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• Titanium dioxide nanoparticles exposure induced neurotoxicity.
• Titanium dioxide nanoparticles exposure markedly decreased locomotor behavior.
• Titanium dioxide nanoparticles exposure decreased central nervous system
(CNS) neurogenesis in Tg (HuC-GFP)
zebraﬁsh.
• Titanium dioxide nanoparticles exposure adversely affected motor neuron
axon length in Tg (hb9-GFP) zebraﬁsh.
• Titanium dioxide nanoparticles exposure downregulate the expression levels
of neurodevelopment genes.
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a b s t r a c t
More attention has been recently paid to the ecotoxicity of titanium dioxide nanoparticles (nano-TiO2) owing to
its common use in many ﬁelds. Although previous studies have shown that nano-TiO2 is neurotoxic, the mechanism is still largely unknown. In the present study, zebraﬁsh embryos were exposed to 0.01, 0.1, and 1.0 mg/L
nano-TiO2 and 1.0 mg/L micro-TiO2 for up to 6 days post-fertilization (dpf). Exposure to 1.0 mg/L nano-TiO2 signiﬁcantly decreased the body length and weight of zebraﬁsh larvae; however, the hatching and mortality rate of
zebraﬁsh embryos did not change. Behavioral tests showed that nano-TiO2 exposure signiﬁcantly reduced the
swimming speed and clockwise rotation times of the larvae. The results revealed that nano-TiO2 treatment adversely affected motor neuron axon length in Tg (hb9-GFP) zebraﬁsh and decreased central nervous system
(CNS) neurogenesis in Tg (HuC-GFP) zebraﬁsh. Additionally, real-time polymerase chain reaction analysis demonstrated that genes associated with neurogenesis (nrd and elavl3) and axonal growth (α1-tubulin, mbp, and
gap43) were signiﬁcantly affected by nano-TiO2 exposure. In conclusion, our study demonstrated that earlylife stage exposure of zebraﬁsh to nano-TiO2 causes adverse neural outcomes through the inhibition of
neurodevelopment and motor neuron axonal growth.
© 2020 Published by Elsevier B.V.
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1. Introduction

2. Materials and methods

Titanium dioxide nanoparticles (nano-TiO2) are one of the most
widely used engineering nanomaterials, and are commonly used in
food and personal care products (Weir et al., 2012), medical treatments
(Pelgrift and Friedman, 2013), building materials (Bergamonti et al.,
2014), environmental waste cleaning (Formoso et al., 2016), among
others. It has been estimated that in 2020, approximately 2.1 million
tons of nano-TiO2 will be produced, and the estimated annual usage of
nano-TiO2 will exceed 2.5 million tons in the United States by 2025
(Robichaud et al., 2009). As a result of the widespread use of nanoTiO2, these particles will ineluctably be released into aquatic environments. In surface water, the detected concentration of such engineered
nanoparticles ranges from 0.1to1.0 mg/L (Gottschalk et al., 2013;
Khosravi et al., 2012), which will only increase with wider production
and application of nano-TiO2 and prove harmful to the environment.
Thus, the increasing concentrations of engineered nanoparticles in the
environment should be checked, and research regarding new ways to
keep this issue under control is needed.
Zebraﬁsh (Danio rerio) are becoming the most promising in vivo
model for evaluating the impacts of environmental pollutants, such as
heavy metals, bisphenol analogues, organophosphorus ﬂame retardants, among others (Green and Planchart, 2018; Gu et al., 2020b;
Wendels et al., 2017), because of their rapid embryonic development,
optical clarity, high fecundity, and high genetic similarity to humans
(~75%).
Recently, several studies have investigated the effects of nano-TiO2
on zebraﬁsh though no signiﬁcant lethal toxicity (such as that affecting
embryo hatchability and survival rates) and signs of deformity have
been observed (Tang et al., 2019; Wang et al., 2014). Other adverse effects, such as developmental toxicity (Clemente et al., 2014; LopezSerrano Oliver et al., 2015; Samaee et al., 2015), reproduction toxicity
(Kotil et al., 2017; Ramsden et al., 2013), genotoxicity (Rocco et al.,
2015), vascular toxicity (Bayat et al., 2015) and dysbiosis of gut microbiota (Chen et al., 2018) have been reported.
Nano-TiO2 exposure has been shown to induce developmental
neurotoxicity in zebraﬁsh; however, the mechanism underlying these
neurobehavioral alterations is not well understood. It has been demonstrated that interference with neurogenesis or axonal growth of motor
neurons results in functional deﬁcits (Cheng et al., 2017; Wang et al.,
2013; Yang et al., 2011). For example, the behavioral changes of
zebraﬁsh induced by tris-(1,3-dichloro-2-propyl) phosphate may be
the result of structural changes in motor neurons and the inhibition of
the cholinergic system (Cheng et al., 2017). However, the deﬁnite
effects of nano-TiO2 interference with neurogenesis or axonal growth
in vivo and whether the aberrant neurogenesis or axonal growth
correlates with nano-TiO2 induced behavioral deﬁcits are yet to be
demonstrated.
Considering this background, we utilized two kinds of
neurodevelopmental-related transgenic zebraﬁsh to investigate the effects of nano-TiO2 on the neuronal development and axonal growth of
motor neurons. In Tg (HuC-GFP) zebraﬁsh, green ﬂuorescent protein
(GFP) is expressed in the central nervous system (CNS), providing a
clear view of neurogenesis and axonogenesis in live embryos or larvae
(St John and Key, 2012). In the Tg (hb9-GFP) zebraﬁsh larvae, GFP is selectively expressed in the motor neurons, facilitating the visualization
and analysis of motor neuron development in vivo (Arkhipova et al.,
2012). Some studies have revealed that oxidative stress plays an important role in the pathogenesis of pollutant-induced toxicity; several key
genes related to neurodevelopment, and oxidative stress were also
measured, which may help to elucidate the neurobehavioral alterations.
Meanwhile, to investigate the effect of particle size, the neurotoxicity of
micro-TiO2 (1–2 μm) was also detected in the present study. The present study may strengthen our understanding of the developmental neurotoxicity of TiO2, providing a scientiﬁc evaluation of its safety to aquatic
organisms.

