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The presence of pesticides in aquatic ecosystems has become an increasing concern. Contamination 
of ground and surface water results from substances escaping wastewater treatment plants (WWTP) 
and leaching from soil. Pesticides pose a significant threat to the aquatic environment, as even trace 
concentrations can damage the central nervous systems (CNS) of animals and humans. Rotenone 
(ROT), an electron transport chain inhibitor, causes selective dopaminergic (DA) degeneration, while 
deltamethrin (DM), a widely used type II pyrethroid insecticide, is known for its neurotoxic effect. We 
assessed the impact of chronic exposure to ROT (2 µg/L, 4 weeks) and DM (1 and 2.5 µg/L, 15 days) 
on the central nervous system of adult zebrafish. TUNEL assay analysis (n = 15 in total) revealed both 
pesticides triggered cell death in different brain regions of fish, including areas involved in sensory, 
motor, and cognitive processes. DM additionally affected regions associated with complex behaviors 
such as learning, memory, and decision-making. Immunohistological analyses (n = 12 in total) showed 
loss of DA neurons in the areas involved in the motor control of animals exposed to both pesticides. 
These neurotoxic effects were further supported by behavioral changes (n = 38 in total) in the Novel 
Tank Test (NTT), indicating alterations in movement and anxiety-like behavior. Our findings confirm 
that chronic sub-threshold exposure to chemicals present in environmental waters causes significant 
damage to cerebral tissue, leading to apoptosis and behavioral alterations.

Pesticides are of particular concern as persistent organic pollutants, exerting long-lasting effects on water and 
sediment quality while exhibiting high degrees of bioaccumulation in fatty tissues of aquatic organisms1.

Despite their environmental risks, pesticides remain essential in agriculture, effectively controlling pests, 
diseases, and weeds to ensure high-quality crop production and minimize harvest losses2. However, their 
widespread use has led to increased global consumption, and their application in agriculture contributes to 
environmental water contamination. Considering strictly the Italian territory, traces of pesticides were found 
in 1012 surface water and 595 groundwater monitoring points in 2020. This widespread presence highlights 
the persistent and worsening issue of pesticide pollution, as well as the need for meticulous management and 
continuous monitoring3. These chemicals contaminate water bodies through multiple pathways, including 
subsurface drainage, leaching, runoff, spray drift, and discharge from wastewater treatment plants (WWTPs)4. 
In aquatic systems, pesticides are absorbed by organic matter, which can be bioaccumulated and magnified in 
aquatic organisms, subsequently entering the food chain5–7. The continuous presence of these chemicals in water 
bodies, along with their co-occurrence with other emerging contaminants, poses a risk to both humans and 
ecosystems due to chronic exposure to low concentrations and potential synergistic effects8.

Previous studies have shown that chronic, low-level exposure to pesticides such as those targeting 
mitochondrial function and acting as insecticides leads to several neurodegenerative disorders, such as 
Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis (ALS) through the 
neurotoxic mechanism of action9. Indeed, mitochondrial complex 1 inhibitors induce oxidative stress and impair 
mitochondrial energy production, while pyrethroids and organochlorinated chemicals affect sodium channels 
on the neuronal membrane, acting as CNS stimulants and inducing neuroinflammation and apoptosis10.

Rotenone (ROT), a naturally occurring, plant-derived pesticide extracted from the roots of several plants 
of Derris, Lonchocarpus, Tephrosia, and Mundulea species11, is extensively used as an insecticide in vegetable 
gardens and to manage invasive or excessive fish populations in lakes and reservoirs12,13. ROT is a highly 
lipophilic mitochondrial complex 1 inhibitor that rapidly crosses the blood-brain barrier, leading to neuronal 
damage14,15. Complex I enzyme is a key protein for energy production in mitochondria, and its inhibition 
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contributes to the pathogenesis of PD9. Many studies revealed that rotenone administration in rodents leads to 
PD-like symptoms, including DA neuron loss, α-synuclein aggregation, and reduced locomotion16. Similarly, 
chronic low-dose ROT treatment induces both motor and non-motor symptoms associated with PD in adult 
zebrafish, related to downregulation of tyrosine hydroxylase (TH)17, an essential precursor in the synthesis of 
catecholamines, including DA, epinephrine, and norepinephrine18.

Deltamethrin (DM) is a synthetic type II pyrethroid insecticide, introduced as a substitute for organochlorine 
and organophosphate pesticides also widely used in pest control. Although it is considered less harmful to the 
environment and non-target organisms than other insecticides, evidence suggests it also exhibits neurotoxic 
effects in zebrafish20,21, furthermore, because of its extended half-life and low water solubility, DM residues 
persist in various environmental matrices, including water, air, sediment, plants, and animals22,23. While the 
acute effects of DM exposure in fish are well-documented, its long-term impact under chronic exposure remains 
less explored21. DM impairs muscle function, suppresses reflexes, and induces severe neurological symptoms24 
mainly by binding to multiple ion channel families, mostly voltage-gated sodium channels (VGSC) and voltage-
gated calcium channels (VGCC), ultimately disrupting neuronal signaling25. Other investigations revealed 
that DM induced DNA fragmentation in rats’ brains and exhibited irregular cell damage, with condensed and 
pyknotic nuclei, disrupted cell membranes, and nuclear shrinkage alongside neuronal cell swelling in the cortex 
and hippocampus regions. These histological alterations are likely due to the heightened oxidative stress caused 
by DM26.

