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Abstract: In this study, a semi-static water exposure method was employed to investigate the early
developmental and neurotoxic effects of four benzothiazole substances (BTHs), namely benzothiazole
(BTH), 2-mercaptobenzothiazole (MBT), 2-hydroxybenzothiazole (BTON), and 2-aminobenzothiazole
(2-ABTH), on zebrafish at an equimolar concentration of 10 uM. The findings revealed that all
four BTHSs exerted certain impacts on early development in zebrafish. MBT stimulated spontaneous
movement in juvenile zebrafish, whereas BTON inhibited such movements. Moreover, all four BTHs
hindered the hatching process of zebrafish larvae, with MBT exhibiting the strongest inhibition at 24 h
post-fertilization (hpf). Notably, MBT acted as a melanin inhibitor by suppressing melanin production
in juvenile zebrafish eyes and weakening phototaxis. Additionally, both BTH and BTON exhibited
significantly lower speeds than the control group and other test groups under conditions without
bright field stimulation; however, their speeds increased to average levels after percussion stimulation,
indicating no significant alteration in motor ability among experimental zebrafish groups. Short-term
exposure to these four types of BTHs induced oxidative damage in zebrafish larvae; specifically,
BTH-, MBT-, and BTON-exposed groups displayed abnormal expression patterns of genes related to
oxidative damage. Exposure to both BTH and MBT led to reduced fluorescence intensity in transgenic
zebrafish labeled with central nervous system markers, suggesting inhibition of central nervous
system development. Furthermore, real-time quantitative PCR results demonstrated abnormal gene
expression associated with neural development. However, no significant changes were observed in
2-ABTH gene expression at this concentration. Overall findings indicate that short-term exposure to
BTHs stimulates neurodevelopmental gene expression accompanied by oxidative damage.
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1. Introduction

Benzothiazole analogs (BTHs) are a group of aromatic heterocyclic compounds with
various industrial and commercial applications, such as rubber manufacturing, dyes, phar-
maceuticals, and pesticides. Consequently, BTHs are released directly or indirectly into the
natural environment through various channels. Direct sources include industrial wastewa-
ter of dye factories, pharmaceutical factories, and pesticide factories, which is discharged
into or enters natural water bodies after preliminary treatment in sewage treatment plants.
One indirect source is tire wear particles (TWPs) produced by worn tires and ground weath-
ering, where a small part (0.1-10.0%) is dispersed into the air. Most TWPs (90.0-99.9%) are
released into water bodies through runoff or treated wastewater. Aging and weathering
cause BTHs to precipitate and change chemical forms. Similarly, herbicides, insecticides,
and antibacterial agents can enter the soil, water, and atmosphere [1]. BTHs are constantly
accumulating in the environment due to their extensive use. Average BTH concentrations
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in atmospheric PM2.5 in Guangzhou and Shanghai, China, are 525 and 369 pg.m~3 [2].
In 51 cities, BTHs have been detected in both groundwater and surface water, with the
average concentration reaching 406 ng-L~! [3,4]. Twelve BTHs and eight related derivatives
were detected in surface water, groundwater, rainwater, and suspended particles in the
Guangzhou area. The groundwater concentration of BTHs was as high as 13.7 ug-L~1. The
estimated maximum daily BTH intake of adults in Guangzhou was as high as 27.7 mg-d~!,
which is higher than the limit set by the European Food Safety Authority [4,5]. In the
United States, the median concentration of 5,6-dimethyl-benzotriazole detected in the air
can reach 105 ng-m 3 [6]. In outdoor air samples from Spain, the highest concentrations
of 1H-benzotriazole and 5-methyl-1H-benzotriazole were measured at 3.9 ng-m 2 and
2.9 ng-m~3, respectively [7]. Airport groundwater in North America exhibits extremely
high concentrations of 1H-benzotriazole (126 mg-L~!) and 5-methyl-1H-benzotriazole
(17 mg-L~1) [8]. Furthermore, an analysis of groundwater samples from across Europe
revealed that out of 164 samples collected from various countries, the maximum concen-
trations observed were of 1H-benzotriazole (1032 ng-L’l) and a mixture of two isomers,
4-methyl-1h-benzotriazole and its isomer, 5-methyl-1h-benzotriazole (516 ng~L_1), with
detection rates of approximately 53% and 52%, respectively [9]. In addition, BTHs are
common contaminants in clothing; studies have shown that BTHs can be released from
textile materials, penetrate the skin, and further enter the body [10].

With the widespread application and accelerated spread of BTHs in the environment,
their potential toxic effects have attracted increasing attention. Studies have revealed a
range of adverse effects associated with BTHs; for example, chronic exposure to personal
care products (PPCPs) containing BTHs can affect neuroendocrine and neuronal devel-
opment in juvenile Atlantic cod [11]. BTHs in tire particle leachate can cause growth
inhibition in plants, abnormal fish embryo development, and death of water fleas [12].
Wastewater containing BTHs inhibits neurite growth in SH-SY5Y cells [13], causing neuro-
toxicity [14], and benzothiazole ionic liquids induce acute toxicity and tissue damage in
zebrafish [15]. The inhibitory effect of BITHs on thyroid peroxidase derived from porcine
thyroid is MBT = CMBT (5-chloro-2-mercaptobenzothiazole) > 2-ABTH > BTH [16]. Studies
have shown that TWP leachate and wastewater containing a variety of BTHs have certain
neurotoxic effects. The current comparative data on BTH toxicity are relatively limited, and
the neurotoxicity of each BTH must be compared.

A comparative analysis of various BTHs was conducted between three relatively stable
BTH derivatives (MBT, BTON, and 2-ABTH). All three structurally similar substitutions
were carried out at the two-position of the thiazole ring in BTH (thiol group, hydroxyl group,
and amino). BTH (74.1 ng-L~!) and 2-ABTH (0.21 ng-L~!) were detected in Guangzhou,
BTON (4.9 ng-L~!) [3,4] groundwater. MBT in Brazil’s Tijuca Lagoon was as high as
2505 ng-L’1 [17]. BTH is mainly used as an intermediate for dyes, medicines, and rubber,
with various pharmacological effects such as antibacterial, anti-inflammatory, anti-cancer,
and anti-diabetic effects [18]. MBT is a widely used rubber accelerator and anti-aging agent,
as well as a metal corrosion inhibitor and antibacterial agent [19]. BTON is used to prepare
pyridinothiazole drugs, which have antibacterial, antifungal, and herbicidal properties [20].
2ABTH is an impurity in drugs such as Pamiparol and can be used as a neutral carrier
(ionophore) [21] to prepare polyvinyl chloride-based membranes.

Current toxicity studies have found that BTH has a 96 h LCsy for zebrafish
(14249 mg-L~! = 1054 uM) and a 96 h LCsy for sheephead minnow juveniles
(419 mg-L 1~ 310.1 uM) [22]. MBT can induce oxidative stress in rainbow trout [23] and
inhibit swim bladder inflation in zebrafish as a thyroid peroxidase (TPO) inhibitor [24]. It
can also be used as a melanin inhibitor [25]. BTON has a 96 h LCs of 358 uM in zebrafish.
Oxidative stress negatively impacts embryonic development and reproduction [2]. In par-
ticular, 2-ABTH shows toxic effects [26]. As emerging environmental pollutants, research
and reports on the developmental toxicity and neurotoxicity of the four BTHs are limited,
and further research is needed. All four appear directly or indirectly in environmental
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water bodies through various migrations, and the neurotoxic effects of biological exposure
have not been studied or reported in detail.

