
water

Article

Physiological, Developmental, and Biomarker Responses of
Zebrafish Embryos to Sub-Lethal Exposure of Bendiocarb

Gyöngyi Gazsi 1,2, Zsolt Czimmerer 3, Bence Ivánovics 1,2, Izabella Roberta Berta 1,2, Béla Urbányi 1,2,
Zsolt Csenki-Bakos 1,2 and András Ács 1,2,*

����������
�������

Citation: Gazsi, G.; Czimmerer, Z.;

Ivánovics, B.; Berta, I.R.; Urbányi, B.;

Csenki-Bakos, Z.; Ács, A.

Physiological, Developmental, and

Biomarker Responses of Zebrafish

Embryos to Sub-Lethal Exposure of

Bendiocarb. Water 2021, 13, 204.

https://doi.org/10.3390/w13020204

Received: 15 September 2020

Accepted: 14 January 2021

Published: 16 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Aquaculture, Institute for Conservation of Natural Resources, Faculty of Agricultural and
Environmental Sciences, Szent István University, H-2100 Gödöllő, Hungary; gazsi.gyongyi@szie.hu (G.G.);
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Abstract: Bendiocarb is a broad-spectrum insecticide recommended for malaria control by the World
Health Organization (WHO). Still, bendiocarb poses a toxic risk to populations of nontargeted aquatic
organisms. Thus, our study was aimed to evaluate the sub-lethal effects of bendiocarb exposure
on zebrafish (Danio rerio) embryos by assessing of physiological, developmental, and biochemical
parameters. Bendiocarb-induced adverse effects on embryonic development, larval growth, heart
rate, changes in phase II detoxifying enzyme glutathione-S-transferase (GST) activity, oxidative
stress-related enzyme activities (superoxide dismutase (SOD), catalase (CAT)), and the damage-
linked biomarker lipid peroxidation (LPO) in early life stage zebrafish were investigated. Our results
highlight that the selected nonlethal concentrations (96 h median lethal concentration in this study
was 32.52 mg/L−1) of bendiocarb inflicted adverse effects resulting in embryo deformities (96 h EC50

= 2.30 mg L−1), reduced body- and notochord length (above 0.75 and 0.39 mg L−1 bendiocarb
concentrations at 96 hpf, respectively), oxidative stress, and altered heart rate (above 0.4 mg L−1 at
48 hpf) in the studied model system.

Keywords: bendiocarb; zebrafish; sub-lethal

1. Introduction

Insecticides are natural or synthetic compounds that are widely used to kill one or
more species of insects. Based on their chemical structure, insecticides can be classified
into several groups including carbamates, pyrethroids, and organophosphates [1]. These
chemicals have high biological activity and contribute to the increased productivity of
agriculture [2] by reducing loss and are an integral part of most modern practices.

Carbamates are one of the most frequently applied pesticides, commonly used in
household and agricultural pest control [2–4]. WHO also recommends carbamates for
malaria control [5–8], although various carbamate compounds are more toxic to verte-
brates than other groups of pesticides [9]. Bendiocarb (2,2-dimethyL,3-benzodioxol-4-yl-N-
methylcarbamate) belongs to the widely used carbamate compounds. This broad-spectrum
insecticide can be extensively absorbed, widely distributed, completely metabolized in
mammalian cells, and then excreted quickly reducing its bioaccumulation [5,6]. In the
last two decades, bendiocarb was detected in pregnant women, who used some form of
household pest control during pregnancy. It was also shown that bendiocarb can transfer
through the placenta exposing the developing fetus to high risk [10–12]. According to many
previous studies, bendiocarb induces various morphological changes in mammalian tissues
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and organs [2,5,8,13–18]. It has also been described that the reversible inhibition of acetyl-
cholinesterase (AChE) activity has an impact on heart rate in different vertebrates [19,20].
Finally, bendiocarb reversibly inhibits cholinesterase activity and affects antioxidant and
detoxifying enzyme activities in mammals [11,14,21].

In field trials, bendiocarb did not cause significant reductions in the populations
of Anisops spp., or Streptocephalus spp., and in the number of macroinvertebrates. How-
ever, bendiocarb killed surface-dwelling insects and caused a decrease in cladocerans
density [22]. Recent studies have assessed the acute effects of bendiocarb on some fish
species. Hayes and Lawes [8] have found that the acute oral toxicity (LD50) falls in a
range of 0.7–1.8 mg kg−1 in fish. The acute LC50 value reported for sheepshead minnow
(Cyprinodon variegatus) was 0.86 mg/L. For rainbow trout (Oncorhynchus mykiss), LC50
ranged from 0.87 to 1.55 mg/L. For bluegills (Lepomis macrochirus) LC50 values reported
ranges were 0.47 to 1.65 mg/L [23]. Tatarazako and Iguchi [24] found that the no observed
effect concentration (NOEC) was 12.5 mg/L in chronic fish toxicity test (FET) on sac-fry
stage zebrafish.