For both pesticides, the concentrations tested are within the range of values found in surface waters27,28; DM: 
below 24 µg/L29–31.

Zebrafish (Danio rerio) is a valuable vertebrate model in biomedical research employed across many scientific 
disciplines.

Approximately 70–80% of zebrafish genes share homology with the human genome, furthermore, although 
mammals and zebrafish brains develop differently (by eversion rather than inversion), primary structural and 
neurotransmitter systems including DA connections of the CNS, are maintained providing the zebrafish model 
with face, construct and predictivity validity for studying neurotoxicity19,32. In the present study, we investigated 
ROT and DM-induced behavioral alterations and neurotoxicity at environmentally relevant concentrations 
found in aquatic ecosystems. Neurotoxicity was assessed in adult zebrafish, allowing us to study alterations in 
fully-developed brain regions associated with attention (diencephalon), learning and memory (telencephalon), 
visual system (optic tectum), and locomotion (cerebellum)33,34. In the novel tank test, locomotor and stress-
related behavioral endpoints provided valuable insights into the ethological implications of the histological 
alterations observed. Modifications within the diencephalon were closely associated with motor impairments, 
as the posterior tuberculum plays a central role in dopaminergic neuromodulation and the regulation of 
movement35. Conversely, stress-related behaviors were associated with activation of the hypothalamic-pituitary-
interrenal (HPI) axis, primarily involving the hypothalamus and the preoptic area36–39.

Materials and methods
Animals
A total number of 40 AB-strain zebrafish were obtained through in-house breeding in the Interdepartmental 
Centre for Experimental Research (CIRSAL) at the University of Verona. Adult zebrafish (7–8 months old) were 
bred in a recirculating water system at 28 ± 1 °C and kept on a 14-hour light/10-hour dark cycle.

One week before exposure, fish were divided into four mixed-sex cohorts. They were then removed from 
the recirculating water system and placed in a thermostatic cabinet with a constantly maintained temperature 
and light/dark cycle. During the study, fish were fed four times daily with live food (Artemia sp.) and dry food 
(dry/live/live/dry). After a week of acclimation, behavioral tests were conducted to establish baseline levels of 
locomotion and anxiety-like behavior.

All animal care and experimental procedures are reported in compliance with the ARRIVE guidelines and 
were conducted in accordance with the European Union regulations, and the Directive 2010/63/EU. The study 
was approved by the ethical committee (OPBA) of the University of Verona and by the Ministry of Health 
(authorization n. 887/2023-PR).

Chemicals and exposure procedures
Fish were randomly assigned to each treatment. The vehicle control group was exposed to system water, while 
the treated fish were exposed to rotenone (ROT) 2 µg/L for 4 weeks, or to deltamethrin (DM) 1.0–2.5 µg/L for 15 
days. The duration mismatch is due to the different modes of action of the two pesticides. DM is characterized 
by faster neurotoxicity induction compared to ROT17,21. In line with the guiding principles for more ethical use 
of animals in scientific research (3Rs, Replacement, Reduction, and Refinement), one vehicle-exposed group was 
generated and exploited as a control for both ROT and DM treatments. Ethanol was used as a solvent, reaching 
a final concentration of 0.0004%. Water pH and conductivity were monitored daily.

Euthanasia and fixation
Following behavioral testing, the zebrafish were anesthetized and subsequently euthanized by hypothermal 
shock followed by decapitation. The vehicle group was sacrificed at the end of the study. Each fish was transferred 
to a beaker containing ice water, maintained at a constant temperature below 2 °C, and kept in ice for 1 min 
after cessation of vital signs (opercular movement, righting equilibrium, and heartbeat). An incision was made 
ventrally from the anal pore to the base of the pectoral fin to allow the fixative solution to penetrate the internal 
organs40. The fish were then rapidly transferred to 10% formaldehyde (FM0622, Mondial s.n.c.) and kept at 4 °C 
for 24 h for tissue fixation.
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Tissue processing
Following fixation, tissue was rinsed in 100% ethanol (EtOH, Cat. No. A0145, Diapath) and placed in an 
automatic Leica processor (Histocore Peloris 3, Leica Biosystems GmbH) for dehydration, clarification and 
infiltration at 37 °C. The dehydration process involved five ethanol washes: one in 50% EtOH and four in 100% 
EtOH, 30  min each. Clarification was performed with two 90-minute washes in xylene (Cat. No. 3410/20, 
Histo-Line laboratories srl), followed by infiltration with two 90-minute washes in liquid paraffin (Cat. No. 
39601006 Leica Biosystems GmbH). The tissue was then paraffin-embedded, dipped into a decalcifying solution 
(Cat. No. 05-M03005 BioOptica) then cut into 5 μm thick sections using a manual rotary microtome (Cat. No. 
M2258 Histo-Line laboratories srl). The sections were straightened out in a warm water bath (Cat. No. WB 2800 
Histo-Line laboratories srl) and then placed on adhesive glass slides (10354365 Fisher Scientific srl). Fish were 
sectioned in a sagittal orientation, and the cerebral regions were identified using the Adult Zebrafish Brain Atlas 
(AZBA)41. Tissue sections were harvested from sagittal AZBA coordinates 250 to 420, those selected for TUNEL 
and TH staining were from the medial portions of both hemispheres, corresponding to AZBA coordinates 320 
to 350. The medial portions offer an optimal representation of the major brain structures such as telencephalon, 
diencephalon, optic tectum, cerebellum, and olfactory bulbs, additionally, DA neurons are organized in clusters 
within the medial portion of the diencephalic region.