Zebrafish develop rapidly and are easy to observe, and their neural development
is similar to that of mammals. Additionally, they are small in size, low cost, and used
as an animal model to evaluate the neurodevelopmental toxicity of environmental pollu-
tants [27,28]. The susceptibility of the nervous system to toxic damage varies by stage of
development, and the embryonic stage is generally more sensitive than the adult stage,
with zebrafish producing large numbers of transparent embryos that are easy to observe
in vitro [29], while zebrafish embryos develop rapidly within 3 days of fertilization [30].
The book “Neuromethods” provides a comprehensive guide to Cell Culture Techniques,
highlighting the utilization of zebrafish as a valuable tool for evaluating developmen-
tal neurotoxicity [31]. Specific methods include gene expression changes in developing
zebrafish as potential markers for rapid developmental neurotoxicity screening [32]. Neu-
rodevelopment of juvenile zebrafish can be evaluated using transgenic line zebrafish with
fluorescent labeled tissue [27,33], and tests such as “fetal movement”, “light and dark tests”,
and “startle response” are performed to assess possible behavioral changes resulting from
neurotoxic exposure [34,35]. This study investigates the neurotoxic effects of different BTHs
at the same concentration and explores possible toxicity mechanisms related to oxidation
level indicators and measurements of gene expression.

2. Materials and Methods
2.1. Chemicals and Reagents

Benzothiazole (BTH, CAS: 95-16-9, purity 98%), 2-mercaptobenzothiazole (MBT, CAS:
149-30-4, purity 98%), 2-hydroxybenzothiazole (BTON, CAS: 934-34-9, purity 98%), and
2-aminobenzothiazole (2-ABTH, CAS: 136-95-, purity 97.0%) were purchased from McLin
Reagent Company (Shanghai, China). The analysis included catalase (CAT), total superox-
ide dismutase (SOD), lipid peroxidation (MDA), and lipid peroxidase (SOD). The following
reagents were purchased for the experiment: McLin Reagent Company (Shanghai, China);
BAYOTEK (Shanghai, China) for catalase (CAT), total superoxide dismutase (SOD), lipid
peroxidation (MDA), reactive oxygen species (ROS), and Enhanced BCA Protein Assay Kit;
Invitrogen (Carlsbad, CA, USA) for TRIzol reagent, and Sigma (St. Louis, MO, USA) for
MS-222 (ethyl 3-aminobenzoate, methane sulfonate) and dimethyl sulfoxide (DMSO).

2.2. Zebrafish Breeding and Embryo Collection

The Institute of Hydrobiology at the Chinese Academy of Sciences (Wuhan, China)
provided adult wild-type (AB strain) zebrafish and transgenic zebrafish (HuC-GFP). The
zebrafish were kept in a breeding system (Esen, Beijing, China) with a pH of 7.5 £ 0.5, a
temperature of 27 4= 0.5 °C, and 14 h of light (08:00-22:00). They were fed freshly hatched
brine shrimp twice a day (08:00 and 16:00).

The night before the experiment, male and female zebrafish were placed in breeding
boxes in a 2:1 ratio to collect zebrafish embryos. For subsequent BTH exposure tests,
fertilized eggs were collected the following morning within 4 h of fertilization and selected
under a microscope. All animal experiments were conducted according to the Nanjing
Institute of Environmental Sciences” Guidelines for Care and Use of Laboratory Animals
(IACUC-20200126). The test water used was tap water that had been aerated for more than
24 h.

2.3. Embryos Exposed to Different BTH Solutions

The embryos were randomly assigned to six-holes plates, with 10 embryos per hole.
Each hole contained 10 mL of a 10 M exposure solution of BTH, MBT, BTON, and 2-ABTH.
The plates were incubated for 144 h at an exposure concentration of 10% BTH at 96 h LC50
(14.249 mg-L~! = 105.4 uM). A BTH solution was chosen because previous toxicity studies
showed that it does not produce an acute lethal effect on any of the four BTHs [2,22-26]. To
maintain the solution concentration stability, the BTH solution was renewed daily. DMSO
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was used to dissolve the drug, resulting in a final exposure solution containing less than
one ten-thousandth of DMSO. A DMSO solution of 0.1 mL-L~! was used as a solvent
control. A DMSO solution at this concentration has been proven safe and harmless to
zebrafish [36]. Embryos were exposed at 6 days post-fertilization (dpf) and monitored
twice daily throughout the experiment. Any deceased embryos or larvae were removed.

The developmental parameters of the surviving hatchlings, including the number
of hatchlings, deaths, and body length N = 9), were recorded using a stereomicroscope
(Nikon, SMZ25, Japan). The movements of 24 h post-fertilization zebrafish hatchlings
were measured using an EthoVision XT 16 Animal Movement Tracking System (Noldus,
Wageningen, The Netherlands) after being fixed with methylcellulose. The experiment was
conducted in triplicate with 24 h post-fertilization zebrafish models (N = 15). The results
were repeated independently at least twice.

2.4. Behavioral Experiments on Light and Dark Stimulation, Black and White Choice, and Tapping
Stimulation of Zebrafish Larvae

Fertilized zebrafish embryos were exposed to 10 uM solutions of the four BTHs
continuously for six days, as described in Section 2.3, to maintain a stable exposure. The
observation area, detection procedure, and number of replicates were set according to
Ref. [37] with 2 mL of water per hole. Data acquisition was performed using the animal
movement trajectory tracking system EthoVision XT 16. The acquisition hardware of the
animal trajectory tracking system EthoVision XT 16 consists of an infrared high-speed
camera and board, which can accurately collect position information from zebrafish in
dark environments. The software(EthoVision XT 16, version number: 16.0.1538) can also
simultaneously analyze and calculate behavioral data.

2.4.1. Light and Dark Stimulation Behavioral Test

At the beginning of the experiment, the zebrafish in the 24-hole plates were adapted
to the bright environment. Setting the light program involved photoperiodic light and dark
field stimulation (change between light and dark every 10 min, light/dark/light/dark) [38].
Each group of young zebrafish was tracked for 40 min using an EthoVision XT 16 to
determine how far they moved, how long they stayed, and their swimming behavior.
Under different lighting conditions, the total distance traveled, dwell time, and average
speed of each group were calculated and analyzed statistically.

2.4.2. Vibration Startle Response Test (VSRA)

For the VSRA, a DanioVision DVTD-0010 was used to deliver vibratory stimuli in
a DanioVision observation chamber. The EthoVision XT 16 analyzed video tracking and
escape responses. The DanioVision temperature control unit maintained a temperature of
28 °C. Tapping stimuli were used at intensity level 1, followed by a sequence of vibration
stimuli at a fixed interstimulus interval (ISI). In each hole, one larva was placed in 2 mL of
clear water. Before the first stimulation, juvenile fish were acclimated to the hole plate for
30 min. The videos were recorded at a rate of 25 frames per second. For VSR analysis, we
measured motion speed (mm-s~!) within 2 s of pacing. We collected the motion trajectories
of zebrafish larval groups within 80 s by tapping once every 30 s, cycling twice, and
calculating the average speed of each fish group every 2 s for statistical analysis [39].

2.4.3. Phototaxis Selection Behavior Test

Based on the phototaxis of zebrafish, a light-shielding plate was used to block half of
each hole in the 24-hole plate so that each hole was divided into black and white parts, as
shown in Figure 1 [40]. Software was used to deduce the movement, distance, travel time,
and swimming behavior trajectory of each group of zebrafish larvae within 40 min. After
calculating the total passage distance, residence time and average speed of each group of
fish under different lighting conditions, the data were statistically analyzed.
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Figure 1. A black acrylic light shield is positioned beneath the 24-hole plate, which is cut to block half
of the area of each observation hole. This configuration ensures that the white light from the bottom
layer cannot irradiate the zebrafish through the light shield. The infrared plate at the bottom of the
observation box is capable of emitting infrared rays, which can penetrate the acrylic plate but not
the zebrafish. Consequently, the infrared high-speed camera is able to capture the movement of the
zebrafish in the black area without light and in the area with light.

2.5. Image Observation of Transgenic Zebrafish

According to previous methods, zebrafish embryos carrying the HuC-GFP transgenic
line were exposed to 10 uM solutions of four BTHs [38]. Section 2.3 describes stable
BTH exposure. The transgenic line of HuC-GFP zebrafish has central nervous system
GFP expression integrated into the promoter sequence of the elavl3 gene. Elavl3 encodes
HuC, a neuron-specific RNA-binding protein and one of the earliest neuronal markers
in zebrafish. We observed central nervous system expression and the motor nerve at
72 hpf following the method described in a previous study [38]. After treatment with
four BTHs (10 uM) at 72 hpf, 10 zebrafish larvae from each group were selected and
fixed with 4% paraformaldehyde for 0.5 h. Images of the central nervous system were
obtained using stereofluorescence microscopy (Nikon, SMZ25, Tokyo, Japan) in the HuC-
GFP transgenic line.