2.1. Chemicals and reagents
Micro-TiO2, composed of anatase (1–2 μm diameter; ≥99% purity),
were acquired from Beijing DK nano technology Co., LTD (Beijing,
China). Nano-TiO2, composed of 80% anatase and 20% rutile (with an average diameter of 21 nm; ≥99.5% purity) was purchased from Degussa
Corporation (Hanau, Germany). MS-222 (3-aminobenzoic acid ethyl
ester, methane sulfonate salt) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Trizol reagent, reverse transcription reagent kits, and
SYBR-green RT-PCR kits were obtained from TaKaRa (TaKaRa, Dalian,
China).
2.2. Zebraﬁsh maintenance and embryos exposure
The transgenic zebraﬁsh (HuC-GFP and hb9-GFP) and wild-type
zebraﬁsh (AB strain) used in this study were obtained from the Institute
of Hydrobiology, Chinese Academy of Sciences. The maintenance of the
parent zebraﬁsh (4-months-old) and the acquisition of fertilized eggs
were conducted as previously described (Gu et al., 2020a; Gu et al.,
2019). Seven hundred normally developed embryos at the blastula
stage (2 h post fertilization, hpf) were randomly distributed into
seven glass beakers containing 500 mL of micro-TiO2 or nano-TiO2 at
different concentrations (0, 0.01, 0.1 and 1.0 mg/L). There were four
replicates for each exposure concentration, and the embryos were cultured at 28 ± 0.5 °C with a 14-h photoperiod daily. All the animal experiments were conducted in accordance with the guidelines for the care
and use of laboratory animals of the Nanjing Institute of Environmental
Sciences.
The test solution of TiO2 was prepared by dispersing it in zebraﬁsh
culture medium (fresh charcoal-ﬁltered water) with sonication for
20 min, and then mechanically vibrating it for 5 min. TiO2 was characterized using a scanning electron microscope (SU8100, HITACHI, Japan).
The aggregate size of nanoparticles and the zeta potential of TiO2 suspension were determined using a Nano Particle Size and Zeta Potential
Analyzer (DelsaMax PRO, Beckman Coulter). During the experimental
period, 50% of the exposure solution was renewed daily.
2.3. Analysis of toxic effects on embryo-larvae
During the experimental period, the hatching and mortality rate
were recorded twice every day using a stereoscopic microscope
(Nikon, SMZ18, Japan), and dead embryos were removed as soon as
possible. The hatching and mortality rates were recorded every 12 h.
The whitening and condensation eggs were removed to prevent
contamination. At 72 hpf, the body length and weight of the surviving
larvae were measured. After anesthetization using 0.02% MS-222, the
body length of larvae was measured using the EthoVision®XT (Noldus
information Technology, Wageningen, The Netherlands). The wet
weight of the larvae was measured using the weight loss method. The
GFP expression intensity of Tg (HuC-GFP) larvae (n = 10) was analyzed
at 72 h after TiO2 treatment using a laser scanning confocal microscope
(Zeiss 700B, Germany). The relative motor axon (GFP-positive) lengths
of Tg (hb9-GFP) zebraﬁsh larvae (n = 10) were then measured using
the Image J software (National Institute of Health, Bethesda, Maryland).
2.4. Locomotor behavior monitoring of zebraﬁsh larvae
Locomotion activities of larvae at 6 dpf were monitored using alternating light-dark photoperiod stimulation using the DanioVision Observation Chamber (Noldus IT, Netherlands), according to the previously
published method (Gu et al., 2020b). The average swimming speed of
zebraﬁsh larvae in response to light stimuli was quantiﬁed using the locomotor activity assay, while the clockwise rotation times were quantiﬁed using the turning behaviors assay. Twenty-four larvae from each
2