TUNEL assay
The Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling (TUNEL) assay was conducted 
on tissue sections with a commercial kit (Cat. No. C10618, Thermo Fisher Scientific Inc.) to quantify the effect 
of chronic pesticide exposure on cellular apoptosis. Adult zebrafish exposed to ROT and DM were euthanized, 
fixated and tissue sliced to obtain sagittal sections of the CNS. Medial brain sections were selected, including 
telencephalon, diencephalon, optic tectum, and cerebellum of both hemispheres. After deparaffinization and 
rehydration, tissue sections were post-fixed with 10% buffered formaldehyde, permeabilized with Proteinase 
K, and thoroughly washed in PBS. DNA strand breaks were induced by treating two replicates of one sample 
belonging to the Vehicle group with DNase I to serve as positive control. The slides were then incubated with a 
TdT reaction mixture to label the DNA strand breaks, followed by incubation with the TUNEL reaction cocktail. 
After one wash in PBS, tissues were counterstained with DAPI to visualize all nuclei. Additionally, selected 
slides were stained with anti-TH antibody. Briefly, after overnight incubation with 1:1000 anti-TH antibody 
(rabbit polyclonal, Cat No. GTX102424, GeneTex, Inc), slides were washed with PBS and incubated for one 
hour with AlexaFluor 488 goat anti-rabbit secondary antibody (1:1000, Cat. No. A-11034, Life Technologies 
Europe BV). After a 5-minute wash in PBS, sections were mounted with fluoromount (Cat. No. K048, Diagnostic 
BioSystems), covered with a coverslip, and conserved at + 4° until analysis. Imaging was conducted with a Leica 
microscope (Thunder Imager Tissue). DAPI and TUNEL-positive cells were quantified with ImageJ software. 
The Apoptotic Indexes were calculated as the ratio between the number of TUNEL-positive cells and the total 
number of DAPI-stained nuclei. We used the obtained data to calculate the Apoptotic Index as follows:

	
Apoptotic Index = Number of T UNEL − positive cells

T otal number of DAP I − stained nuclei
× 100%

Immunohistochemistry
Chronic exposure to ROT reduces brain DA levels17, and this reduction could be associated with neuronal 
death. We performed TH immunohistochemistry on zebrafish brain slices to assess the extent and localization of 
DA neuronal death. Prior to immunohistochemical processing, the zebrafish slices were dewaxed and hydrated 
through a series of 3-minute washes: two in xylene, one in a 1:1 mixture of xylene and ethanol, two in 100% 
ethanol, followed by washes in 95%, 70%, and 50% ethanol, and concluding with 5-minutes rehydration in 
distilled water (deparaffinization in xylene and then rehydration through a descending gradient of ethanol). 
Antigen retrieval for tyrosine hydroxylase staining was performed using citrate buffer (pH 6.0) for 15 minutes 
at 95°C. After cooling to room temperature for 10 minutes, the slices were washed twice in Triton X-100 (0.3% 
in PBS; Cat. No. T8787, Merck) for 5 minutes then incubated with 1% bovine serum albumin and 10% goat 
serum for 1 hour. Sections were incubated overnight at 4 °C in a humidified chamber with a primary antibody 
specific for tyrosine hydroxylase (rabbit polyclonal, Cat No. GTX102424, GeneTex, Inc) at a dilution of 1:1000. 
Following two 5-minute washes in 0.3% Triton X-100 and inactivation of endogenous peroxidases with 0.3% 
H2O2 for 15 minutes, tissue slices were incubated with the biotinylated goat anti-rabbit secondary antibody 
(Cat. No. 65-6140, Thermo Fisher Scientific Inc.) for 1 hour at room temperature. After 2 washes in PBS, 
slides were incubated with ABC reagent (Cat. No. 32020, Thermofisher Scientific) for 30 minutes. DAB (3,3’- 
diaminobenzidine, Cat. No. 1029240001, Merck) chromogen was applied for 10 min, followed by a 5-minute 
wash with PBS. The tissues were then counterstained with hematoxylin (1:20, Cat. No. C0302, Diapath spa), 
mounted with Entellan (Cat. No. 1.07960, Merck KGaA), covered with coverslips (Cat. No. BPD009, RS France), 
and dried at room temperature for 24 h.

