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ARTICLE INFO ABSTRACT

Edited by Martin Grosell The emergence and spread of vector-borne diseases necessitate the increased use of insecticides, such as car-
bamates, raising concerns about their potential toxicological risks to non-target organisms, including humans.

Keywords: Bendiocarb, frequently applied in indoor spraying operations and detected in maternal and fetal circulation,

Carbamate warrants particular attention for its developmental toxicity. This study aimed to assess transcriptional and

Developmental toxicity
Behavioral alterations
Immunotoxicity
Zebrafish embryo

phenotypic effects of sublethal bendiocarb exposure at concentrations of 0.035, 0.2, 0.4, 0.75, and 1.5 mg/L,
using zebrafish embryos, a vertebrate model for developmental toxicity testing. Our analyses revealed acetyl-
cholinesterase inhibition-associated morphological and behavioral abnormalities, including reduced locomotor
activity in response to both visual and tactile stimuli, as well as impaired non-associative learning. Tran-
scriptomic analysis indicated activation of muscle, immune, and metabolic pathways, while neuro-
developmental, phototransduction, and cell proliferation processes were suppressed. Consistent with these
molecular findings, structural damage was observed in the retina, skeletal muscle, and notochord. Furthermore,
bendiocarb exposure disrupted neutrophil granulocyte distribution and impaired inflammatory responses.
Altogether, our results provide new insights into the embryotoxic effects of bendiocarb, highlighting its potential
to disrupt early vertebrate development. These findings provide mechanistic insight that may support more
informed evaluations of potential public health risks associated with developmental exposure to carbamates.
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1. Introduction

Climate change-driven temperature anomalies and habitat alter-
ations are expected to significantly affect the epidemiology of insect-
borne diseases (Brugueras et al., 2020; Caminade et al., 2019). In
addition, the adaptation of arthropod vectors to changing environ-
mental conditions can co-evolve with their resistance to insecticides (Pu
et al., 2020). These changes entail more intensive use of vector control
chemicals containing compounds with different mechanisms of action,
resulting in an increased risk to humans and non-target animals (van den
Berg et al., 2021). The potential health risks associated with pesticides
are particularly significant if the exposure occurs during early-life pe-
riods, especially during critical stages of embryonic development in
vertebrates, including humans (Addissie et al., 2020; Ait-Bali et al.,
2016; Amstislavsky et al., 2003; Ding et al., 2024; Garry et al., 2002;
Gely-Pernot et al., 2017; Ishido et al., 2017; Manikkam et al., 2014;
Suarez-Lopez et al., 2013).

N-methyl carbamates are among the most commonly used in-
secticides against pests and disease vectors. Their primary target is the
arthropod nervous system through the reversible inhibition of acetyl-
cholinesterase (AChE), forming a covalent bond with a serine residue of
the enzyme (Lee and Barron, 2016). However, the most commonly used
commercially available carbamates exhibit a less specific AChE-
inhibitory activity, which can potentially have a neurotoxic effect in
vertebrates, posing a threat to embryonic development as well (Jiang
et al., 2013; Tsiaoussis et al., 2018). Abnormal neurogenesis (Mishra
et al.,, 2012; Ostrea et al., 2012), impaired myelination (Seth et al.,
2019), defective motor function (An et al., 2023a; Kamboj et al., 2006),
behavioral alterations (Jablonski et al., 2022) and altered immune or
endocrine function (Banji et al., 2014; He et al., 2022; Meng et al., 2023)
have been observed following embryonic exposure to various carbamate
insecticides. However, compared to other AChE-inhibiting pesticides,
the consequences of embryonic exposure to carbamate insecticides
remain relatively unexplored (Pelkonen et al., 2006; Zhang et al., 2022),
and recent studies highlight the importance of investigating their
developmental effects in greater detail (Seomoon et al., 2025; Tsiaoussis
et al., 2018).

Bendiocarb is a carbamate insecticide widely used for public health
purposes, mainly in African and Asian countries (Abai et al., 2021; Hien
et al., 2020; van den Berg et al., 2021). It has been detected in envi-
ronmental samples, such as surface water (0.003-0.005 mg/L; WM-
Bekele et al., 2024), groundwater (0.181 mg/L; Saeid et al., 2011), as
well as in food samples, including honey (0.0033 mg/kg; Stevanovic
et al., 2024) and vegetables (up to 0.028 mg/kg; Dinede et al., 2023).
Moreover, bendiocarb is often involved in the poisoning of wild animals
in Poland and Spain, with detected concentrations in the liver of
poisoned birds ranging from 1.8 to 7.7 mg/kg (Bertero et al., 2020;
Chtopas-Konowatek et al., 2022; Sell et al., 2022). Based on the World
Health Organization’s (WHO) recommendation, bendiocarb became an
important part of malaria or dengue fever control. It has been ranked
among the top ten most extensively used insecticides against human
disease vectors in global spraying operations between 2010 and 2019
(van den Berg et al., 2021). The applied dose of bendiocarb during in-
door spraying ranges from 100 to 400 mg/m? (Lo et al., 2019; Thawer
et al., 2015), which emphasizes the potential of high-dose human or
other vertebrate exposure in indoor or occupational context. Human
field studies found significant AChE inhibition in the venous blood of
workers after these types of spraying operations (Bonsall and Goose,
1986). Additionally, recent studies have highlighted the potential health
risks associated with maternal and early-life exposure to bendiocarb, as
it can traverse the placental barrier and potentially endanger the
developing embryo (Berman et al., 2011; Prahl et al., 2021; Shukla et al.,
2022). It has also been demonstrated that increased serum levels of
bendiocarb were associated with decreased sperm quality parameters in
Chinese males (Chang et al., 2024). Earlier studies have shown that
bendiocarb exposure have led to oxidative stress and ultrastructural
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changes in various organs (Adiguzel and Kalender, 2020; Apaydin et al.,
2017; Bahar and Eraslan, 2023; Holovska et al., 2014; Holovska et al.,
2017; Krockova et al., 2012; Kiip and Doganyigit, 2021; Petrovova et al.,
2011). Despite these findings, comprehensive evaluation of bend-
iocarb’s developmental effects in vertebrates is still lacking. Our earlier
work explored the acute effects of bendiocarb exposure in zebrafish
embryos, providing a basis for the present, more detailed toxicological
assessment (Gazsi et al.,, 2021). Thus, in this study, we aimed for an
extensive evaluation of the sublethal developmental effects of bend-
iocarb on zebrafish embryos, combining global transcriptomic profiling
with functional and morphological assessments to gain deeper insight
into the most affected biological processes. The sublethal concentrations
applied here induced AChE inhibition levels comparable to those re-
ported in human blood samples following bendiocarb exposure (Bonsall
and Goose, 1986).

