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Abstract
The imidacloprid-based insecticides (IBIs) are among the most used insecticides worldwide, and chronic and acute toxic 
effects (days exposure protocols) have been reported in several species in studies of IBIs at lethal concentrations. However, 
there is little information on shorter time exposures and environmentally relevant concentrations. In this study, we investigated 
the effect of a 30-min exposure to environmentally relevant concentrations of IBI on the behavior, redox status, and cortisol 
levels of zebrafish. We showed that the IBI decreased fish locomotion and social and aggressive behaviors and induced an 
anxiolytic-like behavior. Furthermore, IBI increased cortisol levels and protein carbonylation and decreased nitric oxide 
levels. These changes were mostly observed at 0.013 and 0.0013 µg·L−1 of IBI. In an environmental context, these behavioral 
and physiological disbalances, which were immediately triggered by IBI, can impair the ability of fish to evade predators 
and, consequently, affect their survival.
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Introduction

The worldwide contamination of aquatic environments with 
chemical compounds, even at low concentrations, is one of 
the main environmental issues (Schwarzenbach et al. 2006). 
Among these contaminants are insecticides, which are sub-
stances used in agriculture for insect control that can con-
taminate aquatic habitats through direct application, terres-
trial runoff, or windborne drift (Relyea and Hoverman 2006; 
de Souza et al. 2020; Tudi et al. 2021). These agrochemical 
residues in the water can affect nontarget organisms, such as 
fish, and act as endocrine disruptors and modify their behav-
ior, such as sexual behavior (Sanchez-Bayo 2011; Köhler 
and Triebskorn 2013).

Neonicotinoids are a class of insecticides that agonisti-
cally bind to the postsynaptic nicotinic acetylcholine recep-
tors (nAChRs) in the invertebrate central nervous system 
(Morrissey et al. 2015). These compounds are mainly used 
to control sucking insects on crops (Tomizawa and Casida 
2003; Sánchez-Bayo et al. 2016), although they are also 
used in spot-on insecticides for ectoparasite control in dogs 
and cats (Mencke and Jeschke 2002) and against household 
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insects (Sadaria et al. 2017; Anthe et al. 2020). The imida-
cloprid (1-(6-chloro-3-pyridylmethyl)-N-nitro-imidazolidin-
2-ylideneamine) (CAS number 138261–41-3) is one of the 
most commonly used insecticides worldwide (Van Dijk et al. 
2013; Albuquerque et al. 2016; Zhang et al. 2019). Although 
it specifically targets invertebrates and exhibits low toxicity 
in mammals, birds, and fish (Tomizawa and Casida 2003), 
the toxic and sublethal effects of imidacloprid have been 
observed in several vertebrate species (Wang et al. 2018). 
The effects are abortion, fetus malformation, and immuno-
toxicity in rats (Gawade et al. 2013); nervous disorders and 
deaths in birds (Millot et al. 2017); reduction in growth, 
development, and reproduction of wild animals (Gibbons 
et al. 2015); dyspnea, diaphoresis, drooling, and multiple 
oral ulcers in humans (Lin et al. 2013); and decrease of 
larval survival and hatching rates and oxidative damage, 
neurotoxic effects, and genotoxicity in adult fish (Crosby 
et al. 2015; Frew et al. 2018; Islam et al. 2019; Almeida 
et al. 2021). In addition, imidacloprid-based insecticides 
(IBIs) are banned in the European Union (Gross 2013) for 
their direct and indirect deleterious effects on bees, which 
are important nontarget pollinator species (Cresswell 2011; 
Delkash-Roudsari et al. 2020). The previously cited toxicity 
studies used concentrations or doses based on LC50 (lethal 
concentration that causes the death of 50% of the tested ani-
mal population), although several studies have used environ-
mental concentrations of imidacloprid (Van Dijk et al. 2013; 
Sánchez-Bayo and Hyne 2014; Morrissey et al. 2015; Zhang 
et al. 2019). Considering that the half-life of imidacloprid 
in an aquatic environment that suffers from solar radiation 
(photolysis) is 1–4 h (Kagabu and Medej 1995; Moza et al. 
1998; Bonmatin et al. 2015), it is necessary to investigate its 
damage to aquatic life in short exposure times.

Biochemical factors, such as enzymes and oxidative 
damage products, are important tissue biomarkers of pes-
ticide injuries (Agrawal and Sharma 2010; Ge et al. 2015; 
Jabłońska-Trypuć 2017). These biomarkers can reflect 
the balance or imbalance between pro- and antioxidation 
events in the organism and the interference of the pollutants 
in these processes (Valavanidis et al. 2006; Slaninova et al. 
2009). If an imbalance in the mechanism of antioxidation 
and generation of reactive oxygen and nitrogen species (ROS 
and RNS, respectively) occurs, oxidative cell damages may 
result in that can alter several cellular and tissular functions 
(Comporti 1989; Gracy et al. 1999; Fedorova et al. 2014). 
The redox status of an organism is measured and evaluated 
through the quantification of damages caused by ROS and 
RNS, such as protein carbonylation (PC), lipoperoxidation, 
and imbalance in the production of nitric oxide, and through 
the analysis of antioxidant enzymes, such as superoxide 
dismutase (SOD), catalase (CAT), and glutathione S-trans-
ferase (GST). Antioxidant enzymes are directly linked to 
the detoxification of ROS (SOD and CAT) (Yang and Lee 