Referring to the AZBA41, two sections per animal were selected, and TH-immunoreactive (TH-ir) neurons 
were examined in the olfactory bulb, preoptic area, pretectum, posterior tuberculum, and hypothalamus using a 
Leica brightfield microscope (Leica DM2000 LED). Images were then analyzed with ImageJ software.

Behavioral testing
Prior to behavioral testing, the fish were acclimated to handling procedures through daily transfers to a new 
tank using a net. During the exposure, the water was completely replaced every 24 h. Behavioral trials were 
performed at baseline and at the end of the treatment. The animals were moved from the ventilated cabinet to 
the experimental table at least one hour before starting the behavioral tests.
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Novel tank test
Behavioral assessments of zebrafish were conducted 24 h after the end of the chronic pesticide exposure. The 
novel tank test was conducted to investigate impacts on locomotion and stress-related behaviors. Locomotion 
was quantified by measuring the total distance traveled by the zebrafish during the test, providing a clear 
indication of their swimming proficiency and overall activity levels. Additionally, the absolute turn angle was 
analyzed as both a measure of locomotion activity and an indicator of stress behavior. Increases in this parameter 
correlate with erratic swimming, a complex behavior characterized by sudden directional shifts and frequent, 
rapid darting. After the acclimation period, fish were individually placed in a trapezoidal tank (19 cm width at 
the base × 20.5 width at the water surface × 8 cm height) filled three-quarters with system water. The movements 
of the animals were recorded with a Nilox MiniUp camera for 10 min and then remotely analyzed via AnyMaze 
software. Tanks were ideally divided into three horizontal sections, (top, medium, and bottom). The parameters 
analyzed included duration of swimming at high speed (sec) (animals moved at high speed when the movements 
exceeded 2 cm/s), distance moved (cm), absolute turn angle (deg), number of entries (n), latency to enter (sec), 
and time spent in the upper zone (sec).

Statistical analysis
Data were screened for outliers through the ROUT method and subsequently excluded. The normal distribution 
of data was assessed before analysis. Values are expressed as mean ± standard error of the mean (SEM). The total 
sample sizes in each specific endpoint were n = 38 in behavioral trials, n = 15 in the TUNEL, and n = 12 in the 
histological analyses. The statistical significance between vehicle and ROT was assessed using Student’s t-test, 
while differences between DM-exposed and vehicle groups were assessed through one-way ANOVA. Multiple 
comparisons between treatment groups and vehicles were carried out through the Dunnett test. All statistical 
calculations were performed with GraphPad Prism 10, with an α value set at 0.05. Exact p values are reported 
for significant results42. Hedge’s g (in t-test analyses) and eta squared (η2, for ANOVA analyses) effect sizes were 
indicated as ES, alongside their 95% confidence interval (CI).

Results
ROT exposure
The results obtained in the present study are summarized in Table 1. Figure 1a shows the brain regions exposed 
to TUNEL staining in the longitudinal brain section schematically represented in Fig. 1b.

ROT exposure significantly increased the levels of apoptosis in the diencephalon (Fig.  1c; t(22) = 2.994, 
p = 0.0067, ES = 1.197, 95% CI [0.338, 2.117]), optic tectum (Fig.  1e; t(27) = 3.005, p = 0.0057, ES = 1.101, 95% 
CI [0.326, 1.922]), and cerebellum (Fig.  1g; t(24) = 2.894, p = 0.0080, ES = 1.113, 95% CI [0.296, 1.982]). The 
proportion of TUNEL-positive cells in the diencephalon and optic tectum of exposed animals reached similar 
magnitudes, 62.68% ± 3.75 and 51.03% ± 7.15, respectively. Although the cerebellum of exposed brains showed 
significantly higher apoptotic activity than the vehicle group (p = 0.0080), the mean apoptotic index value 
remained moderate at 17.52% ± 3.33.

Telencephalon (Fig. 1d; t(31) = 1.370, p = 0.1806) and olfactory bulb (Fig. 1f; t(21) = 0.5898, p = 0.5616) regions 
showed lower apoptosis, with no statistically significant changes compared to vehicle.