J. Gu, M. Guo, C. Huang et al.

Science of the Total Environment 754 (2021) 142315

3. Results

treatment group (n = 4, replicates) were transferred to a 24-well plate
(1 larva per well), along with 3 mL of test water. Dead or malformed larvae were excluded from the test. After being maintained in the dark for
20 min prior to the behavioral analysis, the free-swimming activities of
larvae in the continuous visible light (25 min) and dark (25 min) conditions were monitored. The video was analyzed using the EthoVision XT
software (Noldus IT, Netherlands) to track the larvae movement in each
24-well plate.

3.1. Particle characterization
The scanning electron microscope characterization of TiO2 is shown
in Fig. 1. The TiO2 particles were uniform in size and shape, with microTiO2 and nano-TiO2 having approximate diameters of 1–2 μm (Fig. 1A
and C) and 20 nm (Fig. 1B and D), respectively. However, the average diameter of TiO2 in the solution (ultrapure water) was larger than that of
the primary particles, as measured using dynamic light scattering (DLS)
(Supplementary Table 2). This result suggested that some particles
tended to form larger aggregates when they were dispersed in suspension. In addition, the diameter of TiO2 in solution increased with the increase of concentration. The zeta potential values of nano-TiO2 test
solutions were consistent during the 24-h test period, suggesting the stability of nano-TiO2 in the solution. However, owing to the larger size of
micro-TiO2, it is difﬁcult to keep the micro-TiO2 solution stable for 24 h.

2.5. Real-time PCR
At 72 hpf, 30 pooled larvae in each treatment were homogenized
(n = 4, replicates) using Trizol reagent following the manufacturer's instructions (TaKaRa, Dalian, China). The RNA concentration was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher,
USA). The ﬁrst-strand cDNA was synthesized using a PrimeScript® RT
reagent kit (TaKaRa, Japan). The primers used in this study were designed with the online Primer 3 software, and the primer sequences
used are listed in Supplementary Table 1. The housekeeping gene βactin was used as an internal control, which did not vary upon TiO2
exposure (data not shown). The quantitative real-time polymerase
chain reaction (qRT-PCR) analysis was done using SYBR Green PCR
kits (Takara, Dalian, China) on an ABI Step One plus RT-PCR (Applied
Biosystem, Foster City, CA, USA) system. The relative expression of
genes was normalized to β-actin mRNA contents using the 2−ΔΔCt
method.

3.2. Toxic effects of TiO2 on zebraﬁsh embryos and larvae
The hatching rate (48 and 72 hpf) and mortality rate (72 hpf) of
zebraﬁsh embryos, as well as the body weight and length of the larvae
(72 hpf) are shown in Fig. 2. No signiﬁcant increases in the hatching
and mortality rates relative to the control treatments were observed
for the micro- or nano-TiO2 exposed embryos (Fig. 2A and B). However,
the larvae exhibited reduced body weight and length in a dosedependent manner (p < 0.05) in the nano-TiO2 treatment groups,
with a signiﬁcant difference being observed at 1.00 mg/L, compared to
the controls (Fig. 2C and D). The body weight and length of the zebraﬁsh
treated with 1.00 mg/L nano-TiO2 were 88.9% and 86% of those of the
normal control group, respectively.