2015; Hoseinifar et al. 2020) and xenobiotics, and the same 
was observed for GST (Ulrich and Jakob 2019). Further-
more, nonprotein thiols may also act in the detoxification 
of ROS (Baba and Bhatnagar 2018). Regarding the damage 
caused by ROS and RNS, biomarkers, such as lipid per-
oxidation and PC, can be analyzed. Carbonylation is con-
sidered irreversible damage of proteins through chemical 
modifications (Parvez and Raisuddin 2005; Dalle-Donne 
et al. 2006; Suzuki et al. 2010; Wong et al. 2010; Fedorova 
et al. 2014). Lipoperoxidation is an injury mainly caused 
to the cell membrane and, similar to PC, can lead to tissue 
damage and cell aging. This is measured through malon-
dialdehyde (MDA), the end-product of this lipid oxidation 
process (Aslan et al. 2008; EL-Gendy et al. 2010). The 
enzyme, acetylcholinesterase (AChE), which is involved in 
cholinergic neurotransmission, is also considered an impor-
tant biomarker of toxicity as several substances can alter its 
activity and trigger neurological damage in several species 
(Fu et al. 2018). Finally, nitric oxide (NO) is a substance that 
acts in different places and has different functions. Regard-
ing the oxidative state, NO has scavenger activity in ROS 
(Pierini and Bryan 2015) and is correlated with endothelial 
dysfunctions (Förstermann 2010).

The behavior, which results from an interaction between 
the animal and the environment (Orger and De Polavieja 
2017), is also used as a biomarker of toxicity. An intact 
behavioral repertoire and an appropriate stress response in 
a risk assessment situation are crucial for fish survival and 
fitness (Gerhardt 2007). Residues arising from anthropo-
morphic activity, such as agrochemicals, can have an endo-
crine disruptor effect (Ullah and Zorriehzahra 2015) and 
impair both the behavior and aspects related to the stress 
axis of these animals, which has cortisol as its final product 
(Mommsen et al. 1999; Fuzzen et al. 2010).

As the zebrafish (Danio rerio) is an established animal 
model for behavioral (Egan et al. 2009; Maximino et al. 
2010) and toxicological (Bailey et al. 2013; Dai et al. 2014) 
studies, we evaluated in this study the effect of sublethal 
and environmentally relevant concentrations of IBI on the 
hypothalamus–pituitary–interrenal (HPI) axis, behavior, and 
redox status of adult zebrafish in an acute short-term proto-
col of exposure.

Material and methods

Reagents

The IBI was purchased from Nortox® (Arapongas, Brazil; 
imidacloprid, 480 g·L−1; other ingredients, 728.4 g·L−1). 
The imidacloprid analytical standard (≥ 98% purity, PESTA-
NAL®) was purchased from Sigma-Aldrich® (São Paulo, 
Brazil). Methanol (high-performance liquid chromatography 
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(HPLC) grade), formic acid, ethyl ether, and dibasic and 
monobasic potassium and sodium phosphates were pur-
chased from Dinâmica Química Contemporânea® (Indaia-
tuba, Brazil); acetonitrile was purchased from Êxodo 
Científica® (Sumaré, Brazil), and ethyl ether was purchased 
from Neon® (Suzano, Brazil). Thiobarbituric acid (TBA), 
acetylthiocholine iodide, bovine albumin, Coomassie Blue, 
hydrogen peroxide, epinephrine, glycine, reduced glu-
tathione, 1-chloro-2,4-dinitrobenzene (CDNB), dinitrophe-
nyl hydrazine (DNPH), trichloroacetic acid (TCA), MDA, 
5,5-dithio-bis(2-nitrobenzoic acid) (DTNB), l-cystein, and 
sodium azide were obtained from Sigma-Aldrich® (St. 
Louis, USA).

Assessment of imidacloprid in water

We quantified the imidacloprid concentration in the expo-
sure water according to Li et al. (2019) and Costa (2014), 
with modifications. We used Agilent® SPE Bond Elut C18 
cartridges (500 mg, 3 mL; Agilent Technologies, CA, USA). 
The cartridges were preconditioned with 10 mL of methanol 
followed by 10 mL of purified water. In a manifold, 2000 mL 
of exposure water was passed through the cartridges at a flow 
rate of 9 mL·min−1. The cartridges were then washed with 
10 mL of purified water and dried in a vacuum. The analytes 
were eluted in a glass tube with 10 mL of methanol and 
evaporated with a gentle stream of dry nitrogen. The ana-
lytes were reconstituted with 1 mL of methanol/water (1: 1, 
v: v) and filtered through a 0.22-mm nylon membrane filter 
(Filtrilo®, Paraná, Brazil). The chromatographic analyses 
were performed on the Shimadzu® LC-20AT Prominence 
liquid chromatography (HPLC–DAD (high performance 
liquid chromatography coupled with diode array detector); 
Shimadzu, Kyoto, Japan) with 270-nm wavelength (ultravio-
let lamp). Chromatographic separation was performed with 
the C18 Zorbax Eclipse Plus column (4.6 mm × 250 mm, 
5 µm, Agilent) using a mobile phase of water/acetonitrile 
(70: 30, v: v) at a flow rate of 1 mL·min−1 via a volume injec-
tion of 20 µL. The process was performed in triplicates. The 
recovery percentage calculation was calculated concerning 
the nominal concentration, considered as 100%.

