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• Zebrafish: a powerful model for visualiz-
ing the developmental neurotoxicity of
nickel.

• Nickel exposure induces zebrafish
neurodevelopmental and neurobehav-
ioral disorders.

• Nickel exposure activates zebrafish mi-
croglia and triggers neuroimmune re-
sponses.

• Nickel exposure interferes with cerebral
and somatic vasculogenesis in zebrafish.

• Ferroptosis is strongly implicated in
nickel-induced neurotoxic effects.
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Nickel (Ni) is a widely utilized heavy metal that can cause environmental pollution and health hazards. Its safety has
attracted the attention of both the environmental ecology and public health fields. While the central nervous system
(CNS) is one of the main targets of Ni, its neurotoxicity and the underlying mechanisms remain unclear. Here, by
taking advantage of the zebrafish model for live imaging, genetic analysis and neurobehavioral studies, we reveal
that the neurotoxic effects induced by exposure to environmentally relevant levels of Ni are closely related to ferrop-
tosis, a newly-described form of iron-mediated cell death. In vivo two-photon imaging, neurobehavioral analysis and
transcriptome sequencing consistently demonstrate that early neurodevelopment, neuroimmune function and vascu-
logenesis in zebrafish larvae are significantly affected by environmental Ni exposure. Importantly, exposure to various
concentrations of Ni activates the ferroptosis pathway, as demonstrated by physiological/biochemical tests, as well as
the expression of ferroptosis markers. Furthermore, pharmacological intervention of ferroptosis via deferoxamine
(DFO), a classical iron chelating agent, strongly implicates iron dyshomeostasis and ferroptosis in these Ni-induced
neurotoxic effects. Thus, this study elucidates the cellular and molecular mechanisms underlying Ni neurotoxicity,
with implications for our understanding of the physiologically damaging effects of other environmental heavy metal
pollutants.
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1. Introduction

The heavy metal, nickel (Ni), is abundant and widely distributed in
nature. Due to its distinct physical/chemical properties, Ni has been exten-
sively applied in the manufacturing industry including the production of
stainless steel and batteries, as well as in electroplating and many other
standard production processes (Beattie et al., 2017). It is an indispensable
raw material for household metal products, jewelry and medical equip-
ment, as well as the specialized material required by the aerospace and na-
tional defense industries. The exploitation and utilization of Ni has greatly
promoted socio-economic development, however, a consequent progres-
sive increase in the levels of Ni contaminating various ecosystems has
inevitably led to environmental pollution and health hazards (Genchi
et al., 2020). As reported in the previous studies, environmental concentra-
tions of Ni2+ ranged from 0.5 to 2 mg/L (approximately 8–30 μMol/L) in
polluted rivers and lakes, and the recorded highest concentration of Ni2+

is 183 mg/L (about 3 mMol/L) near a nickel refinery (Kienle et al., 2009).
Ni can cause atopic dermatitis by skin contact, and can be absorbed and

