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Evaluation of the toxic potential of arecoline
toward the third instar larvae of transgenic
Drosophila melanogaster (hsp70-lacZ) Bg9
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Arecoline is the key component of areca nut and has been suggested as a carcinogenic agent. In the

present study, the third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ) Bg9 were

allowed to feed on a diet having 5, 10, 20, 40 and 80 µM arecoline for 24 h. After the completion of 24 h,

the larvae were subjected to ONPG assay, X-gal staining, trypan blue exclusion test, oxidative stress

markers, and apoptotic and comet assays. A dose-dependent increase in the β-galactosidase activity,

tissue damage, glutathione-S-transferase (GST) activity, lipid peroxidation assay, monoamine oxidase

(MAO), caspase-9 and 3, protein carbonyl content (PCC), apoptotic index, and DNA damage and decrease

in glutathione (GSH) content, delta aminolevulinic acid dehydrogenase (δ-ALA-D), and acetylcholinester-

ase (AChE) activity were observed in the larvae exposed to 20, 40 and 80 µM arecoline. The results

suggest that arecoline is toxic at 20, 40, and 80 µM toward the third instar larvae of transgenic Drosophila

melanogaster (hsp70-lacZ) Bg9. Arecoline did not show any toxic effects at 5 and 10 µM.

1. Introduction

Arecoline (natural alkaloid) is obtained from the betel nut
(areca nut) as dried seeds of Areca catechu found in India and
many other Asian countries. Betel nut is chewed as a psychosti-
mulant and also for its digestive properties.1 In India and
some other countries, betel nuts are consumed with catechin,
tobacco and betel leaves in the form of paan.2 According to
one study, 10% of the world population chew areca nut and it
is the fourth most widely used addictive substance in the
world.3 The post-consumption effect of areca nut includes
alertness, tachycardia, cholinergic activation and euphoria.4 It
also increases the skin temperature and plasma concentration
of adrenaline and noradrenaline. Regular long-term areca
users were found to have cardiac arrhythmias, acute psychosis,
asthma exacerbation and oropharyngeal tumors.5 Studies on
human population have shown that areca nut is a major etio-
logical factor of oral submucous fibrosis and oral cancer.6

Arecoline is a parasympathomimetic tertiary amine which acts
on both nicotinic and muscarinic receptors and therefore has
been used against the symptoms of schizophrenia.7 It has
been reported to be genotoxic in both mammalian as well as
bacterial test systems.8 It induced unscheduled DNA synthesis,

as well as DNA breaks leading to submucous fibrosis, leuko-
plakia, and squamous cell carcinoma.9 It induced cancer of
the oral cavity, pharynx, esophagus and liver.2 Reactive oxygen
species (ROS) are produced when areca nut constituents are
auto-oxidized under alkaline conditions.10 The toxic effects of
arecoline on the central nervous system are still unknown even
though arecoline has shown an apprehension enhancing the
effect.11 It induced oxidative stress and affects the antioxidant
system and induces liver toxicity and cell death.12 Cytotoxicity
has also been demonstrated in oral KB epithelial cells and
buccal epithelial cells by the exposure of arecoline.9,13 It enters
into the body through the buccal and sublingual mucosa.14

Earlier studies have indicated that arecoline treatment also
results in the reduction of superoxide dismutase (SOD) activi-
ties and glutathione (GSH) levels.15

Drosophila melanogaster is widely used for the toxicological
evaluation of various chemicals due to the presence of about
50% homology with mammalian proteins. Nowadays there has
been a world-wide effort to reduce the use of higher animals in
toxicological research and testing. Drosophila melanogaster is a
well-established alternative in vivo model and is being success-
fully used for screening of various environmental agents.
Stress response (heat shock protein) and the antioxidant
defence system are the primary protective responses that are
highly conserved components of cellular stress responses
found in all phyla from bacteria to man.16 Among the stress
gene family, hsp70 is one of the highly conserved genes and
first to be induced in Drosophila and other organisms.17 It has
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been reported that hsp-70 induction by certain environmental
chemicals is generally correlated with cytotoxic events.17

Elevated levels of hsp70 have been reported in the cells of
transgenic larvae exposed to several chemicals.17 In the
present study we decided to evaluate the toxic potential of are-
coline toward the third instar larvae of transgenic Drosophila
melanogaster (hsp70-lacZ) Bg9. Before performing the experi-
ments the LC 50 was calculated for the third instar larvae of
Drosophila by exposing them to 50, 100, 200, 300, 400, 500 and
600 µM of arecoline in a similar way to that performed by
Fatima et al. (2017)18 for cyclophosphamide and tangeritin.
50% mortality was observed at 500 µM of arecoline. In our
present study, the highest studied dose is less than 1

4
th of the

LC 50 value.