Due to its advantageous characteristics, the laboratory zebrafish has
become a widely utilized model organism across various biological
disciplines, particularly in toxicology and ecotoxicology (Horzmann and
Freeman, 2018). Additionally, according to EU animal welfare regula-
tions, zebrafish embryos provide opportunities for refinement and
replacement, which aligns with the 3Rs principle (Strahle et al., 2012).
Zebrafish share many similarities with mammals, including humans,
particularly at the molecular and cellular, as well as some tissue and
organ levels. Accordingly, their embryos and larvae have emerged as
valuable test systems for modeling human diseases and assessing
developmental toxicity, which is considered a new approach method
(NAM) in chemical testing (Ali et al., 2011; Genge et al., 2016; Hill et al.,
2005; Howe et al., 2013). The externally fertilized and almost trans-
parent embryos enable us to study the direct embryonic effects of xe-
nobiotics and still offer the possibility of partial extrapolation to higher
vertebrates (Brannen et al., 2010; Nishimura et al., 2016).

In this study, using the zebrafish embryo model, we demonstrated
that bendiocarb exposure induced a broad range of sublethal develop-
mental abnormalities, including global morphological changes,
impaired locomotor activity and non-associative learning, structural and
functional disturbances in the retina and skeletal muscle, notochord
damage, and modulation of the innate immune system. All these alter-
ations were accompanied by extensive transcriptional changes, affecting
gene sets related to processes ranging from phototransduction to defense
mechanisms.

2. Materials and methods
2.1. Zebrafish husbandry and embryo collection

Laboratory AB and transgenic Tg(mpx:EGFP) parental (FO) zebrafish
lines were maintained at the Institute of Aquaculture and Environmental
Safety of the Hungarian University of Agriculture and Life Sciences
(G6doll6, Hungary) in a ZebTech recirculation system (Tecniplast S.p.A.,
Italy). The Tg(mpx:EGFP) line (Mathias et al., 2006) was acquired from
the Karlsruhe Institute of Technology (KIT, Karlsruhe, Germany). The
zebrafish housing system, equipped with filtration and UV disinfection,
maintained water conditions as follows: a temperature of 25.5 + 0.5 °C,
pHat 7.0 + 0.2, and a conductivity of 550 + 50 pS. Animals were kept in
14/10 h of light/dark cycle. Feeding occurred twice daily with artificial
granulated fish feed (Zebrafeed, Sparos Lda.) and twice weekly with
Artemia nauplii. Spawning occurred in the morning in breeding tanks
(Nasiadka and Clark, 2012). Embryos were collected in Petri dishes and
sorted under a stereo microscope. For quality control, we investigated
the collected eggs under a stereo microscope and selected embryos
showing normal cleavage, excluding non-fertilized, coagulated and
abnormally dividing ones. The selected embryos were transferred
randomly in the control and treatment.



B. Ivanovics et al.
2.2. Bendiocarb exposure and analytical measurements

Zebrafish embryos were exposed to bendiocarb solutions at con-
centrations of 0.035, 0.2, 0.4, 0.75, and 1.5 mg/L. Zebrafish embryo
medium (E3) (5 mM NacCl, 0.18 mM KCl, 0.33 mM CaCl,, 0.33 mM
MgCly; pH: 7.2) was used as the solvent and dimethyl sulfoxide (DMSO)
served as the vehicle. The final concentration of DMSO in the vehicle
and exposed groups was 0.009 %, v/v. The embryos were exposed to
bendiocarb from the ~8-16 cell stage until 96 h post-fertilization (hpf),
in 100 mm Petri dishes, conducted in technical replicates, with daily
renewal of the control and the test solutions (Fig. 1A). Each dish con-
tained 45 mL of either control or test solution, with 30 embryos per dish.
For physiological and behavioral analyses, animals were randomly
selected and assigned to each experimental group. The chemicals used in
the experiments are listed in the Supplementary Material.

Analytical measurements of the highest and lowest bendiocarb so-
lutions were performed by Eurofins Analytical Services Hungary Ltd.
Chemical analyses were performed using HPLC-MS/MS (Agilent 1290
HPLC coupled to an Agilent 6490 QQQ) with acetonitrile-based cali-
bration. Deviations from the selected nominal concentrations (0.035
mg/L and 1.5 mg/L) did not exceed +20 % (OECD 236 (OECD, 2025)),
with measured values of 0.028-0.032 mg/L and 1.2-1.5 mg/L,
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respectively. For additional details on the analytical measurements, see
the Supplementary Material.

2.3. Morphometric analysis

Morphological differences among the different groups were investi-
gated using landmark-based geometric morphometrics (GMM). Forty
zebrafish embryos from two independent experiment were included in
each group for the analysis (n = 40/group). Eighteen landmarks (Fig. 1.
D) were recorded from zebrafish embryo images using tpsUtil (v1.26.)
and tpsDig2 (v2.16.) digital imaging software (Rohlf, 2010a, 2010b). A
full Procrustes fit was performed on the landmark coordinates to stan-
dardize the datasets, followed by multivariate regression analysis on the
logarithm of Centroid Size (logCS) using MorphoJ v1.07a (Klingenberg,
2011). To account for variances arising from allometric growth, statis-
tical analysis was conducted on the residuals of the regression analyses.
The standardized datasets were then analyzed using Canonical Variates
Analysis (CVA).

2.4. AChE activity measurement

After bendiocarb exposure (at 96 hpf), 20 zebrafish embryos per
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Fig. 1. Effects of sublethal bendiocarb exposure on AChE enzyme activity and 96 hpf zebrafish embryo morphology. (A) Schematic figure of the experimental
setup of embryonic bendiocarb-exposure. (B) AChE-inhibitory effect of bendiocarb in the embryos. (C) Expression of the AChE inhibition-sensitive hspb11 heat shock
protein coding gene in the embryos. (D) Representative figures of global morphological alterations resulted from thin plate spline morphometric analysis. Red dots
indicate the positions of 18 morphometric landmarks used for the analysis. Black lines on the grids indicate the displacements of the landmarks comparing the
bendiocarb-exposed groups to the control (DMSO). Distortions in the grids represent the extent of morphological alterations, which differed significantly in all
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bendiocarb-exposed groups compared to the DMSO control. (E) CVA plot shows the separation of the groups based on the morphological differences. “*”, A A
and “****” indicate statistically significant difference at p < 0.05, <0.01, <0.001, and < 0.0001, respectively, compared to the control (DMSO).
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group were collected and pooled together in Eppendorf tubes (three
replicates per group per experiment, two subsamples for every replicate,
from two independent experiment, n = 12/group) and flash frozen at
—80 °C. Samples were homogenized in 100 mM phosphate buffer
(containing 100 mM KCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 0.5 M
sucrose, and 0.04 mg/mL aprotinin, pH = 7.4) using a small bead mill
(TissueLyser LT, Qiagen, Germantown, MD, USA). Subsequently, ho-
mogenates were centrifuged (6000 xg; 3 min; 4 °C) and supernatants
were stored at —80 °C until measurement. Enzymatic activities were
evaluated in triplicates (technical replicates) at 25 °C using a Thermo
Varioskan™ LUX multimode microplate reader (Thermo Fisher Scien-
tific,Waltham, MA, USA).

