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Abstract

A-cyhalothrin, a synthetic type II pyrethroid, has become increasingly popular for control of aphids, butterfly larvae, and
beetles, replacing other agricultural chemicals. As a result of which, residues of this synthetic pesticide are being reported
across the globe in natural water, which poses a serious threat to aquatic life. Therefore, the present study was designed to
understand the toxicity effects of A-cyhalothrin on behaviour, oxidative stress and neurotoxicity in a vertebrate aquatic
model, zebrafish (Danio rerio). The fish were exposed to 0.129, 0.194 and 0.388 pg/L corresponding to 5%, 10% and 20%
of 96hLCs, (1.94 ug/L) for 28 days. Upon exposure to the highest concentration (0.388 pug/L), the test animal exhibited
significant alterations in behavioural patterns like number of entries to the top zone (n), decrease in average speed (m/s) and
decrease in time spent in top zone (s). Moreover, the shoaling test demonstrated a significant decrease (p <0.05) in the
relative time spent by the tested fish (%) near the stimulus fish. The change in behavioural alterations might be linked to a
significant decrease (p <0.05) in the brain acetylcholine esterase activity. Furthermore, the present study also illustrates
oxidative stress exerted by A-cyhalothrin through an increase in the production of reactive oxygen species, which is again
clearly depicted by a significant increase (p < 0.05) in Superoxide dismutase, Catalase and Glutathione peroxidase activities.
Overall, the present study systematically demonstrates the chronic effects of A-cyhalothrin on adult fish behaviour and
physiology, which will contribute to assessing the risks of A-cyhalothrin to organismal health.
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Introduction

The use of agricultural chemicals such as pesticides and
insecticides has experienced a significant increase in pro-
tecting crops from pest attacks and enhancing agricultural
productivity. This trend is driven by the growing demand
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for food due to the increasing human population (Aktar
et al. 2009; Chandola et al. 2011). Globally, 2 million tons
of pesticides are currently in use, out of which 47.50% are
herbicides, 29.50% are insecticides, 17.50% are fungicides,
and other pesticides are 5.50% (Sharma et al. 2019). In
India, 76% of the pesticides used are insecticides, compared
to 44% of global use (Aktar et al. 2009). During the past 30
years, there has been a shift in the use of insecticides, with
an observable decrease in the production of highly toxic
compounds like organophosphates and carbamates, which
has led to an increase in the use of pyrethroid insecticides
worldwide (Kumar et al. 2014). However, pyrethroids are
over 100 times more toxic to non-targeted aquatic organ-
isms like fish, as these compounds are lipophilic and get
easily absorbed via gills (Aydin et al. 2005).

Pyrethroids are synthetic chemical analogues of pyre-
thrins, which are naturally occurring insecticidal com-
pounds produced in the flowers of chrysanthemums
(Chrysanthemum cinerariaefolium). A-cyhalothrin is a type
IT a-cyano synthetic pyrethroid used for the eradication of
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aphids, beetles, butterfly larvae, cockroaches, mosquitoes,
ticks and flies at home and in agricultural fields (Arulraj
et al. 2019). The half-life of A-cyhalothrin in water and soil
is reported to be 30 days and less than 30 days when
exposed to sunlight (World Health Organization 1990).
Commercially, A-cyhalothrin is sold under brand names
such as Karate (Emulsifiers-Creslox AE 4, Creslox AE 5,
Aromax, A-cyhalothrin), Warrior (hydrocarbons, C10-C13,
aromatics, <1% naphthalene, 1, 2-benzisothiazol-3(2H)-
one, A-cyhalothrin), Scimitar (Xylene, 1,2,4-Tri-
methylbenzene, Cumene, Propylene Glycol, Petroleum
Solvent, A-cyhalothrin), Demand (Xylene, 1,2,4-Tri-
methylbenzene, Cumene, Propylene Glycol, Petroleum
Solvent, A-cyhalothrin) and Matador (Distillates- petroleum,
solvent-refined light paraffinic, aromatic hydrocarbons,
C10, naphthalene, A-cyhalothrin) (Amweg et al. 2005; Oros
and Werner 2005). Due to extensive use of pyrethroids
across the globe, the emergence of environmental con-
centrations of this particular insecticide has taken a serious
environmental toll (Weston et al. 2009; Domagalski et al.
2010; Stehle and Schulz 2015). Residues of pesticides can
remain for a long period in the fields after application due to
their decreased biodegradation properties which could be
absorbed by aquatic organisms like fishes, leading to
negative effects on their health and meat quality, which will
ultimately affect human health (Khafaga et al. 2020). A-
cyhalothrin was detected in water at 0.11-0.14 pg/L con-
centrations in agricultural watersheds in Stanislaus County,
California and 0.003 pg/g of dry weight in sediment sam-
ples in Imperial, Stanislaus and Placer counties (Starner
2007). Concentrations of A-cyhalothrin in surface waters
ranging from 346 ng/L in rivers of Greece (Tsaboula et al.
2016) to 797 ng/L in agricultural regions of the southern
United States are already reported in the literature (Ander-
son et al. 2013). In India, concentrations of A-cyhalothrin
(11.7 ng/g) were detected in pond water samples in Punjab
province (Bedi et al. 2016).