Fish samples

One hundred eighty adults (average age, 300 days; average 
size, 2.5–3.0 cm; average weight, 0.15–0.25 g) of mixed-sex 
wild-type zebrafish (D. rerio) were housed in glass tanks at 
a density of 0.15 to 0.25 g per liter, with constant aeration 
under artificial photoperiod (14 h light: 10 h dark). During 
the preexperimental and acclimation periods (except on the 
experiment day), the fish were fed twice a day (08:00 h and 
17:00 h) (Dametto et al. 2018) with a commercial flaked food 
(Tropical® Supervit; raw protein, 48%; fat extract and crude 

oils, 8%). The water of the aquariums was recorded to be at 
26 ± 2 °C and pH 7.0 ± 0.2, with dissolved oxygen levels of 
6 ± 0.5 mg·L−1, total ammonia levels of < 0.01 mg·L−1, total 
hardness of 45 ± 5 mg·L−1, and alkalinity of 40 ± 3 mg·L−1 
CaCO3, as analyzed via colorimetric tests (Alcon®, Cam-
boriú, Brazil) and using the YSI® 550A oximeter (YSI Life 
Sciences, Yellow Springs, USA).

Experimental design and procedures

To simulate acute exposure (Nema and Bhargava 2018), we 
exposed adult zebrafish for 30 min to five different concen-
trations of IBI based on the geometric mean determined by 
Morrissey et al. (2015). After exposure, behaviors related to 
stress, anxiety, sociability, and aggressiveness were evalu-
ated. After the in vivo behavioral assessment, the fish were 
euthanized, and ex vivo analysis was performed by measur-
ing the trunk cortisol levels and cerebral and trunk oxida-
tive status. The initial procedures are detailed in the text 
below, and the details of each analysis are specified in the 
next sections.

The fish were initially acclimated in schools of four 
adults (two males and two females) (Pagnussat et  al. 
2013) for 1 week in the test room in 3-L aquariums (15 cm 
height × 15 cm width × 20 cm depth). The animals were 
randomly distributed in each aquarium using the applica-
tion, RANDOM.ORG (Barcellos et al. 2020). On the day 
of exposure, three animals from the same aquarium were 
individually placed for 30 min in 2-L beakers with 1 L of the 
test solutions (the IBI at different concentrations dissolved 
in dechlorinated water or dechlorinated water only (for the 
control group)). After exposure, the animals were carefully 
removed simultaneously from the beakers and placed in 
the test aquariums, and their behavior was recorded. The 
animal that remained in the aquarium was relocated to the 
maintenance tanks. After the tests were performed and after 
15 min from the beginning of the tests (for cortisol analy-
sis (Ramsay et al. 2009)), the fish were removed from the 
test tanks and placed in ice-cold water, and euthanasia was 
performed via the spinal cord section (Leary and Cartner 
2013). We then dissected fish for sex confirmation, and the 
brain and trunk were separated for ex vivo analysis. Before 
the ex vivo analysis, we analyzed the behavior of the animals 
exposed and sexed on the software. After confirming that 
there was no difference between the behavior of males and 
females exposed to IBI, we mixed the trunks and brains of 
both sexes for ex vivo analysis, following the 3R concept 
(replacement, reduction, and refinement) (Russell and Burch 
1959; Tannenbaum and Bennett 2015). All experiments were 
performed under blinded conditions; the researchers who 
performed the tests and assays did not know to which group 
the animals belonged. This study was approved by the Eth-
ics Commission for Animal Use (CEUA) at Universidade 



73665Environmental Science and Pollution Research (2023) 30:73662–73676	

1 3

de Passo Fundo (UPF), Passo Fundo, Brazil (Protocol 
036/2019, Ethics Declaration Section).

The experiment had a total of six groups (0 (control, 
dechlorinated water), 0.0013, 0.013, 0.13, 1.3, and 13 µg·L−1 
(geometric mean determined by Morrissey et al. (2015), 
0.13 µg·L−1) with 15 animals in each group in each behav-
ioral test. One animal was used for the novel tank test (NTT) 
and social preference test (SPT) in the same record; one ani-
mal per apparatus was used in the mirror-induced aggression 
test (MIAT). Therefore, 30 animals were used per concentra-
tion in the behavioral tests. After being euthanized, the tis-
sues were randomly separated within their groups for brain 
biochemistry analysis (pools of three brains, n = 5 pools per 
group), trunk biochemical parameters (n = 7 animals per 
group), and whole-body cortisol analysis (n = 8 animals 
per group). The behavioral tests were performed in a quiet 
room, and the operator left the room during the recording. 
The water in the tank test was completely replaced before 
each animal test. About the IBI concentrations, we pre-
pared a stock solution of 1 g·L−1 from the commercial form 
(480 g·L−1) and serial dilutions (1 mg·L−1, 13, 1.3, 0.13, 
0.013 and 0.0013 µg·L−1). The commercial form and the 
stock solution were stored at 4 ºC. The stock solution was 
prepared weekly in amber glass bottles, and the dilutions 
tested were prepared fresh. The contaminated water from the 
experiments was kept for at least 30 days in fiberglass tanks 
and then percolated in septic ponds, according to Kreutz 

et al. (2008). A schematic image of the experimental design 
is represented in Fig. 1.