The determination of AChE activities was carried out according to
Ellman’s (Ellman et al., 1961) method adapted to microplate
(Guilhermino et al., 1996). For additional details on the AChE activity
measurement, see the Supplementary Material.

2.5. Behavioral analysis

After bendiocarb exposure, the 96 hpf zebrafish embryos were
transferred into sterile 96-well flat-bottom cell culture plates (1 embryo/
well, Vtotal = 200 pL/well) from two independent experiments with
three technical replicates per experiment/group (10 embryos/repli-
cates, n = 60/group). The plates containing the embryos were placed in
a ViewPoint ZebraBox instrument. Locomotor activity was continuously
monitored under light and dark phases using the default thresholds of
the zebrafish behavior analysis system. The high-throughput monitoring
system (ViewPoint Behavior Technology) tracked the movement of the
embryos during the incubation period of 10 min light - 20 min dark - 10
min light at 25.5 + 0.5 °C, using the default thresholds of the system.
Locomotor activity, i.e., the total distance and duration covered by the
embryos in small or large movements, was quantified by the system with
a one-minute resolution.

To assess the effects of bendiocarb exposure on learning abilities, 96
hpf zebrafish embryos were tested in three technical replicates (16
embryos/replicates, n = 48/group) in two non-associative learning as-
says (tactile and visual assays) following bendiocarb treatment. Both
assays measure habituation (decreasing response to repeated exposure
to harmless stimuli) and dishabituation (restoring response following a
different modality stimulus). The assays consist of one pre-stimulus (3
min) and two stimulus periods (3 and 1 min), disrupted by a facilitation
event. During the pre-stimulus period, no stimuli are transmitted, while
in the stimuli periods, stimuli of modality ‘A’ are transmitted repeatedly
disrupted by a facilitation stimulus of modality ‘B’. Habituation is
assessed by measuring the distance moved in response to the repeated
stimuli in the first stimuli period, while dishabituation is assessed in the
second stimuli period in the same way. In the tactile assay, modality ‘A’
was tactile stimuli transmitted by a Zantiks MWP unit (M100 module)
(Zantiks, Cambridge, UK) while modality ‘B’ was a one-second dark
flash, while in the visual assay, it was the other way around. During the
pre-stimulus period, no experimental stimuli were delivered; activity in
this interval served as the baseline. Tactile and visual assays were done
on the same subject in a previously randomized order. The behavior was
video recorded by the MWP unit and was analyzed using Noldus Etho-
vision XT (Noldus). For further details on behavioral evaluation, see the
Supplementary Material.

2.6. RNA extraction and RT-qPCR

After bendiocarb exposure, the 96 hpf embryos were transferred into
microcentrifuge tubes (30 embryos/group/replicate for RNA sequencing
with 3 replicates and 10 embryos/group/replicate for RT-qPCR with 6
replicates) and homogenized in TRIzol Reagent. Total RNA was
extracted, reverse-transcribed into cDNA, and gene expression was
quantified by qPCR using EvaGreen chemistry on a LightCycler 480
system. For additional details on RT-qPCR, see the Supplementary
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Material. Nucleotide sequences of primers are shown in the Supple-
mentary Table S1.

2.7. RNA sequencing and transcriptome analysis

RNA quality was assessed on an Agilent BioAnalyzer, and only
samples with RIN > 7 were used for library preparation with the Ultra II
RNA Sample Prep Kit for Illumina (New England BioLabs); libraries were
sequenced on an Illumina NextSeq 500 (single-end, 75 cycles). Differ-
ential expression analysis was performed in DESeq2 with Benjami-
ni-Hochberg FDR correction, considering genes with adjusted p < 0.10
as differentially expressed. Raw sequencing data is submitted to the
NCBI Sequence Read Archive (SRA) database (PRJNA1181761). For
additional details on RNA sequencing and transcriptome analysis, see
the Supplementary Material.

2.8. Histology

After a 96-h exposure to bendiocarb, three embryos per group were
randomly selected for histological examination. Tissue sectioning and
analysis were conducted at the Department of Pathology, University of
Veterinary Medicine Budapest. Embryos, fixed in 8 % buffered formal-
dehyde, were dehydrated in ascending alcohol series followed by xylene
impregnation at 56 °C. Subsequently, the samples were embedded in
Paraplast, and sections were prepared using a microtome. The sections
were deparaffinized twice in alternating xylene, followed by washing in
a descending alcohol series (absolute ethanol, 96 %, 90 %, 80 %, 70 %,
50 % ethanol) and distilled water. Finally, staining with hematoxylin
and eosin was performed for subsequent microscopic examinations.
Representative images of sections were selected to show histopatho-
logical alterations.

2.9. Evaluation of neutrophil granulocyte number and distribution

We used a neutrophil granulocyte specific transgenic reporter line
(Tg(mpx:EGFP)) to evaluate changes in the quantity and distribution of
these immune cells in the whole embryos (15 embryos/replicates with 4
replicates/group). Neutrophil counts were measured by flow cytometry,
adhering to the protocol outlined by Oehlers et al. (Oehlers et al., 2013).
Neutrophil frequency was calculated as the number of EGFP-positive
cells per 1075 cell. For further details on sample preparation and flow
cytometry, see the Supplementary Material.

Neutrophil granulocyte distribution in whole embryos and in the
notochord region was assessed by imaging the anaesthetized (tricaine
mesylate, 168 mg/L, (Matthews and Varga, 2012)) Tg(mpx:EGFP) em-
bryos under fluorescence microscopes (Leica M205FA equipped with
Leica DFC7000T camera and Leica M205FCA equipped with
DFC9000GT camera; Leica Application Suite X software (v3.7.2.22383),
Leica Microsystems GmbH, Germany). To quantify differences in
neutrophil distribution, we counted the number of neutrophil gran-
ulocytes within a defined region of interest (ROI), corresponding to the
middle trunk area, using the clearly visible notochord as a consistent
anatomical landmark across laterally positioned embryos (25 embryos/
group). To estimate the three-dimensional position of the EGFP+ cells
which were accumulated in the middle region of the trunk, we supple-
mented the results with dorsal views of embryos from both the control
group (DMSO) and the group exposed to the highest concentration of
bendiocarb (1.5 mg/L).

2.10. Evaluation of nitric oxide (NO) production and notochord
alterations

Production of the stress marker and pro-inflammatory mediator NO
in zebrafish embryos was evaluated in vivo by using a cell-permeable
fluorescent indicator, DAF FM DA. After bendiocarb exposure, 96 hpf
zebrafish embryos (20 embryos/group from two independent
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experiments) were incubated for one hour in the dark in sterile 96-well
cell culture plates (1 embryo/well) containing 200 pL 5 pM DAF FM DA
solution per well. Then, the embryos were carefully rinsed in E3 medium
and imaged under anaesthesia (tricaine mesylate, 168 mg/L) using
fluorescence stereo microscopes (Leica M205FA equipped with Leica
DFC7000T camera and Leica M205FCA equipped with DFC9000GT
camera; Leica Application Suite X software (v3.7.2.22383), Leica
Microsystems GmbH, Germany). We used ImageJ software (v1.53a) to
quantify the total area of the lesions and the fluorescence intensities in
the notochord. Fluorescence intensities in the notochord were measured
after applying a uniform threshold across all images to ensure consistent
analysis.