Previous studies have reported that A-cyhalothrin has low
toxicity to birds and mammals but causes significant
behavioural changes, affecting the locomotory behaviour
and a reduction in memory retention in mice (Nieradko-
Iwanicka and Konopelko 2020) and the swimming beha-
viour in crustaceans like Daphnia (Bownik et al. 2019). A-
cyhalothrin forms a high level of free radicals, causing
oxidative stress which leads to alterations in antioxidant
enzyme activities and the overall physiological response of
the fish towards the environment (Nnamonu et al. 2019).
Studying oxidative stress in fish holds significant impor-
tance in the fields of environmental and aquatic toxicology
(Konstantinou et al. 2006). This importance arises from the
fact that xenobiotics including certain pesticides can induce
oxidative stress in fish, by increasing the reactive oxygen
species (ROS) production (Kopriicti and Aydin 2004). The
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production and removal of ROS usually maintain a dynamic
equilibrium within the body of the organism (Valavanidis
et al. 2006). Antioxidant enzymes like Superoxide dis-
mutase (SOD), and Catalase (CAT) play a vital role in
eliminating ROS. However, any disruption in the equili-
brium between ROS and these antioxidants leads to oxi-
dative stress, inducing genetic and epigenetic changes at the
molecular level (Afzal et al. 2023; Pokhrel et al. 2022).
Zebrafish (Danio rerio) has gained its popularity as a
powerful and versatile organism in neurological diseases,
and toxicological research. It is widely used as a model
organism to study the behavioural changes when exposed to
a toxicant as it has all the classical vertebrate neuro-
transmitters, a fully developed neuroendocrine system, and
a diverse range of behavioural phenotypes that offer strong
physiological responses to stress (Audira et al. 2018). The
ability to conduct cost-effective, material-efficient, and
time-saving testing through high-throughput, non-invasive
analyses, sets zebrafish behavioural assays apart from other
vertebrate model organisms, thus adding to their widespread
adoption (Fitzgerald et al. 2019). The zebrafish exhibits a
spectrum of behaviours akin to humans, including move-
ment, responses to stress, learning, memory, and social
interactions. These traits make them a promising candidate
for studying cognitive decline, offering an alternative to
traditional vertebrate models (Tan et al. 2022). Also, it
shares similar genes with humans, with up to 70% of their
genes homologous to humans, making it a relevant model
organism for studying different diseases (Howe et al. 2013).
Previous studies are available regarding the acute toxicity
of A-cyhalothrin to vertebrate model zebrafish (Wang et al.
2007); however, there is a dearth of information on the
behavioural effects on aquatic organisms when exposed to
sublethal concentrations of this pesticide. As A-cyhalothrin
residues are present in different aquatic environments across
the globe, it is extremely important to study chronic toxicity
on behaviour and its relationship with brain acetylcholine
esterase activity along with antioxidant enzyme activities.
The best-known marker of neurotoxicity is AChE inhibi-
tion, which can be assessed by measuring the enzyme
activity in the brain or whole-body homogenates of organ-
isms following exposure (Kiister and Altenburger 2006).
Tracking AChE inhibition has been extensively utilized in
freshwater environments as a gauge of chemical exposure
and physiological impacts on exposed animals (Fulton and
Key 2001). Cholinergic signalling is dependent on the
synthesis and release of the neurotransmitter acetylcholine
(Ach). Most of the brain regions that are innervated by
cholinergic neurons play a role in learning, memory, stress
response, and cognitive functions, which degenerate with
exposure to neurotoxic chemicals like pesticides, resulting
in alterations in behavioural biomarkers (Woolf and Butcher
2011). Therefore, the present work aimed at assessing the
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behavioural toxicity along with neurotoxicity and oxidative
stress induced by A-cyhalothrin in adult zebrafish when
exposed to different sub-lethal concentrations for 28 days.

Materials and methods
Location of the experiment

The experiments were performed at Aquatic Toxicology
Lab, Department of Aquatic Environment Management,
College of Fisheries, Assam Agricultural University, Raha,
Nagaon, Assam, India. The geographical co-ordinates are
latitude 26°.21’.55"” N and longitude 92°.50".67" E.

Ethical concern

During the experiment, all the guidelines of ‘Committee for
the Purpose of Control & Supervision of Experiments on
Animals (CPCSEA) for Experimentation on Fishes’ by
Ministry of Fisheries, Animal Husbandry & Dairying, Govt.
of India (2021) were strictly followed.

Test chemicals

Technical grade Lambda-cyhalothrin (CAS; 91465-08-6,
Purity 98%) was purchased from Sigma Aldrich (Merck
Group). Acetone (100% Purity) purchased from Sigma
Aldrich was used as a solvent at 0.01% in each treatment.
All the other reagents used during the study were procured
from HiMedia Private Ltd. Mumbai.

Experimental design

Wild-type adult zebrafish (n=300, length=3+1cm;
Weight=2.3 + 1 gm) were purchased from a local supplier
(Aquarium Miracle) located in Nagaon, Assam, India. Healthy
fish without abnormalities and infection were then acclimatized
in glass aquariums to laboratory conditions for 14 days prior to
the experiment with constant aeration (100 L capacity aqua-
rium). They were fed with a diet consisting of formulated feed
Micromac (54% protein content), which was supplemented
with brine shrimp thrice daily ad libitum. However, feeding
was stopped 24 h prior to the experiment and resumed after-
wards for a period of 28 days twice daily at a regular interval of
12 h. The physical and chemical parameters of the water were
monitored throughout the acclimation period as per standard
protocols of American Public Health Association APHA
(2019) (pH =7.5 £0.3, Temperature = 23 + 2.0 °C, Dissolved
Oxygen =5.70+0.10mg/L., Total Alkalinity =114.20 +
325mg/l, Total Hardness=103.00+2.78 mg/L., Total
Ammonia =0.05+0.01 mg/L). No mortality was observed
during the acclimation period.