2.6. Quantitative gPCR Detection

Total RNA was extracted from groups of 50 zebrafish juveniles in different treatment
groups (n = 3) using TRIzol reagent. The RNA concentration was determined and reverse
transcribed into cDNA using PrimeScript RT. The housekeeping gene (3-actin served as
an internal control. Analysis was performed using the 2-42¢t method. After evaluating
the neurotoxicity and developmental toxicity of BTHs in juvenile zebrafish, we identified
a set of neurodevelopment-related genes and oxidative stress-related genes for further
investigation. The primer sequences for the selected genes are provided in Table 1. Each
sample was tested in triplicate for accuracy.

Table 1. Sequences for real-time quantitative PCR primers.

Gene Name

Primer Sequences

Positive Reverse
B-actin ACAGGGAAAAGATGACACAGATCA CAGCCTGGATGGCAACGTA
elavl3 AGACAAGATCACAGGCCAGAGCTT TGGTCTGCAGTTTGAGACCGTTGA
Syn2a GTGACCATGCCAGCATTTC TGGTTCTCCACTTTCACCTT
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Table 1. Cont.
Gene Name Primer Sequences
Positive Reverse
Gap-43 TTAACGGAGGACCAGTGCAA GACGGAGGTCTGAGTCCTGA
Shha AGACCGAGACTCCACGACGC TGCAGTCACTGGTGCGAACG
nrd CAGCAAGTGCTTCCTTTTCC TAAGGGGTCCGTCAAATGAG
ngnl TGCACAACCTTAACGACGCATTGG TGCCCAGATGTAGTTGTGAGCGAA
gfap GGATGCAGCCAATCGTAAT TTCCAGGTCACAGGTCAG
mbp AATCAGCAGGTTCTTCGGAGGAGA AAGAAATGCACGACAGGGTTGACG
Cu/Zn-Sod GTCGTCTGGCTTGTGGAGTG TGTCAGCGGGCTAGTGCTT
Mn-Sod GTCCGCACTTCAACCCTCA TCCTCATTGCCACCCTTCC
Cat TGATCTTAGCAAATGCAACACTGA TGCAAAGGCCCCCATTTT
Nrf2 GACAAAATCGGCGACAAAAT TTAGGCCATGTCCACACGTA
Gclm AAGCCAGACACTGACACACC ATCTGGAGGCATCACACAGC
Gcle CTCCTCACAGTCACGGCATT TGAATGGAGACGGGGTGTTG
Hmox-1 ACGCTTACACCCCGCTACCTC ATCCCCTTGTTTCCAGTCAG
NQO-1 CCTGCCATTCTGAAAGGCTGGT GTGGTGATGGAAAGCACTGCCT
Keap1 CCAACGGCATAGAGGTAGTTAT CCTGTATGTGGTAGGAGGGTT

2.7. Assessment of Oxidative Stress Levels

Fertilized zebrafish embryos were exposed to 10 uM solutions of four BTHs for 6 days,
maintaining stable BTH exposure, as described in Section 2.3. Homogenates were analyzed
for SOD, MDA, GSH, and CAT in zebrafish larvae randomly selected from each treatment
group (50 larvae pooled into one sample, N = 3). After calibrating the concentration using
an enhanced BCA protein detection kit, we determined the activity levels of SOD, MDA,
GSH, and CAT according to the kit instructions and performed statistical analyses of the
data in GraphPad Prism 9.5.

3. Results
3.1. Developmental Toxicity of BTHs to Zebrafish Juveniles

After exposure to a 10 uM solution for 24 h, zebrafish embryos exhibited spontaneous
changes in movement. Compared to the control group, the MBT-exposed group showed
enhanced movement, whereas the BTON-exposed group showed inhibited movement, as
shown in Figure 2A. Unlike the control group, zebrafish larvae exposed to BTH did not die
at 72 hpf, as shown in Figure 2B. Moreover, Figure 2C shows that zebrafish larvae in the
BTH-exposed group exhibited delayed hatching at 48-72 hpf compared to the control group.
It is worth noting that all surviving embryos hatched after 96 hpf, with the MBT group
having the greatest delay in hatching. Moreover, it appears that there was no significant
change in zebrafish larvae’s body length at 72 hpf. It is worth noting that the overall trend
observed was similar to that of the hatching level, as illustrated in Figure 2D.



Toxics 2024, 12, 341

7 of 17

A

Hatching rate(%)

24 hpf Times/per minute

150

100

50

e 3 Control

2000

- 3 BTH
ns
54 . 150 O MBT
. - B BTON
4 < — ’T 3 2-ABTH
< 1004
3 2
s
2 £
z 50
=
- wn
T T T 0=
Control BTH MBT BTON 2-ABTH 72hpf 144 hpf
*k *kk
I *x I - 3 Control |
| | = b D *
*kk * k% EI I\ABT
** *** B BTON z 4000
B 2-ABTH S 3500
B
5 3000
=
£ 2500
=
=
IS

ﬁ.l.,ﬂ ﬂﬂ“ | "

48hpf

7thf 96hpf Control BTH MBT BTON 2-ABTH

Figure 2. BTH effects on developmental toxicity of zebrafish. All data are expressed as mean =+ SE.
(A) Spontaneous movement, N = 45; the number of times the zebrafish curls and wriggles inside the
embryo. (B) Survival rate at 72 and 144 hpf after fertilization, N = 3. (C) Hatching rate at 48-96 hpf
after fertilization, N = 3. (D) Body length at 72 hpf after fertilization, N = 9. Some of the unhatched
embryos were measured after the egg membranes were peeled off using dissecting forceps under
a microscope, and the larvae were allowed to stretch for 2 h. Furthermore, because some zebrafish
embryos exposed to BTHs did not survive to 144 hpf, body length was not compared for this time
period. ™ p <0.12, * p < 0.033, ** p < 0.002, *** p < 0.001, compared to control.

3.2. Behavioral Changes in Zebrafish Juveniles
3.2.1. Light and Dark Stimulation

Figure 3A,B demonstrate that zebrafish larvae swim faster in dark environments than
in bright ones. In 0-10 min, the speed of both the treatment group and the control group
was about the same because they both adapted to the bright environment before data
collection. In bright conditions, the BTHs and control groups did not differ significantly.
However, in dark environments, the BTH group exhibited lower swimming speeds than
the control group to varying degrees.

3.2.2. Vibration Startle Response Test

In a dark environment, the swimming speeds of BTH and BTON were relatively
low compared to that of the control group, and MBT and 2-ABTH were not significantly
changed, as shown in Figure 2C,D. However, the speeds of all four BTHs at these two knocks
surged to similar speeds with no statistical difference. The four BTHs did not significantly
affect the zebrafish larvae’s physical locomotor ability, and the decrease in locomotor speed
may be related to neural development.

3.2.3. Phototaxis Test

Figure 3E shows that the control, BTH, and BTON groups did not exhibit a significant
preference for light or dark environments. By contrast, MBT preferred dark environments
and 2-ABTH preferred bright environments. According to the literature, MBT inhibits
melanin production, resulting in decreased eye pigmentation and increased sensitivity to
light, which may explain the preference for darkness observed in the experiment [25]. As
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Figure 3. BTH effects on zebrafish behavior. The data are presented as mean =+ SE. (A) Mean velocity
change of zebrafish under light and dark stimuli, N = 9. The white background area indicates that
the zebrafish received light during the time period in question, while the gray background represents
those that did not receive light and were in a dark environment during the same period. (B) The
mean velocity of the zebrafish was observed under light and dark environments, N = 9. The symbol
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“+” indicates that the zebrafish received light in a bright environment during the observation period,
while the symbol “—" denotes the absence of light in a dark environment. (C) The vibration startle
response test involved velocity fluctuation, N = 30. Two knocks were performed at seconds 30 and 60,
with the two highest peaks on the graph representing the instantaneous mean velocity of the zebrafish
during the two seconds in which it was stimulated to undergo rapid swimming. (D) Comparison
of instantaneous mean velocities of zebrafish during two seconds of stimulated fast swimming at
30 and 60 s, N = 30. (E) residence time of zebrafish in light and dark areas, N = 9. The symbol “+”
indicates that the zebrafish stayed in the semicircular observation area that was illuminated by light
without a visor, and the symbol “—" indicates that it stayed in the dark semicircular observation area
that was obscured by a visor.