2.11. Talil fin transection

Control and bendiocarb-exposed 96 hpf Tg(mpx:EGFP) zebrafish
embryos (20 embryos/group from two independent experiments) were
anaesthetized (anaesthesia: tricaine mesylate, 168 mg/L) and the tail
fins were transected with a sterile razor blade under a stereo microscope
(Leica M205 FA). Particular attention was paid to ensure that the cut
was of a similar extent, did not damage the notochord, and left a straight
incision line perpendicular to the craniocaudal axis of the embryos. Four
hours post injury the embryos were anaesthetized and images were
taken from the caudal region under a fluorescence stereo microscope
(Leica M205 FA, GFP2 long pass filter). Then, the number of neutrophil
granulocytes located at the site of the wound were counted using Leica
Application Suite X software (v3.7.2.22383).

2.12. Statistics

Normality of data were tested by the Shapiro-Wilk test. Statistically
significant differences (p < 0.05) between the control and bendiocarb-
exposed groups were assessed using one-way ANOVA and post hoc
Dunnett test or Kruskal-Wallis test and post hoc Dunn tests with Bon-
ferroni adjustment for multiplicity. The statistical analysis was per-
formed using GraphPad Prism software (GraphPad Software 8.0.1, La
Jolla, CA, USA). Data from the experiments are presented as mean + SE.
Effect sizes were calculated in R (v4.4.2) and reported as rank-biserial
correlation coefficients (r) for Dunn’s post hoc comparisons and
Hedges’g for Dunnett’s multiple comparisons. Data from visual and
tactile behavioral assays were analyzed using repeated measure two-
way ANOVA with the group, period and group*period interaction
terms and animal identities as repeated factors. Effect sizes were re-
ported as eta-squared (n2). Within each family of pairwise contrasts, p-
values were adjusted using the Benjamini-Hochberg FDR procedure (q
= 0.05). The statistical analysis for this part was performed in R (v4.3.1)
statistical environment. Detailed statistical results are available in
Supplementary Table S2 (Statistical Results).

2.13. Ethical notes

The European Directive on the Protection of Animals for scientific
purposes (2010/63/EU) does not apply to fish embryos before the stage
of independent feeding, which begins after 120 h post-fertilization in
zebrafish (Strahle et al., 2012). No independently feeding zebrafish
larvae or adult animals were involved in our experiments.

3. Results

3.1. Concentration-dependent inhibition of AChE and global
morphological changes in zebrafish embryos after bendiocarb exposure

To investigate the sublethal bendiocarb exposure-induced harmful
effects during zebrafish embryogenesis, we selected low concentrations
based on the 10 % effective concentration (EC;o = 1.06 mg/L) for severe
embryonic deformities (Gazsi et al., 2021), which represents less than 5
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% of the estimated LC;( value (24.74 mg/L). As shown in Fig. 1A, the
zebrafish embryos were exposed to bendiocarb for 96 h with daily test
solution renewal. The inhibitory effects of the applied bendiocarb con-
centrations were confirmed by the measurements of AChE enzyme ac-
tivity and mRNA expression of the AChE inhibition-sensitive hspb11 heat
shock protein coding gene (Kliiver et al., 2011). As expected, the
reduction of AChE enzyme activity and induction of hspb11 mRNA
expression proved to be concentration-dependent on bendiocarb in our
experimental system (Fig. 1B and C). Since the AChE inhibition induced
by the selected concentration range overlapped with the inhibition
levels observed in human blood samples (13-29 %) (Bonsall and Goose,
1986), we applied these concentrations for further investigations.

To evaluate the potential morphological effects at the sublethal
bendiocarb concentrations, we investigated the embryonic deformities
using microscopic analysis. As we expected, the selected low-
concentration range did not cause drastic malformations. However,
notable differences could be detected in the whole body of the embryos
(Supplementary Fig. S1). In addition to a shortened embryonic axis, we
observed that bendiocarb exposure also altered the overall shape of the
embryonic body. Thus, we performed landmark-based geometric
morphometric analysis to quantify these bendiocarb-induced global
morphological changes and found a solid concentration-dependent
correlation. Our analysis indicated that the morphological changes
were not solely due to differences in body size but also involved non-
allometric shifts at specific points of the embryonic body. The thin
plate spline analysis indicated that these differences between the
bendiocarb-treated and the control groups significantly increased with
every concentration (Fig. 1D). The morphometric landmarks in the
whole embryos showed considerable displacement, with the most
notable deformation observed along the middle region of the trunk
(Fig. 1D). In addition, changes in the shape of the yolk sac and the head
of the embryos were also apparent (Fig. 1D). The overall morphological
and non-allometric differences are summarized in the CVA plot
(Fig. 1E). The higher the dose, the lower the value on the CV1 axis,
which accounts for 61.51 % of the total morphological variance. One
unit along this axis represents a morphological difference five times
greater than that on the CV2 axis (Fig. 1E). Supplementary Fig. S2 il-
lustrates how the distances in the CVA plot correspond to global alter-
ations in morphometric landmarks, as demonstrated by schematic
representations of landmark positions (e.g., at —4 or + 2 along the CV1-
axis).

Taken together, our findings indicate that embryonic exposure to
sublethal concentrations of bendiocarb strongly inhibits zebrafish AChE
activity and generates complex morphological alterations in the
embryos.

3.2. Bendiocarb induces behavioral alterations including impaired
response to light-dark transition in zebrafish embryos

In order to investigate the bendiocarb exposure-induced AChE in-
hibition- and morphological alterations-associated behavioral abnor-
malities, we applied a light-dark transition-based behavioral test using
the ViewPoint ZebraBox high-throughput monitoring system (Fig. 2A).
First, we determined the locomotor activity of the bendiocarb-exposed
96 hpf zebrafish embryos conducted in the dark phase of a 10 min
light—20 min dark—10 min light incubation period. The locomotor
activity showed bendiocarb concentration-dependent reduction
compared to the control in the dark phase (Fig. 2 B and C). Remarkable
differences could be observed in the effects of bendiocarb on small and
large movements covered by the embryos. While the large movement
activities were decreased above 0.4 mg/L bendiocarb concentrations,
the significantly reduced small movement activities were already
observed from 0.2 mg/L concentration (Fig. 2D-G). To further charac-
terize the bendiocarb-induced behavioral abnormalities, we aimed to
investigate the sensitivity of bendiocarb-exposed embryos to light
change. Therefore, we examined the locomotor activity immediately
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<0.001, and < 0.0001, respectively, compared to the control (DMSO).

after the light-to-dark transition. Figs. 3A and B show that the total
distance traveled in large movements significantly decreased from 0.4
mg/L bendiocarb concentration in the first 60 s of the dark period.
However, this reduction in locomotor activity was observed only at the
two highest applied concentrations in the next 120 s.