2. Materials and methods
2.1. Fly strain

A transgenic Drosophila melanogaster line that expresses bac-
terial β-galactosidase as a response to stress was used in the
present study.19 In this strain of flies, the transformation
vector is inserted with a P-element, i.e. the line contains a
wild-type hsp70 sequence up to the lacZ fusion point. The flies
and larvae were cultured on standard Drosophila food contain-
ing agar, corn meal, sugar and yeast at 24 ± 1 °C.20 Arecoline
hydrobromide (Sigma, USA) was dissolved in the diet and final
concentrations of 5, 10, 20, 40 and 80 µM were established.
The third instar larvae were allowed to feed on it for 24 h
before performing the assays.

2.2. Soluble O-nitrophenyl-β-D-galactopyranoside (ONPG)
assay

The expression of hsp70 provides a measurement of cyto-
toxicity.21 The method described by Nazir et al. (2003) was
used in this study.22 After washing in phosphate buffer, the
larvae were placed in microcentrifuge tubes (30 larvae per
tube, 5 replicates per group), permeabilized for 10 min with
acetone, and incubated overnight at 37 °C in 600 µl of ONPG
staining buffer. Following incubation, the reaction was
stopped by adding 300 µl of Na2CO3. The extent of the reaction
was quantified by measuring the absorbance at 420 nm.

2.3. In situ histochemical β-galactosidase activity

The larvae (10 larvae per treatment; 5 replicates per group)
were dissected out in Poels’ Salt Solution (PSS) and X-gal stain-
ing was performed using the method as described by
Chowdhuri et al. (1999).21 The tissue explants were fixed in
2.5% glutaraldehyde, washed in 50 mM sodium phosphate
buffer (pH 8.0) and stained overnight in X-gal staining
solution at 37 °C in the dark.

2.4. Trypan blue exclusion test

The extent of tissue damage in larvae caused by the exposure
to different concentrations of arecoline was assayed by a dye
exclusion test.22,23 Briefly, the internal tissues of the larvae

were explanted in a drop of Poel’s salt solution (PSS), washed
in phosphate buffer saline (PBS), stained in trypan blue
(0.2 mg ml−1 in PBS) for 30 min, washed thoroughly in PBS,
and scored immediately for dark blue staining. The scoring for
the trypan blue staining was done on an average composite
index per larvae: no color = 0; any blue = 1; darkly stained = 2;
large patches of darkly stained cells = 3; or complete staining
of most cells in the tissue = 4.23

2.5. Preparation of homogenate for biochemical assays

The larvae (50 larvae per treatment; 5 replicates per group)
were homogenized in 1 ml of cold homogenizing buffer (0.1 M
phosphate buffer containing 0.15 M KCl; pH 7.4). The super-
natant after centrifugation at 9000g was used for the determi-
nation of glutathione content (GSH), protein carbonyl content
(PCC), lipid peroxidation assay (LPO), glutathione-S-transferase
(GST) activity, acetylcholinesterase (AChE), monoamine
oxidase (MAO) and delta-aminolevulinic acid dehydrogenase
(ALA-D) activities.

2.5.1. Estimation of glutathione (GSH) content. The gluta-
thione (GSH) content was estimated colorimetrically using
Ellman’s reagent according to the procedure described by
Jollow et al. (1974).24 The supernatant was precipitated with
4% sulphosalicylic acid (4%) in the ratio of 1 : 1. The samples
were kept at 4 °C for 1 h and then subjected to centrifugation
at 4200 rpm for 10 min at 4 °C. The assay mixture consisted of
550 µl of 0.1 M phosphate buffer, 100 µl of the supernatant
and 100 µl of 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB). The
OD was read at 412 nm and the results were expressed as µ
moles of GSH/gram tissue.

2.5.2. Determination of glutathione-S-transferase (GST)
activity. The glutathione-S-transferase (GST) activity was deter-
mined by the method of Habig et al. (1974).25 The reaction
mixture consists of 500 µl of 0.1 M phosphate buffer, 150 µl of
10 mM 1-chloro-2-4,dinitrobenzene (CDNB), 200 µl of 10 mM
reduced glutathione and 50 µl of the supernatant. The OD was
taken at 340 nm and the enzyme activity was expressed as
µmoles of CDNB conjugatesper min per mg per protein.