3.3. Influence on Central Nervous System Development

Figure 4 shows a notable variation in the fluorescence intensity of zebrafish larvae’s
central nervous system, specifically in the BTH and MBT exposure groups (p < 0.033,
p <0.002), 72 h after exposure to the BTH solution.

Control

150
*
TH
%%k
100

50—

=]
7]
o)
' i

Fluoresence Intensity(%)

1 1 1 1
Control BTH MBT BTON 2-ABTH

Figure 4. Normalized comparisons were made with the average fluorescence intensity of the control
group.Analysis of BTH’s impact on the fluorescence of the central nervous system of Tg (HUC-GFP)
zebrafish. The image on the right shows the green fluorescence of Tg (HUC-GFP) zebrafish under
fluoroscopy in response to blue laser excitation, reflecting the development of the central nervous
system, with stronger fluorescence representing more nerve cells. The results are presented as
mean £ SE. (n=9). ™ p <0.12, * p < 0.033, ** p < 0.002, compared to control.

3.4. Effects on the Antioxidant Systems of Zebrafish

The SOD content of zebrafish larvae exposed to the BTH solution did not show a
significant effect compared to the control group (Figure 5A) (p < 0.12). However, MDA
levels were significantly lower than in the control group (Figure 5B) (p < 0.001). Our study
findings indicate that CAT content was significantly higher in the experimental group than
in the control group (Figure 5D) (p < 0.001). Moreover, the GSH content of the three drugs,
BTH, MBT, and 2-ABTH, was significantly lower than in the control group (Figure 5C)
(p <0.001). These findings suggest that BTHs can detrimentally affect zebrafish larvae’s
antioxidant systems.
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Figure 5. The effects of BTH on the enzyme-related activities of the zebrafish antioxidant system
were normalized and compared with the enzyme activities of the control group. (A) CAT (catalase)
enzyme activity, (B) SOD (superoxide dismutase) enzyme activity, (C) MDA (glutathione) enzyme
activity, (D) GSH (glutathione) enzyme activity. ™ p < 0.12, ** p < 0.001, compared to control.

3.5. Gene Expression Related to Neurodevelopment in Zebrafish Larvae

Figure 6A illustrates alterations in gene expression that occurred during neurodevel-
opment after exposure to BTHs. Elavl3, Syn2a, and nrd were slightly upregulated (p < 0.01),
Gap-43 was upregulated (p < 0.002), and Shha was significantly upregulated (p < 0.001)
in the BTH group compared to controls. In the MBT group, Shha was upregulated com-
pared to the control group (p < 0.002). Similarly, both Syn2a and Shha were upregulated
in the BTON group compared to the control group (p < 0.002). No statistically significant
differences were found for the remaining genes.

Neurodevelopment is shown in Figure 6B. In the BTH group, Mn-Sod showed a slight
increase in expression (p < 0.01), while Nrf2 and Hmox-1 were significantly upregulated
(p < 0.001). CAT was significantly downregulated (p < 0.001) compared to the control group.
In the MBT group, Gclm showed slightly increased expression (p < 0.01), and Mn-Sod,
Gclm, and Gclc were upregulated (p < 0.002) compared to the control. In the BTON group,
Keapl was slightly downregulated (p < 0.01) compared to the control group. CAT was
downregulated (p < 0.002) and Hmox-1 was significantly downregulated (p < 0.001). No
statistical differences were observed for the remaining factors.

According to these findings, BTHs appear to negatively affect zebrafish’s neurodevel-
opment and antioxidant systems.
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Figure 6. Comparison plot of the effects of BTHs on zebrafish-related gene expression. All gene
expression was normalized to the control group for comparison, with a y = 1 dotted line on the y-axis.
Below the dotted line indicates that the expression of this gene was suppressed compared to the
control group, and above the dotted line indicates that this gene was overexpressed compared to the
control group. The following heatmaps are shown in green for suppressed gene expression and in
red for overexpression: (A) heatmap of neurodevelopment-related gene expression; (B) heatmap of
oxidative stress-related gene expression. ™ p < 0.12, * p < 0.033, ** p < 0.002, *** p < 0.001, compared
to control.

4. Discussion

With the large-scale use of BTHs, harmful components of new pollutants [1], concerns
about the safety of other BTHs have been raised. A variety of BTHs have been detected
in the atmosphere, soil, and water of many cities in China [3,4]. However, there are few
corresponding toxicity studies and management regulations lack reference data. Hence,
there is an urgent need to study their toxicological properties.

This study investigated the developmental and neurotoxic effects of four BTHs using
zebrafish embryos as an animal model. At 24 h post-fertilization, zebrafish embryos
exhibited spontaneous locomotion [41], potentially affected by chemical exposure and
requiring further investigation [42]. MBT significantly affected the spontaneous movement
of zebrafish embryos, whereas BTON had a significant inhibitory effect. At the same
time, zebrafish larvae exposed to BTHs showed delayed hatching at 48-72 hpf, and MBT
significantly inhibited hatching at 48 hpf. At a concentration of 10 uM, none of the four
BTHs significantly affected zebrafish embryo survival at 72 hpf. Our results suggest that
BTHs have a notable effect on zebrafish embryonic development at non-harmful levels
and do not have immediate toxic effects. Swimming behavior has been extensively used
to assess the neurotoxicity of environmental chemicals because it is a key indicator of
neurodevelopment in the early stages of zebrafish development [43]. In this study, the
four BTHs showed differences in behavior compared to the control group. However, these
differences were not statistically significant, which is consistent with related research [26].
The vibration startle response test in this study indicated that the four BTHs did not
significantly affect zebrafish larvae’s bodily movement. However, differences in movement
speed may be related to neural development.

It was hypothesized that BTHs may be linked to neurodevelopmental disorders in
zebrafish larvae. To test this hypothesis, the effects of four BTHs on neurodevelopment
were evaluated using the transgenic line HuC-GFP in transgenic zebrafish. The study found
that exposure to BTH resulted in reduced green fluorescence intensity in the brain and
spinal cord of HuC-GFP transgenic zebrafish (p < 0.033). Additionally, MBT inhibited the
fluorescence intensity of zebrafish (p < 0.002). The fluorescence intensity of 2-ABTH did not
change significantly, and the experimental results were consistent with the literature [26].
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The results showed that BTH and MBT may affect central nervous system development,
potentially leading to neurotoxicity. BTON and 2-ABTH did not significantly affect the
central nervous system development of zebrafish at a concentration of 10 uM.

The expression levels of neurodevelopment-related genes were measured using real-
time quantitative fluorescence PCR to better understand the effects of the four BTHs on
zebrafish neuronal damage. Elav3 is an early neuronal marker in zebrafish that plays a
critical role in controlling neuronal differentiation and maintenance [44,45], BTH caused
a slight upregulation of elav3 expression (p = 0.05), possibly due to neuronal damage pro-
moting neuronal differentiation. Syn2a regulates neuron-specific synaptic vesicles and
neurotransmitter release during central nervous system development. Syn2a upregulation
may impact synaptic growth and neuronal differentiation. The results suggest slight up-
regulation of BTH (p = 0.01) and BTON (p = 0.001), potentially indicating synaptic growth
inhibition and neuronal differentiation. Gap43 is a specific cytoplasmic protein found in
nerve tissue. It is used as a marker for axonal growth reinduction during nerve regeneration
after injury [46,47]. In zebrafish larvae exposed to chemicals such as BDE-47 [48], which
suppress axonal growth, gap43 gene expression may increase as a compensatory mecha-
nism, as demonstrated by the decrease in fluorescence intensity of HuC-GFP transgenic
zebrafish exposed to BTH. Shha plays a crucial role in different organ systems, particularly
the nervous system. It is vital for neural tube patterning, neural stem cell proliferation,
and neuronal and glial cell survival. Overexpressing Shha through BTH, MBT, and BTON
increases neuronal cell survival, protects against neurotoxicants, and suppresses neuronal
precursors such as neuron-restricted precursors (p < 0.001, p = 0.003, and p = 0.003, re-
spectively) [49,50]. Ngnl encourages neuronal cell differentiation into neurons and low
transcript levels hinder neuron generation [51]. Nrd also enhances neuronal differentia-
tion after Ngn1 expression and supports photoreceptor cell proliferation in the zebrafish
retina [52,53]. Gfap is a member of the intermediate filament structural protein family
and is highly expressed in differentiated glial cells [50]. The transcription level of mbp
influences the production of myelin basic protein, which is a crucial component of myelin
in both the central and peripheral nervous systems [54,55]. When transcript levels are
low, nervous system production may decrease. Our results confirm that exposure to BTHs
inhibits neuronal development in the zebrafish central nervous system.