Pesticide runoff from agricultural pollutes rivers, ponds, lakes, and other impound-
ments inclined to receive and accumulate contaminants, with pesticides [25,26]. Due to its
widespread usage as a malaria vector control and pest control agent, bendiocarb can be
found in various waters worldwide. In 2009, bendiocarb was detected in Japanese surface
waters in concentrations between 0.16 and 5.68 µg/L [24]. In a study, El-Saeid et al. [27]
selected 15 regions in Central East, North, and South of Saudi Arabia to perform a survey of
pesticide residues in groundwater. Analysis of groundwater samples revealed that bendio-
carb was present at 0.181 mg/L concentration in water samples from Abha. Lahr et al. [22]
have investigated the ecological impact of fenitrothion, diflubenzuron, deltamethrin, and
bendiocarb in field trials in natural temporary ponds in a cultivated savannah area of
Senegal, West Africa. Sixteen ponds were selected in the area from which 10 ponds were
treated by the experimental insecticides. They found that the pseudo–first-order half-life of
bendiocarb was 17 days.

Pesticides in different water bodies [28,29] can pose serious toxicological risks to
resident vertebrates, including fish [23,30]. Further information is needed on account of
intensive bendiocarb usage regarding its effect on non-target freshwater organisms. Apart
from some acute or chronic toxicity tests, the effect of bendiocarb in aquatic organisms
is less studied. Thus, we aimed to investigate the sublethal, environmentally relevant
bendiocarb doses-induced adverse effects on embryonic development, larval growth, and
heart rate in early life stage zebrafish. Furthermore, we followed the changes in oxidative
stress and damage-linked biomarkers, including superoxide dismutase (SOD), catalase
(CAT), glutathione-S-transferase (GST), and peroxidized lipid content (LPO).

2. Materials and Methods
2.1. Chemicals

Bendiocarb (PESTANAL®, analytical standard, CAS no.: 22781-23-3) was purchased
from Sigma-Aldrich. Stock solutions of bendiocarb were prepared by dissolving it in
dimethyl sulfoxide (DMSO, ≥99.5% Gas Chromatography, plant cell culture tested; CAS
no.: 67-68-5), purchased from Sigma-Aldrich, Darmstadt, Germany.

2.2. Fish Husbandry

AB wild-type and 2.2shh:gfp:ABC#15 transgenic zebrafish lines were supplied by
the zebrafish research facility of the Department of Aquaculture, Szent István University
(Gödöllő, Hungary). The 2.2shh:gfp:ABC#15 transgenic line contains a transgene that har-
bors the green fluorescent protein (gfp) under the control of sonic hedgehog (ssh) regulatory
elements, responsible for shh expression in the floor plate and notochord [31–33]. Fishes
were maintained at constant water quality parameters (25 ± 0.5 ◦C, pH 7.0 ± 0.2, conduc-
tivity 500 ± 50 µS, alkalinity < MDL, 0 mM CO3

2−, 0.4 mM HCO3
2−; hardness < 0.5◦ dH;

DOC > 90%; system water) in a Tecniplast ZebTec (Buguggiate, Italy) recirculating zebrafish
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housing system. The photoperiod was set to 14 h light/10 h dark cycle. The fishes were fed
twice a day with ZEBRAFEED (Sparos, 400–600 µm) and twice a week with brine shrimp
(Ocean Nutrition > 230000NPG).

Zebrafish embryos were obtained from the spawning adults (adult male and female ra-
tio 2/1), placed in breeding chambers the day before embryos were needed. The spawning
was induced in the morning, by turning the lights on. Non-fertilized eggs were separated
from the fertilized ones using a pipette under a stereomicroscope (Leica M 205 FA, Wet-
zlar, Germany). Incubation was carried out at ambient temperature (25.5 ± 0.5 ◦C) with
14 h light/10 h dark cycles in a constant temperature-light incubator (Memmert HPP IPP
110 PLUS with AtmoCONTROL software).

The Animal Protocol was approved under the Hungarian Animal Welfare Law and all
studies were completed before the treated individuals would have reached the free-feeding
stage.