2.5.3. Lipid peroxidation assay. Lipid peroxidation was
measured according to the method described by Ohkawa et al.
(1978).26 The reaction mixture consisted of 5 µl of 10 mM
butyl-hydroxy toluene (BHT), 200 µl of 0.67% thiobarbituric
acid, 600 µl of 1% O-phosphoric acid, 105 µl of distilled water
and 90 µl of the supernatant. The resultant mixture was incu-
bated at 90 °C for 45 min and the OD was measured at
535 nm. The results were expressed as µ moles of TBARS
formed/h/gram tissue.

2.5.4. Protein carbonyl content. The protein carbonyl
content was estimated according to the protocol described by
Hawkins et al. (2009).27 The homogenate was diluted to a
protein concentration of approximately 1 mg ml−1. About
250 µl of each diluted homogenate was taken in eppendorf
centrifuge tubes separately. To it 250 µl of 10 mM 2,4-dinitro-
phenyl hydrazine (dissolved in 2.5 M HCl) was added, vortexed
and kept in the dark for 20 min. About 125 µl of 50% (w/v) tri-
chloroacetic acid (TCA) was added, mixed thoroughly and incu-
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bated at −20 °C for 15 min. The tubes were then centrifuged at
4 °C for 10 min at 9000 rpm. The supernatant was discarded
and the pellets obtained were washed twice with ice-cold
ethanol : ethylacetate (1 : 1). Finally the pellets were re-
dissolved in 1 ml of 6 M guanidine hydrochloride and the
absorbance was read at 370 nm.

2.5.5. Determination of acetylcholinesterase activity.
Acetylcholinesterase activity was estimated according to the
method of Ellman et al. (1961).28 The reaction mixture con-
sisted of 650 µl of 0.1 M phosphate buffer (pH 7.4), 100 µl of
10 mM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) and 100 µl of
the supernatant. The content was mixed thoroughly and the
absorbance was measured at 412 nm. After obtaining a stable
absorbance value, 10 µl of 0.075 M acetylthiocholine was
added and the change in the absorbance per minute was
recorded to calculate the enzyme activity.

2.5.6. Estimation of monoamine oxidase (MAO). The
method described by McEwen (1965) was used to estimate the
monoamine oxidase activity.29 The assay mixture consisted of
400 µL of 0.1 M phosphate buffer (pH 7.4.), 1300 µL of dis-
tilled water, 100 µL of benzylamine hydrochloride and 200 µL
of brain homogenate. The assay mixture was incubated for
30 min at room temperature and then 1 mL of 10% perchloric
acid was added and centrifuged at 1500g for 10 min. The OD
was taken at 280 nm.

2.5.7. Determination of delta-aminolevulinic acid dehydro-
genase (δ-ALA-D). The δ-ALA-D activity was assayed using the
method as described by Abolaji et al. (2014), by measuring the
rate of porphobilinogen formation.30 The reaction mixture
consisting of 10 µl of 0.5 M Tris-glycine (pH 8.5), 7 µl of dis-
tilled water, 25 µl of the homogenate and 8 µl of 31.25 mM
5-aminolevulinic acid hydrochloride was incubated at 37 °C
for 3 h. Subsequently, 10% tricarboxylic acid containing
20 mM CuSO4 was added to each reaction mixture and centri-
fuged at 4500g for 10 min. After this, 100 µl from each of the
supernatant obtained was added to 100 µl of Ehrlich’s reagent
and incubated for 30 min at room temperature. The absor-
bance was read at 555 nm.

2.6. Assays to detect apoptosis

2.6.1. Spectrophotometric assay for caspase-9 (Dronc) and
caspase-3 (Drice) activities. The assay was performed according
to the manufacturer’s protocol with some modification (Bio-
Vision, CA, USA). The assay was based on the spectrophoto-
metric detection of the chromophore p-nitroanilide (pNA)
obtained after the specific action of caspase-3 and caspase-9
on tetrapeptide substrates, DEVD-pNA and LEHD-pNA, respect-
ively. The assay mixture consisted of 50 µl of cell suspension
and 50 µl of chilled cell lysis buffer incubated on ice for
10 min. After incubation, 50 µl of 2× reaction buffer (contain-
ing 10 mM DTT) with 200 µM substrate (DEVD-pNA for Drice
and IETD-pNA for Dronc) was added and incubated at 37 °C
for 1.5 h. The reaction was quantified at 405 nm.