Behavioral tests

Novel tank test (NTT) and social preference test (SPT)

We performed NTT and SPT, according to Kirsten et al. 
(2018). The locomotor and exploratory parameters were 
evaluated in the NTT, which was performed first in a test 
tank (24 × 6 × 15 cm, width × depth × height; filled with 
2 L of water; fish density, 0.075 to 0.125 g per liter) with 
opaque partitions in lateral sides and filled with water from 
the acclimation aquariums. The fish were individually placed 
in the test tank, and their behaviors were recorded for 6 min 
with the Logitech® c920 HD 1080p webcam (Logitech®, 
CA, USA). Next, using the ANY-maze® software (Stoelting 
Co., IL, USA), we virtually divided the test tank into three 
horizontal segments (bottom, middle, and top) (Rosemberg 
et al. 2011) and in three-time intervals (0–120 s, 120–240 s, 
and 240–360 s) to analyze the total distance traveled (m), 
the number of lines crossing between zones, and time spent 
in the top zone (s).

To perform the SPT, we removed the lateral parti-
tions, and the fish had access to two tank lateral views: 
a tank with water and no fish on one side and a tank with 
water and 15 mixed-sex conspecifics on the other side. 

Fig. 1   Schematic representation of the procedures. Designed in Biorender® and Mind the graph® sites
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The animal test behavior was recorded for 60 s in a simi-
lar method as in the NTT. In this test, the aquarium was 
virtually divided into vertical mode: first (nearest to con-
specifics), second, and third (next to tank without fish) 
segments. The measured parameters were the time the ani-
mal spent in the first (interpreted as a response to social 
stimuli), second, and third segments.

Mirror‑induced aggression test (MIAT)

The MIAT was performed as described previously by Ger-
lai et al. (2000) and Fontana et al. (2016). In this test, the 
fish were individually placed in a glass aquarium (30 cm 
length × 20 cm height × 15 cm width; filled with 5 L of 
water; fish density, 0.03 to 0.05 g per liter) with three lat-
eral opaque partitions and one lateral partition with a mir-
ror laterally inclined at 22.5°. On the side where the mirror 
is attached to the aquarium, we considered that the fish 
was closer to its image. On the other side of the mirror, 
we considered that the fish was farther from its reflected 
image. The fish were recorded as in NTT, with the camera 
above the aquarium, which allowed the simultaneous film-
ing of two animals. The behavior of the fish was recorded 
for 60 s after a 30-s habituation period and repeated for 
60 s after a 10-min habituation period. In ANY-maze® 
software, the test tank was divided into four zones: q1, 
q2, q3, and q4. q1 represents the close area, and q4 is the 
far area relative to the mirror. The evaluated parameters 
were the times the animal spent in q1 and q4 quadrants in 
the first (after 30- s habituation) and second (after 10-min 
habituation) recordings.

Tissue preparation and analysis

For brain oxidative status evaluation immediately after 
euthanasia, the brain was carefully removed from the 
ice bath, and pools of three brains were homogenized 
in 750 µL of 50-mM potassium phosphate buffer solu-
tion (n = 5 per group) for 1 min in a Potter mixer on an 
ice bath. Afterward, the homogenate was centrifuged for 
10 min at 15000xg at 4 °C (for acetylcholinesterase assay) 
or 700xg for 10 min at 4 °C (for GST, CAT, and SOD). 
The supernatants were collected and used in the tests 
(Pompermaier et al. 2022, with modifications). For men-
suration of trunk hormonal and biochemical parameters, 
the animals were flash-frozen in liquid nitrogen (Oliveira 
et al. 2014; Freddo et al. 2020). The fish trunks for cor-
tisol analysis were prepared according to Oliveira et al. 
(2014) (n = 8 per group), and the fish trunk for oxidative 
damage analysis was prepared according to Freddo et al. 
(2020) (n = 7 per group).

Brain biochemical analysis

We measured the activity of the enzymes, AChE (Ellman 
et al. 1961), GST (Habig et al. 1974; Habig and Jakoby 
1981), CAT (Johansson and Håkan Borg 1988; Góth 1991), 
and SOD (Misra and Fridovich 1972) and total protein con-
tent (Bradford method, Kruger 2009). The detailed meth-
odology for these assays is described in our previous study 
(Pompermaier et al. 2022). The samples were evaluated 
using the Bel® UV-M51 spectrophotometer (Bel engineer-
ing, São Paulo, Brazil). AChE activity was expressed in µmol 
of acetylthiocholine (AcSChl)·h·mg of protein−1 and evalu-
ated at 412 nm; GST activity was expressed in mmol of the 
substrate, CDNB·mg of protein−1 and evaluated at 340 nm; 
CAT activity was expressed in units CAT·mg·protein−1 and 
evaluated at 240 nm, and the SOD was expressed in units 
SOD·mg of protein−1 and evaluated at 480 nm.