During the experiment, the fish were randomly divided
into 5 groups (C, S, Ty, T,, and Tj3) in triplicate (n = 30 fish/
group) and kept in glass aquaria containing 60L of
dechlorinated tap water. Fish were kept under a 14:10h
light: dark cycle photoperiod. The water used during the
experiment was within the prescribed range of the Organi-
zation for Economic Co-operation and Development
(OECD 2019). One group was kept under controlled con-
ditions (C) which did not contain the pesticide and the other
3 groups were exposed to three sub-lethal concentrations of
technical grade A-cyhalothrin, i.e. 0.129 (Ts), 0.194 (T,),
and 0.388 (T) pg/L corresponding to 5%, 10% and 20%
based on the 96hL.Cs, (1.94 ug/L) value as reported earlier
by Wang et al. (2007). Also, a solvent control (S) con-
taining acetone (0.01%) was maintained along with the
control. Water exchange was done once every 3 days to
remove faecal matter and food remnants. Also, the chemical
was replenished to avoid the degradation of the active
ingredient and the concentration was maintained. At every
7% 14% 21%, and 28" day, 3 fish were randomly taken (no.
of observations = 3) from each treatment and the controls
for the behavioural and 5 fish (no. of observations = 5) for
the oxidative stress enzymes, and neurotoxic assays.

Behavioural tests
Novel tank test

The novel tank test was performed as per Wang et al. (2015) to
measure anxiety-like behaviours in response to a new envir-
onment and to compare anxiety-induced behaviour between
experimental and control groups. A line was drawn horizon-
tally on the exterior of an aquarium (100 L capacity) to divide
it into two zones (the top and the bottom zone). Water was
filled up to a level of 10 cm, (5 cm for the top zone and 5 cm
for the bottom zone). One individual was taken and placed in
the novel tank and acclimatized for half a minute (30 s). After
the end of the habituation period, the fish’s behaviour was
recorded for 6 min. A video camera (Nikon Z30) was set up in
front of the testing tank to record the behaviour. This experi-
ment was performed in triplicate with three independent runs.
The following parameters were analyzed by using ANY-maze
recording software 7.20 (Stoelting Co., Wood Dale, Illinois).

a. No. of entries to the top zone (n)
b. Average speed of the fish (m/s)
¢. Time in the top zone (s)

Shoaling test

The shoaling test was performed as per Gerlai (2003). Here,
the testing tank (30 x 15 x 10cm; length x height x width)

@ Springer



666

D. Sharma et al.

was placed in the centre, with additional tanks (including an
empty tank and a stimulus tank) on either side. Fish were
placed in groups of five in a small experimental tank. The
stimulus tank contained 15 individuals (stimulus fish). A
vertical line was drawn in the front wall of the testing tank
that separated it into two equal parts. The experimental fish
were allowed to acclimate to the testing tank for a period of
30 s after which, their behaviour was video-recorded for a
period of 6 min. The duration of time (%) the tested fish
spent on the side of the tank closest to their conspecifics was
considered a sign of shoal preference or group preference.
This experiment was performed in triplicate with three
independent runs.

Neurotoxic assay
AChE activity

AChE activity was measured by following the protocol of
Topal et al. (2017). Whole brain homogenates of zebrafish
(1%v/v) in 0.25M ice-cold sucrose solution (pH: 7.4),
using a homogenizer were taken for the assay. The
homogenate was then centrifuged at 14,000 rpm for 40 min
at 4 °C. The supernatant was used for the estimation of
AChE activity in the brain. The enzymatic reaction
occurred in a total volume of 1.0 ml containing 50 ul of
0.5mM DNTB in 1% sodium citrate, 200 ul of 0.5M
phosphate buffer (KH,PO4/ K,HPO,; pH: 8.0), followed
by 650 ul of H,O, 50 ul of tissue extract and S0 ul of
10mM of acetylthiocholine iodide. The control did not
contain acetylthiocholine iodide.

Enzyme activity was determined by reading the changes
in absorbance over 5 min at a wavelength of 412 nm. One
enzyme unit was defined as the amount of enzyme that
catalyzes the hydrolysis of 1pmol of acetylthiocholine
iodide per minute at 25 °C. This experiment was performed
in triplicate.

Antioxidant enzymes
Superoxide dismutase (SOD)

Whole body tissue homogenates were prepared and pre-
served in 0.25 M sucrose solution (pH: 7.4). SODs form the
front line of defence against reactive oxygen species (ROS)-
mediated injury, and harbour anti-inflammatory activities.
Superoxide radicals are allowed to react with hydro-
xylamine hydrochloride to produce nitrite which in turn
reacts with sulphanilamide to produce a red azo product.
Superoxide dismutase activity was estimated by following
the method of Das et al. (2000). The SOD activity was
expressed as U/mg protein. This experiment was performed
in triplicate.
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SOD activity was estimated using the following formula:

Absorbance of Control — Absorbance of Test

SOD activity (U/mg protein) = x 1000

Absorbance of Control

Catalase (CAT)

Catalase activity was estimated by following the method of
Takahara et al. (1960). Catalase is an important enzyme that
acts to dissociate hydrogen peroxide (H,0O,) into molecular
oxygen (O,) and water (H,0O) (Olson et al. 2017). The tissue
homogenates prepared from 20 mg pooled whole-body tis-
sues in 0.25 M sucrose solution were taken for the assay.
The test solution contained 2.5ml of PO, buffer and
10-50 pl of sample (tissue extract). The blank consisted of
only PO, buffer solution. 1 ml of H,O, was added to the test
just before taking the reading. The absorbance was read
using Nabi- UV/Vis Nano Spectrophotometer at 240 nm for
3min at 15s intervals. The activity of catalase was
expressed as a micromole of H,O, decomposed/min/mg
protein. This experiment was performed in triplicate.