2.6.2. Assay to detect apoptosis in midgut cells of the
larvae. The apoptotic cells were analyzed by staining with
ethidium bromide (EB) and acridine orange (AO). The midgut

of the larvae was explanted in PSS. The PSS was replaced with
300 µl of collagenase (0.5 mg ml−1) and kept for 15 min at
25 °C. The collagenase was removed and the pellet was washed
three times with PBS with gentle shaking.31 Finally, the pellet
was suspended in 80 µl of PBS. About 25 µl of cell suspension
was mixed with 2 µl of EB/AO dye. The staining dye was
prepared by dissolving 100 µg ml−1 AO and 100 µg ml−1 EB in
PBS. About 100 cells were scored per treatment (5 replicates
per group) for estimating the apoptotic index and expressed in
percent.

2.6.3. Acridine orange staining of eye imaginal discs. For
the detection of apoptosis in eye discs, the eye discs from the
third instar larvae were dissected in Poels’ salt solution (PSS)
and stained according to the method described by Lakhotia
and Tapadia (1998).32 Eye discs were incubated in 1 µg ml−1

acridine orange (Sigma) solution in PBS. After 3 min of
incubation the eye discs were washed three times with PSS and
were immediately observed under a fluorescence microscope
(Optika, Italy).

2.7. Analysis of DNA damage by comet assay

The comet assay was performed according to Mukhopadhyay
et al. (2004).33 The midgut from 20 larvae per treatment
(3 replicates per group) was explanted in PSS. PSS in the micro-
centrifuge tube was replaced with 300 µl of collagenase
(0.5 mg ml−1 in PBS, pH 7.4) and kept for 15 min at 25 °C. The
cell suspension was prepared by washing three times in PBS
and finally the cells were suspended in 80 µl of PBS. The cell
viability was checked by performing trypan blue assay before
beginning the experiment.34 About 75 µl of cell suspension
was mixed with 80 µl of 1.5% low melting agarose and layered
on top of the precoated slides with 1% normal melting point
agarose. The slides were then immersed in freshly prepared
chilled lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM
Tris pH 10.0 and 1% Triton X-100, pH 10) for 2 h at 4 °C. The
slides were then transferred to the chilled electrophoresis solu-
tion (1 mM Na2 EDTA and 300 mM NaOH, pH > 13). The slides
were left in this solution for 10 min to allow DNA unwinding.
Electrophoresis was conducted for 15 min at 0.7 V cm−1 and
300 mA at 4 °C. Following electrophoresis, the slides were
washed with neutralizing buffer (0.4 M Tris buffer) three
times. The slides were then stained with ethidium bromide
(20 µg ml−1; 75 µl per slides) for 10 min in the dark. The slides
were then dipped in chilled distilled water to remove the
excess of stain and subsequently cover slips were placed over
them. Each experiment was performed in triplicate and the
slides were prepared in duplicate. Twenty-five cells per slide
were randomly captured at a constant depth of the gel, and the
mean tail length (a.u.) was calculated to measure DNA damage
by using comet score 1.5 software (Comet Score™ v1.5
Software, TriTek Corporation, Sumerduck).

2.8 Statistical analysis

All data were expressed as mean ± standard error and the
Dunnet ANOVA test was used for the analysis by using software
SPSS 16. The statistical significance was considered at 5% level.
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3. Results

The results obtained for β-galactosidase activity showed a 1.42,
1.78 and 2.04 fold significant dose-dependent increase in the
activity of β-galactosidase compared to the control in the
larvae exposed to 20, 40, and 80 µM of arecoline (Fig. 1; p <
0.05). No significant increase in the activity of β-galactosidase
was observed in the larvae exposed to 5 and 10 µM of arecoline
compared to the control (Fig. 1; p < 0.05). The positive
control was associated with a 2.10 fold of significant increase
in the activity of β-galactosidase compared to the control
(Fig. 1; p < 0.05).

The results obtained for X-gal staining showed a clear dose-
dependent increase in the expression of β-galactosidase in the
larvae exposed to 20, 40 and 80 µM of arecoline Fig. 2, (A3–A5)
compared to the control (Fig. 2, C). The larvae exposed to
20 µM of arecoline showed the β-galactosidase activity in the
proventriculus and the midgut region (Fig. 2, A3). The larvae
exposed to 40 µM of arecoline showed the β-galactosidase

Fig. 1 β-Galactosidase activity measured in the third instar larvae of
transgenic Drosophila melanogaster (hsp70-lacZ) Bg9 exposed to
various doses of arecoline for 24 h [A1 = 5 µM; A2 = 10 µM; A3 = 20 µM;
A4 = 40 µM, A5 = 80 µM; A = arecoline; PC = positive control
(0.001 µl ml−1 methyl methanesulfonate)] *significant at p < 0.05
compared to the control.