Trunk biochemical parameter mensuration

We analyzed the total protein content in the animal trunk 
homogenate via the Bradford method (Kruger 1994), meas-
uring the levels of PC, NO, nonprotein thiols, CAT (Aebi 
1984), and TBA reactive species (TBARS) reaction. The 
readings of the samples in all assays were performed using 
the Femto® cirrus 80 (Femto, São Paulo, Brazil) spec-
trophotometer. We evaluated PC through quantifying the 
reaction of DNPH with protein carbonyls to form protein 
hydrazones. The reaction was evaluated at 370 nm (Yan et al. 
1995; Aparna and Patri 2021), calculated using the molar 
extinction coefficient of 22000 M·cm−1, and expressed as 
nmol·mg protein−1 (Carvalho-Silva et al. 2019). We col-
orimetrically evaluated the NO using the Griess reagent 
(Bracht and Ishii-iwamoto 2003) and quantified the product 
at 540 nm. The results were expressed as µgmol·g−1 of pro-
tein. Nonprotein thiol levels were measured as an indirect 
measure of intracellular glutathione content (Ellman 1959), 
and the product of the reaction was quantified at 412 nm. 
The results were expressed as µgmol·g−1 of protein. The 
CAT analysis was performed as described by Pompermaier 
et al. (2022). TBARS reaction, which is a parameter of 
lipid peroxidation, was measured using the pink chromo-
gen produced in the assay reaction, evaluated at 535 nm, 
and expressed as ngmol·g−1 of protein (Ohkawa et al. 1979; 
Carvalho-Silva et al. 2019; Aparna and Patri 2021).

Whole‑body cortisol analysis

We measured cortisol levels in the animal trunk homogen-
ates using an enzyme-linked immunosorbent assay (ELISA) 
kit (DBC® serum human cortisol test, Diagnostics BioChem 
Canada Inc, Ontario, Canada) (Sink et al. 2008). The ELISA 
was performed according to the manufacturer’s manual. The 
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absorbance of the samples was measured at 490 nm (UVM 
340; Biochrom®, Cambridge, UK), and the results were 
expressed as ng·g−1 of body weight.

Statistics

Normality and homoscedasticity of the data were assessed 
via the Brown–Forsythe and Bartlett tests, respectively. 
When the data distribution was classified as normal and/
or homoscedastic, we performed parametric analyses; 
when the data distribution was not classified as normal and/
or homoscedastic, we performed nonparametric analyses. 
Comparisons between concentrations and the control were 
analyzed via a one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s post hoc test with parametric data. With 
nonparametric data, a similar analysis was performed with 
the Kruskal–Wallis test, followed by Dunn’s post hoc test. 
For the analysis of sex effects on the behavioral tests, two-
way ANOVA was performed, with sex and concentrations 
as factors. The p-value was set at < 0.05 for all tests. For 
MIAT, we performed the unpaired T-test or Mann–Whit-
ney test between the 30-s and 10-min habituation periods, 
depending on the normality and homoscedasticity of the 
data. Parametric data were expressed as mean ± standard 
error of the mean (SEM), and nonparametric data were 
expressed as median ± interquartile range. All statistical 
analyses were performed in GraphPad Prism® software 7.00 
version (GraphPad Software, CA, USA).

Results

Detection of IBI in water

All quantified concentrations were lower than the nominal 
concentrations, with IBI concentrations ranging from 12 to 
0.0012 µg·L−1. The data with recovery percentages are pre-
sented in Table 1. The equation and r2 data were inserted in 
the supplementary material (Fig. 1A).

Behavioral tests

In the NTT, no difference was detected between all groups 
in the total distance traveled at the 0–120-s interval time 
(Fig. 2A). Fish exposed to 0.13 and 13 µg·L−1 of IBI trave-
led less distance than the animals in the control group at the 
120–240 s interval, with a decrease of 32.1% and 37.7% rela-
tive to the control group, respectively (Fig. 2B). No differ-
ence was detected between all groups using a similar param-
eter at the 240–360 s interval time (Fig. 2C). No differences 
were observed in the crossing between zones at the 0–120 s 
interval time (Fig. 2D). The animals exposed to 0.013 and 
0.13 µg·L−1 of IBI performed fewer crossings between the 
zones than the animals in the control group at the 120–240-s 
interval, with a decrease of 85.8% and 77.7% relative to the 
control group, respectively (Fig. 2E). No differences were 
observed in a similar parameter at the 240–360-s interval 
(Fig. 2F). The zebrafish exposed to 0.013 µg·L−1 of IBI 
also remained longer at the top of the tank than the control 
zebrafish at the 0–120-s interval, with an increase of 7000% 
relative to the control group (Fig. 2G). No differences were 
observed in a similar parameter at the 120–240 (Fig. 2H) and 
240–360-s intervals (Fig. 2I).

In the SPT, the animals exposed to the 0.13 µg·L−1 of IBI 
remained for a shorter time in the first segment when com-
pared with the control animals (a decrease of 59.6% relative 
to the control group, Fig. 3A). No differences were detected 
between groups in time spent in the second (Fig. 3B) and 
third segments (Fig. 3C).

In the MIAT, after the 30 s of habituation, the animals 
exposed to the 0.13 µg·L−1 of IBI remained for a shorter 
time in the segment nearest to the mirror, with a decrease 
of 53% relative to the control group (Fig. 4A) and longer in 
the segment further to the mirror, with an increase of 431% 
relative to the control group (Fig. 4B). The animals in the 
control and 0.0013 µg·L−1 IBI groups remained longer in 
the segment nearest to the mirror after 10 min of habitua-
tion compared with those after the 30 s habituation (increase 
of 172% and 141%, respectively) (Fig. 4A). Relative to the 
segment further to the mirror, the fish in the 0.13 µg·L−1 IBI 
group remained for a shorter time (decrease of 34.5%) in this 

Table 1   Nominal and quantified 
concentrations of imidacloprid 
detected in water samples used 
for fish exposure to IBI

* SEM, standard error of the mean

Nominal concentra-
tion (µg·L−1)

Quantified concentration 
(µg·L−1 ± SEM)

Mean recovery 
(%)

Limit of quantifica-
tion (µg·L−1)

Limit of 
detection 
(µg·L−1)

13 12.75 ± 0.12 98.07
1.3 1.25 ± 0.018 96.15
0.13 0.126 ± 0.001 96.92 0.0012 0.0010
0.013 0.0128 ± 0.0001 98.46
0.0013 0.00129 ± 0.000 99.23
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area after 10 min than after 30 s of habituation (Fig. 4B). No 
differences were detected between all other groups relative 
to the time in segments and to the different times of evalua-
tion (Fig. 4A and B).