accumulated in the kidney, lungs, liver and brain, causing multi-organ tox-
icity. Recently, numerous studies have reported the carcinogenicity of Ni,
as well as its toxic effects on various organs (Dudek-Adamska et al., 2021;
Lippmann et al., 2006; Xu et al., 2010; Yue Yang et al., 2021b). The central
nervous system (CNS) is one of the main targets of Ni toxicity. Studies have
shown that Ni can enter the brain via the blood-brain barrier or olfactory
nerve pathway, accumulate in brain areas and induce cytotoxicity (He
et al., 2013; Lamtai et al., 2018), causing a variety of neurological symp-
toms such as headache, dizziness, fatigue, memory loss, sleep disturbance
and ataxia (Das et al., 2019). Animal studies have demonstrated that Ni
exposure may lead to a variety of neurobehavioral abnormalities. For
example, it may impair the behavior and activity of Caenorhabditis elegans,
rodents and fish by affecting their neurotransmitter systems (He et al.,
2013; Ijomone et al., 2020; Topal et al., 2015), and may significantly affect
their learning/memory ability, exploration behavior and lead to anxiety or
depression-like behavior patterns (He et al., 2013; Lamtai et al., 2018;
Nabinger et al., 2018). Among the mechanisms implicated in Ni-induced
neurotoxicity, oxidative stress, mitochondrial dysfunction and abnormal
cellular energy metabolism have been proposed to play closely related
and significant roles (Song et al., 2017). For instance, Ni exposure can
induce the production of reactive oxygen species (ROS) in neurons, and re-
duce the activities of antioxidant enzymes such as superoxide dismutase
(SOD) and catalase (CAT), resulting in redox imbalance and increase of
toxic free radicals (Xu et al., 2010, 2011). In addition, Ni may induce mito-
chondrial damage and DNA (mtDNA) mutations/deletions in neurons (Xu
et al., 2011, 2015). The damaged mtDNA can amplify oxidative stress by
encoding defective proteins of the respiratory chain, which further
produces excess ROS and converts oxidative damage into mitochondrial
dysfunction (He et al., 2011; Lin and Beal, 2006). Apart from triggering
an energy crisis by inducing mitochondrial damage, Ni can also reduce
ATP production by affecting cellular energy metabolism in the CNS
(Brant and Fabisiak, 2009; Chen and Costa, 2006; Pietruska et al., 2011).
Similar to other environmental heavy metals, Ni-induced activation of
apoptosis and epigenetic modifications have also been reported to play
important roles in its neurotoxic effects (Adedara et al., 2020; Huang
et al., 2013). Nevertheless, our understanding of Ni neurotoxicity as well
as the underlying mechanisms is far from complete. The few existing stud-
ies have been mostly restricted to analyzing the effects of Ni on cultured
neurons in vitro and have ignored the contribution of other CNS cell types
as well as the interaction between different cells and structures. Therefore,
there is an urgent need to explore the adverse effects of Ni on the various
cellular components of the CNS in vivo, at an omics as well as at a more
general functional level. This will contribute to a more comprehensive
and systematic understanding of Ni neurotoxicity.

Zebrafish share many similarities with humans at the genomic level
(Barbazuk et al., 2000; Sakai et al., 2018), as well as in terms of the devel-
opment and function of the CNS (Kalueff et al., 2014). Importantly, trans-
genic lines exhibiting cell and tissue-specific expression of fluorescent
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proteins provide powerful tools for dynamically tracking various cell
types, thus providing significant advantages for the study of the neurotoxic-
ity of environmental pollutants. Ni has been reported to be close related
with increased mortality, delayed hatching and altered behavioral patterns
in zebrafish model. In addition, it can lead to oxidative stress, increased
apoptosis and abnormal muscle development (Boran and Şaffak, 2018;
Lazzari et al., 2019; Nabinger et al., 2018; Yokota et al., 2019). However,
the neurotoxic effects of Ni on zebrafish model system, as well as the
underlying mechanisms remain largely unknown. In this study, exploiting
the advantages of the zebrafish model in genetic analysis, in vivo imaging
and the detection of neurological function, we reveal that exposure to envi-
ronmentally relevant concentrations of Ni affects early neurodevelopment,
neuroimmune function and angiogenesis of zebrafish larvae. Furthermore,
Ni exposure significantly activates ferroptosis, a recently described form of
iron-mediated cell death which has been strongly implicated inmany types
of CNS injuries and diseases. In addition, based on the results of pharmaco-
logical intervention, physiological/biochemical tests and transmission elec-
tron microscope (TEM) imaging of mitochondrial morphology, we reveal a
close connection between the mechanism of ferroptosis and the observed
neurotoxic effects induced by Ni. We hypothesize that Ni exposure may
affect the regulation of iron homeostasis and antioxidant capacity in the
CNS through various pathways, and eventually lead to the activation of
the ferroptosis mechanism. This study thereby contributes to further eluci-
dating the cellular and molecular mechanisms of Ni neurotoxicity from a
new perspective. It provides a theoretical basis and possible solutions for
the neurodevelopmental, structural and functional impairment induced
by Ni, as well as other environmental heavy metals.