2.3. Zebrafish Embryo Toxicity Tests

The 90-h acute toxicity tests were carried out according to the OECD guideline 236 (fish
embryo acute toxicity test (FET), [34]). The FET tests were performed using fertilized and
healthy zebrafish eggs. Before the embryos reached the 8-cell stage, three replicates were
set up for each test concentration. All experiments were carried out in plastic 24-well plates
equipped with covers. Preliminary sensitivity tests were conducted to ensure no difference
appears in the sensitivity of the two different genetic lines. The test was repeated twice
in triplicates, and each replicate referring to one plate. Embryos were placed individually
in the plate cells (20 individuals per plate), containing 2 mL test or control solution. The
following test concentrations were used: 200, 100, 50, 41.60, 34.60, 28.80, 25, 24, 20, 16.60,
13.80, 12.50, 11.50, 9.58, 7.98, 6.65, 6.25, 3.12, 1.56, 1.30, 1.08, 0.78, 0.39 mg/L for bendiocarb.
Maintenance system water and vehicle control (0.026% DMSO in system water) were used
as negative controls. The 96 h FET test’s endpoints were mortality, embryonic malformation
(present or absent), and hatching delay. Melanocyte number and size were compared to
controls visually, and differences were documented. Photomicrographs were made for
embryos at 72 hpf, using a Leica M205FA stereomicroscope (software LAS X, camera: DFC
7000T, bright field, zoom: 3X exp. time: 4.0 ms). Ninety-six-hour LC/EC1,10,50,90 values
were calculated for mortality and embryonic deformities (tail malformations and reduced
body length) using probit analysis, according to the OECD guideline [34].

2.4. Heart Rate, Total Body and Notochord Length Determinations

Based on the results of the FET tests, sub-lethal bendiocarb concentrations of 3, 1.5,
0.75, 0.4, and 0.07 mg/L were selected to determine the non-lethal functional consequences
of exposure to bendiocarb. Maintenance water and vehicle control (DMSO in maintenance
water) were used as negative controls. DMSO exposure was below the limit (0.01% OECD
236 [31]). All of the exposure experiments were conducted in plastic Petri dishes equipped
with covers in this study. Tests were repeated twice in triplicates for all concentrations
and controls (50 embryos were placed in 50 mL test or control solution for each replicate)
and the exposure solutions were changed daily. Selected sub-lethal test endpoints (heart
rates, body, and notochord lengths) were recorded and larvae for biochemical marker
level measurements were collected. Heart rates were monitored using a Leica M 205 FA
microscope (software: LAS V 3.8, camera: DFC 425C, bright field, zoom: 9.5 exp. time:
40.1 ms) at 48 hpf. Ten larval fish in each treatment replicate were video recorded (20 s)
for analysis. Heart rates of embryos were counted in each recording three times and the
average among the counts was calculated. At 96 hpf, the total body length and notochord
length of hatched larvae were measured using Image J software [35] (10 larvae/replicates)
performed on photomicrographs taken with a Leica M 205 FA microscope (software LAS
X, camera: DFC 7000T, zoom: 3X, bright field, exp. time: 5.67 ms, GFP2 ET exp. time:
800.534 ms).
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2.5. Tissue Preparation and Biochemical Marker Measurements

Twenty fish larvae were pooled together in Eppendorf tubes (two subsamples for
every replicate) at each sampling time (48, 72, 96 hpf) and homogenized for biochemical
marker assessments. Homogenization was performed in a small bead mill (TissueLyser LT,
Qiagen, Germantown, MD, USA). Enzymatic activities were evaluated in triplicates for
each replicate, at 25 ◦C, using a Thermo Varioskan™ LUX multimode microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

One batch of subsamples of the collected whole fish larvae was homogenized in a
general buffer (25 mM Hepes-NaOH, 130 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol,
pH 7.4) at a weight to volume ratio of 1:5. Homogenates were frozen at −80 ◦C for analysis
of lipid peroxidation (LPO) and total protein content. Remaining subsamples were homog-
enized in 100 mM of phosphate buffer (pH = 7.4) containing KCl 100 mM, EDTA 1 mM,
dithiothreitol (DTT), 0.5 M sucrose, and 40 µg/mL aprotinin, and centrifuged at 12,000× g
for 30 min at 4 ◦C. Supernatants were collected and aliquots were kept at −80 ◦C until the
measurement of the activity of acetylcholine esterase (AChE) glutathione peroxidase (GPx)
glutathione-S-transferase (GST), catalase (CAT), and superoxide dismutase (SOD). The pro-
tein concentration of the samples was determined in triplicate by the Bradford method [36],
adapted to microplate, using bovine serum albumin as standard. The absorbance was
recorded at 595 nm after an incubation period of 15 min.

2.5.1. Lipid Peroxidation Measurement

Lipid peroxidation was evaluated based on the formation of malonaldehyde in tis-
sue homogenates by the thiobarbituric acid method elaborated by Wills [37]. A 150 µL
homogenate was mixed with 300 µL of 10% TCA containing 1 mM FeSO4 and 150 µL of
0.67% thiobarbituric acid. The mixture was heated to 80 ◦C for 10 min, then precipitates
were removed by centrifugation (10,000× g for 10 s). The supernatant was subjected to
fluorescence measurement at 516 excitation/600 nm emission. Blanks and standards of
tetramethoxypropane were prepared in homogenization buffer. Results were expressed as
µmoles of thiobarbituric acid reactants (TBARS) per milligram of homogenate protein.