DM exposure
As shown in Fig. 2, DM induced significant apoptosis in the brain regions indicated in Fig. 2a of the longitudinal 
brain section schematically represented in Fig.  1b. In the diencephalon (Fig.  2c, F(2, 40) = 12.77, p < 0.0001, 
ES = 0.390, 95% CI [0.143, 0.585]), telencephalon (Fig. 2d, F(2, 49) = 9.150, p = 0.0004, ES = 0.272, 95% CI [0.083, 

Group Rot 2.0 DM 1.0 DM 2.5

Increase in TUNEL-positive cells

Diencephalon ++ ++ ++++

Telencephalon ns ++ +++

Optic tectum ++ +++ ns

Olfactory bulb ns + ++

Cerebellum ++ ns ++

Decrease in TH-ir cells

Posterior tuberculum + ns +

Posterior hypothalamus ++ ns +

Preoptic area ns ns +

Olfactory bulb ns ns ns

Pretectum ns ++ ns

Novel tank test

Duration of swimming at high speed + ns ++

Absolute turn angle ns ns +

Distance moved ns ns ns

Latency to enter the top + ns ns

Number of entries to the top zone ns ns ns

Time in the top zone ns ns ns

Table 1.  Result summary. “ns” non-significant, “+” p ≤ 0.05, “++” p ≤ 0.01, “+++” p ≤ 0.001, “++++” p ≤ 0.0001.
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Fig. 1.  Exposure to 2.0 µg/L ROT induced significant apoptosis in selected brain regions. Hematoxylin and 
eosin staining highlight the brain regions where the apoptotic index was assessed via TUNEL staining (a). 
Schematic representation of zebrafish brain in dorsal view (b). Representative images of the diencephalon, 
telencephalon, optic tectum, olfactory bulb, and cerebellum (c-g). Nuclei are marked by DAPI (blue). 
Apoptotic cells are stained with TUNEL (red). From left to right, the pictures refer to slices of the positive 
control (tissue slices of vehicle groups treated with DNase I to induce double-strand DNA breaks), vehicle, and 
ROT-treated. On the right, data are expressed as a comparison of Apoptotic Indexes between ROT and vehicle 
groups. Statistical analysis was performed with Student’s t-test, *p < 0.05, **p < 0.01.
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Fig. 2.  TUNEL staining of brain slices of zebrafish exposed to 1.0 µg/L and 2.5 µg/L deltamethrin (DM). 
Hematoxylin and eosin staining of zebrafish brain highlight the zones analyzed with TUNEL staining (a). 
Schematic representation of zebrafish brain in dorsal view (b). Representative images of the diencephalon, 
telencephalon, optic tectum, olfactory bulb, and cerebellum (c-g). Nuclei are marked by DAPI (blue). 
Apoptotic cells are stained with TUNEL (red). From left to right, the pictures refer to the brain tissue of 
zebrafish exposed to the vehicle, DM 1.0 µg/L and DM 2.5 µg/L. Positive control slices are depicted in Fig. 1. 
On the right, data are expressed as a comparison of Apoptotic Indexes between ROT and vehicle groups. 
Statistical analyses were performed with one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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0.451]), optic tectum (Fig. 2e, F(2, 44) = 11.97, p < 0.0001, ES = 0.352, 95% CI [0.117, 0.550]), olfactory bulb (Fig. 2f, 
F(2, 33) = 5.695, p = 0.0075, ES = 0.257, 95% CI [0.024, 0.488]), and cerebellum (Fig. 2g, F(2, 42) = 4.941, p = 0.0118, 
ES = 0.190, 95% CI [0.011, 0.396]), apoptosis was significantly higher compared to the vehicle.

Multiple comparisons were based on significant main effects of the ANOVAs. The lower DM dose (1 µg/L; 
DMlow) induced apoptosis in the diencephalon (p = 0.0043), telencephalon (p = 0.0076), optic tectum (p = 0.0005), 
and olfactory bulb (p = 0.0202) compared to the vehicle. At the higher concentration (2.5  µg/L; DMhigh), 
apoptosis was further elevated in all regions compared to the vehicle, including diencephalon (p < 0.0001; DMhigh 
= 78.28 ± 3.88; DMlow = 62.79 ± 6.21), telencephalon (p = 0.0004; DMhigh= 69.39 ± 6.69; DMlow= 60.25 ± 7.96), 
optic tectum (p = 0.002; DMhigh = 59.56 ± 5.94; DMlow = 55.64 ± 5.42), olfactory bulb (p = 0.0099), and cerebellum 
(p = 0.0059). Although apoptotic index values were higher in DMhigh than in DMlow in most regions, these 
differences did not reach statistical significance.

Similar to the ROT exposure, DM-induced cerebellum apoptotic index, although significantly higher 
compared to the vehicle group, was considerably smaller (DMhigh = 17.52 ± 3.33; DMlow = 12.47 ± 1.71) compared 
to the other regions.

DA Cell Loss Induced by ROT Exposure
The brain regions analyzed to monitor TH-positive cells are shown in Fig.  3a, while Fig.  3b schematically 
indicates the site of the longitudinal brain sectioning.

ROT exposure significantly reduced TH-ir cell numbers in the posterior tuberculum (Fig. 3c; t(10) = 2.840, 
p = 0.0176, ES = 1.500, 95% CI [0.264, 2.928]) and the posterior hypothalamus (Fig. 3d; t(10) = 4.346, p = 0.0015, 
ES = 2.316, 95% CI [0.910, 4.044]). However, no significant differences were found in the preoptic area, olfactory 
bulbs, and pretectum compared to the vehicle; Fig. 3e-g.