Fig. 2 X-gal staining in the third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ) Bg9 after the exposure to various doses of areco-
line for 24 h. [A1 = 5 µM; A2 = 10 µM; A3 = 20 µM; A4 = 40 µM; A5 = 80 µM; C = control; PC = positive control (0.001 µl ml−1 methyl methanesulfo-
nate)] [BG – brain ganglia, SG – salivary gland, PV – proventriculus, FG – foregut, MG – midgut, HG – hindgut, MT – Malpighian tubules, and GC –

gastric caeca].
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activity in the proventriculus, foregut and midgut (Fig. 2, A4).
The larvae exposed to 80 µM of arecoline showed more intense
staining in the entire gut region compared to the control
(Fig. 2, A5). Intense staining was observed in the gut region
(foregut, midgut and hindgut). The larvae did not show signifi-
cant staining at the exposure of 5 and 10 µM of arecoline com-
pared to the positive control (Fig. 2, A1 & A2).

The results obtained for trypan blue staining are shown in
Fig. 3. The larvae exposed to 5 and 10 µM of arecoline showed
no significant tissue damage, (Fig. 3; A1, i–v & A2, i–v). It is
also evident by the quantification of tissue damage (Fig. 4).
The tissue damage in the larvae was in concordance with an
increase in the dose of arecoline (Fig. 3; A3, i–v and A4, i–v)
compared to the control (Fig. 3; C, i–v). The maximum damage
was observed in the salivary glands, brain ganglia, midgut,
hindgut and Malpighian tubules (Fig. 3; A5, i–v). The larvae
exposed to 20, 40 and 80 µM of arecoline showed 2.5, 6.0 and
10.2 fold significant tissue damage compared to the control
(Fig. 4; p < 0.05).

A significant decrease of 1.36, 1.60 and 1.80 fold GSH
content was observed in the larvae exposed to 20, 40 and
80 µM of arecoline, respectively, compared to the control
(Fig. 5A, p < 0.05). No significant decrease in the GSH content
was observed in the larvae exposed to 5 and 10 µM of arecoline
(Fig. 5A; p < 0.05). A significant dose-dependent increase of
1.18, 1.28 and 1.34 fold was observed in the GST activity in the
larvae exposed to 20, 40 and 80 µM of arecoline, respectively,
compared to the control (Fig. 5B; p < 0.050). No significant
increase in the GST activity was observed in the larvae exposed
to 5 and 10 µM of arecoline (Fig. 5B; p < 0.05). The results
obtained for lipid peroxidation showed a significant dose-
dependent increase of 1.58, 2.0 and 2.07 fold in the larvae
exposed to 20, 40 and 80 µM arecoline, respectively, compared
to the control (Fig. 5C; p < 0.05). The LPO was not increased
significantly in the larvae exposed to 5 and 10 µM arecoline
(Fig. 5C; p < 0.05). A significant dose-dependent increase of
2.16, 3.16 and 3.70 fold in the protein carbonyl content was
observed in the larvae exposed to 20, 40 and 80 µM arecoline,
respectively, compared to the control (Fig. 5D; p < 0.05). No sig-
nificant increase in protein carbonyl content was observed in
the larvae exposed to 5 and 10 µM of arecoline (Fig. 5D; p <
0.05). The larvae exposed to 20, 40 and 80 µM arecoline
showed a significant dose-dependent decrease of 1.77, 2.40
and 2.92 fold in the acetyl cholinesterase activity, respectively,
compared to the control (Fig. 5E; p < 0.05). No significant
decrease in the activity of acetyl cholinesterase was observed in
the larvae exposed to 5 and 10 µM arecoline (Fig. 5E; p < 0.05).
A significant increase of 1.78, 2.19 and 2.60 fold was observed
in the activity of monoamine oxidase in the larvae exposed to
20, 40 and 80 µM arecoline, respectively, compared to the
control (Fig. 5F; p < 0.05). Monoamine oxidase activity was not
increased significantly in the larvae exposed to 5 and 10 µM of
arecoline (Fig. 5F; p < 0.05). A significant dose-dependent
decrease of 1.24, 1.42 and 1.63 fold was observed in the activity
of δ-aminolevulinic acid (ALA-D) in the larvae exposed to 20,
40 and 80 µM arecoline, respectively, compared to the control

(Fig. 5G; p < 0.05). No significant decrease in the activity was
observed in the larvae exposed to 5 and 10 µM arecoline
(Fig. 5G; p < 0.05).