Overall, our results suggest that low-concentration bendiocarb
exposure leads to the development of vision-based behavioral abnor-
malities, including diminished sensitivity to the light-to-dark transition
and reduced movement activity.

3.3. Bendiocarb diminishes the response integration to visual and tactile
stimuli in zebrafish embryos, affecting non-associative learning

To further investigate the bendiocarb-induced behavioral abnor-
malities and to assess the effects of sublethal bendiocarb exposure on
non-associative learning abilities, zebrafish embryos were tested in vi-
sual and tactile habituation/dishabituation assays. In both assays
repeated measures ANOVA revealed significant time (visual: F = 22.24
p = 9.371e-14, tactile: F = 16.55, p = 2.937e-10) and group effects
(visual: F = 10.35 p = 1.003e-07, tactile: F = 7.24, p = 2.139e-05), as
well as time-group interactions (visual: F = 3.56, p = 3.649e-05, tactile:
F = 16.55, p = 2.937e-10) (Fig. 4A and 5A). Comparisons of 5-s time
bins before and after stimuli of the visual assay showed that bendiocarb
dose-dependently decreased the number of significant responses to
repeated stimuli, indicating a habituation-facilitating effect (Fig. 4A).
Performing intra-stimulus comparisons, we detected a significant

wx% and “****” indicate statistically significant difference at p < 0.05, <0.01,

decrease in the amplitude of responses in all but the lowest (0.2 mg/L)
concentration during the first darkflash stimuli period, indicating con-
centration- and stimulus-dependent motor effects (Fig. 4B). Intra-group
comparisons revealed that bendiocarb exposure changed the behavioral
pattern of embryos across the different test periods (Fig. 4C). We
detected low stimulus responses in the first stimuli period in the highest
doses (0.75 and 1.5 mg/L). However, after tactile stimulus facilitation,
locomotor activity was enhanced in these groups, indicating a sensiti-
zation effect (Fig. 4C). In the tactile assay (Fig. 5A, B and C), the
response amplitudes were significantly lower in all concentrations
compared to the control (DMSO) during the facilitation event (Fig. 5B),
and responses to sub-threshold tactile stimuli were facilitated by the
darkflash stimulus only in the control group (DMSO) and at 0.2 mg/L,
indicating that bendiocarb impaired visual facilitation from 0.4 mg/L
onward (Fig. 5C).

In summary, different concentrations of bendiocarb affected various
forms of non-associative learning, demonstrating both habituation-
facilitating and sensitization effects depending on the type of applied
stimuli and the stimulus combination. Nevertheless, a negative motor
effect was apparent at most concentrations, especially at the highest one.

3.4. Bendiocarb alters gene expression signatures linked to vision, muscle
function, immune regulation, regeneration, cell differentiation, and various
metabolic processes

To deeply characterize the molecular background of bendiocarb
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exposure-induced abnormalities and to potentially identify the affected
biological processes, we applied bulk RNA-seq in 96 hpf zebrafish larvae
at two different bendiocarb concentrations, including a relatively low,
0.2 mg/L, and the highest applied, 1.5 mg/L. First, we performed
principal component analysis (PCA) and found that the distinct treat-
ment conditions were well separated, although the 0.2 mg/L bendiocarb
concentration induced less pronounced changes than 1.5 mg/L at the
whole transcriptome level compared to the vehicle control (Fig. 6A).
Accordingly, our gene expression analysis identified 193 differentially

expressed genes (DEGs; 165 upregulated and 28 downregulated)
following 0.2 mg/L bendiocarb exposure compared to DMSO control
embryos, while the number of DEGs proved to be 2620 (1743 induced
and 877 repressed) at a 1.5 mg/L bendiocarb concentration (Fig. 6B, and
Supplementary Table S3). We observed a partial overlap in the up-and
downregulated genes between 0.2 and 1.5 mg/L bendiocarb concen-
trations, including 17 downregulated and 98 upregulated genes at both
applied bendiocarb concentrations (Fig. 6C). To identify the biological
processes affected by bendiocarb exposure, we performed Gene
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Ontology (GO) biological process analysis using Cytoscape’s ClueGo in
each gene subset containing a minimum of 50 genes (Bindea et al.,
2009). As shown in Fig. 6D, Supplementary Fig. S3 and Supplementary
Table S4, among the up-regulated DEGs, the most prominently enriched
GO terms were associated with muscle system, macromolecule and
organic substance metabolism, and lipid homeostasis in embryos
exposed to 1.5 mg/L bendiocarb. Within these terms, a broad range of
genes related to muscle tissue development, muscle cell differentiation,
myofibril assembly, sarcomere-, cytoskeleton- and extracellular orga-
nization, adhesion, and tissue regeneration were significantly upregu-
lated in the embryos (Supplementary Tables S3 and S4). Additionally,
our RNA-seq analysis identified that bendiocarb exposure significantly
upregulated three muscle-type nicotinic cholinergic receptor subunit
coding genes (chrnal, chrnd, chrng), key components of neuromuscular
signal transmission (Supplementary Tables S3 and S4). In addition,
innate immune system-related processes, such as defense response and
neutrophil granulocyte migration, were also significantly affected
(Fig. 6D, Supplementary Fig. S3). These upregulated gene sets contain
several members of the complement system, cytokine signaling, toll-like
receptors, chemokines, and other key factors involved in cellular and
humoral immune responses and inflammation. Furthermore, bendiocarb
also induced more than forty genes associated with different regenera-
tion pathways (Supplementary Tables S3 and S4). Next, gene sets related
to phosphagen, amine, and pyruvate metabolism, circadian rhythm, and
heart morphogenesis were markedly induced at both applied bendiocarb
concentrations (Supplementary Fig. S3). Diverse biological processes —
e.g., protein depolymerization and cholesterol homeostasis — were
affected only by exposure to bendiocarb at a relatively low (0.2 mg/L)
concentration (Supplementary Fig. S3). Finally, among the down-
regulated genes, the most overrepresented categories included chro-
mosome segregation, cell cycle regulation, nervous system develop-
ment, cytoskeleton organization, visual perception, and sensory organ
development-associated terms were the most overrepresented cate-
gories in embryos exposed to 1.5 mg/L bendiocarb (Fig. 6E, Supple-
mentary Fig. S3, Supplementary Table S4). Within the downregulated
visual perception and sensory organ development-related terms, we
found a relatively high proportion of genes with a fundamental role in
phototransduction, indicating that bendiocarb affects core pathways in
the perception of light (Supplementary Tables S3 and S4).

Taken together, sublethal bendiocarb exposure leads to remarkable

transcriptional changes in zebrafish embryos related to visual percep-
tion, muscle formation and function, innate immune system, meta-
bolism and cell division.