Nerve damage often occurs simultaneously with oxidative damage. This study de-
tected four oxidative damage markers (SOD, MDA, GSH, and CAT), except GSH enzyme
activity in the BTON group, which did not exhibit a statistically significant change (p < 0.12).
Other BTH zebrafish showed a significant reduction in MDA and GSH enzyme activities
(p < 0.001) as well as an increase in CAT enzyme activity (p < 0.001). SOD and CAT are
important enzymes that work together to reduce ROS. The effects were consistent with
experimental results of oxidative damage [15]. These results indicate that BTH-induced
oxidative stress may impact zebrafish neurodevelopment. Observed changes in antioxidant
enzyme activities and accumulation of free radicals in juvenile zebrafish may indicate
potential oxidative damage.

The expression of genes related to oxidative levels was measured to further under-
stand the oxidative damage mechanism in zebrafish caused by the four BTHs. In zebrafish
exposed to BTH and MBT, Mn-Sod gene expression was upregulated compared to the con-
trol group (p < 0.01 and p < 0.001). Additionally, Cu/Zn-Sod was present in the cytoplasm
and intermembrane space of mitochondria. Mn-Sod mainly exists in the mitochondrial
matrix. Its main function is to protect mitochondrial components from harmful superoxide
free radicals and upregulate genes indicating oxidative damage. Secondly, the Nrf2 gene
expressions of BTH and MBT were significantly upregulated (p < 0.001), and Nrf2 regulates
the expression of multiple genes [56]. Nrf2 controls the key component glutamate cys-
teine ligase (GCL) in the endogenous antioxidant system. GCL catalyzes the rate-limiting
step in glutathione synthesis and consists of catalyst (Gclc) and modifier (Gelm) subunits.
Gclc expression is induced by Nrf2, emphasizing the regulatory pathway’s importance in
glutathione synthesis [57]. Nrf2 also controls glutathione peroxidase (GPX) 2 expression,
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producing oxidized glutathione (GSSG) and glutathione reductase (GSR) 1 while reducing
peroxide and GSSG, thereby maintaining reduced glutathione (GSH) levels in cells [58]. Ex-
posure to low concentrations of electrophilic chemicals depleted GSH, and overexpression
of Nrf2 in zebrafish with BTH and MBT (p < 0.001) significantly decreased GSH content
(p < 0.001). Nrf2 activation leads to Keapl dissociation and facilitates Nrf2 nuclear translo-
cation, which activates antioxidant response elements located in the enhancer region of
Nrf2-regulated genes [59]. Keapl expression is regulated by Nrf2, which induces Keap1
as a negative feedback loop [60]. Hmox-1 and NQO-1 are proteins that protect cells from
oxidative stress damage. Upregulation of these proteins significantly reduces inflammation
and improves survival during severe infection [59,61]. Nrf2 expression was significantly
reduced in the BTON group, which significantly inhibited Hmox-1 (p < 0.001). However,
GSH did not show any significant changes. CAT was significantly inhibited in both the
BTH (p < 0.001) and BTON groups (p = 0.04). Downregulation of CAT expression levels
led to an increase in CAT enzyme activity [62]. These observations are consistent with
our measurement results. Our results confirm BTH’s ability to induce oxidative damage
in zebrafish larvae at the genetic level, indicating that BTH exposure can cause oxidative
damage. Although there were no significant changes in 2-ABTH-related genes at a con-
centration of 10 uM, long-term exposure (120 hpf) to 2-ABTH at a concentration of 0.3 uM
produced significant oxidative damage zebrafish brains [26], possibly related to antioxidant
stress and cell protection. Changes in key genes such as Mn-sod, Nrf2, and Hmox-1 suggest
that zebrafish initiate a defensive oxidative stress response when exposed to BTHs.

Our study findings suggest that BTHs can potentially cause nerve and oxidative
damage through various mechanisms. The regulation of antioxidant genes may lead to
oxidative stress as a result of BTHs. The study examined the effects of BTH exposure
on central nervous system development in HuC-GFP transgenic zebrafish. Our results
showed that their antioxidant defense system was destroyed and their oxidation levels
increased. These findings highlight the critical role of oxidative stress and shed light on
BTH neurotoxicity mechanisms in zebrafish.

5. Conclusions

The exposure to BTHs may indirectly impact the development of the central ner-
vous system by disrupting antioxidant defenses and elevating oxidation levels. Zebrafish
embryos exposed to 10 uM of BTHs for 24 h showed that MBT promoted spontaneous
movements, whereas BTON inhibited them. Zebrafish larvae exposed to BTHs showed
delayed hatching at 48-72 hpf, with MBT significantly inhibiting hatching at 48 hpf. The
survival rates of all four BTHs exposed to 72 hpf were not significantly affected. Exposure to
BTH and MBT resulted in reduced HuC-GFP green fluorescence intensity in the brain and
spinal cord of transgenic zebrafish, indicating neurotoxicity and an impact on central neural
development. Differences in zebrafish behavior were observed after exposure to BTHs at
144 hpf, attributed to neurodevelopmental deficits caused by exposure. The neurotoxicity of
BTH was demonstrated by the upregulation and resulting neuronal damage of genes such
as elavl3, Gap-43, Shha, and nrd. Additionally, MBT caused oxidative damage through the
overexpression of Gclc and Gelm genes, which are two motifs of glutamate cysteine ligase.
It also depleted and decreased GSH content. Furthermore, MDA inhibited CAT expression,
leading to an increase in CAT enzyme activity. Meanwhile, the enzyme activity assay
demonstrated that all four BTHs caused significant oxidative damage. Results comparing
the toxicity of the four BTHs at a 10 uM concentration are as follows:

Developmental toxicity: MBT > BTON =~ 2-ABTH > BTH
Neurotoxicity: BTH > MBT > BTON ~ 2-ABTH
Oxidative damage: MBT > BTH > BTON > 2-ABTH



Toxics 2024, 12, 341 15 0f 17

Author Contributions: Conceptualization, X.Y. and L.W.; methodology, L.W. and X.Y.; data curation,
X.Y,; investigation, X.Y.; writing—original draft preparation, L.W.; writing—review and editing, L.M.;
visualization, X.Y.; supervision, X.Y.; project administration, L.M.; funding acquisition, L.M.; All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the the People’s Republic of China Central Scientific Research
Projects for Public Welfare Research Institutes. National Key Research and Development Program
(Grant No. 2022YFC3902103 and Grant No. 2020YFC1806300).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Jeong, Y. Lee, S.; Woo, S.-H. Chemical Leaching from Tire Wear Particles with Various Treadwear Ratings. Int. ]. Environ. Res.
Public Health 2022, 19, 6006. [CrossRef] [PubMed]

2. Liao, X.; Zou, T.; Chen, M,; Song, Y.; Yang, C.; Qiu, B.; Chen, Z.-F; Tsang, S.Y.; Qi, Z.; Cai, Z. Contamination profiles and health
impact of benzothiazole and its derivatives in PMj 5 in typical Chinese cities. Sci. Total Environ. 2021, 755, 142617. [CrossRef]
[PubMed]