Caspase-9 activity was significantly increased by 2.33, 3.55
and 4.33 fold in the larvae exposed to 20, 40 and 80 µM areco-
line, respectively, compared to the control (Fig. 6A; p < 0.05).
No significant increase in the activity of caspase-9 was
observed in the larvae exposed to 5 and 10 µM arecoline
(Fig. 6A; p < 0.05). Caspase-3 activity also showed a dose-
dependent increase of 3.12, 4.75 and 5.25 fold in the larvae
exposed to 20, 40 and 80 µM arecoline, respectively, compared
to the control (Fig. 6B; p < 0.05). No significant increase of
caspase-3 activity was observed in the larvae exposed to 5 and
10 µM arecoline (Fig. 6B; p < 0.05). The normal and apoptotic
midgut cells are shown in Fig. 6C (A1-PC), and the results
obtained for the apoptotic index showed a significant dose-
dependent increase of 2.5, 3 and 3.33 fold in the larvae
exposed to 20, 40 and 80 µM arecoline, respectively, compared
to the control (Fig. 6D; p < 0.05). No significant increase in the
apoptotic index was observed in the larvae exposed to 5 and
10 µM arecoline (Fig. 6D; p < 0.05). The results obtained for
the apoptosis in the larval eye imaginal disc are shown in
Fig. 6E (A1-PC). The larvae exposed to 20, 40 and 80 µM areco-
line showed fluorescent green spots throughout the disc in a
dose-dependent manner, (Fig. 6; A3–A5) compared to the control
(Fig. 6E, C). No apoptotic bodies were detected in the eye imagi-
nal discs after the treatment with 5 and 10 µM arecoline
(Fig. 6E; A1 & A2). The positive control showed the maximum
number of green spots throughout the disc (Fig. 6E; PC).

The results obtained for the DNA damage in the midgut
cells are shown in Fig. 7A (A1-PC). The larvae exposed to 20, 40
and 80 µM arecoline showed a significant dose-dependent
increase of 3, 4 and 4.75 fold in the comet tail length, respect-
ively, compared to the control (Fig. 7B; p < 0.05). No significant
increase in the comet tail length was observed in the larvae
exposed to 5 and 10 µM arecoline (Fig. 7B; p < 0.05).

4. Discussion

The results of our present study suggest that arecoline showed
the toxic effect at 20, 40 and 80 µM in the third instar larvae of
Drosophila melanogaster (hsp70-lacZ) Bg9. β-Galactosidase
activity (both qualitative and quantitative) was used as an indi-
cator of the expression of hsp70. Elevated levels of hsp70 have
been reported in Drosophila melanogaster exposed to pesti-
cides, fungicides, municipal solid wastes, antibiotics, steroids,
and nanoparticles.20,24,25,35,36 Due to its conserved nature of
stress response across species the expression of hsp70 has
been proposed as a sensitive indicator of adverse biological
effects.31 In our study with arecoline, a clear dose-dependent
increase in the activity of β-galactosidase was observed (both
qualitative and quantitative). The same strategy of studying
hsp70 expression was used in transgenic soil nematodes
C. elegans for studying the toxic effects of heavy metals.37 The
exposure of arecoline results in the reduction of GSH content
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Fig. 3 Trypan blue staining in the third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ) Bg9 after the exposure to various doses of
arecoline for 24 h. [A1 = 5 µM; A2 = 10 µM; A3 = 20 µM; A4 = 40 µM; A5 = 80 µM; C = control; PC = positive control (0.001 µl ml−1 methyl methane-
sulfonate)] [BG – brain ganglia, SG – salivary gland, PV – proventriculus, FG – foregut, MG – midgut, HG – hindgut, MT – Malpighian tubules, and
GC – gastric caeca].
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and increased GST activity. GSH is a tripeptide and is involved
in many biological phenomena, including enzymatic reactions,
molecular transport, protein and nucleic acid biosynthesis,
microtubule formation, signal transduction, gene expression
and protection of cells against oxidative damage.38 Arecoline is
known to react readily with free thiols such as GSH to produce
an alkylating adduct with the lost methyl ester group. Hence
depletion in the GSH content was observed in the third instar
larvae exposed to arecoline. Cellular GSH is the principal
detoxifying system, capable of scavenging reactive oxygen
species (ROS) and maintaining the redox state of cellular
thiols.39 The depletion of cellular thiols may also potentially
lead to cellular oxidative stress.13 As a result, an increase in the
activity of GST, LPO, and PCC was also observed. Every living
organism possesses a detoxification enzyme system to over-
come the harmful effects of the generated toxic species via two
pathways consisting of Phase I and Phase II.40 Although the
mammalian system of cytochromes may be entirely different
from the insect system, yet the basic function of the cyto-
chromes may have a similarity in the mode of action. Midgut
tissues of the insects were reported to be rich in cytochrome
P450 species and high microsomal oxidase activity.41 To date,
the metabolites of arecoline have not been properly studied,
but it has been reported to be cytotoxic as well as genotoxic in
various in vivo as well as in vitro studies.38,42 Although the
global organization of mammalian and insect guts is not con-
served yet similar functional sequences can be observed.43 The
Drosophila’s gut exhibits many similarities in both structure
and function with the human gastrointestinal tract.43 The
development of the foregut, midgut, and hindgut is similar in
both i.e. the ectoderm, endoderm and ectoderm, respect-
ively.44 Malpighian tubules are functional analogs of the mam-
malian kidney present at the junction of the mid and hindgut.
The results obtained for lipid peroxidation and protein carbo-
nyl content showed a dose-dependent increase in the larvae