Regarding the possible sex effects on the IBI-exposed 
animals, no difference was observed between the behavior 
of the males and females exposed to all concentrations of 
IBI in the NTT, SPT, and MIAT (Supplementary Material, 
Table 3A).

Brain oxidative stress parameters

No difference was detected between the AChE, GST, CAT, 
and SOD of the animals in the IBI-exposed and control 
groups (Table 2).

Trunk oxidative stress parameters

The animals exposed to 0.0013, 0.013, and 0.13 µg·L−1 
of IBI showed increased PC (Fig. 5A; 395%, 349%, and 
225%, respectively) when compared with those in the con-
trol group. They also showed decreased nitric oxide levels 
(Fig. 5B; 12.6%, 10.3%, and 8.7%) compared with those 
in the control group. No differences were found between 
groups in the nonprotein thiol (Fig. 5C), CAT (Fig. 5D), and 
lipid peroxidation levels (Fig. 5E).

Trunk cortisol

The trunk cortisol levels increased in fish exposed to 0.013 
and 0.13 µg·L−1 (223% and 251%, respectively) of IBI 

Fig. 2   Locomotor and behavior parameters of zebrafish exposed to 
different concentrations of imidacloprid-based insecticide (IBI) in 
the novel tank test. Total distance traveled at 0–120-s (A), 120–240-s 
(B), and 240–360-s (C) intervals; crossing number between zones 
at 0–120-s (D), 120–240-s (E), and 240–360-s (F) intervals; time 
spent in the top zone at 0–120-s (G), 120–240-s (H), and 240–360-s 

(I) intervals. The data are expressed as the mean ± SEM (ANOVA 
followed by Dunnett’s post hoc test; A) and median ± interquartile 
range (Mann–Whitney test followed by Dunn’s post hoc test; B–I). 
Asterisks indicate statistical difference against the control group 
(*p < 0.05); n = 15 animals per group
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compared with those of the control group (Fig. 5). All sta-
tistics values (F-, H-, T-, U-, and p-values) are shown in 
Supplementary Tables 1A and 2A).

Discussion

Here, we show that the presence of IBI at environmentally 
relevant concentrations in the water affects the behavior and 
physiology of zebrafish, even in acute short-term exposure. 
Fish exposed to some of the tested IBI concentrations pre-
sented a slight anxiolytic-like behavior (Fig. 2), hypomotility 
(Fig. 2), and decreased social interaction (Fig. 3) and aggres-
siveness (Fig. 4). IBI-exposed fish also presented increased 
whole-body cortisol levels (Fig. 6) and PC and decreased 
NO levels (Fig. 5). Observing the specific concentrations 
in which the effects were detected, we noted that most of 
the changes were observed at the 0.13 µg·L−1 IBI group, 
which characterized a nonmonotonic curve response. The 
highest concentration did not trigger any effects, whereas 
the lowest concentration induced different physiological 
responses. These data support the complexity of nicotinic 
agonists, such as nicotine, which can have anxiogenic or 
anxiolytic effects depending on the model, route of admin-
istration, dose or concentration, and exposure time (Picci-
otto et al. 2002). Furthermore, no differences in behavioral 
responses between the sexes were observed, which leads us 
to hypothesize that the damage caused by IBI affects the 
species, regardless of the sex of the animal.

In the SPT, fish exposed to 0.13 µg·L−1 of IBI remained 
for a shorter time near the conspecific segment (Fig. 3A). 
This result is the opposite of the zebrafish basal response 
to remain close to the conspecifics, which is a behavior 
observed in the laboratory (Miller and Gerlai 2011; Pham 
et al. 2012) and environment (Engeszer et al. 2007; Spence 

et al. 2007; Suriyampola et al. 2016). In the environment, 
the shoaling behavior is advantageous with communication 
among conspecifics, such as passing information on preda-
tors and social issues (Krause and Ruxton 2002; Miller and 
Gerlai 2011).

In the MIAT, fish exposed to 0.13 µg·L−1 of IBI remained 
for a shorter time near the mirror and longer far from the 
mirror in the first few seconds of the test (Fig. 4A). The 
entry of the animal in the segment farthest to the mirror can 
be interpreted as avoidance (Gerlai et al. 2000) or nonag-
gressive behavior (Way et al. 2015).

Regarding the effects of nicotinic receptor agonists, 
Miller et al. (2013) detected a decreased shoal cohesion in 
fish exposed to nicotine. Cheeta et al. (2001) detected that 
0.45 mg·Kg−1 of nicotine decreased the social interaction in 
group-housed rats and found an increase in social interaction 
in nicotine-exposed gerbils (0.5 mg·Kg−1) (File et al. 2001). 
Although the mechanisms and effects of nicotinic agonists 
on the sociability and aggressiveness of various animal spe-
cies are yet to be clarified, we emphasize our findings on the 
antisocial effect of IBI in zebrafish, because social behavior 
and aggressiveness are part of its basic strategies to survive 
in the environment.