3.5. Bendiocarb exposure leads to impaired retinal and muscle-specific
gene expression signature and structure

Our results from transcriptome analysis indicated that bendiocarb
exposure impairs visual perception and muscle function in zebrafish
embryos, and the above-described behavioral abnormalities accompa-
nied these transcriptional changes. To confirm these changes with in-
dependent methods, we first studied the vision and retinal development-
associated gene set, which showed significantly reduced mRNA
expression in embryos exposed to 1.5 mg/L of bendiocarb (Fig. 7A,
Supplementary Tables S3 and S4). To investigate the bendiocarb con-
centration dependency of the diminished vision-associated gene
expression signature, we selected rho and opnImw2, rhodopsin and
opsin coding genes whose functions are crucial in phototransduction, for
further RT-qPCR-based validation. Bendiocarb exposure significantly
reduced the mRNA expression of both selected genes (Fig. 7B). To
further support the observations, we performed histological analysis to
study whether the bendiocarb-modified sensory-motor behavior and the
altered vision-linked gene expression patterns are associated with
structural changes in the eyes of the embryos. As shown in Fig. 7C,
degeneration of the retinal layers and substantial vacuolization were
observed in histological sections of the eyes in the bendiocarb-exposed
(1.5 mg/L) embryos.

Our RNA-seq analysis identified the large number of genes linked to
muscle tissue development and function, showing significant induction
in bendiocarb-exposed 96 hpf zebrafish embryos (Fig. 8A, Supplemen-
tary Tables S3 and S4). To validate these bendiocarb-induced gene
expression changes, we selected two genes, desma (encoding desmin)
and fnlb (encoding fibronectin), and we measured their mRNA-
expression levels by RT-qPCR. As shown in Fig. 8B, the bendiocarb
exposure strongly enhanced their expression in a concentration-
dependent manner. Finally, our histological analysis identified severe
nuclear and sarcoplasmic lesions in skeletal muscle segments of the
bendiocarb-treated embryos (Fig. 8C).

Overall, our findings indicate that bendiocarb exposure impaired the
molecular and structural basis of vision and muscle function of the
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developing embryos, contributing significantly to the observed behav-
ioral abnormalities.

3.6. Bendiocarb exposure triggers notochord disruption and activates
defense mechanism

Our morphometric analysis showed that morphological changes
along the line of the notochord prominently contributed to the signifi-
cant whole-body alterations of the bendiocarb-exposed embryos
(Fig. 1D, Supplementary Fig. S1). Moreover, our transcriptome analysis
revealed that several notochord development and disruption associated
genes were significantly upregulated by bendiocarb (Fig. 9A, Supple-
mentary Tables S3 and S4). Thus, we further characterized the
bendiocarb-induced notochord alterations by measuring the expression
of the selected notochord development and protection-associated
marker genes by RT-qPCR and imaging the notochord area using the
Thunder Imaging System (Leica).

On the one hand, we found that bendiocarb exposure could signifi-
cantly induce the expression of selected notochord development,
morphogenesis, and defense mechanism-related genes (Supplementary
Tables S3 and S4), including col8ala, cavin 1b, and loxI5b, at mRNA level

in a concentration-dependent manner (Fig. 9B). On the other hand, high-
resolution images demonstrated that bendiocarb exposure caused pro-
found structural alterations with severe lesions in the notochord
(Fig. 9C). The total area of these lesions increased tremendously at
higher concentrations, with a significant difference from 0.4 mg/L
(Fig. 9D). To further investigate the extent of notochord damage, we
applied a fluorescence-based measurement of NO production, which is a
marker of cellular- and tissue-damage-related stressful conditions in the
notochord of zebrafish embryos and larvae (Lepiller et al., 2007). We
observed that bendiocarb-induced structural alterations in the noto-
chord were accompanied by robust and fragmented fluorescence signals
indicating elevated NO level (Fig. 9E). Next, we measured the fluores-
cence intensities in the whole notochord area to quantify the differences
in NO production. The NO level in the notochord showed a
concentration-dependent increase with significant differences detected
at concentrations above 0.2 mg/L, similar to the trend observed in dis-
rupted areas (Fig. 9F).

Taken together, sublethal bendiocarb exposure altered the expres-
sion of notochord development and defense mechanism-related gene
sets and exerted significant, NO induction-accompanied structural
damage in the notochord of the developing embryos.



B. Ivanovics et al.

Comparative Biochemistry and Physiology, Part C 299 (2026) 110368

A
j adamts10 | gnat2 ] nfyc [ B pitx2
,ﬁ apc grkia J:o/%;ma m P 2]
i) arlé grk7a opnilw1 | prph2a 1
i arlip1 I | |gucate B opntmw1 | | [ || rb
| larr3a 'gc3 opnimw | | rho« 0
arr3b hdac1 opnisw1 rom1a
ccna?2 | insm1a opni1sw2 | sgol1 -1
| cdk5r1b | kera opn4.1 | smarca5
| kif22 | otx2 | | sox11b -21
crygm2d8 | | Inx2b || pax6b | soxda
| Hl cC/ﬁpZ | lum | pdcb L] tfap2a
L |'|dhx32b ‘ mab21/1 | pdcl | | tmx3
eftud?2 | marcksa | | | M | | pdeba \ | top2b
H B )fam§7ba b m?rcgsb [ | M | pccllegb [ tyrp1a
‘oxcla mfa, I | | pde6e N TR
gart T " nedrod1 N ,gde6g DMEOS;2_1b-5 "
DMSO02 15 DMS002 15 DMS002 15 endiocarty ()
bendiocarb (mg/L) bendiocarb (mg/L) bendiocarb (mg/L)
Bg -
<
< 06 DMSO
[
° 04- *kkk
S
S 0.2
E
o  0.0-
= 003502 04 0.75 1.5
Q® bendiocarb (mg/L)
g 0.018- opnimw2
3
o 0.0124
IS
o
S 0.006-
©
E
S 0.000-

%O 0.03502 04 0.75 1.5

0 bendiocarb (mg/L)

Fig. 7. Bendiocarb exposure represses the expression of visual perception-associated gene sets and disrupts the retinal function and structure of 96 hpf
zebrafish embryos. (A) Heat map of the visual system and retinal development and function-related gene set from DEGs identified by our RNA-seq. (B) Expression
levels of the selected rhodopsin and opsin coding genes were measured by RT-qPCR. (C) Representative retinal histology (cross-sections) of the 96 hpf zebrafish eyes
from the control and bendiocarb-exposed groups. Arrows indicate vacuolization. «*7, «**” «xx*” and «****> jpdicate statistically significant difference at p < 0.05,

<0.01, <0.001, and < 0.0001, respectively, compared to the control (DMSO).