DA Cell Loss Induced by DM Exposure
DM exposure induced a significant reduction in TH-ir cell number in most of the regions where DA innervation 
was assessed (Fig. 4a and b: schematic representation of brain sectioning). Significant cell loss was found in 
the posterior tuberculum (Fig.  4c; F(2,15) = 3.714, p = 0.0489, ES = 0.331, 95% CI [0.000, 0.632]), posterior 
hypothalamus (Fig.  4d; F(2,15) = 5.145, p = 0.0199, ES = 0.487, 95% CI [0.010, 0.688]), preoptic area (Fig.  4e; 
F(2, 13) = 4.111, p = 0.0414, ES = 0.388, 95% CI [0.000, 0.688]), and pretectum (Fig. 4g; F(2, 15) = 5.744, p = 0.0141, 
ES = 0.434, 95% CI [0.025, 0.706]), while in loss in the olfactory bulbs (Fig. 4f) did not reach statistical significance.

Multiple comparisons, based on significant main effects of the ANOVAs revealed that exposure to 1.0 µg/L 
induced significant decrease in DA cell number in the pretectum (p = 0.0075), while 2.5 µg/L induced significant 
damage in the posterior tuberculum (p = 0.0296), posterior hypothalamus (p = 0.0111), and preoptic area 
(p = 0.0291).

ROT-induced behavioral alterations
ROT exposure induced various behavioral alterations. Specifically, exposed animals demonstrated a shorter 
duration of movements at high speed (Fig. 5a, t(16) = 2.494, p = 0.0240, ES = 1.127, 95% CI [0.153, 2.182]) and 
heightened latency to enter the upper zone of the apparatus (Fig. 5d, t(16) = 2.347, p = 0.0321, ES = 1.060, 95% CI 
[0.093, 2.104]). These results indicate an alteration of locomotion and a concomitant increase in anxiety-like 
behavior, respectively. The alteration in locomotion is not reflected in the other parameters quantifying the 
zebrafish movement, such as distance moved (Fig. 5c, t(16) = 0.8585, p = 0.4033), and absolute turn angle (Fig. 5b, 
t(16) = 1.956, p = 0.0681), indicating that motor impairements were marginal. Similarly, other stress-related 
parameters, including the number of entries to the top (Fig. 5e, t(16) = 1.005, p = 0.3300) and the time spent in the 
top (Fig. 5f, t(15) = 0.3704, p = 0.7163), were marginally impaired. Figure 5g and h: representative images of the 
apparatus and vehicle (5 g) or ROT-treated (5 h) animal tracks during the experimental phase.

DM-induced behavioral alterations
Behavioral observations of adult zebrafish after 15-day exposure to DM revealed alterations in locomotion. The 
duration of swimming at high speed (Fig. 6a, F(2, 25) = 4.869, p = 0.0164, ES = 0.280, 95% CI [0.010, 0.537]) and 
absolute turn angle value (Fig. 6b, F(2, 25) = 3.715, p = 0.0387, ES = 0.229, 95% CI [0.000, 0.489]) were significantly 
different compared to the vehicle. As depicted in Fig.  6, only the highest DM concentration induced such 
significant changes in zebrafish phenotype, increasing the absolute turn angle (p = 0.0316) and decreasing the 
duration of swimming at high speed (p = 0.0100), suggesting that the exposure affected the locomotion without 
impacting anxiety-like behavior parameters, even though the distance moved (Fig. 6C, F(2,25) = 1.439, p = 0.2562) 
was not impacted. In fact, the latency to the top (Fig. 6d, F(2, 25) = 1.803, p = 0.1856), the number of transitions to 
the top (Fig. 6e, F(2, 25) = 0.08717, p = 0.9168), and time spent in the top (Fig. 6f, F(2, 24) = 0.6535, p = 0.5292) did 
not show any difference between the vehicle and the DM-treated fish although the pattern of activity, as shown 
by the representative animal tracks resulted altered (Fig. 6g-i).

Summary
An infographic table is illustrated below. It summarizes all the results obtained in the present study. The p-values 
of the single findings are reported for all experiments. Table 1

Discussion
Pesticides are frequently used in agriculture to enhance crop production, although their improper and extensive 
application leads to environmental contamination1,43. The widespread consumption of pesticides such as 
ROT and DM raises significant concerns about their adverse effects on aquatic fauna and broader ecological 
systems. These adverse effects include neurological and behavioral disorders, which have been documented 
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Fig. 3.  Quantification of TH-ir cells in discrete regions of the zebrafish brain involved in DA transmission in 
zebrafish exposed to 2.0 µg/L ROT. Hematoxylin and eosin staining of a zebrafish brain highlight the zones 
analyzed by the IHC staining of TH-ir neurons (a). Schematic representation of zebrafish brain in dorsal view 
(b). Representative images of the posterior tuberculum, posterior hypothalamus, preoptic area, olfactory bulbs, 
and pretectum (c-g). Nuclei are marked by hematoxylin (blue), TH-ir cells are stained in IHC with HRP-DAB 
reaction (brown). From left to right, the pictures refer to the brain tissue of zebrafish exposed to the vehicle and 
ROT. On the right, data are expressed as a comparison of the number of TH-ir cells between ROT and vehicle 
group. Statistical analyses were performed with Student’s t-test, *p < 0.05, **p < 0.01.
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in adult zebrafish, a widely recognized vertebrate model for analyzing the toxicity of environmental chemical 
substances44. The present study confirmed that chronic exposure to both ROT and DM is neurotoxic to zebrafish, 
leading to profound neuronal cell death and behavioral changes. Furthermore, studies on the side effects of ROT 
exposure in humans suggest that individuals with frequent use rotenone have a 2.5-fold higher risk of developing 
Parkinson’s disease (PD), even when exposure occurred years before symptom onset45,46.