2.5.2. AChE Activity Measurement

The determination of AChE activity was carried out according to the method of
Ellman et al. [38] adapted to microplate [39]. A 96-well microplate was loaded with
3 replicates of 50 µL of homogenate supernatant and 250 µL of a solution made with 0.075 M
acetylthiocholine iodide and 10 mM 5,5 dithio-bis (2-nitrobenzoic acid) in phosphate buffer
(0.1 M, pH 7.2). In assay, blank samples were substituted with phosphate buffer and
electric eel acetylcholine esterase was used as positive control. Absorbance was measured
at 414 nm for 15 min at every min. Enzymatic activity was calculated from the slope of the
absorbance curve and was expressed in Units (U) per mg of protein content (1 U being
1 µmol of substrate hydrolyzed/min).

2.5.3. CAT Activity Measurement

CAT activity was measured in triplicates following the method of Aebi [40]. Decreases
in the absorbance of a 50 mM H2O2 solution (ε = −0.0436 mM−1 cm−1) in 50 mM phosphate
buffer (pH 7.8) and 10 µL of tissue supernatant were continuously recorded at 240 nm at
10 s intervals for 1 min. The results were expressed as U/mg protein; a unit of CAT was
defined as the amount of enzyme that catalyzed the dismutation of 1 mmol of H2O2/min.

2.5.4. GST Activity Measurement

GST activity was determined by the method of Habig et al. [41] adapted to microplate,
according to the following procedure: A solution of glutathione (GSH) 100 mM in phos-
phate buffer (pH = 6.5), and a second solution of 60 mM 1-chloro-2,4-dinitrobenzene
(CDNB, ε = 9.6 mM−1 cm−1) in ethanol was prepared just before the assay. The reaction
mixture consisted of phosphate buffer, GSH solution, and CDNB solution in a proportion
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of 4.95 mL (phosphate buffer): 0.9 mL (GSH): 0.15 mL (CDNB). In the microplate, 0.2 mL
of the reaction mixture was added to 0.1 mL of the sample and the GST activity was
measured immediately at every 20 s, at 340 nm, during the first 5 min. GST from equine
liver was used as positive control. Enzymatic activity was calculated from the slope of the
absorbance curve and was expressed in Units (U) per mg of protein content (1 U being
1 µmol of substrate hydrolyzed/min).

2.5.5. Glutathione Peroxide Activity Measurement

Glutathione peroxide activities were measured according to Paglia and Valentine [42]
modified by Lawrence and Burk [43] and adapted to a 96-well microplate [44]. The reac-
tion mixture contained 100 mM phosphate buffer (pH 7.5), 2 mM GSH, 2 U glutathione
reductase, 0.12 mM NADPH, sodium azide (0.5 mM), 0.2 mM H2O2, or 3 mM cumene
hydroperoxide (CHP). GPX activity was monitored by following the decrease in NADPH
concentration (at 340 nm), which is consumed during the generation of GSH from oxidized
glutathione (ε = 6.2 cm−1 M−1), using H2O2 (Se dependent activity), or cumene hydroper-
oxide (total GPX) as substrate. GPx activity was expressed as U per mg of protein. (a U
corresponding to 1 µM NADPH hydrolyzed/min).

2.5.6. SOD Activity Measurement

Total SOD activity was measured in triplicates using the xanthine oxidase/cytochrome
c method proposed by Crapo et al. [45]. Cytochrome c reduction by superoxide anions
generated by the xanthine oxidase/hypoxanthine reaction was detected at 550 nm at room
temperature. The reaction mixture contained 46.5 mM KH2PO4/K2HPO4 (pH 8.6), 0.1 mM
EDTA, 195 mM hypoxanthine, 16 mM cytochrome c, and 2.5 mU xanthine oxidase. The
enzyme activity was calculated from the slope of the absorbance curve and was expressed
in Units (U) per mg of protein (1 U causing 50% inhibition of the rate of cytochrome
c reduction).

2.6. Statistical Analyses

All FET test data were analyzed using the statistical software package Prism 6.0
(version 6.01) for Windows (GraphPad Software Inc., La Jolla, CA, USA). In the FET test,
nonlinear regression was used. A 95% confidence interval was used in the analyses. The
remaining results are expressed as mean ±SD. Data normality were checked using the
Shapiro–Wilk and Kolmogorov–Smirnov, respectively. As the ANOVA assumptions were
satisfied, the parametric Ordinary One-Way ANOVA test was used, followed by a post-
hoc Tukey’s test in order to delimit the groups in which significant differences occurred.
Similarly, the non-parametric Kruskal-Wallis test was used, followed by a post-hoc Dunn’s
test for pairwise comparisons between group. If p values were less than 0.05, the results
were regarded as statistically significant.

