to lead and iron further supporting this chemotaxis
analysis. Also, excessive exposure to heavy metals like
lead and iron overload can deplete antioxidants activity
increasing the risk of olfactory dysfunction (Jan et
al.,2015). The flies exposed to lead and iron show a low
level of GSH activity compared to the group co-treated
with clove which shows a higher level further backing up
the chemotaxis analysis results.

Biochemical analysis was conducted to evaluate the
neuroprotective role of clove on major enzymatic,
oxidative and antioxidant markers. Both oxidative stress
markers, NO and MDA showed an increased level of
oxidative stress activity in the heavy metal exposed group
especially the co-exposed group when compared to the
control, cloves and co-treatment group. Oxidative stress in
fruit flies can be linked to developmental problems,
reduced lifespan, accelerated aging, physiological and
behavioural changes (Deepashree et al.,2019). The high
rate of death of flies exposed to lead and iron supports this
oxidative stress results as it proves that the increased level
of oxidative stress in the flies resulted in a reduction of
lifespan which resulted in the deaths of these flies.
Alternatively, the low level of oxidative stress observed in
the flies treated with cloves and the co-treatment flies
supports the survival analysis results which showed that
cloves have anti-aging properties. Also, the locomotion
activity further supports these results as the flies co-treated
with cloves showed better locomotion activity (in both
larvae crawling and adult climbing) due to lower oxidative
stress compared to the flies exposed to lead and iron, and
its co-exposure, which showed a reduced locomotion
activity due to high oxidative stress as expressed in the
oxidative stress results.

The two antioxidants’ markers, GSH, and SOD, in the
flies showed a reduced level of antioxidant in the lead and
iron exposed group compared to the control and co-treated
with cloves group. Low antioxidant activity in fruit flies
can be linked to increased oxidative stress, reduced
lifespan, and impaired locomotor function (Ajagun-
Ogunleye et al.,2021). The results of oxidative stress,
survival analysis, and locomotion shows that the low level
of antioxidant resulted in increased oxidative stress,
reduced lifespan, and impaired locomotor function in the
flies exposed to lead and iron, compared to the flies co-
treated with cloves which showed a better result i.e. lower

oxidative stress, improved lifespan, and better locomotor
function once again showcasing clove protective role.

The two enzymatic markers, AChE and Catalase shows
lead and iron toxicity increases when typically, according
to previous studies, their activity ought to decrease (Khedr
& Talkan, 2022). This increase can be due to oxidative
damage and enzyme inhibition, short-term or sublethal
exposure can trigger adaptive upregulation of these
enzymes. This reflects a compensatory response aimed at
mitigating cellular stress. Elevated levels at 7 days may
indicate that the flies are still actively combating oxidative
damage. However, prolonged or high-dose exposure would
likely lead to enzyme suppression and irreversible
neurotoxicity. The enzymatic markers in the AChE and
Catalase of cloves treated group show an increase in
enzymatic activity compared to the control group showing
that cloves increase enzymatic activity.

Collectively, these biochemical findings indicate that
cloves offer antioxidant and neuroprotective role in lead
and iron co-exposure, but its efficacy may be a function of
concentration and time. Further research is recommended
to ensure the greatest therapeutic effect by optimizing the
concentration and time of exposure.

Hematoxylin and Eosin (H&E) and Caspase- 3
photomicrograph of the brain region of D. melanogaster
brain shows mild tissue lesions and the presence of
pyknotic cells are observed in the co-treated with cloves
flies, compared to the groups exposed to lead and iron
which shows a severe tissue rarefaction with pyknotic
cells. High oxidative stress and low antioxidant activity can
cause tissue lesions and cell apoptosis in D. melanogaster
brain (Yang et al, 2022). The oxidative stress and
antioxidant markers results provides an explanation or the
cause of cell apoptosis in the lead and iron exposed group
as the high level of oxidative stress and low level of
antioxidant can be attributed to cause tissue lesions and cell
apoptosis. Also, the flies co-treated with cloves had a lower
level of oxidative stress and higher level of antioxidant
compared to the co-exposed flies which reduced the rate of
cell apoptosis and tissue lesions showing that cloves offer
protective roles in reducing the rate of cell apoptosis and
tissue lesions caused by lead and iron overload.

Conclusion

Briefly, this study confirms that co-exposure with lead
and iron produces potent neurotoxicity in D. melanogaster
via obvious reduced locomotor activity, lowered enzymatic
antioxidant defence, heightened oxidative stress indicators,
histopathological brain damage, and caspase-3-mediated
apoptosis.  Cloves treatment showed exemplary
neuroprotection with enhanced survival, recovery of
locomotor function, and inhibition of oxidative and
apoptotic damage. Even though the effectiveness of clove
would then appear to be a matter of concentration and
duration of exposure, as with excessive or short treatment
possibly reducing its protective action, clove does have
potential as a natural therapeutic agent for the prevention
of heavy metal-induced neurotoxicity and further research
is needed for optimal application and identification of its
specific mechanisms of action.
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