In the NTT, the fish behavior followed a slightly anxi-
olytic-like pattern at the beginning of the test, which is 
characterized by the increased time spent at the top seg-
ment in the fish exposed to 0.013 µg·L−1 IBI (Fig. 2G), with 
hypomotility, as fish exposed to 0.13 and 13 µg·L−1 IBI pre-
sented a reduced number of crossings (Fig. 2B), and fish 
exposed to 0.013 and 0.13 µg·L−1 of IBI (Fig. 2E) showed 
a decreased total distance traveled. This increase in the top 
segment time is the opposite of the expected protective 
behavior of this animal, which at the beginning of the test 
should remain far from the top (Cachat et al. 2011; Kysil 
et al. 2017). The hypomotility presented by the animals, 

Fig. 3   Behavior and locomotor parameters of zebrafish exposed to 
different concentrations of IBI in the social preference test. Time 
spent in first (A), second (B), and third (C) segments. Data were 
expressed as the median ± interquartile range. The comparisons were 

performed via the Kruskal–Wallis followed by Dunn’s post hoc test. 
Asterisks indicate statistical difference against the control group 
(*p < 0.05); n = 15 animals per group
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similar effects have been reported in imidacloprid-exposed 
larvae (Crosby et al. 2015), rats (Abd-Elhakim et al. 2018), 
nicotine-exposed fish (Levin et al. 2007), and mice (Lefever 
et al. 2017). The hypothesis about this hypomotility would 
agree with the multiplicity of effects of nicotine reported by 
Picciotto et al. (2002), and this locomotor alteration would 
be related to the brain region and receptors activated by this 
substance (Picciotto et al. 2000; Domino 2001).

About the increase of trunk cortisol levels in IBI-exposed 
animals (0.013 and 0.13 µg·L−1) (Fig. 6), similar IBI effects 
in the stress axis have been reported in rodents (Annabi 
et al. 2015; Khalil et al. 2017). In addition, the endocrine-
disrupting potential of IBI has been reported that the pitui-
tary–thyroid axis in birds (Pandey and Mohanty 2015) and 
the gonadal axis in rodents (Mikolić and Karačonji 2018). 
However, the concentrations found in natural habitats are 
often lower than those used in these experiments (Relyea and 
Hoverman 2006), which are the LD/LC50 (dose or concen-
tration able to kill 50% of the population tested) in toxicity 
tests within 96 h. Nevertheless, it is important to highlight 
that IBIs are more toxic to fish than the individual compound 
(Tišler et al. 2009; Iturburu et al. 2018).

When we observed the behavioral and endocrine 
responses of IBI, we noted similarities with nicotine, which 
triggers different locomotor and behavioral responses for 
its stimulating or sedating effects (Picciotto et al. 2002; 
Klee et al. 2011; Wronikowska et al. 2020). While the SPT 
and cortisol results corroborate an anxiety-like condition 
in animals observed in nicotine-exposed rats (Cheeta et al. 
2001), in the NTT, the IBI triggered an anxiolytic effect 
in the fish. The possible cause of this divergence between 
some behavioral and endocrine responses of IBI-exposed 
zebrafish might be related to the different time course of 
these responses. While behavioral changes are showed gen-
erally immediately after the stressor, the HPI axis activation 
lasts for some minutes (Schreck et al. 1997; Mommsen et al. 
1999).

From an ecological point of view, the fish remain longer 
on the tank top segment (NTT) and remain indifferent to 
the shoal (SPT), even to the point of not performing agonis-
tic interactions (MIAT). This can make the animals more 

Fig. 4   Behavior parameters of zebrafish exposed to different con-
centrations of IBI in the mirror-induced aggression test. Time spent 
in the segment nearest to the mirror (A) and in the farthest segment 
to the mirror after 30  s and 10  min of habituation (B). Data were 
expressed as the median ± interquartile range. The comparisons 
between groups in each minute were performed via the Kruskal–Wal-
lis test, followed by Dunn’s post hoc test. The comparisons between 
similar groups in the different time intervals were performed via 
unpaired T-test or Mann–Whitney, depending on the normality of the 
data. Symbols indicate statistical difference: *p < 0.05, ****p < 0.0001, 
control group versus 0.13  µg·L−1 IBI group; #p < 0.05, control 
group 30-s habituation versus control group 10-min habituation and 
0.013  µg·L−1 IBI group 30-s habituation versus 0.013  µg·L−1 IBI 
group 10-min habituation; ##p < 0.01, 0.13  µg·L−1 IBI group 30-s 
habituation versus 0.13 µg·L−1 IBI group 10-min habituation); n = 15 
animals per group

Table 2  Brain oxidative stress parameters of zebrafish exposed to dif-
ferent concentrations of imidacloprid-based insecticide. The data are 
expressed as the median ± interquartile range (Kruskal–Wallis) for 
the acetylcholinesterase (AChE, mmol of AcCShl·mg of  protein−1), 

glutathione-S-transferase (GST, mmol of CDNB·mg of  protein−1), 
catalase (CAT, units CAT·mg·protein−1), and superoxide dismutase 
(SOD, units SOD·mg of  protein−1); n = five pools of three brains per 
group

Brain oxidative 
stress parameters

Concentrations (µg·L−1)