Biochemical marker data were analyzed using OriginPro (version 2019, OriginLab Cor-
poration, Northampton, MA, USA) software package. To detect concentration dependency
of biochemical marker activities, nonlinear regression (dose-response curve fit with variable
Hill slope given by parameter ‘p’, the confidence level for curves: 95%) was applied. To
examine the interactive effects of different bendiocarb concentrations and exposure time
on biochemical markers, a two-way analysis of variance (ANOVA) was used, where time
(t = 48; t = 72 and t = 96 hpf), treatment (control, vehicle control, and 3, 1.5, 0.75, 0.4 and
0.07 mg/L), and their interaction were categorical predictor factors, while the measured
biomarkers were considered as dependent variables. When the interaction of bendiocarb
concentration and the exposure time was detected, a one-way ANOVA was conducted to
examine the effects of one main factor at a specific level of the other main factor. Factors
detected to be significant were further analyzed using a post-hoc Tukey test for multiple
comparisons at the significance level of 0.05 (p < 0.05). Before statistical analyses, raw
data were diagnosed for normality of distribution and homogeneity of variance with the
Kolmogorov-Smirnov test and Levene’s test, respectively.
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3. Results
3.1. Zebrafish Embryotoxicity Induced by Bendiocarb Exposure

The LC and EC values were calculated for mortality and developmental abnormalities
to characterize the bendiocarb exposure-caused adverse effects. LC50 value proved to
be 32.52 mg/L, while EC50 value of embryonic deformities was 2.30 mg/L at 96 hpf
(Figure 1a,b, and Table 1). Tail malformations (above 3.12 mg/L) and reduced body
length (above 0.39 mg/L) were observed in the bendiocarb-exposed groups. In addition,
bendiocarb-induced shape deformities of the yolk sac, as well as abnormal melanocyte
migration, number, and size were also identified in 96 hpf zebrafish larvae. The abnormal
presence of melanocytes was detected in the notochord line and in the extra notochordal
area after bendiocarb treatment. Decreased melanocyte number and size were also found
at the higher bendiocarb concentrations, and melanocytes were not visible above 25 mg/L
bendiocarb concentration. These deformities were not observed in the control and vehicle
control groups (Figure 1c).

The results of zebrafish embryo acute toxicity tests prompted us to study the bendio-
carb’s effects on the total body and notochord length. Since the zebrafish transgenic line Tg
(shh:GFP) is useful for investigating the floor plate and the nervous system, we applied it
to determine the total body- and notochord length. As expected, both body- and notochord
length were significantly decreased above 0.75 mg/L bendiocarb concentration compared
to the control groups (p < 0.05; N = 60). However, the development of the floor plate did
not show any alterations (Figure 2a–c).

3.2. Acetylcholinesterase Activity and Heart Rate Assessments

In line with the previous studies, we detected significantly reduced AChE activ-
ity at all of the three developmental stages including 48, 72, and 96 hpf, already at
0.75 mg/L bendiocarb concentration. The bendiocarb-induced inhibition proved to be
concentration-dependent at every time points (48 h (p = 0.0086) EC10 = 0.22 ± 0.026 mg/L,
EC50 = 5.9 ± 0.23 mg/L; 72 h (p = 0.0087) EC10 = 0.084 ± 0.011 mg/L, EC50 = 1.1 ± 0.099
mg/L; 96 h (p = 0.0019) EC10 = 0.076 ± 0.081 mg/L, EC50 = 0.9 ± 0.057 mg/L; N = 18)
(Figure 3a, Supplementary Table S1). We could also observe time dependency in bendiocarb
exposure-induced inhibition of AChE activity (p = 0.02495, two-way ANOVA).

In contrast to the expected attenuation, we found significantly increased heart rate
above 0.4 mg/L (0.75 mg/L, 1.5 mg/L and 3 mg/L) bendiocarb concentrations compared
to the control groups (p < 0.05, Figure 3b).

Table 1. Lethal concentration (LC) values for mortality and effective concentration (EC) values
for embryonic deformities (tail malformations, reduced body length) induced by bendiocarb on
zebrafish embryos exposed to various concentrations. Values are given in milligram per liter at 96 h
post-fertilization for embryos.

96 h LC/EC Values

90 50 10 1

Mortality 42.73 mgL−1 32.52 mgL−1 24.74 mgL−1 18.36 mgL−1

Embryonic deformities 4.98 mgL−1 2.30 mgL−1 1.06 mgL−1 0.46 mgL−1



Water 2021, 13, 204 7 of 16
Water 2021, 13, x FOR PEER REVIEW 8 of 23 
 

 

 

Figure 1. (a) Mortality and (b) embryonic deformities of zebrafish embryos exposed to various concentrations of 
bendiocarb during a 96-h test. Error bars indicate the standard deviation of the actual endpoint. (c) Some of the 

detected abnormalities (jd: Not well identifiable jaws; yd: The shape of the yolk is deformed; sb: Shorter body; pe: 
Pericardial edema; mm: The number and size of the irregular melanocytes; ie: Ventral and caudal fin with 

moderate, irregular edges; pdn: A portion of the notochord has a poorly defined structure; is: Somite boundaries 
are slightly irregular) in larval zebrafish exposed to various concentrations of bendiocarb. 