exposed to 20, 40 and 80 µM of arecoline. Lipid peroxidation is
a measure of oxidative stress resulting from the production of
reactive oxygen species that damage the cell membranes, pro-
teins and DNA.45 The major reactive aldehyde resulting from
the peroxidation of biological membranes is malonaldehyde
(MDA). It can react with DNA, proteins, RNA and other biologi-
cal molecules.46 The production of MDA was estimated by thio-
barbituric acid reactive substance assay (TBARS). The larvae
exposed to arecoline showed a dose-dependent increase in
TBARS. The oxidation of protein can be measured by estimat-
ing the protein carbonyl content.47 The increase in the protein
carbonyl content clearly demonstrates the toxic effect of areco-
line at 20, 40 and 80 µM. The activity of acetylcholinesterase
(AchE) was also estimated among the exposed and control
groups. AchE hydrolyses the neurotransmitter acetylcholine to
terminate the synaptic transmission. Any decrease in the level
is a good marker for neural pathology.48 In our study, a
decrease in the AchE activity was observed at 20, 40 and 80 µM
of arecoline which suggests its neurotoxic role at these doses.
However, there are reports of an increase in AchE activity upon
the exposure of arecoline.38 But in our study, the decrease in
AchE may be due to the neuronal damage. A significant inhi-
bition in AchE enzyme activity in the brain ganglia of larvae
that were temperature shocked and treated with a higher con-
centration of the certain chemicals was concurrent with the
significant induction of hsp70.31 Monoamine oxidase is an
iron-containing enzyme that catalyses bioactive mono-
amines.49 However, the physiological functions of mono-
amines are still unknown, but in our study, an increase in the
activity of MAO was observed in a dose-dependent manner.38

In some cases MAO can generate toxic reactive oxygen species
(ROS) i.e. in the metabolism of dopamine.38 The
δ-Aminolevulinic Acid Dehydratase (δ-ALA-D) is a metalloen-
zyme that catalyses the asymmetric condensation of two ami-
nolevulinic acid (δ-ALA) molecules to yield porphobilinogen, a
heme precursor.38 The active sites of δ-aminolaevulinic acid
dehydrase contain 3 thiol groups that coordinate Zn(II) ions.
The special proximity of these thiols makes the enzyme par-
ticularly sensitive to oxidation.50 In our study, the exposure of
arecoline showed a dose-dependent decrease in the activity of
δ-ALA-D. This inhibition might impair heme biosynthesis and
lead to the accumulation of δ-ALA-D. δ-ALA itself has been
reported as a pro-oxidant and can disrupt aerobic metabolism
processes.51 To study the effect of arecoline on apoptosis, the
apoptotic assays were performed on the midgut cells (as these
cells have high microsomal oxidation activities) of larvae
(caspase-9 and caspase-3, apoptotic index) and eye imaginal
discs. The exposure of larvae to arecoline showed a dose-
dependent increase in caspase-9 and caspase-3 activities in the
larvae exposed to 20, 40 and 80 µM arecoline. The cleavage of
procaspase-9 induced the cleavage of the downstream effector
caspase-3 to induce the cell death.52 In our study, the midgut
cells of the larvae exposed to arecoline also showed an
increased number of apoptotic cells at a higher dose of areco-
line (80 µM). Caspase plays an essential role in apoptosis,
necrosis and inflammation.53 Caspase-9 is an initiator caspase