2.6. Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM).
Data were checked for assumptions of normality and homogeneity before statistical comparisons. Measurement data were analyzed using
one-way analysis of variance (ANOVA) with Bonferroni's multiple comparisons correction. The non-parametric Kruskal-Wallis test was performed when the data had a non-normal distribution. All statistical
analyses were performed using GraphPad Prism 6 (version 5.0) or
SPSS (version 20.0). The critical value for statistical signiﬁcance was
p < 0.05.

3.3. Neurobehavioral alteration induced by TiO2 exposure
Since TiO2 exposure signiﬁcantly affected larval development, as mentioned above, it's impact on neurobehavioral alteration was then examined. As shown in Fig. 3A and B, locomotor traces of the larvae
presented a remarkable decline in free-swimming activity in the nano-

Fig. 1. Particle characterization. TEM image of 1-2 μm micro-TiO2 (A) and (C); TEM image of 20 nm nano-TiO2 (B) and (D).
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Fig. 2. Toxicity of TiO2 on zebraﬁsh embryos and larvae development. Hatching rate (A), Survival rate (B), Statistical results of body weight (C) and body length (D). *p < 0.05, **p < 0.01,
***p < 0.001, compared with control groups. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with 1 mg/L micro-TiO2 group.

controls. Furthermore, the 1.00 mg/L concentration of nano-TiO2 yielded
markedly reduced clockwise rotation times, compared with the control
group (p < 0.05). The average speed and clockwise rotation times of
zebraﬁsh in the 1 mg/L nano-TiO2 treatment group were 54.7% and
47.1% of those in the control group, respectively.

TiO2 treatment groups. It showed that nano-TiO2 exposure caused a
concentration-dependent decrease in the swimming speed and clockwise
rotation times (p < 0.01) (Fig. 3C and D). In addition, larvae that were
exposed to higher concentrations of nano-TiO2 (0.10 and 1.00 mg/L)
displayed a signiﬁcantly lesser swimming speed (p < 0.001) than the

Fig. 3. Neurobehavioral alteration induced by TiO2 exposure. Representative locomotion tracks (A), Heat map of locomotion tracks (B), Average speed (C) and Clockwise rotation times (D).
(n = 24 in each group) *p < 0.05, **p < 0.01, ***p < 0.001, compared with control groups. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with 1 mg/L micro-TiO2 group.
4
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Fig. 4. TiO2 exposure decreased central nervous system (CNS) neurogenesis in Tg (HuC-GFP) zebraﬁsh. At 72 hpf, green ﬂuorescence images of central nervous system (CNS) neurogenesis
in Tg (HuC-GFP) zebraﬁsh (A) and Fluorescence Statistics (B). (n = 10 in each group) *p < 0.05, **p < 0.01, ***p < 0.001, compared with control groups. #p < 0.05, ##p < 0.01,
###p < 0.001, compared with 1 mg/L micro-TiO2 group.

reduction in GFP expression in the brain and spinal cord at 72
hpf, being 22.7% and 41.6% lower than that of the control (n =
10), respectively. In addition, a signiﬁcant reduction i.e., 22.9%
and 63.2% in the motor neuron axon length was observed in
the Tg (hb9-GFP) zebraﬁsh exposed to 0.1 and 1.00 mg/L nanoTiO 2 , compared with those in the control group (Fig. 5) (n =
10), respectively.

3.4. TiO2 caused a signiﬁcant reduction in neuron-speciﬁc GFP expression in
transgenic zebraﬁsh
To intuitively investigate the effects of TiO 2 on nervous system development, two transgenic zebraﬁsh lines (HuC-GFP and
hb9-GFP) were used. As shown in Fig. 4, Tg (HuC-GFP) zebraﬁsh
exposure to nano-TiO2 at 0.1 and 1.00 mg/L led to a signiﬁcant

Fig. 5. TiO2 exposure adversely affected motor neuron axon length in Tg (hb9-GFP) zebraﬁsh. At 72hpf, green ﬂuorescence images of motor neuron axon length in Tg (hb9-GFP) zebraﬁsh
(A) and Fluorescence Statistics (B). (n = 10 in each group) *p < 0.05, **p < 0.01, ***p < 0.001, compared with control groups. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with 1 mg/L
micro-TiO2 group.
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Fig. 6. Gene expression changes induced by TiO2 exposure. TiO2 exposure changed the oxidative stress (A), early neurogenesis (B) and neural maturation related genes (C). a p < 0.05,
compared with control groups. b p < 0.05, compared with 1 mg/L micro-TiO2 group.