3. Wang, L.; Zhang, J.; Sun, H.; Zhou, Q. Widespread Occurrence of Benzotriazoles and Benzothiazoles in Tap Water: Influencing
Factors and Contribution to Human Exposure. Environ. Sci. Technol. 2016, 50, 2709-2717. [CrossRef] [PubMed]

4. Zhang, R.; Zhao, S.; Liu, X,; Tian, L.; Mo, Y.; Yi, X,; Liu, S.; Liu, J.; Li, J.; Zhang, G. Aquatic environmental fates and risks of
benzotriazoles, benzothiazoles, and p-phenylenediamines in a catchment providing water to a megacity of China. Environ. Res.
2023, 216, 114721. [CrossRef] [PubMed]

5. Ginsberg, G.; Toal, B.; Kurland, T. Benzothiazole Toxicity Assessment in Support of Synthetic Turf Field Human Health Risk
Assessment. J. Toxicol. Environ. Health Part A 2011, 74, 1175-1183. [CrossRef] [PubMed]

6.  Maceira, A.; Maria Marce, R.; Borrull, F. Occurrence of benzothiazole, benzotriazole and benzenesulfonamide derivates in outdoor
air particulate matter samples and human exposure assessment. Chemosphere 2018, 193, 557-566. [CrossRef]

7. Xue, ].; Wan, Y.; Kannan, K. Occurrence of benzotriazoles (BTRs) in indoor air from Albany, New York, USA, and its implications
for inhalation exposure. Toxicol. Environ. Chem. 2017, 99, 402-414. [CrossRef]

8.  Cancilla, D.A.; Holtkamp, A.; Matassa, L.; Fang, X. Isolation and characterization of Microtox®-active components from aircraft
de-icing/anti-icing fluids. Environ. Toxicol. Chem. Int. ]. 1997, 16, 430-434.

9.  Loos, R,; Locoro, G.; Comero, S.; Contini, S.; Schwesig, D.; Werres, E; Balsaa, P.; Gans, O.; Weiss, S.; Blaha, L.; et al. Pan-European
survey on the occurrence of selected polar organic persistent pollutants in ground water. Water Res. 2010, 44, 4115-4126.
[CrossRef]

10. Iadaresta, F.; Manniello, M.D.; Ostman, C.; Crescenzi, C.; Holmbaick, J.; Russo, P. Chemicals from textiles to skin: An in vitro
permeation study of benzothiazole. Environ. Sci. Pollut. Res. 2018, 25, 24629-24638.

11. Magnuson, J.T.; Sydnes, M.O.; Raeder, E.M.; Schlenk, D.; Pampanin, D.M. Transcriptomic profiles of brains in juvenile Atlantic
cod (Gadus morhua) exposed to pharmaceuticals and personal care products from a wastewater treatment plant discharge. Sci.
Total Environ. 2024, 912, 169110. [CrossRef] [PubMed]

12. Kim, L.; Kim, H.; Lee, T.Y.; An, Y.J. Chemical toxicity screening of tire particle leachates from vehicles and their effects on
organisms across three trophic levels. Mar. Pollut. Bull. 2023, 192, 114999. [CrossRef] [PubMed]

13. Lee, J.; Schlichting, R.; Konig, M.; Scholz, S.; Krauss, M.; Escher, B.I. Monitoring Mixture Effects of Neurotoxicants in Surface
Water and Wastewater Treatment Plant Effluents with Neurite Outgrowth Inhibition in SH-SY5Y Cells. ACS Environ. Au 2022, 2,
523-535. [CrossRef]

14. Yang, K, Jing, S.; Liu, Y.; Zhou, H.; Yan, M.; Yi, X,; Liu, R. Acute toxicity of tire wear particles, leachates and toxicity identification
evaluation of leachates to the marine copepod, Tigriopus japonicus. Chemosphere 2022, 297, 134099. [CrossRef] [PubMed]

15. Luo, Y,; Song, H.; Chen, Y.; Li, G.; Zhu, M. Benzothiazole-based ionic liquids (BIL)-induced acute toxicity attributed to damage to
antioxidant enzyme system in zebrafish (Danio rerio). Bulg. Chem. Commun. 2017, 49, 190-194.

16. Hornung, M.W.; Kosian, P.A.; Haselman, ].T; Korte, J.J.; Challis, K.; Macherla, C.; Nevalainen, E.; Degitz, S.J. In Vitro, Ex Vivo, and
In Vivo Determination of Thyroid Hormone Modulating Activity of Benzothiazoles. Toxicol. Sci. 2015, 146, 254-264. [CrossRef]
[PubMed]

17. Ochs, S.D.; Souza, T.M.; Sobrinho, R.D.; de Oliveira, R.B.; Bernardes, M.C.; Netto, A.D.P. Simultaneous evaluation of benzotria-

zoles, benzothiazoles and benzenesulfonamides in water samples from the impacted urban Jacarepagua Lagoon System (Rio de
Janeiro, Brazil) by liquid chromatog- raphy coupled to electrospray tandem mass spectrometry. Sci. Total Environ. 2023, 858, 11.


https://doi.org/10.3390/ijerph19106006
https://www.ncbi.nlm.nih.gov/pubmed/35627543
https://doi.org/10.1016/j.scitotenv.2020.142617
https://www.ncbi.nlm.nih.gov/pubmed/33045602
https://doi.org/10.1021/acs.est.5b06093
https://www.ncbi.nlm.nih.gov/pubmed/26829156
https://doi.org/10.1016/j.envres.2022.114721
https://www.ncbi.nlm.nih.gov/pubmed/36343716
https://doi.org/10.1080/15287394.2011.586943
https://www.ncbi.nlm.nih.gov/pubmed/21797770
https://doi.org/10.1016/j.chemosphere.2017.11.073
https://doi.org/10.1080/02772248.2016.1196208
https://doi.org/10.1016/j.watres.2010.05.032
https://doi.org/10.1016/j.scitotenv.2023.169110
https://www.ncbi.nlm.nih.gov/pubmed/38065506
https://doi.org/10.1016/j.marpolbul.2023.114999
https://www.ncbi.nlm.nih.gov/pubmed/37182239
https://doi.org/10.1021/acsenvironau.2c00026
https://doi.org/10.1016/j.chemosphere.2022.134099
https://www.ncbi.nlm.nih.gov/pubmed/35219709
https://doi.org/10.1093/toxsci/kfv090
https://www.ncbi.nlm.nih.gov/pubmed/25953703

Toxics 2024, 12, 341 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Gill, RK.; Rawal, R K.; Bariwal, J. Recent Advances in the Chemistry and Biology of Benzothiazoles. Arch. Pharm. 2015, 348,
155-178. [CrossRef] [PubMed]

Avagyan, R; Sadiktsis, I.; Bergvall, C.; Westerholm, R. Tire tread wear particles in ambient air—A previously unknown source of
human exposure to the biocide 2-mercaptobenzothiazole. Environ. Sci. Pollut. Res. 2014, 21, 11580-11586. [CrossRef]

Ucar, H.; Van Derpoorten, K.; Cacciaguerra, S.; Spampinato, S.; Stables, J.P.; Depovere, P; Isa, M.; Masereel, B.; Delarge, J.;
Poupaert, ]. H. Synthesis and anticonvulsant activity of 2(3H)-benzoxazolone and 2(3H)-benzothiazolone derivatives. J. Med.
Chem. 1998, 41, 1138-1145. [CrossRef]

Dadmal, T.L.; Katre, S.D.; Mandewale, M.C.; Kumbhare, R.M. Contemporary progress in the synthesis and reactions of 2-
aminobenzothiazole: A review. New J. Chem. 2018, 42, 776-797. [CrossRef]

Evans, ].J.; Shoemaker, C.A.; Klesius, P.H. In vivo and in vitro effects of benzothiazole on sheepshead minnow (Cyprinodon
variegatus). Mar. Environ. Res. 2000, 50, 257-261. [CrossRef] [PubMed]

Stephensen, E.; Adolfsson-Erici, M.; Hulander, M.; Parkkonen, J.; Forlin, L. Rubber additives induce oxidative stress in rainbow
trout. Aquat. Toxicol. 2005, 75, 136-143. [CrossRef] [PubMed]