Glutathione peroxidase (GPx)

GPx activity was estimated by following the method
described by Rotruck et al. (1973). Tissue homogenates
prepared in sucrose solution (pH: 7.4) were taken for the
assay. To 0.4 ml of 0.4 M sodium phosphate buffer (pH:7),
0.1 ml of 10 mM sodium azide, 0.2 ml of 4 mM reduced
glutathione, 0.1 ml of 2.5mM H,0,, 0.2ml of enzyme
extract (supernatant produced by centrifugation of homo-
genate mixture) and 1.0 ml of distilled water were added,
made to a final incubation volume of 2.0 ml. The tubes were
then incubated for 60 s. The reaction was terminated by the
addition of 0.5 ml of 10% TCA (Trichloroacetic acid). After
centrifugation, 2.0 ml of supernatant was added to 3.0 ml of
0.2 M phosphate buffer and 1.0 ml of DNTB reagent. The
colour developed was read at 412 nm by spectrophotometer
against buffer taken as blank. This experiment was per-
formed in triplicate. The GPx activity was expressed as U/
mg protein.

Total protein estimation

The total protein content for all the parameters were esti-
mated using Erba’s Total protein kit (biuret method) and
expressed in g/dl.

Statistical analysis

A Completely Randomised Block design (CRD) was fol-

lowed throughout the experiment for all statistical infer-
ences. Shapiro Wilk test was used to assess the normality of
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the experimental data in SPSS Software (IBM Version, 26).
Graphs were drawn and statistical analyses were conducted
using GraphPad Prism 8.0.2 software (GraphPad Software,
San Diego, California, USA, www.graphpad.com). The
results took into account the mean =+ standard error (SE). As
the data were parametric, a two-way factorial ANOVA was
performed for the determination of the significant variations
of the groups compared to the control, which was followed
by Dunnett’s Multiple Comparison Test. The significance
level was set at p <0.05.

Results
Behavioural tests
Novel tank test

Number of entries to the top zone (n) The novel tank test
was performed for studying variations in the number of
entries to the top zone after fish were exposed to A-cyha-
lothrin for a period of 28 days. The behaviour of the fish
that was exposed to the three concentrations of A-cyhalo-
thrin (0.388 pg/L, 0.194 pg/L, 0.129 ug/L), were recorded
and calculated on the 7%, 14" 21% and 28" day and
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Fig. 1 Chronic effects of A-cyhalothrin on the behaviour of adult zeb-
rafish for a period of 28 days. a No. of entries to the top zone (n) by fish
during 6 min. b Time spent in the top zone (s) by the fish during 6 min.
¢ Average speed of the fish (m/s) during 6 min. d Relative duration of

compared to the control. The number of entries in the
control were 6 +1.15, 7+ 1.45,5+0.33 and 5+ 1.15 on the
70 141 21 and 28™ day respectively. The two-way
ANOVA revealed that there was a significant interaction
(»p<0.05) (F (9, 24) =4.330, p <0.05) between concentra-
tion and time. Number of entries to the top zone was the
maximum and increased significantly (p < 0.05) with values
(15+1.45, 23+1.52, 26£0.55, 30+0.88) in 0.388 ug/L
(T;) on all the days of exposure when compared to the
control but there was no significant difference in the number
of entries to the top zone in the 0.194 ug/L (T;) and
0.129 pg/L (T3) treatments on the 7% and 14™ day when
compared to the control in the Dunnett’s post-hoc analysis.
In these treatments, it showed a significant increase only on
the 21% and 28™ day of exposure (p <0.05). Moreover, an
overall increasing trend in all the treatments was observed
on all days when compared with the control as shown in
Fig. la.

Average speed (m/s) The average speed of the tested fish
exposed to three different sublethal concentrations was
recorded and calculated. The average speed of individuals
in the control was found to be 0.041 = 0.003, 0.043 + 0.002,
0.041 £0.002 and 0.040+0.002 on the 7%, 14", 21% and
28™ day respectively. The two-way ANOVA revealed that
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time (%) spent by test fish near the stimulus fish. Data are shown as the
Mean + SE. Asterisks (*) indicate significant differences at p <0.05,
Total No. of Observations, n (Replicate x Treatment) =3 x5 =15
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Table 1 AChE activity in Danio rerio brain tissues upon exposure to A-cyhalothrin for 28 days (T; = 0.388 pg/L, T, = 0.194 pg/L, T3 = 0.129 pg/L)

Brain AChE Activity Exposure Period  Treatment

EU/mg protein Days

( &P ) (Days) Control (Ty) Solvent Control T, T, Ts
7t day 0.512+0.018 0.600 +0.020 0.140+0.037* 0.156+0.019* 0.248 £0.037*
14%h day 0.571+0.016 0.51+£0.030 0.123 £0.004* 0.141 £0.002* 0.211+£0.014*
21% day 0.592+0.018 0.641 £0.010 0.104 £0.030* 0.112+0.011* 0.166 £0.010*
28" day 0.567 £0.035 0.590 +0.020 0.099 £0.014* 0.124£0.100* 0.159+0.011*

Data are presented as Mean = S. E. Total No. of observations, n (Replicate x Treatment) =3 x5 = 15

#p <0.05

there was a significant interaction (F (9, 24)=3.518,
p <0.05)) between concentration and time. Dunnett Multi-
ple Comparison test results showed that there was no sig-
nificant difference (p >0.05) in the average speed in all the
treatments on the 7™ day of exposure. However, a sig-
nificant decrease (p <0.05) in the average speed of the fish
individuals was observed on the 14", 21% and 28" day of
exposure in all the treatments when compared to the control.
A dose and time dependent decrease pattern in the average
swimming speed of the tested fish was observed from gra-
phical representation in all the treatments when compared to
the control as shown in Fig. lc.