TUNEL assay revealed that the most susceptible brain regions exposed to ROT were the diencephalon, optic 
tectum, and cerebellum, exhibiting a significant increase in apoptotic index, as compared to the vehicle. Among 
the affected regions, the diencephalon exhibited the highest level of apoptosis, consistent with the posterior 
tuberculum, a crucial region that sends ascending projections to the subpallium (SP), which are thought to serve 
functions analogous to the mesodiencephalic dopamine systems in mammals47. The pronounced apoptosis in 
this region further supports previous studies demonstrating the vulnerability of DA neurons to ROT-induced 
oxidative stress and mitochondrial dysfunction17,48. Additionally, the optic tectum and cerebellum also show 
considerable apoptotic activity, suggesting a broader neurotoxic impact of chronic ROT exposure in regions 
associated with sensory processing and motor coordination.

Furthermore, ROT significantly reduced the number of DA neurons in the posterior tuberculum and 
posterior hypothalamus, demonstrating the disruptive effect of ROT in regions related to movement regulation. 
The role of the posterior tuberculum in zebrafish movement parallels the function of the substantia nigra in 
humans, which regulates movement through DA signaling49–51. Recent studies confirmed that ROT exposure in 
zebrafish induces PD-like symptoms, including motor deficits, DA neuron loss, and oxidative stress, consistent 
with the neurodegenerative processes observed in PD17,52. Similarly, in rodent models, ROT exposure impairs 
movements and coordination, along with DA neuron loss and α-synuclein aggregation in the brain, particularly 
in the substantia nigra, which is critically involved in PD pathogenesis53. Likewise, Liu and colleagues showed 
that chronic exposure to ROT caused significant motor impairment and DA depletion in mice striatum54. These 
findings highlight the ecological risks posed by rotenone, a widely used pesticide and piscicide, which, through 
the neurotoxic effects, can impair neurological function and survival in aquatic species. In addition, the use in 
aquatic environments not only targets invasive fish but also adversely affects non-target organisms, including 
sensitive invertebrate taxa, potentially disrupting community structure and ecosystem balance55. Given the 
conserved nature of dopaminergic systems across vertebrates, such exposure may have broader implications for 
wildlife health and biodiversity, emphasizing the need for careful environmental monitoring and management 
strategies to mitigate rotenone’s ecological impact.

The behavioral findings align with the literature, demonstrating a significant reduction in the duration of 
high-speed movements, but also uncovered stress-like behaviors in ROT-exposed fish17,54. DM concentrations 
of 1 and 2.5 µg/L were chosen to represent levels observed in aquatic ecosystems, which typically range from 
0.04 µg/L to 24 µg/L in agricultural regions where this pesticide is employed56. DM chronic exposure induced 
apoptosis in several zebrafish brain regions, including the diencephalon, telencephalon, and optic tectum.

DM exposure significantly induced DA cell loss across various brain regions in a dose-dependent manner. At 
1.0 µg/L, damage was confined to the pretectum, while 2.5 µg/L exposure led to broader effects in the posterior 
tuberculum, posterior hypothalamus, and preoptic area. In agreement with our findings, previous studies showed 
that developmental exposure to DM caused alterations in larval DA neurochemistry and gene expression, 
increased levels of HVA, and decreased levels of the drd1 and drd2a transcripts57. In addition, DM intranasal 
exposure in rats induced reduction in TH-immunoreactive neurons in the substantia nigra pars compacta and 
ventral tegmental area, identifying DM damage as a potential risk factor for PD58.

Also behavioral assays revealed significant locomotion impairments, mainly following DMhigh exposure. 
The increased absolute turn angle and reduced duration of high-speed swimming suggest impaired motor 
coordination. These behavioral changes likely stem from the combined effects of apoptotic cell death and DA 
dysfunction. Additionally, fish exhibited anxiety-like behavior characterized by erratic movements and irregular 
movements.

Lei and colleagues found that fish exposed to 100 ng/L DM exhibited significantly decreased nearest-
neighbor distance (NND) and inter-individual distance (IID) during the shoaling test59, suggesting heightened 
stress/anxiety-like behavior in treated animals, as stressed fish tend to swim in closer proximity to one another60. 
Moreover, it has been reported that chronic exposure to DM at concentrations of 0.5 µg/L induced aggressive 
behavior and neurological disorders. Furthermore, when the concentration doubled, an alternation between 
aggressive and non-aggressive behavior was observed, suggesting high cognitive damage21.