Stinckens, E.; Vergauwen, L.; Schroeder, A.L.; Maho, W.; Blackwell, B.R.; Witters, H.; Blust, R.; Ankley, G.T.; Covaci, A,;
Villeneuve, D.L.; et al. Impaired anterior swim bladder inflation following exposure to the thyroid peroxidase inhibitor 2-
mercaptobenzothiazole part II: Zebrafish. Aquat. Toxicol. 2016, 173, 204-217. [CrossRef] [PubMed]

Choi, T.; Kim, J.; Ko, D.H,; Kim, C.; Hwang, J.; Ahn, S.; Kim, S.Y,; Kim, C.; Lee, J.; Yoon, T. Zebrafish as a new model for
phenotype-based screening of melanogenic regulatory compounds. Pigment Cell Res. 2007, 20, 120-127. [CrossRef] [PubMed]
Gu, J; Guo, L.; Chen, C.; Ji, G.; Wang, L. Neurobehavioral toxic effects and mechanisms of 2-aminobenzothiazole exposure on
zebrafish. Sci. Total Environ. 2024, 913, 169495. [CrossRef] [PubMed]

d’Amora, M.; Giordani, S. The Utility of Zebrafish as a Model for Screening Developmental Neurotoxicity. Front. Neurosci. 2018,
12,976. [CrossRef]

Gibert, Y.; Trengove, M.C.; Ward, A.C. Zebrafish As a Genetic Model in Pre-Clinical Drug Testing and Screening. Curr. Med. Chem.
2013, 20, 2458-2466. [CrossRef]

Lee, J.; Freeman, J.L. Zebrafish as a Model for Developmental Neurotoxicity Assessment: The Application of the Zebrafish in
Defining the Effects of Arsenic, Methylmercury, or Lead on Early Neurodevelopment. Toxics 2014, 2, 464-495. [CrossRef]

Toni, M.; Arena, C.; Cioni, C.; Tedeschi, G. Temperature- and chemical-induced neurotoxicity in zebrafish. Front. Physiol. 2023,
14, 1276941. [CrossRef]

Kiper, K.G.; Freeman, J.L. Zebrafish as a Tool to Assess Developmental Neurotoxicity. In Cell Culture Techniques; Aschner, M.,
Costa, L., Eds.; Springer: New York, NY, USA, 2019; pp. 169-193.

Fan, C.-Y,; Cowden, J.; Simmons, S5.0.; Padilla, S.; Ramabhadran, R. Gene expression changes in developing zebrafish as potential
markers for rapid developmental neurotoxicity screening. Neurotoxicol. Teratol. 2010, 32, 91-98. [CrossRef] [PubMed]

St John, J.A.; Key, B. HuC—eGFP mosaic labelling of neurons in zebrafish enables in vivo live cell imaging of growth cones. J. Mol.
Histol. 2012, 43, 615-623. [CrossRef] [PubMed]

Maffioli, E.; Angiulli, E.; Nonnis, S.; Grassi Scalvini, F.; Negri, A.; Tedeschi, G.; Arisi, I.; Frabetti, F.; D’Aniello, S.; Alleva, E,;
et al. Brain Proteome and Behavioural Analysis in Wild Type, BDNF*/~ and BDNF~/~ Adult Zebrafish (Danio rerio) Exposed to
Two Different Temperatures. Int. . Mol. Sci. 2022, 23, 5606. [CrossRef] [PubMed]

Fero, K.; Yokogawa, T.; Burgess, H.A. The Behavioral Repertoire of Larval Zebrafish. In Zebrafish Models in Neurobehavioral
Research; Kalueff, A.V., Cachat, ]. M., Eds.; Humana Press: Totowa, NJ, USA, 2011; pp. 249-291.

Hoyberghs, J.; Bars, C.; Ayuso, M.; Van Ginneken, C.; Foubert, K.; Van Cruchten, S. DMSO Concentrations up to 1% are Safe to be
Used in the Zebrafish Embryo Developmental Toxicity Assay. Front. Toxicol. 2021, 3, 804033. [CrossRef]

Maeda, H.; Fukushima, N.; Hasumi, A. Standardized Method for the Assessment of Behavioral Responses of Zebrafish Larvae.
Biomedicines 2021, 9, 884. [CrossRef] [PubMed]

Gu, J.; Guo, M.; Yin, X.; Huang, C.; Qian, L.; Zhou, L.; Wang, Z.; Wang, L.; Shi, L.; Ji, G. A systematic comparison of neurotoxicity
of bisphenol A and its derivatives in zebrafish. Sci. Total Environ. 2022, 805, 150210. [CrossRef] [PubMed]

Faria, M.; Prats, E.; Novoa-Luna, K.A.; Bedrossiantz, ].; Gémez-Canela, C.; Gomez-Olivan, L.M.; Ralduda, D. Development of a
vibrational startle response assay for screening environmental pollutants and drugs impairing predator avoidance. Sci. Total
Environ. 2019, 650 Pt 1, 87-96. [CrossRef]

Chen, L.; Huang, Y.; Huang, C.; Hu, B.; Hu, C.; Zhou, B. Acute exposure to DE-71 causes alterations in visual behavior in zebrafish
larvae. Environ. Toxicol. Chem. 2013, 32, 1370-1375. [CrossRef]

Vliet, S.M.; Ho, T.C.; Volz, D.C. Behavioral screening of the LOPAC1280 library in zebrafish embryos. Toxicol. Appl. Pharmacol.
2017, 329, 241-248. [CrossRef]

Gonzalez-Fraga, ].; Dipp-Alvarez, V.; Bardullas, U. Quantification of Spontaneous Tail Movement in Zebrafish Embryos Using a
Novel Open-Source MATLAB Application. Zebrafish 2019, 16, 214-216. [CrossRef]

Liu, X.; Zhao, Y.; Dou, J.; Hou, Q.; Cheng, J.; Jiang, X. Bioeffects of Inhaled Nanoplastics on Neurons and Alteration of Animal
Behaviors through Deposition in the Brain. Nano Lett. 2022, 22, 1091-1099. [CrossRef]

Kim, C.H.; Ueshima, E.; Muraoka, O.; Tanaka, H.; Yeo, S.Y.; Huh, T.L.; Miki, N. Zebrafish elav/HuC homologue as a very early
neuronal marker. Neurosci. Lett. 1996, 216, 109-112. [CrossRef]


https://doi.org/10.1002/ardp.201400340
https://www.ncbi.nlm.nih.gov/pubmed/25682746
https://doi.org/10.1007/s11356-014-3131-1
https://doi.org/10.1021/jm970682+
https://doi.org/10.1039/C7NJ03776G
https://doi.org/10.1016/S0141-1136(00)00090-8
https://www.ncbi.nlm.nih.gov/pubmed/11460700
https://doi.org/10.1016/j.aquatox.2005.07.008
https://www.ncbi.nlm.nih.gov/pubmed/16144723
https://doi.org/10.1016/j.aquatox.2015.12.023
https://www.ncbi.nlm.nih.gov/pubmed/26818709
https://doi.org/10.1111/j.1600-0749.2007.00365.x
https://www.ncbi.nlm.nih.gov/pubmed/17371438
https://doi.org/10.1016/j.scitotenv.2023.169495
https://www.ncbi.nlm.nih.gov/pubmed/38142985
https://doi.org/10.3389/fnins.2018.00976
https://doi.org/10.2174/0929867311320190005
https://doi.org/10.3390/toxics2030464
https://doi.org/10.3389/fphys.2023.1276941
https://doi.org/10.1016/j.ntt.2009.04.065
https://www.ncbi.nlm.nih.gov/pubmed/19460430
https://doi.org/10.1007/s10735-012-9462-7
https://www.ncbi.nlm.nih.gov/pubmed/23104578
https://doi.org/10.3390/ijms23105606
https://www.ncbi.nlm.nih.gov/pubmed/35628418
https://doi.org/10.3389/ftox.2021.804033
https://doi.org/10.3390/biomedicines9080884
https://www.ncbi.nlm.nih.gov/pubmed/34440088
https://doi.org/10.1016/j.scitotenv.2021.150210
https://www.ncbi.nlm.nih.gov/pubmed/34534871
https://doi.org/10.1016/j.scitotenv.2018.08.421
https://doi.org/10.1002/etc.2168
https://doi.org/10.1016/j.taap.2017.06.011
https://doi.org/10.1089/zeb.2018.1688
https://doi.org/10.1021/acs.nanolett.1c04184
https://doi.org/10.1016/0304-3940(96)13021-4