2. Materials and methods

2.1. Ethics statement and zebrafish maintenance

Zebrafish husbandry and experimental procedures were reviewed and
approved by the Ethics Committee of Lanzhou University (Approval No.
EAF2020006) and were performed in accordancewith the protocols as pre-
viously described (Westerfield, 2007; Zhao et al., 2018). All efforts were
taken to minimize zebrafish suffering. Wild-type zebrafish (AB strain),
transgenic Tg (HuC: EGFP) (Park et al., 2000) and Tg (Flk: mCherry)
(Fouquet et al., 1997) lines were obtained from the China Zebrafish
Resource Center (CZRC). The Tg (ApoE: EGFP) line (Peri and Nüsslein-
Volhard, 2008) was a gift from Prof. Jiulin Du group (Institute of Neurosci-
ence, Chinese Academy of Sciences). They were maintained in automated
water circulation systems (Thmorgan) at 27.8 °C under 14 h light/10 h
dark lighting conditions, and were fed twice daily with Larval AP100
(<50 μm, Zeigler Bros) from 6 to 14 dpf (days post-fertilization) and with
freshly hatched brine shrimps from 15 dpf.

2.2. Zebrafish developmental toxicity assays

Zebrafish embryos were obtained from male and female adults segre-
gated in mating tanks overnight. Mating and spawning were triggered by
the light being turned on the following morning. Fertilized embryos were
collected and washed with standard E3 medium within 1 h. 2 hpf (hours
post-fertilization) embryos were examined under the stereomicroscope
and normally developing embryos were selected for further assays. The
lethal toxicity of Ni was evaluated via a 12-day toxicity assessment, as pre-
viously described (Kim et al., 2021). Briefly, 2 hpf zebrafish embryos were
exposed to nickel chloride (NiCl2, Sigma-Aldrich) at different concentra-
tions ranging from 0 to 1 M dissolved in E3 medium, which was refreshed
daily. From 6 dpf onward, zebrafish larvae were fed with Larval AP100
twice daily. The concentrations that caused 50 % mortality (LC50) of the
test group on each specific day with 95% confidence limits were calculated
via the probit regression analysis as previously described (Gu et al., 2020).

In parallel, the developmental phenotype of zebrafish embryos exposed
to NiCl2 at environmentally relevant levels (0, 10, 50, 100, 500, 1000 μM)
was recorded from1 to 6 dpf using stereomicroscopy as previously described
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(Ramlan et al., 2017; Wang et al., 2022; Xu et al., 2022). For example,
survival and hatchingwere continuouslymonitored daily, while other devel-
opmental parameters including body length at 4 dpf, heart rate at 96 hpf,
malformation rates as well as spontaneous movement of 30 hpf embryos
were recorded and analyzed as previously described (Wang et al., 2022;
Xu et al., 2022).

2.3. Neurobehavioral tests in zebrafish larvae

Zebrafish larvae (6 dpf, n= 12–24 in each group) without morpholog-
ical abnormalities were randomly selected for neurobehavioral tests as
previously described (Wang et al., 2022; Xu et al., 2022). Briefly, they
were placed in 24 or 48 well-plates in the observation chamber of the
DanioVision Tracking System (Noldus IT) and were allowed to adapt for
10min. Then their locomotor activities, aswell as their swimming behavior
in response to alternating light-dark stimuli (5:5 min L:D) and vibration
stimuli (applied every 30 s) were continuously recorded at 27.8 °C. Each
test was repeated independently three times, and behavioral parameters
including distance swum, velocity, cumulative duration and acceleration
were analyzed by using the EthoVision XT 15.0 software (Noldus IT). The
data were presented as a moving average of 12–24 fish in each group,
during the whole test period, or in 1 s or 1 min time intervals.