Fig. 4 Scoring of trypan blue (Tb) positive areas. The graph represents
scores for tissue damage in the third instar larvae of transgenic
Drosophila melanogaster (hsp70-lacZ) Bg9 exposed to various doses of
arecoline for 24 h [A1 = 5 µM; A2 = 10 µM; A3 = 20 µM; A4 = 40 µM, A5
= 80 µM; A = Aarecoline; C = control; PC = positive control (0.001 µl
ml−1 methyl methanesulfonate)] *significant at p < 0.05 compared to the
control.
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and caspase-3 interacts with caspase-8 and caspase-9.54 The
colorimetric estimation of caspase-9 and caspase-3 can give us
an indication of the initiation of apoptosis. The exposure of
arecoline to the third instar larvae results in the increased
activity of caspase-9 and caspase-3. For estimating the geno-
toxic activity of arecoline the comet assay was performed on
the midgut of the larvae exposed to arecoline. A dose-depen-
dent increase in the tail length was observed in the larvae
exposed to 20, 40 and 80 µM arecoline compared to the
control. The larval eye imaginal disc also clearly demonstrates
a dose-dependent increase in the number of apoptotic cells.
There is substantial evidence which shows that arecoline is
potent in inducing apoptosis, chromosomal aberration, sister

chromatid exchange and DNA breaks.54 It also exhibits cyto-
toxicity and inhibits the growth of oral fibroblasts and kerati-
nocytes.38 Arecoline itself can form a conjugate with GSH and
lead to intracellular GSH depletion as reported in the studies
performed on fibroblasts and keratinocytes.55 The toxicity of
arecoline is exhibited through oxidative stress-induced apopto-
tic signalling with increased ROS and decreased antioxi-
dants.52 The depletion in GSH content has been reported to
activate the apoptotic signalling in the cells and eventually
lead to cell death.56 The results obtained in our study for GSH,
GST, LPO, PCC and δ-ALA-D support the imbalance in the cel-
lular homeostasis and increased oxidative stress. An increased
level of monoamine oxidase and a decrease in the level of anti-

Fig. 5 Effect of arecoline on the glutathione (GSH) content (A), glutathione-S-transferase (GST) activity (B), lipid peroxidation (C), protein carbonyl
content (D), acetylcholinesterase activity (E), monoamine oxidase activity (F) and ALA-D (delta-aminolaevulinic acid dehydratase) activity (G)
measured in the third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ) Bg9 exposed to various doses of arecoline for 24 h [A1 =
5 µM; A2 = 10 µM; A3 = 20 µM; A4 = 40 µM; A5 = 80 µM; A = arecoline; PC = positive control (0.001 µl ml−1 methyl methanesulfonate)] *significant
at p < 0.05 compared to the control.
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Fig. 6 (A) Caspase-9 activity; (B) caspase-3 activity; (C) apoptosis in the midgut cells exposed to various doses of arecoline; (D) apoptotic index esti-
mated in the midgut cells of larvae; (E) acridine orange staining of the eye imaginal disc exposed to various doses of arecoline [A1 = 5 µM; A2 =
10 µM; A3 = 20 µM; A4 = 40 µM; A5 = 80 µM; A = arecoline; C = control; PC = positive control (0.001 µl ml−1 methyl methanesulfonate)] *significant
at p < 0.05 compared to the control.
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oxidant enzymes (GSH) were found in the liver of rats exposed
to 4 to 20 mg kg−1 d−1 of arecoline for seven consecutive
days.57 On the basis of the results obtained in our study, we
have proposed a mechanism for the toxicity of arecoline
(Fig. 8).

5. Conclusion

Arecoline is toxic at 20, 40, and 80 µM to the third instar larvae
of transgenic Drosophila melanogaster. These doses not only
affect the anti-oxidant defense system but also induce DNA
damage. However, at the exposure of 5 and 10 µM of arecoline,
no adverse effects were observed.
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Fig. 7 (A) Comet assay performed on the midgut cells exposed to various doses of arecoline; (B) comet tail length measured in the midgut cell after
performing the comet assay exposed to various doses of arecoline [A1 = 5 µM; A2 = 10 µM; A3 = 20 µM; A4 = 40 µM; A5 = 80 µM; A = arecoline;
C = control; PC = positive control (0.001 µl ml−1 methyl methanesulfonate)] *significant at p < 0.05 compared to the control.

Fig. 8 Possible mechanism of toxicity by arecoline.
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