Time spent in the top zone (s) Chronic exposure to A-
cyhalothrin on individual zebrafish showed alterations in the
time spent in the top zone as depicted in Fig. 1b. The time
spent in the control was 95.69+7.96, 94.90+4.08,
97.67 + 1.38 and 100.63 £2.25 on the 7", 14", 21* and 28"
day respectively. The ANOVA results revealed that there
was a statistically significant interaction F (9, 24) = 58.98,
p <0.05) between concentration and time. In the 0.388 ug/L
(T)), the average speed was significantly increased (p < 0.05)
(195.4+7.3) on the 7™ day while it significantly decreased
with a value of 44.6 3.0 on the final day of the exposure
i.e. the 28" day when compared to the control. However,
there was a non-significant difference (p >0.05) on the 14
day and 21% day. In the 0.194 ug/L (T,) the time spent at the
top significantly increased (p < 0.05) when compared to the
control on all days but there was decreasing pattern as days
passed (178.8+4.9, 176.7+ 1.5, 152.0+2.4, 84.7+2.3). In
the 0.129 ug/L. (T3), there was a significant increase
(p <0.05) only on the 7", 21*, and 28" day when compared
to the control and it decreased with time. Overall, from
graphical representation, there was a reduction in the time
spent at the top in the treatment groups as days passed.

Shoaling test (% age time) As zebrafish is a shoaling teleost
and prefer to stay in shoals, we studied the changes in its
shoaling behaviour when it was exposed to A-cyhalothrin for
28 days. The percentage time spent by the test fish near the
stimulus fish was recorded and measured, when exposed to
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three sub-lethal concentrations of A-cyhalothrin. The ANOVA
results showed that there was a significant interaction (F (9,
24)=18.25, p<0.05)) between the treatment and time. The
time spent near the conspecifics showed a significant reduc-
tion (p<0.05) in the percentage spent near stimulus fish
(76.76% to 45.68%) in the 0.388 ug/L (T,) when compared to
the control (87.64+1.76, 87.71+1.30, 91.33+£2.82,
88.63 + 1.46) on the 7, 14™, 21" and 28" day respectively.
There was a significant reduction (p < 0.05) in the 0.194 pg/LL
(T,) on the 21% and 28" day (71.04 to 58.74%) and in
0.129 pg/L (T3) on the 28" day (66.20%) only as shown in
Fig. 1d. From graphical inspection, a decrease in the shoaling
behaviour of the fish was observed in all the treatments, in
0.388 pug/L (T;) showing the maximum decrease.

Neurotoxic assay

Acetylcholine esterase enzyme activity (AChE) (EU/mg
protein)

During sublethal exposure to A-cyhalothrin for 28 days,
Dunnett Multiple Comparison test results showed significant
reduction in the AChE activity in brain of zebrafish (p < 0.05)
in the 0.388 ug/L (T}), 0.194 pg/L (T,) and 0.129 pg/L (T3)
groups with respect to the control group (Table 1). The values
in the control group were (0.512+0.018, 0.571 +0.016,
0.592+0.018 and 0.567 +0.035 on the 7", 14", 21% and 28"
day respectively. A decreasing pattern was observed in all the
groups with days when compared with control. The highest
inhibition occurred in the 0.388 ug/L (T;) group with a
reduction from 0.140+0.037 to 0.099+0.014 on the 28"
day, followed by the 0.194 ug/L (T,) group on the 21* day.
An overall decreasing trend was observed in brain tissue
ACHhE activity of zebrafish as shown in Fig. 2.

Antioxidant enzymes
Superoxide dismutase (U/mg protein)

SOD in whole body of zebrafish upon chronic exposure to 3
sublethal concentrations of A-cyhalothrin for 28 days
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showed significant alterations with increase in concentration
and time. The two-way ANOVA results showed that there
was a significant interaction (F (9, 48) = 18.06, p <0.05))
between treatment and time. The SOD activity in the control
was 6.64 £0.58, 6.02 +0.22, 6.78 £ 0.86 and 6.73 + 0.83 on
the 7™, 14™, 21% and 28™ day respectively. Dunnett Mul-
tiple Comparison Test showed that there was a significant
increase (p<0.05) of 14.33+0.83, 16.19+0.19,
23.99 £0.89, 33.10 + 1.55 in the 0.388 pg/L (T;) treatment,
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Fig. 2 Chronic effects of A-cyhalothrin on AChE activity in the brain
of adult zebrafish for a period of 28 days. Data are shown as the
Mean + SE. Asterisks (*) indicate significant differences at p <0.05,
Total No. of Observations, n (Replicate x Treatment) =5 x 5 =25
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followed by the two treatments on all the days of exposure
to the pesticide when compared to the control. Graphic
representation showed that there existed an increasing pat-
tern of SOD activity in all the treatments on all days of
exposure as shown in Fig. 3a.

Catalase (U/mg protein)

The two-way ANOVA of CAT activity revealed that there
was a significant interaction (F (9, 48) =69.38, p <0.05))
between treatment and time. The control group exhibited an
enzyme activity level of 14.37+0.81, 17.59+0.81,
16.79 +1.72, 18.46 +0.94 at the 7, 14™, 21 and 28" day
respectively. Dunnett Multiple Comparison test results
showed a significant increase (p <0.05) in the 0.388 pug/L
(Ty) (54.30+0.86, 76.23 £0.92, 86.59 +1.63,
116.30 +2.61) on the 7™, 14™, 21 and 28™ day respectively
when compared to the control as shown in Fig. 3b.