decreased body length and weight in the 1 mg/L nano-TiO2-treated
group. These results indicated that short-term exposure to nano-TiO2
has no signiﬁcant acute embryonic toxicity.
During the early-life stage of zebraﬁsh, the locomotor behavior is initiated and controlled by the nervous system, which is generally considered as a sensitive indicator for abnormal nerve development changes
(Drapeau et al., 2002; Shaw et al., 2016). Among the behavioral responses, swimming kinetics is the most relevant and studied parameter
(d'Amora and Giordani, 2018). Chen et al. (2011) have reported that the
average and maximum velocity of zebraﬁsh larvae is signiﬁcantly affected by nano-TiO2. In addition, Sheng et al. (2016) found that a low
dose and subchronic exposure to nano-TiO2 impairs the spatial recognition memory of adult zebraﬁsh. In the present study, locomotor behaviors were signiﬁcantly inhibited after exposure to nano-TiO2, which is in
agreement with the above-mentioned study results.
Neurobehavioral alterations are associated with the impairment of
neurogenesis or axonogenesis. Supporting this hypothesis, we assessed
neural morphology with HuC-GFP and hb9-GFP transgenic zebraﬁsh to
determine the effects of nano-TiO2 on the CNS and on motor neuron development. In Tg (HuC-GFP) zebraﬁsh, GFP is expressed in the CNS,
wherein the GFP is integrated into the promoter sequence of elavl3
gene. elavl3 encodes the neuron-speciﬁc RNA binding protein HuC,
which is one of the earliest neuronal markers in zebraﬁsh (Kim et al.,
1996). In the Tg (hb9-GFP) zebraﬁsh larvae, GFP is selectively expressed
in the motor neurons modulated by the hb9 gene, which plays a critical
role in the development of motor neurons in zebraﬁsh (Cheesman et al.,
2004). In accordance with neurobehavioral alterations, nano-TiO2 exposure signiﬁcantly reduced the GFP ﬂuorescence in the brain and spinal
cord in HuC-GFP transgenic zebraﬁsh. Moreover, motor neuron axon
growth was inhibited in hb9-GFP zebraﬁsh after exposure to nanoTiO2. These results indicated that nano-TiO2 exerts a direct effect on
neurogenesis and motor neuron axonogenesis.
To identify the possible molecular markers related to this procedure,
the expression of the selected target genes that are associated with
neurodevelopment (ngn1, nrd, elavl3, α1-tubulin, mbp, syn2a, gfap, and
gap43) and oxidative stress (Mn-SOD, Cu/Zn-SOD, and cat) was measured.
Among the three early neurogenesis-related genes (ngn1, nrd, and elavl3),
the expression levels of nrd and elavl3 were signiﬁcantly suppressed after
nano-TiO2 exposure. The downregulation of elavl3 was consistent with
the reduction of GFP observed in HuC-GFP transgenic zebraﬁsh. Nrd, one