Toxics 2024, 12, 341 17 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Xu, H.; Shao, X.; Zhang, Z.; Zou, Y.; Chen, Y.; Han, S.; Wang, S.; Wu, X.; Yang, L.; Chen, Z. Effects of Di-n-butyl Phthalate and
Diethyl Phthalate on Acetylcholinesterase Activity and Neurotoxicity Related Gene Expression in Embryonic Zebrafish. Bull.
Environ. Contam. Toxicol. 2013, 91, 635-639. [CrossRef]

Cheng, R.; Jia, Y;; Dai, L.; Liu, C.; Wang, J.; Li, G.; Yu, L. Tris(1,3-dichloro-2-propyl) phosphate disrupts axonal growth, cholinergic
system and motor behavior in early life zebrafish. Aquat. Toxicol. 2017, 192, 7-15. [CrossRef]

Caprara, G.A.; Perni, S.; Morabito, C.; Mariggio, M.A.; Guarnieri, S. Specific association of growth-associated protein 43 with
calcium release units in skeletal muscles of lower vertebrates. Eur. J. Histochem. 2014, 58, 296-300. [CrossRef]

Chen, X.; Dong, Q.; Chen, Y.; Zhang, Z.; Huang, C.; Zhu, Y.; Zhang, Y. Effects of Dechlorane Plus exposure on axonal growth,
musculature and motor behavior in embryo-larval zebrafish. Environ. Pollut. 2017, 224, 7-15. [CrossRef]

Dong, M.; Wang, J.; Liu, Y,; He, Q.; Sun, H.; Xu, Z.; Hong, H.; Lin, H.; Gao, P. 3-Bromocarbazole-Induced Developmental
Neurotoxicity and Effect Mechanisms in Zebrafish. ACS EST Water 2023, 3, 2471-2480. [CrossRef]

Kim, J.; Kim, C.Y,; Song, J.; Oh, H.; Kim, C.-H.; Park, J.-H. Trimethyltin chloride inhibits neuronal cell differentiation in zebrafish
embryo neurodevelopment. Neurotoxicol. Teratol. 2016, 54, 29-35. [CrossRef]

Zhao, J.; Lin, Q.; Kim, KJ.; Dardashti, ED.; Kim, J.; He, F.; Sun, Y. Ngn1 inhibits astrogliogenesis through induction of miR-9
during neuronal fate specification. eLife 2015, 4, 11. [CrossRef]

Mueller, T.; Wullimann, M.F. Expression domains of neuroD (nrd) in the early postembryonic zebrafish brain. Brain Res. Bull.
2002, 57, 377-379. [CrossRef] [PubMed]

Ochocinska, M.J.; Hitchcock, P.E. NeuroD regulates proliferation of photoreceptor progenitors in the retina of the zebrafish. Mech.
Dev. 2009, 126, 128-141. [CrossRef]

Miiller, C.; Bauer, N.; Schéfer, I.; White, R. Making myelin basic protein—From mRNA transport to localized translation. Front.
Cell. Neurosci. 2013, 7, 169. [CrossRef]

Pruvot, B.; Curé, Y.; Djiotsa, J.; Voncken, A.; Muller, M. Developmental defects in zebrafish for classification of EGF pathway
inhibitors. Toxicol. Appl. Pharmacol. 2014, 274, 339-349. [CrossRef]

Melnikov, E; Botta, D.; White, C.C.; Schmuck, S.C.; Winfough, M.; Schaupp, C.M.; Gallagher, E.P.; Brooks, B.W.; Williams, E.S.;
Coish, P; et al. Kinetics of Glutathione Depletion and Antioxidant Gene Expression as Indicators of Chemical Modes of Action
Assessed in Vitro in Mouse Hepatocytes with Enhanced Glutathione Synthesis. Chem. Res. Toxicol. 2019, 32, 421-436. [CrossRef]
Higgins, L.G.; Kelleher, M.O.; Eggleston, .M.; Itoh, K.; Yamamoto, M.; Hayes, ].D. Transcription factor Nrf2 mediates an adaptive
response to sulforaphane that protects fibroblasts in vitro against the cytotoxic effects of electrophiles, peroxides and redox-cycling
agents. Toxicol. Appl. Pharmacol. 2009, 237, 267-280. [CrossRef]

Hayes, ]J.D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem. Sci. 2014, 39, 199-218. [CrossRef]

Korashy, H.M.; Brocks, D.R.; El-Kadi, A.O.S. Induction of the NAD(P)H:quinone oxidoreductase 1 by ketoconazole and itracona-
zole: A mechanism of cancer chemoprotection. Cancer Lett. 2007, 258, 135-143. [CrossRef]

Lee, O.-H.; Jain, A K.; Papusha, V.; Jaiswal, A K. An Auto-regulatory Loop between Stress Sensors INrf2 and Nrf2 Controls Their
Cellular Abundance. J. Biol. Chem. 2007, 282, 36412-36420. [CrossRef]

Park, J.-E.; Park, J.-S.; Leem, Y.-H.; Kim, D.-Y,; Kim, H.-S. NQO1 mediates the anti-inflammatory effects of nootkatone in
lipopolysaccharide-induced neuroinflammation by modulating the AMPK signaling pathway. Free Radic. Biol. Med. 2021, 164,
354-368. [CrossRef]

Kizilkaya, S.; Akpinar, G.; Sesal, N.C.; Kasap, M.; Gokalsin, B.; Kayhan, EE. Using proteomics, -PCR and biochemical methods
complementing as a multiapproach to elicit the crucial responses of zebrafish liver exposed to neonicotinoid pesticide. Comp.
Biochem. Physiol. Part. D Genom. Proteom. 2023, 47,101103. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00128-013-1101-9
https://doi.org/10.1016/j.aquatox.2017.09.003
https://doi.org/10.4081/ejh.2014.2453
https://doi.org/10.1016/j.envpol.2017.03.011
https://doi.org/10.1021/acsestwater.3c00108
https://doi.org/10.1016/j.ntt.2015.12.003
https://doi.org/10.7554/eLife.06885
https://doi.org/10.1016/S0361-9230(01)00694-3
https://www.ncbi.nlm.nih.gov/pubmed/11922992
https://doi.org/10.1016/j.mod.2008.11.009
https://doi.org/10.3389/fncel.2013.00169
https://doi.org/10.1016/j.taap.2013.11.006
https://doi.org/10.1021/acs.chemrestox.8b00259
https://doi.org/10.1016/j.taap.2009.03.005
https://doi.org/10.1016/j.tibs.2014.02.002
https://doi.org/10.1016/j.canlet.2007.08.016
https://doi.org/10.1074/jbc.M706517200
https://doi.org/10.1016/j.freeradbiomed.2021.01.015
https://doi.org/10.1016/j.cbd.2023.101103

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Zebrafish Breeding and Embryo Collection 
	Embryos Exposed to Different BTH Solutions 
	Behavioral Experiments on Light and Dark Stimulation, Black and White Choice, and Tapping Stimulation of Zebrafish Larvae 
	Light and Dark Stimulation Behavioral Test 
	Vibration Startle Response Test (VSRA) 
	Phototaxis Selection Behavior Test 

	Image Observation of Transgenic Zebrafish 
	Quantitative qPCR Detection 
	Assessment of Oxidative Stress Levels 

	Results 
	Developmental Toxicity of BTHs to Zebrafish Juveniles 
	Behavioral Changes in Zebrafish Juveniles 
	Light and Dark Stimulation 
	Vibration Startle Response Test 
	Phototaxis Test 

	Influence on Central Nervous System Development 
	Effects on the Antioxidant Systems of Zebrafish 
	Gene Expression Related to Neurodevelopment in Zebrafish Larvae 

	Discussion 
	Conclusions 
	References