Glutathione peroxidase (U/mg protein)

GPx activity in the whole body of zebrafish following
chronic exposure to 3 sublethal concentrations of A-
cyhalothrin for 28 days showed significant differences
with increase in concentration and time. The two-way
ANOVA of GPx activity revealed that there was a
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Fig. 3 Chronic effects of A-cyhalothrin on various antioxidant enzymes
in adult zebrafish for a period of 28 days (a) SOD activity (b) CAT
activity (c¢) GPx activity. Data are shown as the Mean + SE. Asterisks

(*) indicate significant differences at p <0.05, Total No. of Observa-
tions, n (Replicate x Treatment) =5 x5 =25
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;:z;;e:r;gg(]ifagg?g?i}spx) Parameters Treatments 7™ day 14" day 21% day 28" day
in Danio rerio upon exposure 0 gOp (Ufmg protein) € 6.64+0.58 6.02£022  6.78+0.86 6.73+0.83
A-cyhalothrin for 28 days
(T, = 0.388 pg/L, T, = 0.194 pg/ S 6.75 +0.40 6.89+£0.32 6.64 £0.88 6.80+0.15
L, T;=0.129 pg/L) T, 14.33 +0.83* 16.19+0.19*  23.99 +0.89* 33.10 = 1.55%
T, 9.99+0.75 * 12.67+0.23*  13.90+0.16* 19.31 + 1.74%
Ts 9.34£0.07* 12.35+0.04*  12.65+0.90* 17.93 £0.12%
CAT (U/mg protein) C 14.37+0.81 17.59 +0.81 16.79 +1.72 18.46 +0.94
S 14.62+£0.56 21.02+0.66 18.82+0.59 18.18+1.83
T, 54.30 +0.86* 76.23+£0.92%  86.59+1.63* 116.30+2.61%
T, 30.44 +1.07* 71.01£1.02*  75.85+1.51* 99.47 +2.58%
Ts 23.57 +1.88%* 4271+ 1.75%  43.24 £2.15% 48.99 +2.42%
GPx (U/mg protein) C 221+0.44 3.67+0.54 3.61+0.51 3.58+0.50
S 2.90+0.45 4.50+0.31 3.80+0.16 4.07+0.16
T 5.85+0.38* 7.67+0.46*%  15.72+0.88* 31.12+ 1.55%
T, 4.09 +0.80 5.53+0.18 9.11 +1.05% 21.2+1.51%
T3 3.39+0.08 5.61+0.02 5.47+031* 18.2+0.78%

Data are presented as Mean + S. E. Total No. of observations, n (Replicate x Treatment) =3 x5 = 15

9 <0.05

significant interaction (F (9, 48)=35.44, p<0.05))
between treatment and time. There was a significant
increase in GPx activity (p <0.05) in the highest treatment
0.388 ug/L (T;) on the 7™, 14" 21% and 28" day when
compared to the control. GPx activity in the control was
found to be (2.21+0.44, 3.67+0.54, 3.61=x0.51,
3.58 +£0.50) on the 7, 14™, 215" and 28™ day of exposure.
It significantly increased (p <0.05) from 5.85+0.38 to
31.12 £ 1.55 in the 0.388 pg/L (T,) on the 7" day. After
20 days of exposure, there existed a significant increase
(9.11+£1.05 to 21.2+1.51) (p<0.05) in the 0.194 pg/L
(T,) and 0.129 pg/L (T3) (5.47£0.31 to 18.2+0.78) on
the 21°* and 28™ day of exposure. However, there was a
non-significant increase (p >0.05) in the 0.194 ng/L (T,)
and 0.129 ug/L (T3) treatments on the 7™ and 14" day
(Fig. 3c¢). An overall increasing pattern was observed in all
the treatments with time when compared to the control.
Enzyme activities data of SOD, CAT and GPx activities
are presented in Table 2.

Discussion

Behaviour is a sensitive and useful toxicological indicator
that can be studied to assess chronic effects on an organism.
Consequently, assessing changes in behaviour and the
toxicological effects through environmental risk assessment
analysis proves to be a valuable approach for understanding
the impact of toxicity on non-target organisms like fish
(Venkateswara Rao et al. 2006).

Exposure to sublethal doses of pyrethroids often induces
changes in the swimming behaviour of organisms, due to
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AChE inhibition which can reflect modifications in sensory
and motor systems (Hopkins et al. 2003). Acetylcholine is a
neurotransmitter that plays several roles at the Central
Nervous System (CNS). After release, acetylcholine is
rapidly removed from the synaptic cleft by acet-
ylcholinesterase (AChE, EC 3.1.1.7), which belongs to the
family of type B carboxylesterases and cleaves acetylcho-
line into choline and acetate. Our study revealed that the
number of entries to the top zone increased in the 0.388 ug/
L (T}) on all the days when compared to the control group.
More specifically, the fish in the control group exhibited
normal behaviour at all days of exposure. The abnormal
changes in the zebrafish exposed to sub-lethal concentration
of A-cyhalothrin are time-dependent. This might be due to
the inhibition of acetylcholinesterase (AChE) activity,
leading to the accumulation of acetylcholine (Ach) in cho-
linergic synapses causing hyperstimulation. Moreover, the
dopamine (DA) system is also crucial for influencing var-
ious behavioural and locomotor effects and it’s conceivable
that disturbances in DA neurotransmission during a period
of developmental adaptability could be a mechanism behind
the locomotor alterations caused by pyrethroid exposure
(Kung et al. 2015). Thus, a higher number of entries to the
top indicates weaker adaptability to the new environment
which increases the chance of predation (Wang et al. 2015).
Any alterations in the fish’s behaviour can have con-
sequences for its survival (Weber and Spieler 1994). San-
thakumar and Balaji (2000) observed a similar trend in the
surfacing to the top by Anabas testudineus exposed to
Monocrotophos. Another finding explained the increase in
the number of transitions to upper half in bisphenol A
treated zebrafish, which resulted from the damage caused in
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CNS of the fish (Wang et al. 2015). Past studies have also
reported a decrease in the AChE activity in zebrafish
embryos when exposed to Fenpropathrin, Meothrin and
Danitol (Sarmah et al. 2020). In addition, early-life expo-
sure of rodents to permethrin was shown to impair gluta-
matergic signalling in vitro and in vivo (Carloni et al. 2012;
Shafer et al. 2008), and another study linked overactivation
of glutamatergic receptors to a depressive-like behaviour
(i.e. reduced mobility) in rats (Cattani et al. 2017). Alto-
gether, this indicates that upregulation of genes related to
glutamatergic synaptic activity may support the behavioural
effects observed in animals (Blanc et al. 2021).