3.5. Gene expression changes induced by TiO2 exposure
To further explore the neurotoxicity of TiO2 at the molecular level,
genes involved in oxidative stress (Mn-SOD, Cu/Zn-SOD, and cat), early
neurogenesis (ngn1, nrd, and elavl3) and neural maturation (α1-tubulin,
mbp, syn2a, gfap, and gap43) were evaluated at 72 hpf. It was observed
that nrd and elavl3 were signiﬁcantly down regulated in the 1.00 mg/L
nano-TiO2 treated group (Fig. 6). Moreover, the expression of a1-tubulin
was signiﬁcantly up-regulated in the 0.01, 0.1, and 1.0 mg/L nano-TiO2
treated groups. The transcript levels of mbp and gap43 displayed a signiﬁcant downregulation in the 1.0 or 0.1 mg/L nano-TiO2 treated groups
(p < 0.01).
4. Discussion
In recent years, several studies have demonstrated that nano-TiO2
could cause neurotoxicity in zebraﬁsh (Sheng et al., 2016). A report has
revealed that nano-TiO2 can penetrate into the brain of zebraﬁsh larvae
(Hu et al., 2017), and suppress the formation of dopaminergic neurons,
which is linked to Parkinson's disease (PD) symptoms. Using Fouriertransform infrared spectroscopy assay, Palaniappan and Pramod (2011)
showed that nano-TiO2 exposure contributes to a signiﬁcant alteration
in the major biochemical constituents, such as proteins, lipids, and nucleic
acids in brain tissues. Additionally, a number of studies have shown that
nano-TiO2 particles cause signiﬁcant neurobehavioral alterations in
zebraﬁsh larvae (Chen et al., 2011; Sheng et al., 2016), which are often
considered to be an endpoint of developmental neurotoxicity (Fang
et al., 2015). Guo et al. (2019) found that combined exposure to bisphenol
A and nano-TiO2 induced thyroid endocrine disorder and developmental
neurotoxicity in zebraﬁsh offspring. Similarly, in another study, after
combined exposure to nano-TiO2 and cypermethrin, nano-TiO2 induced
the accumulation of cypermethrin in mice and cypermethrin-induced developmental neurotoxicity (Li et al., 2018). However, the mechanism underlying the toxic effects of nano-TiO2 on organisms is still poorly
understood. In the present study, zebraﬁsh embryos were used as an animal model to investigate the developmental neurotoxicity of nano- and
micro-TiO2. In accordance with previous studies (Tang et al., 2019; Wang
et al., 2014), nano- and micro-TiO2 did not affect the hatching rate and
mortality rate of zebraﬁsh embryos at the highest concentration
(1 mg/L) in the current work. However, the larvae exhibited signiﬁcantly
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of the earliest transcription factors, prompts differentiation in newborn
neurons (Mueller and Wullimann, 2002); the downregulation of elavl3
and nrd in this study indicated that nano-TiO2 exposure affected neuronal
development and differentiation. In addition, the mRNA expression involved in neural maturation or axonal growth (α1-tubulin, mbp, syn2a,
gfap, and gap43) was also quantiﬁed in zebraﬁsh larvae. The α1-tubulin
gene plays an essential role in the development and in the regeneration
of axons and dendrites (Baas, 1997), while mbp is a major component of
the myelin sheath and is considered to play a key role in the myelination
of axons (Yoshida and Macklin, 2005). Additionally, growth-associated
protein 43 (GAP43) is neuronally expressed in axons and concentrated
in axonal growth cones of hippocampal neurons (Schreyer and Skene,
1993). Previous studies have showed that neurotoxic compounds,
such as BDE-47 and Triclosan inhibit axonal growth and can be compensated for with an increased expression of both of the aforementioned
genes (Chen et al., 2012; Kim et al., 2018). We speculate that the increased expression of axon-related genes (α1-tubulin, mbp, and gap43)
may reﬂect the compensatory mechanism in response to an inhibited
axonal growth upon nano-TiO2 exposure. The expression level changes
in the α1-tubulin, mbp and gap43 genes further support our hypothesis
that nano-TiO2-induced motor behavior deﬁcits may result from the inhibitory effect on motoneuron axonal growth.
Several studies have detected the roles of oxidative stress in nanoTiO2-induced neurotoxicity; however, some differences exist in these
studies. Hao et al. (2009) observed that 100 and 200 mg/L concentrations of nano-TiO2 could reduce the activity of Superoxide dismutase
(SOD), Catalase (CAT), and peroxidase, and increase the lipid peroxidation level in carp liver, gills, and brain. Another study reported that exposure to 100 mg/L nano-TiO2 for 7 days results in a declined activity
of CAT, SOD and glutathione S-transferase (GSTs) and in a high expression in the liver and gill tissue of adult zebraﬁsh (Palaniappan and
Pramod, 2011). However, Chen et al. (2011) found that nano-TiO2 exposure (0.1–10 mg/L) induces behavioral changes that can not be reversed
by co-exposure to antioxidants. Moreover, another study has shown
that a 0.1 mg/L nano-TiO2 treatment 6 dpf does not increase lipid peroxidation and the reactive oxygen species (ROS) level in zebraﬁsh larvae
(Fang et al., 2015). In agreement with these ﬁndings, the expression
levels of three oxidative stress-related genes (Mn-SOD, Cu/Zn-SOD and
cat) genes were not affected by exposure to 0.1–1.0 mg/L nano-TiO2 in
our study, suggesting that other factors (such as neuronal development
and motoneuron axonal growth inhibition), which may not be limited
to oxidative stress, may play an important role in nano-TiO2-induced
neurotoxicity a low-dose (1.0 mg/L and lower).
In summary, the present study revealed a nano-TiO2-induced developmental neurotoxicity in the early developmental stages of
zebraﬁsh via a novel mechanism of neuronal development and motoneuron axonal growth inhibition, which resulted in alterations of
behavior. The data presented in our study enhanced our understanding of the mechanism of nano-TiO 2 and could contribute to
ecological risk evaluation; however, further studies are still needed
to evaluate the cell signaling pathways of nano-TiO2-induced developmental neurotoxicity.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.142315.
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