3.7. Bendiocarb exposure alters the distribution and mobilization of
neutrophil granulocytes

Our global transcriptome analysis showed that bendiocarb exposure
at 1.5 mg/L concentration induced a gene set associated with defense
response and neutrophil granulocyte migration and function (Supple-
mentary Fig. S3, Supplementary Tables S3 and S4), raising the possi-
bility of the immunomodulatory effects of bendiocarb. Among the
significantly upregulated genes, we found several NFkB and JAK-STAT
signaling pathway members and their target genes, including
numerous chemokines, complement factors, and matrix metal-
loproteinases (Fig. 10A, Supplementary Tables S3 and S4). It has been
previously demonstrated that neutrophil granulocyte activation is often
associated with xenobiotics- and environmental pollutants-induced
inflammation in vertebrates (Pelletier et al., 2001; Xu et al., 2018).
Thus, to study the potential inflammatory and immunomodulatory ef-
fects of bendiocarb exposure in zebrafish embryos, first, we further
characterized the mRNA expression of two neutrophil granulocyte
chemoattractant factor genes, cxcl18b and cxcl8b.1, identified in our
RNA-seq experiment using the RT-qPCR method. As shown in Fig. 10B, a
concentration-dependent upward trend was observed in their expression
above 0.2 mg/L bendiocarb concentration and proved to be significant
at concentrations of 0.75 and 1.5 mg/L. Next, we aimed to investigate
whether the bendiocarb-induced expression of the measured

10

chemokines is associated with changes in neutrophil granulocyte num-
ber or location in the zebrafish embryos. Therefore, we used a neutrophil
granulocyte-specific transgenic Tg(mpx:EGFP) zebrafish line and
monitored the bendiocarb-induced alterations, evaluating the number
and distribution of EGFP positive cells by flow cytometry and fluores-
cent microscopy (Fig. 10C-E). Significant differences were not detected
in the EGFP+ neutrophil granulocyte number (Fig. 10C), but their
abnormal distribution was observed in bendiocarb-exposed embryos
(Fig. 10D). This altered distribution covered the whole body, particu-
larly the trunk area (Fig. 10D). Thus, we quantified the number of
accumulated neutrophils in the middle trunk region, which showed a
pronounced increase in the bendiocarb-exposed groups, reaching sta-
tistical significance at concentrations above 0.2 mg/L compared to the
control (DMSO) (Supplementary Fig. S4A). Additionally, to determine
the position of the abnormally distributed neutrophil granulocytes more
accurately, we supplemented our results with dorsal views of the em-
bryos. By comparing the lateral and dorsal images of the same embryo,
we found that the majority of neutrophil granulocytes accumulating
along the longitudinal axis in the trunk have positioned themselves near
the surface of the embryonic body (Supplementary Fig. S4B). Next, we
were curious whether the notochord disruption is linked to this
abnormal neutrophil distribution. Thus, we determined the presence of
neutrophil granulocytes in the notochord lesions. According to their
location close to the body surface, no considerable neutrophil
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accumulation was detected overlapping with the notochord lesions on
the high-resolution images (Fig. 10E).

Finally, we aimed to explore whether bendiocarb-induced changes in
the distribution of neutrophil granulocytes can influence their mobili-
zation following local tissue injury. For this investigation, we applied a
widely used tail fin transection model and determined the recruited
neutrophil granulocyte number at the site of injury four hours after the
transection (Fig. 11A). As shown in Fig. 11B and C, a significant,
concentration-dependent reduction of neutrophil granulocyte recruit-
ment was detected four hours after the wounding.

Overall, our findings suggest that bendiocarb exposure exerts
immunomodulatory effects in zebrafish embryos, affecting immune
response-associated gene networks, and specifically altering the distri-
bution of neutrophil granulocytes and the mobilization of these innate
immune cells in response to a local injury.
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4. Discussion
4.1. Effects on morphology, muscle system and notochord

Embryotoxic or teratogenic effects of carbamate and organophos-
phate insecticides have frequently been associated with impaired
growth in vertebrates (Banji et al., 2014; Tsiaoussis et al., 2018; Zhang
et al., 2022), consistent with our results. However, the underlying
mechanisms remain poorly understood (Tsiaoussis et al., 2018). In
contrast to chicken embryo studies where sublethal bendiocarb expo-
sure did not result in major malformations (Petrovova et al., 2012,
2010b, 2009), we detected broad range of pronounced developmental
effects in zebrafish embryos. Bendiocarb exposure not only reduced
body length but also induced widespread non-allometric morphological
alterations affecting the entire embryonic body, including the trunk, the
yolk sac, and the head. These morphological changes were accompanied
by histopathological evidence of muscle system alterations and impaired
notochord development and structure. At the transcriptional level, we
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detected significant induction of gene sets related to muscle develop-
ment and structure, neuro-muscular function, and notochord damage-
associated defense response. At the same time, processes associated
with neurodevelopment, axon projection and cell proliferation were
downregulated. The concentration-dependent AChE inhibition observed
in our study likely contributes to these morphological and develop-
mental alterations, in line with previous studies linking AChE disruption
to muscle, neural, and notochord defects in developing vertebrates
(Behra et al., 2002; Chatonnet et al., 2005; Fischer et al., 2015). In line
with this, elevated neuromuscular activity has been shown to cause
body-axis shortening and muscle degeneration (Lefebvre et al., 2004)
and notochord deformation has been linked to contraction-driven me-
chanical stress (Haendel et al., 2004; Stehr et al., 2006; Che et al., 2023).
Similarly, the AchE-inhibitor oxamyl induced body shortening and
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defective notochord development (An et al., 2023b), which share com-
mon features with the alterations observed in this study. It is well
established that inadequate notochord structure and development,
muscle dysfunction and impaired neurodevelopment strongly influence
vertebrate morphogenesis (Blagden et al., 1997; Ellis et al., 2013; Nayak
et al., 2025; Ochi and Westerfield, 2007; Ornoy, 2006; Shwartz et al.,
2012). However, the causal links between AChE inhibition-related
neuromuscular and notochord alterations and the observed develop-
mental abnormalities remain to be fully elucidated. Some of the
observed alterations in this study may also involve non-cholinergic
mechanisms, as suggested by dysregulated energy metabolism and
cell-cycle pathways. Carbamates, including bendiocarb, can inhibit
carboxylesterases, leading to lipid metabolism disturbances through
non-cholinergic toxicity (Howell et al., 2018; Liao et al., 2025).
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Perturbation of energy metabolism during embryogenesis can lead to
congenital malformations and adult-onset diseases as well (Illsinger and
Das, 2010; Levin, 2006). Additionally, we found that sublethal bend-
iocarb exposure downregulated several key developmental regulator
genes (e.g., apc, cyp26A1, hdacl, notchla, notch3, wnt5b, otx2b, pax6b,
tfap2a, kifl4, cenpf, and pitx2), many of which are essential for
morphogenesis and organ function (Abu-Abed et al., 2002; Brunmeir
et al., 2009; Guo and Xing, 2022; Kuraguchi et al., 2006; Li and Cornell,
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2007; Penton et al., 2012; Zhou et al., 2019). These molecular findings
provide mechanistic support for the developmental alterations we
observed.