A maximum decrease in the average speed of the fish
was observed in the 0.388 ug/L (T,) group on the 28" day
(time and dose-dependent) during prolonged exposure to A-
cyhalothrin. The decrease in the average speed of the fish is
due to the reduction in AChE, leading to changes in the
behaviour of the fish. Furthermore, this reduction in an
average speed of the fish could pose significant risks to the
fish in natural waters, by limiting their interaction with food
organisms, predator avoidance, imbalance in its position in
a shoal, and migration (Beauvais et al. 2000). The levels of
neurotransmitters in the brain and the functioning of
enzymes are known to be related to different behavioural
states (Hoglund et al. 2001). Type II pyrethroids are known
neurotoxicants and have been demonstrated to cause
dopaminergic neurodegeneration which alters behaviour,
for example, in zebrafish larvae, deltamethrin significantly
altered swimming activity which was mediated by dopa-
minergic dysfunction (Kung et al. 2015; Liu et al. 2018).
Beauvais et al. (2000) also reported a similar type of
decrease in swimming behaviour in rainbow trout when
exposed to carbaryl which was explained due to reduced
brain cholinesterase (ChE) activity. Our results are in line
with a decrease in the swimming activity of Channa
punctatus when exposed to endosulfan (Srivastava 2018).
Similar reductions in average swimming speed were also
reported when Gambusia affinis was exposed to sub-lethal
concentrations of Chlorpyrifos (Rao et al. 2005). This was
explained by the inhibition of AChE enzyme that led to
the accumulation of ACh at synaptic junctions. Hence, the
altered locomotor behaviour of fish could be due to the
accumulation of ACh, which interrupted coordination
between the nervous and muscular junctions.

Alterations in the time spent on the top zone were
observed in the treatment groups on all days of exposure to
A~ cyhalothrin. It increased in the 0.388 pg/L (T,) on the 7%
day when compared to the control but a decrease was
observed on the last day of exposure. The fish tried to
explore the novel tank but gradually decreased with time
due to the accumulation of acetylcholine at synaptic junc-
tions which made the fish lethargic and increased the time
spent at the bottom. The avoidance of the top area of the

tank could indicate a behavioural stress response, and
shelter-seeking behaviour (Schreck et al. 1997; Cantu et al.
2023). The walling behaviour (the inclination to closely
associate with aquarium tank walls) is generally a stress
response, which can have adverse effects on the profitability
of aquaculture fish by increasing the incidences of injuries
and deformities (Cobcroft and Battaglene 2009; Noble et al.
2012). Our results indicated that A-cyhalothrin exerted an
anxiogenic effect on zebrafish. This again might be due to
the inhibition of the AChE enzyme which led to these
behavioural changes, ultimately affecting overall fitness. A
similar increase in time spent at the top was reported when
zebrafish were treated with bisphenol A (Wang et al. 2015).

Group preference is very important for all shoaling tel-
eosts like zebrafish and this behaviour can be associated
with foraging, spawning security, and predator recognition
(Pitcher 1993). Tamagno et al. (2023) investigated and
found a reduction of shoaling behaviour when Zebrafish
(Danio rerio) was exposed to household-based pyrethroids,
that are prallethrin and transfluthrin to study diseases like
Autism Spectrum Disorder (ASD) and Schizophrenia
(SZP). The present study also showed similar reductions in
shoaling behaviour in the various treatments. This is due to
the decrease in AChE enzyme which leads to decreased
movement and spent less time away from the stimulus fish.
A reduction in the group preference may affect foraging
success, mating, and decrease anti-predator benefits (Wang
et al. 2015; Krause and Ruxton 2002). Loss of early pre-
dator detection, predator confusion, and risk dilution, could
result in mortality due to increased predation (Pavlov and
Kasumyan 2000). The mechanism of group preference is
also associated with the dopaminergic system by the change
in the level of dopamine (Cannon and Bseikri 2004).
Consistent with our results, a decrease in the group pre-
ference was reported in zebrafish (Danio rerio) exposed to a
xenoestrogen Nonylphenol (NP) (Xia et al. 2010). A similar
decrease in shoaling behaviour was observed in juvenile
rainbow trout (Oncorhynchus mykiss) when exposed to
nonylphenol (Ward et al. 2006). Further studies should be
done to study the changes in the levels of Serotonin which
is involved in a range of behavioural functions like
aggression and fear (Popova and Naumenko 2019).

In the present study, a maximum decrease in the AChE
activity in the brain of zebrafish was observed in the
0.388 ug/L (T) exposed to A-cyhalothrin. This is due to the
damaged CNS owing to the A-cyhalothrin exposure. This led
to excessive accumulation of acetylcholine in the synaptic
cleft which disrupted the nerve activity, impairing physiolo-
gical and behavioural functioning. Since the main action site
of the pyrethroids is the nervous system, their action may not
be restricted only to voltage-dependent Na® channels. Our
findings corroborated the observations of Vieira and Martinez
(2018), where, a decrease in AChE activity in the muscle of a
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teleost Prochilodus lineatus at all concentrations when
exposed to A-cyhalothrin was reported. Other studies have
demonstrated AChE inhibition in cyhalothrin-exposed fishes
such as Oreochromis niloticus (Nile tilapia) (Amin et al.
2023) and Channa punctatus (Kumar et al. 2009).