2.4. RNA-sequencing and analyses

Zebrafish larvae (6 dpf, 50 larvae in each sample) exposed to different
levels of NiCl2 were collected and frozen in liquid nitrogen for 6 h. Total
RNA samples were isolated by using the TRIzol Regent (Invitrogen) and
were then sent to Novogene (Beijing, China) for RNA sequencing. Briefly,
sequencing libraries were constructed and sequenced on an Illumina
HiSeq™2500/MiSeq™ platform to generate raw reads. Raw paired-end
reads were merged to remain clean reads, which were mapped to the
reference zebrafish genome by using the TopHat software (Trapnell et al.,
2009). FPKM (fragments per kilobase of exon per million mapped reads)
of each gene was calculated by use of the HTSeq software (Putri et al.,
2022). Gene expression analyses were conducted via edgeR (Robinson
et al., 2010), filter criteria of fold-change >1.5 with p-value <0.05 were
used for screening of differentially expressed genes (DEGs). GO (Gene
ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
analyses were conducted by using the ClusterProfiler software, which is
based on Wallenius non-central hyper-geometric distribution. GSEA
(Gene set enrichment analysis) was performed based on the RNA-seq data
by using the GSEA software (Subramanian et al., 2005). The RNA-seq
data have been submitted to the NCBI BioSample database under accession
number SAMN28205974- SAMN28205982.

2.5. Quantitative real-time PCR (qRT-PCR) analyses

Total RNA from zebrafish larvae (6 dpf, 50 larvae in each sample) was
isolated by using the TRIzol Regent (Invitrogen), and cDNA was synthe-
sized by using the cDNA Synthesis Kit (CoWin Biosciences) according
to the manufacturer's instructions. qRT-PCR was performed with the
SYBRGreen Master Mix (CoWin Biosciences) on the Step One Plus Real-
Time PCR System (ABI), following the manufacturers' recommendations.
Primer sequences of all tested genes are listed in Table S1. The relative ex-
pression levels for target genes were normalized to that of β-actin according
to the 2−ΔΔCT method.

2.6. In vivo imaging of zebrafish central nervous and blood vascular systems

The Tg (HuC: EGFP), Tg (ApoE: EGFP) and Tg (Flk: mCherry) lines
were used for imaging of neurons, microglia and blood vessels, respec-
tively in NiCl2 exposed zebrafish larvae. Briefly, 6 dpf larvae without
morphological abnormalities were randomly selected from each
group, anesthetized with 0.01 % MS-222 (Sigma-Aldrich), and then
immobilized with low melting-temperature agarose in a 27.8 °C thermal
3

chamber. Images of the Tg (HuC: EGFP) larvae were taken firstly by
using an epifluorescence microscope (Olympus BX51). Subsequently, a
two-photon confocal laser scanning microscope (Olympus FV1000)
was used to observe the morphology and cell density of neurons and mi-
croglia in the telencephalon and optic tectum region, as well as the fine
vascular morphology in the cranial and truncal region of zebrafish lar-
vae. Images were processed and analyzed by using the Image J software
(NIH), and were shown in single stack or z-stacks (step size= 1.5 μm) to
a depth of 75 μm. Three-dimensional (3D) reconstruction is a process of
capturing the shape and appearance of cells, which is critical in the field
of neuroscience. Therefore, 3D-reconstruction and further morphologi-
cal analyses of neurons, microglia and blood vessels were performed by
using the IMARIS V9.0.1 software (Bitplane) according to the manufac-
turer's instructions.