0 0.0013 0.013 0.13 1.3 13

AChE 223.3 ± 55.5 215.1 ± 62 223.5 ± 86.9 255.2 ± 67.5 247.4 ± 50.7 229 ± 65.1
GST 29.01 ± 11.98 26.33 ± 10.61 27.82 ± 17.52 30.31 ± 15.17 25.78 ± 12.91 29.51 ± 18.26
CAT 0.0004995 ± 0.0004 0.0006494 ± 0.00063 0.0006012 ± 0.0005 0.0008283 ± 0.001 0.0005018 ± 0.0006 0.0006456 ± 0.0008
SOD 11.8 ± 2.51 11.25 ± 2.13 11.69 ± 2.12 11.24 ± 2.48 11.24 ± 2.48 10.75 ± 1.12
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susceptible to predators through the decreased shoal cohe-
sion, and because the fish stays closer to the surface of the 
aquatic environment, it becomes more visible to predators 

(Miller and Gerlai 2011; Maximino et al. 2012; Suriyampola 
et al. 2016; Spinello et al. 2019; Ogi et al. 2021).

In the analysis of the oxidative status, the brain parame-
ters were not affected by IBI exposure (Table 2). We hypoth-
esized that the IBI had not caused damage to the central 
nervous system (CNS) due to the short exposure time of 
30 min. In longer exposure protocols (hours and days) and 
at higher sublethal concentrations, alterations in AChE were 
reported both in acute and chronic exposure (Topal et al. 
2017; Guerra et al. 2021). In addition, an increase in cerebral 
GST and CAT levels was also reported (Vieira et al. 2018).

However, when we analyzed the oxidative stress param-
eters in the trunk of animals exposed to IBI, we detected 
changes in the carbonyl protein and nitric oxide contents 
(Fig. 5A and B). PC could lead to a loss of protein func-
tion (Dalle-Donne et al. 2006; Wong et al. 2010). The fish 
exposed to IBI (0.0013, 0.013, and 0.13 µg·L−1) showed an 
increased PC, which can lead to cell death, tissue injury, 
and the development of diseases (Parvez and Raisuddin 
2005; Dalle-Donne et al. 2006; Suzuki et al. 2010; Fedorova 
et al. 2014). PC is correlated with muscle issues, such as 
a decrease in functional activity (Vikhoreva et al. 2009), 
which could be related to the hypomotility observed in IBI-
exposed animals (0.013 and 0.13 μg.L−1) (Fig. 2B and E). 

Fig. 5   Trunk oxidative stress parameters of zebrafish exposed to dif-
ferent concentrations of IBI: protein carbonylation (A), nitric oxide 
(B), nonprotein thiols (C), catalase (D), and lipid peroxidation–
TBARS (E). The data are expressed as the mean ± SEM (ANOVA 

followed by Dunnett’s post hoc test; A–D) and median ± interquar-
tile range (Mann–Whitney test followed by Dunn’s post hoc test; E). 
Statistical differences are indicated by asterisks (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001). n = 7 animals per group

Fig. 6   Trunk cortisol levels of zebrafish exposed to different concen-
trations of IBI. The data are expressed as the mean ± SEM (ANOVA 
followed by Dunnett’s post hoc test). Statistical differences are indi-
cated by asterisks (*p < 0.05). n = 8 animals per group
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In addition, Vignet et al. (2019) observed muscle damage 
in fish exposed to imidacloprid. Furthermore, one of the 
reaction products of NO scavenger activity can induce PC 
(Trujillo et al. 2010; Moro et al. 2013). Guerra et al. (2021), 
Vieira et al. (2018), and Almeida et al. (2021) observed a 
similar increase in PC at sublethal concentrations of imida-
cloprid, however, in 96 h exposure protocols.

The negative effects of IBI are also exhibited through 
the decrease in NO levels (0.0013, 0.013, and 0.13 µg·L−1) 
(Fig. 5B). Increased ROS levels lead to a reduction in NO 
levels via chemical inactivation as NO possesses a scav-
enger capacity (Pierini and Bryan 2015). The decrease in 
NO levels is related to endothelial dysfunction, such as 
thrombosis and vascular inflammation (Förstermann 2010). 
In chronic exposure and at sublethal concentrations of IBI, 
Ismael et al. (Ismael et al. 2021) also detected a decrease 
in NO levels.

We concluded that the 30-min acute short-term exposure 
to IBI could disrupt the HPI axis, impair locomotor and 
behavioral parameters, and unbalance the redox status of 
the exposed fish. This oxidative damage did not extend to 
the brain tissue, probably because of the short exposure time. 
Thus, we hypothesize that the IBI can act similarly to insect 
nAChR (Abbink 1991; Tomizawa and Casida 2003; Crossth-
waite et al. 2017), irreversibly bind to receptors in the neuro-
muscular junctions of the fish (Vignet et al. 2019), and cause 
all of these changes. Furthermore, our study reinforces the 
importance of implementing and developing the 17 sustain-
able development goals (SDGs) of the United Nations (UN), 
especially SDGs 6 (guarantee of clean drinking water and 
sanitation) and 14 (maintenance of life below water). There-
fore, we highlight that the animals exposed to IBI in an acute 
short-term protocol and at environmentally relevant concen-
trations, which can often occur in the environment, may have 
lost their protective instincts and consequently make them 
more susceptible to predation (Chaulet et al. 2019). These 
sublethal effects and the physiological damages in exposed 
animals can represent an imminent danger to nontarget spe-
cies in the environment and aquatic habitats.
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