4.2. Behavioral and visual effects

The muscular, neurological, and morphological alterations promp-
ted further investigation into the behavioral consequences of bendiocarb
exposure. We found significant impairments in locomotor activity and in
response to visual and tactile stimuli in the zebrafish embryos. In
addition to a general reduction in motor activity, interestingly, we
observed both habituation-facilitating and sensitizing effects, suggesting
altered non-associative learning capacity. Such multifaceted behavioral
alterations are consistent with previous reports that anti-AChE pesti-
cides can induce diverse outcomes in vertebrates, including hypo- or
hyperactivity, anxiety-like behavior, and impaired learning and memory
(Cao et al., 2019; Correia et al., 2019; Kamboj and Sandhir, 2007; Lee
et al., 2015; Liu et al., 2020a; Zhang et al., 2018). Moreover, impaired
motor development has been documented following fetal exposure to
the carbamate propoxur, a structural analog of bendiocarb (Ostrea et al.,
2012). The gradual decline in responsiveness to repeated visual stimuli,
as well as overreactions following tactile facilitation, indicates dys-
functions across the visual detection, signal transmission, sensorimotor
integration, and neuromuscular execution in the bendiocarb-exposed
groups. These behavioral alterations are consistent with impaired
retinal development and function, supported by histopathological
findings and transcriptomic evidence of phototransduction pathway
downregulation. Notably, opsin and rhodopsin mRNA levels showed a
concentration-dependent decrease, as confirmed by qPCR. These find-
ings provide novel insights into the sensory-motor disruptions associ-
ated with carbamate exposure during early vertebrate development.
Previous studies have highlighted the importance of AChE in retinal
integrity, with knockout leading to degeneration (Bytyqi et al., 2004)
and excessive expression linked to gliosis and aberrant neo-
vascularization (Liu et al., 2020b). In human populations, organophos-
phate exposure has been linked to ocular degeneration and visual
impairments (Dahanayake et al., 2020; Montgomery et al., 2005).
However, the effects of carbamates on retina development and visual
function during embryogenesis remain poorly characterized. Our find-
ings extend this knowledge by demonstrating that bendiocarb induces
structural eye damage and suppresses phototransduction-related genes
in zebrafish embryos. This retinal disruption may substantially
contribute to the observed visual system-related behavioral abnormal-
ities, although the relative contributions of AChE inhibition and po-
tential non-cholinergic mechanisms require further elucidation.

4.3. Effects on innate immune system

The immunological consequences of bendiocarb exposure remain
poorly understood, with most studies focusing on the adaptive immune
system, such as altered lymphoid tissues in rabbits (Petrovova et al.,
2011, 2010a) and reduced regulatory T-cell numbers in human infants
(Prahl et al., 2021). Our study demonstrated that the developing innate
immune system is also a significant target of bendiocarb. Sublethal
bendiocarb exposure induced the upregulation of inflammation-related
gene signatures, including Toll-like receptor signaling, prostaglandin
metabolism, JAK/STAT signaling, granulocyte recruitment, and matrix
remodeling. This altered gene expression signature, including the
elevated neutrophil granulocyte chemoattractant factors cxcl18b and
cxcl8b.1, was associated with abnormal neutrophil granulocyte distri-
bution without a change in their number in the bendiocarb-exposed
embryos. Moreover, we detected that the neutrophil granulocyte
migration was diminished to the injury site after tail fin transection in
bendiocarb-exposed embryos. Based on these results, we hypothesize
that the altered neutrophil signaling pathways and their abnormal
accumulation may contribute to the impaired migratory capacity of
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these cells in response to tissue damage. Comparable alterations in
neutrophil distribution and migration have been described following
other xenobiotic exposures in zebrafish, such as aflatoxin B1 (Ivanovics
et al., 2021), famoxadone-cymoxanil and cyhalofop-butyl (Cheng et al.,
2021, 2020), and various organic pollutants and metals (Xie et al., 2021;
Xu et al., 2018). Overall, our results indicate that the carbamate insec-
ticide bendiocarb induces inflammation in the developing embryo and
impairs tissue damage-associated innate immune response. These results
expand current understanding of carbamate embryotoxicity by
revealing that the innate immune system is a previously less recognized
target during early vertebrate development. However, further functional
assessments are required to achieve a more detailed immunotoxico-
logical evaluation of bendiocarb. Finally, while AChE inhibition has
been linked to both anti-inflammatory and pro-inflammatory effects
(Banks and Lein, 2012; Benfante et al., 2021), it remains to be elucidated
to what extent the immunological alterations we observed after bend-
iocarb exposure rely on cholinergic mechanisms.

5. Study limitations

The high percentage of orthologs among protein-coding genes and
the similarities at cellular, tissue, and organ levels allow for a certain
degree of extrapolation from zebrafish to higher vertebrates, including
humans (Brannen et al., 2010; Howe et al., 2013). However, the
zebrafish embryo model has limitations, primarily due to the lack of a
mother-placenta-embryo relationship. Although the applied concentra-
tions in this study induced AChE inhibition overlapping with inhibition
levels measured in human blood, and certain environmental samples
overlapped with (0.181 mg/L; Saeid et al., 2011)) or were close to
(0.028 mg/kg; Dinede et al., 2023) our applied range, real-world
exposure scenarios may differ from the controlled concentrations
applied in the laboratory. Furthermore, our investigation was restricted
to the embryonic developmental window; therefore, potential juvenile-
and adult-onset effects of bendiocarb exposure warrant further investi-
gation. In addition, only three embryos per group were processed for
histological evaluation, which limits the strength of these observations;
nevertheless, the results were consistent with the molecular and
morphological findings. Finally, although our transcriptional profiling
results align with functional and morphological assessments, incorpo-
rating protein-level analysis in future studies could further enhance the
understanding of bendiocarb-induced developmental toxicity.

6. Conclusion

Our toxicological evaluation of sublethal bendiocarb exposure in
zebrafish embryos revealed complex morphological, behavioral, histo-
logical, transcriptional, and immunological alterations. The observed
effects are associated with AChE inhibition, as supported by previous
reports linking AChE inhibition to neuromuscular dysfunction and
related morphological changes. At the same time, bendiocarb perturbed
numerous non-cholinergic pathways (such as energy metabolism and
gene networks governing cell proliferation and differentiation), indi-
cating that multiple mechanisms underlie its embryotoxicity. Given that
AChE inhibition by carbamate insecticides is reversible, future studies
should assess which biological effects are transient and which represent
persistent or long-term consequences. While the prevention of insect-
borne human diseases remains essential, the relatively high applica-
tion rate of bendiocarb during indoor spraying operations highlight the
importance of considering potential developmental effects in the light of
our findings. Taken together, our results provide a comparative frame-
work for evaluating the embryotoxicity of carbamate insecticides and
offer valuable insights into the potential developmental impacts in
higher vertebrates. The adverse outcomes observed in our zebrafish
model underscore the need for particular caution regarding maternal
carbamate exposure and highlight the importance of complementary
studies in mammalian systems, as well as the development of
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insecticides with higher margin of safety.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cbpc.2025.110368.
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