Oxidative stress occurs when there is an imbalance
between biological oxidants and antioxidants, leading to a
disturbance in redox homoeostasis which might further lead
to behavioural abnormalities in fish. It has been reported
that increased oxidative damage can significantly impact
animal performance, reducing fitness-related traits such as
swimming ability and speed in evading predators as the
energy is utilized in the detoxification process, which ulti-
mately affects the behaviour of the animal (Loughland et al.
2022). SOD is the set of metalloenzymes that significantly
transforms superoxide radicals to HO, and O, and is the
first enzyme to cope with oxyradicals (Kohen and Nyska
2002). It is an important antioxidant and comprises the
important primary defence mechanism against the toxic
properties of superoxide radicals in organisms (Nwani
2010). The present study demonstrated that Danio rerio
exposed to A-cyhalothrin showed concentration and time-
dependent increase in SOD enzyme activities. Compared to
the untreated group, there was a dose-dependent increase in
antioxidant levels in the treated groups. The increase of
antioxidant levels in the body of zebrafish indicates that A-
cyhalothrin and its metabolites were detoxified in the tissues
by scavenging the overproduction of superoxide anions
under the stress induced by A-cyhalothrin. The findings of
the present study were in accordance with that of Ezenwosu
et al. (2021) who reported an increase in SOD activity in
Clarius gariepinus when it was exposed to A-cyhalothrin.
Increased SOD activity was reported in Clarius gariepinus
exposed to Fenthion, an organophosphate pesticide (Som-
dare 2015; Nnadi 2016). An increase in SOD activity in
rainbow trout and Channa punctatus when exposed to
Chlorpyrifos and malathion respectively was reported
(Yonar 2012; Bharti and Rasool 2021). However, an
increase or inhibition of antioxidant enzymes can be influ-
enced by the intensity and duration of stressors, as well as
the vulnerability of the fish species being exposed to che-
micals (Oruc and Usta 2007). Changes in the levels of
antioxidant enzyme activities could be used as biomarkers
in different aquatic organisms (Orbea et al. 2002).

In fishes, catalase (CAT) is a very important antioxidant
enzyme and is considered a sensitive indicator of oxidative
stress; its activity fluctuates according to oxidative potential
(Roberts and Oris 2004; Pi et al. 2010). In the present study,
an elevation in CAT activity was observed in all the
exposed fishes on the 7%, 14® 21 and 28" day, where
there was a maximum increase in 0.388 ug/L. (T;) on the
28™ day. This is due to an increase in the generation of
superoxide anions and H,O, levels. Therefore, a significant
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increase in the enzyme activity reflects a response to
increased oxidative stress induced by A-cyhalothrin. Ezen-
wosu et al. (2021) studied the effect of A-cyhalothrin on
antioxidant enzymes and gonad histoarchitecture toxicity
potency in Clarius gariepinus and reported an increase in
the catalase activity (CAT) as A-cyhalothrin caused pro-
duction of harmful molecules called free radicals beyond
the protective capacity of the antioxidant defences. The
increase in CAT activity may be due to the SOD-stimulated
H,0, production since CAT is responsible for the detox-
ification of hydrogen peroxide to water. A similar increase
in CAT activity was observed in different tissues of rainbow
trout when exposed to imidacloprid (Topal et al. 2017).

Gpx catalyzes the reduction of hydrogen peroxide and
lipid peroxide (LOOH). An elevation in GPx activity fol-
lowing oxidative stress signifies the fish’s capacity to adapt
to oxidative conditions subsequent to exposure to pollutants
(Lenartova et al. 1997). In the present study, an increasing
trend in GPx activity in A-cyhalothrin exposed fish was
reported and this is attributed to the neutralization of
hydrogen peroxide and inhibition of ROS oxidative stress.
Oxidative stress leads to an increase in GPx activity, likely
indicating an adjustment to the oxidative conditions that the
fish has been exposed. The GPx was seen significantly
increased in 0.388 ug/L (T;) on all days of exposure fol-
lowed by a significant increase in all other treatments from
day 21 onwards which indicated that GPx fluctuation
activities were influenced. Past studies reported that sub-
lethal concentrations of fenthion in the brain of Oreochro-
mis niloticus, caused elevation in GPx activity after 24 h
(Piner et al. 2007). The induction of GPx activity could be
related to the scavenging of H,O, and lipid peroxides by
utilizing GSH. Sayeed et al. (2003) also reported similar
findings in Channa punctatus exposed to deltamethrin. It
increased Glutathione peroxidase (GPx) activity in the liver
and kidney but decreased the same in gill tissue.

Conclusion

The investigation demonstrated that A-cyhalothrin,
induced neurotoxicity leading to behavioural change even
at sub-lethal concentrations. It showed marked deviations
in behavioural patterns, and weaker adaptability to the
novel environment, (both exploratory and shoaling beha-
viour) which were linked to the reduction of AChE
activity in the brain of the zebrafish. These alterations in
the behavioural patterns can have significant consequences
on the overall fitness of the organism as well as at the
population level of the species. Furthermore, antioxidant
enzyme activities (SOD, CAT, and GPx) showed varia-
tions when compared to the untreated group, which could
have also led to behavioural alterations. Further research



Lambda-Cyhalothrin induced behavioural, neurotoxic and oxidative stress on vertebrate model Danio... 673

on the relationship between antioxidant enzymes and fish
behaviour with pesticide exposure can be carried out.
Future research endeavours should be undertaken to con-
duct additional tests, such as the T-maze test, mirror biting
test, and light/dark tests, to enhance our comprehension of
the impact of this pesticide on fish. The present study can
provide a baseline for further studies. Since A-cyhalothrin
is widely used globally, it is crucial to establish strict
regulations concerning its usage, imposing restrictions and
determining permissible limits. Additionally, comprehen-
sive investigations should be conducted, encompassing
molecular and genotoxicity analyses, as well as exploring
other stress-related enzymes like cortisol and dopamine
and examining haematological parameters.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10646-024-02763-x.
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