The combined observation of histological and behavioral impairments provides critical insights for ecological 
risk assessment in aquatic ecosystems. Histological damage directly reflects the cellular and tissue-level toxicity 
of these compounds, while behavioral changes demonstrate functional impairments that can affect survival59,61. 
Integrating these endpoints allows for a more comprehensive evaluation of sublethal effects that may not 
be immediately lethal but can disrupt population dynamics and ecosystem stability. From a risk assessment 
perspective, these findings support the need to establish environmental guidelines that consider both neurotoxic 
and reproductive endpoints, also at environmentally subthreshold concentrations8. Specifically, regulatory 
frameworks should incorporate chronic exposure limits that prevent histopathological damage and behavioral 
dysfunction in non-target aquatic species. Moreover, the evidence of dopaminergic disruption highlights the 
importance of monitoring biomarkers linked to neurotoxicity in environmental exposure studies. Future studies 
should focus on the long-term effects of combined pesticide exposures, as well as their impacts on ecological 
behaviors such as predator avoidance, mating, and social interactions. Despite valuable insights gained from this 
study, it lacks the evaluation of genes involved in dopamine synthesis or transporters. Additionally, assessing 
pro-inflammatory markers and oxidative stress factors would provide a more comprehensive understanding of 
the neurological alterations.
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Conclusions
Synthetic chemical pesticides are crucial in agriculture to prevent pests and weeds from ravaging crops. However, 
they can harm unintended animals and plants and leach into surrounding waterways and soil, expanding their 
toxic reach. This study underscores the significant impacts of chronic ROT and DM exposure on apoptosis, DA 
neuronal integrity, and behavior in adult zebrafish, highlighting the need to address pesticide contamination in 
aquatic environments.

Our study contributes to the broader understanding of how chronic pesticide exposure affects aquatic 
vertebrates, providing a basis for further research into the long-term ecological and health implications. The use 
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of zebrafish as a model organism proved effective in elucidating the behavioral and neuronal impacts of these 
pesticides, supporting their relevance in environmental toxicology studies.

Our findings reveal that both ROT and DM induce apoptosis in specific brain regions, with ROT predominantly 
affecting the diencephalon, optic tectum, and cerebellum, while DM prevalently affecting the diencephalon, 
telencephalon, and optic tectum. Additionally, both pesticides significantly reduced DA neuron density, with 
ROT targeting the posterior tuberculum and posterior hypothalamus and DM exhibiting broader DA depletion 
at higher concentrations. The neurotoxic effects of ROT parallel mechanisms observed in Parkinson’s disease. 
In the Novel Tank Test, the primary observations relate to motor impairments rather than traditional anxiety-

Fig. 4.  Quantification of TH-ir cells in discrete regions of the zebrafish brain involved in DA transmission 
in zebrafish exposed to 1.0 and 2.5 µg/L deltamethrin (DM). Hematoxylin and eosin staining of a zebrafish 
brain highlight the zones analyzed by the IHC staining of TH-ir neurons (a). Schematic representation of 
zebrafish brain in dorsal view (b). Representative images of the posterior tuberculum, posterior hypothalamus, 
preoptic area, olfactory bulbs, and pretectum (c-g). Nuclei are marked by hematoxylin (blue), and TH-ir 
cells are stained in IHC with HRP-DAB reaction (brown). From left to right, the pictures refer to the brain 
tissue of zebrafish exposed to the vehicle, DM 1.0 µg/L and DM 2.5 µg/L. On the right, data are expressed 
as a comparison of the number of TH-ir cells between the DM 1.0 µg/L, DM 2.5 µg/L, and vehicle groups. 
Statistical analyses were performed with one-way ANOVA, *p < 0.05, **p < 0.01.

◂

Fig. 5.  Novel tank test results after ROT exposure. On the top, data are expressed as a comparison between 
ROT and vehicle groups(a-f). Duration of swimming at high speed (a); Absolute turn angle (b); Distance 
moved (c); Latency to enter the top (d); Number of entries to the top zone (e), and Time in the top zone (f). 
Representative images of the apparatus and animal tracks during the experimental phase (g-h). Vehicle (g); 
ROT (h). Statistical analyses were performed using Student’s t-test, *p < 0.05.
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like measures such as time spent in the top zones and number of entries. This could be due to the involvement 
of dopaminergic neurotransmission, which is strongly damaged by the pesticide exposure, and is crucial for 
motor coordination. Further studies focusing on stress-related behaviors and anxiety-like outcomes, rather than 
locomotion, might help to better understand stress-specific consequences. Behavioral assessments demonstrated 
that exposure to both pesticides impaired motor coordination and induced anxiety-like behaviors, emphasizing 
the intricate interconnections between neural cellular/circuit damage and behavioral alterations.

Data availability
Data availabilityData is provided within the manuscript.
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