Figure 1. (a) Mortality and (b) embryonic deformities of zebrafish embryos exposed to various concentrations of bendiocarb
during a 96-h test. Error bars indicate the standard deviation of the actual endpoint. (c) Some of the detected abnormalities
(jd: Not well identifiable jaws; yd: The shape of the yolk is deformed; sb: Shorter body; pe: Pericardial edema; mm: The
number and size of the irregular melanocytes; ie: Ventral and caudal fin with moderate, irregular edges; pdn: A portion of
the notochord has a poorly defined structure; is: Somite boundaries are slightly irregular) in larval zebrafish exposed to
various concentrations of bendiocarb.
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Figure 3. (a) Effects of bendiocarb exposure on AChE activity at 48, 72, and 96-hpf. Different lower-case letters indicate
significant differences between concentrations within each time point (One-way ANOVA followed by post-hoc Tukey’s test;
p < 0.05, N = 42). Different upper-case letters indicate significant differences between time points within each concentration
(Tukey-test after one-way ANOVA; p < 0.05). (b) The average heart rate of zebrafish exposed to various bendiocarb
concentrations in a 48- h test. Data represent the mean ± SD of two repeated tests. Asterisks represent significant differences
to control values (determined by Tukey-test after one-way ANOVA; * p < 0.05, ** p < 0.01, and *** p < 0.001).

3.3. Determination of Biochemical Markers in Larval Fish

To further characterize the bendiocarb-induced harmful effects during zebrafish em-
bryogenesis, we measured some enzyme activities, including SOD, CAT, GST, GPxSE,
GPxTOT, and LPO participating in the biotransformation of various xenobiotics. Our
analysis showed significant concentration-dependent inhibition of SOD activity at 48 hpf
in bendiocarb-exposed zebrafish embryos (48 h (p = 0.03605) EC10 = 0.62 ± 0.094 mg/L,
EC50 = 0.79 ± 0.084 mg/L). In contrast, significantly elevated levels of SOD activity were
detected in embryos exposed to 0.07, 1.5, and 3 mg/L bendiocarb at 72 hpf. However,
significant elevation of SOD activity was also detected in the DMSO exposed group com-
pared to the control group at 72 hpf, suggesting that bendiocarb has a marginal effect on
SOD activity at this time point. SOD activity values did not show any significant changes
compared to controls at 96 hpf (Figure 4a), but it was significantly increased in control
group (p < 0.05) compared to 48 and 72 hpf controls.

CAT activity did not show any significant changes in bendiocarb exposed embryos at 48
and 72 hpf. However, CAT activity was significantly increased in larvae exposed to 0.4 mg/L
bendiocarb and decreased in larvae subjected to 3 mg/L bendiocarb at 96 hpf (Figure 4b). We
found that the effects of bendiocarb administration on GST activity showed concentration
and time dependency at 48 and 72 hpf (48 h (p < 0.04317) EC10 = 6.76 ± 0.36 mg/L, EC50 =
6.92 ± 0.13 mg/L; 72 h (p < 0.001) EC10 = 2.38 ± 0.088 mg/L, EC50 = 2.7 ± 0.046 mg/L). We
observed a significant increase in GST activity in larvae exposed to 3 mg/L bendiocarb at
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48 hpf. GST activity was also significantly (p < 0.05) increased above 0.4 mg/L bendiocarb
concentrations at 72 hpf (Figure 4c). Interestingly, both CAT and GST a reached the highest
activity at 0.4 mg/L bendiocarb concentration, but these enzyme activities continuously
dropped above 0.4 mg/L bendiocarb at 96 hpf. Nevertheless, despite the visible trends,
significant (p < 0.05) differences and concentration dependence were only detectable in the
case of CAT (Figure 4b,c). Similar to 96 hpf SOD control levels, an elevated GST activity
was detected in the case of 96 hpf controls (p < 0.001).
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Figure 4. Effects of bendiocarb exposure on (a) superoxide dismutase (SOD) activity, (b) catalase
(CAT) activity, and (c) Glutathione-S-transferase (GST) activity in a 48, 72 and 96-h test. Data
represent the mean ± SD of two repeated experiments. Different lower-case letters indicate significant
differences between concentrations within each time point (Tukey-test after one-way ANOVA;
p < 0.05; N = 42). Different upper-case letters indicate significant differences between time points
within each concentration (Tukey-test after one-way ANOVA; p < 0.05).
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Both total glutathione peroxidase (GPx Tot) and Se-dependent glutathione peroxidase
(GPx-Se) activities showed very similar patterns. Significantly increased GPx-Se activities
were found in embryos only at 48 hpf after exposure to 0.75 mg/L bendiocarb and at 72 hpf
after 3 mg/L exposure compared to control groups (Figure 5a,b). Both, GPxTot and GPx-Se
activities progressively diminished at 96 hpf, but the statistical analysis did not support
this visible concentration-dependent trend.
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Figure 5. Effects of bendiocarb exposure on (a) GPx-SE activity, (b) GPx-TOT activity, and (c) LPO
levels expressed as TBARS after 48, 72, and 96 h. Data represent the mean ± SD of two repeated test
series. Different lower-case letters indicate significant differences between concentrations within each
time point (Tukey-test after one-way ANOVA; p < 0.05; N = 42). Different upper-case letters indicate
significant differences between time points within each concentration (Tukey-test after one-way
ANOVA; p < 0.05).

LPO levels did not show any significant changes at 48 and 72 hpf after the exposure
to bendiocarb. Lipid peroxidation was elevated significantly (p < 0.05) at 0.4 mg/L ben-
diocarb concentration at 96 hpf, but we could not detect any significant changes at higher
concentrations. This peak coincides with the highest activity levels of GST and CAT at
96 hpf.
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4. Discussion

Bendiocarb is a widely used broad-spectrum insecticide in agriculture and it is also
recommended for malaria control by WHO [5–8]. However, the bendiocarb contamination-
induced harmful effects are not completely investigated in non-target freshwater verte-
brates. Therefore, we studied the adverse effects of bendiocarb in the zebrafish embryo
model system, applying classical toxicological and biochemical approaches. In our exper-
iments, LC50 proved to be 32.52 mg/L for zebrafish embryos. This value is significantly
higher than the previously identified LD50 values for other fish species. [8,22]. Interestingly,
these values fall in the range reported for small planktonic crustacean Daphnia magna LC50
ranging from 32 to 160 mg/L [46].

We found that bendiocarb induced various embryonal deformities, including tail
malformations, reduced body length, and shape deformities of the yolk sac. In addition,
bendiocarb exposure also influenced melanocyte migration, number, and size. Namely, de-
creased melanocyte number and size were also found in fish exposed to higher bendiocarb
concentrations, and melanocytes were not visible above 25 mg/L. Similar to bendiocarb-
induced pigmentation defect, other carbamates, such as physostigmine and non-carbamate
AChE inhibitors, like organophosphate metabolites could also modulate the melanocyte
patterning and reduce pigmentation in zebrafish embryos [47]. However, it has been
described that the xenobiotics-induced pigmentation defects are not restricted to the AChE
inhibitors. Both fungicide boscalid and carrier solvent ethanol could reduce pigmentation,
while penthiopyrad induced hyperpigmentation at the head and abdominal region in
zebrafish embryos [48]. Overall, these findings indicate that the melanocyte number and
distribution are sensitive to AChE inhibitors and other xenobiotics, but the exact molecular
background of pigmentation defects remains uncertain.

It has been previously described that various carbamate compounds can reduce
the body length in different fish species, including Japanese medaka (Oryzias latipes),
zebrafish (Danio rerio) and Nile tilapia (Oreochromis niloticus) [49–51]. We found that both
body and notochord lengths were significantly reduced above 0.75 mg/L, 1.5 mg/L, and
3 mg/L bendiocarb concentrations suggesting that bendiocarb similarly affects embryonal
development in fish like other carbamates.

As with other carbamates, bendiocarb inhibits AChE activity by reversible carbamyla-
tion of the esterase enzyme. This results in the accumulation of acetylcholine inducing mus-
carinic, nicotinic, and central nervous system effects [2,5,14]. As expected, we could already
detect significant AChE inhibition at 48 hpf above 0.4 mg/L bendiocarb concentration and
the bendiocarb-induced AChE inhibition proved to be concentration and time-dependent.
Bendiocarb-inhibited AChE activity may result in pathological changes in heart rate of
zebrafish embryos. It is well known that the first heartbeats of developing zebrafish are
often irregular and arrhythmic, but it becomes specifically regular at around 36 hpf [52,53].
In zebrafish, the muscarinic M2 Ach receptor plays an essential role in controlling heart rate
and is fully functional at this developmental stage. It has been described that the excessive
stimulation of M2 Ach receptor by the continuous accumulation of acetylcholine in the
synaptic gap leads to bradycardia [54–56]. However, stimulation of nicotinic receptors may
result in tachycardia at lower test concentrations before bradycardia appears [57]. In the
present study, tachycardia was observed associating with significantly increased heart rate
above 0.4 mg/L (0.75 mg/L, 1.5 mg/L, and 3 mg/L) bendiocarb concentrations. Küster
and Altenburger [58] reported very similar results studying aldicarb metabolite aldicarb-
sulfoxide in zebrafish embryos. Lower concentrations of aldicarb-sulfoxide increased heart
rates significantly, and bradycardia was only observed at higher concentrations. Our results
suggest that bendiocarb exposure causes the nicotinic receptors’ stimulation in the applied
concentration range leading to the observed tachycardia.

The biomarkers are useful tools to investigate the potential interactions between bi-
ological, chemical, or physical environmental parameters and a biological system [59]
and play an important role in the evaluation of environmental contamination [60]. Fi-
nally, biomarkers help to gain information about impaired organ functions and estimate
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the organism’s damage level. Primary enzymatic markers of oxidative stress including
catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), and lipid
peroxidation (LPO) can reflect on oxidative cell damage. Glutathione-S-transferase (GST)
is a phase II biotransformation enzyme, playing an important role in the excretion and
detoxification process of xenobiotics, and it is also influenced by the organism’s peroxi-
dation state through glutathione. It has been previously demonstrated that carbamates
induce oxidative stress impairing mitochondrial functions. In addition, these chemicals
also cause pathological changes in the neuronal and hormonal systems [60]. Recent studies
demonstrated that bendiocarb modifies antioxidant and detoxifying enzyme activities in
mammals [11,17,22,61,62]. Interestingly, we found significantly elevated SOD activity at
the later developmental stages of untreated zebrafish larvae [63]. The significant inhibition
of SOD activity was also detected at 48 hpf after exposure to 3 mg/L bendiocarb concentra-
tion. However, this phenomenon was not observed at 72 and 96 hpf, suggesting that the
enhanced enzyme synthesis capacity at the late developmental stages can compensate for
the bendiocarb-induced reduction of SOD activity. Meng et al. [64] also detected elevated
hepatic SOD activity in Nile tilapia (Oreochromis niloticus) following methomyl treatment
indicating that the reduced SOD activity is not limited to bendiocarb among carbamate
insecticides.

Here we found that CAT activity showed a specific pattern in bendiocarb-exposed
zebrafish larvae at 96 hpf. We measured the maximally induced CAT activity at 0.4 mg/L
bendiocarb exposure, which was significantly reduced at the higher concentrations. Car-
bamate insecticide-induced CAT activity was also observed in the liver samples from
methomyl-exposed Nile tilapia and carbaryl-exposed juvenile rainbow trout (Oncorhynchus
mykiss) [64,65]. In contrast to the short 24 and 48 h carbaryl treatment-induced hepatic
CAT activity, 96 h carbaryl exposure could attenuate it [65]. Overall, these findings suggest
that carbamates’ effect on CAT activity is complex and may be concentration, cell, and
exposure-time dependent.

It has been previously described that bendiocarb can enhance hepatic and renal
GST activity in rats [21]. Similar to these findings, we also observed the bendiocarb
concentration-dependent induction of GST activity in zebrafish embryos at 48 and 72 hpf.
Carbamate-induced GST activity was also observed in other fish-based model systems,
including liver samples from juvenile rainbow trout following 24 h carbaryl treatment or
methomyl-exposed Nile tilapia [52,66]. In contrast, 96-h carbaryl exposure could repress
hepatic GST activity in juvenile rainbow trout [65]. In agreement with this finding, both,
96-h methomyl exposure in the topmouth gudgeon (Pseudorasbora parva), and 24-h car-
bofuran exposure in mosquitofish (Gambusia yucatana) resulted in declined hepatic GST
activities [66,67]. Taken together, these contrasting results indicate that carbamates’ effect
on GST activity may be compound, fish species, and exposure-time dependent.

We observed that peroxidized lipid content showed a similar pattern as CAT activity
in bendiocarb-exposed zebrafish larvae at 96 hpf. Maximal bendiocarb-mediated LPO level
was detected at 0.4 mg/L and peroxidized lipid content was decreased at the higher con-
centrations. Hernández-Moreno et al. [68,69] found a similar phenomenon in carbofuran
exposed sea bass (Dicentrarchus labrax). Following 31, 63, 125, and 250 ug/L carbofuran
exposure, LPO levels only showed a significant increase at 63 ug/L concentration. These
results suggest that the peroxidized lipid content shows hormetic response to carbamates
in various fish species.

Overall, our results show that bendiocarb—like other carbamates—causes adverse
effects, including embryo deformities, reducing body- and notochord length, and inducing
oxidative stress in aquatic vertebrates. Our lowest applied bendicarb concentrations are in
the same range found in surface waters [22,23,25]. These low-dose bendiocarb-induced
pathological processes may result in competitive disadvantage and impairing viability of
fish larvae under natural conditions. Therefore, further evaluation of the ecotoxicological
risks of bendiocarb is necessary and essential.
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