2.7. Ferroptosis related physiological/biochemical tests

2.7.1. Iron assay
The iron content was evaluated by using the Iron Assay Kit (Jiancheng).

Briefly, for each sample, 50 zebrafish larvaewere homogenized in PBS, and
centrifuged at 3500 ×g for 10 min; the supernatant and iron chromogenic
agent were transferred into a new 1.5 mL EP tube, incubated at 80 °C for
10 min; mixture was added in a 96-well plate, and the absorbance was
read at 520 nm by using a microplate reader (TECAN).

2.7.2. GSH/GSSG assay
The contents of GSH and the oxidized forms of GSH (GSSG) were mea-

sured by using the GSH/GSSG Assay Kit (Beyotime). Briefly, zebrafish lar-
vae were frozen in liquid nitrogen and ground into powder, which was
deproteinized by the supplied protein removal reagent. After centrifugation
at 10,000g for 10 min at 4 °C, the content of total glutathione in the super-
natant was determined by ultraviolet-visible spectrophotometer analysis at
412 nm. Next, GSH in the supernatant was removed with the supplied GSH
removal reagent. After reacting for 1 h at 25 °C, the content of GSSGwas de-
termined. Thus, the levels of GSHwere calculated by the following formula:
GSH = Total glutathione − 2 × GSSG.

2.7.3. Detection of MDA and 4-HNE
The levels of malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE)

were measured to evaluate ferroptosis in NiCl2-exposed zebrafish larvae.
Briefly, the concentrations of MDA and 4-HNE in larval lysates were mea-
sured with the MDA Assay Kit (Sigma-Aldrich), 4-HNE Assay Kit (Abcam)
respectively according to the manufacturer's instructions.

2.8. Transmission electron microscope (TEM) analyses

Zebrafish larvae (6 dpf, n = 3) from each group were randomly se-
lected and fixed by using 2.5 % glutaraldehyde. Next, the larvae were
rinsed three times with 0.1 M phosphate buffer, fixed with 1 % osmic
acid fixative for 2–3 h, rinsed three times with 0.1 M phosphate buffer,
dehydrated through an acetone series, and embedded via propylene
oxide in epoxy resin. Thereafter, 50 nm thick sections of the fixed
brain tissue were cut and double-stained with 3 % uranyl acetate,
followed by uranyl acetate and lead citrate, and then examined by
using the FEI Tecnai G2 Spirit Twin TEM.

2.9. Rescue experiment by deferoxamine (DFO) co-exposure

In order to verify the involvement of ferroptosis mechanism in the Ni-
induced neurodevelopmental disorders, we used the classical inhibitor of
ferroptosis -deferoxamine (DFO) to validate the role of iron dyshomeostasis.
Briefly, zebrafish embryos were co-exposed to NiCl2 (1000 μM) andDFO (0,
1, 10, 100 μmol/L) from 1 dpf to 6 dpf, and then in vivo neuroimaging as
well as neurobehavioral tests were performed according to the above-
mentioned methods.



Z. Wang et al. Science of the Total Environment 858 (2023) 160078
2.10. Statistical analyses

Statistical analyses in this study were performed by using the GraphPad
Prism 8 software or RStudio (https://rstudio.com/). Data subjected to
statistical tests were firstly checked for normality and homoscedasticity. If
assumptions of normality and homogeneity of variance were tenable,
student's t-test or ANOVA (analysis of variance) followed by multiple com-
parison post-test was used to determine significant differences. In cases
where assumptions of normality and homogeneity of variance were not
met, the Mann-Whitney test or the non-parametric Krustal-Wallis test
followed by multiple comparison test was performed. P values <0.05
were considered statistically significant. Statistical differences of p < 0.05,
p < 0.01 or p < 0.001 are represented by *, ** or ***, respectively. All
detailed statistical information is summarized in Table S2.

3. Results

3.1. Nickel (Ni) exposure impairs zebrafish early development

To assess the adverse effects of Ni on zebrafish early development,
newly hatched embryos were exposed to different levels of Ni2+, and
various physiological indexes were continuously monitored until 12 dpf
(Fig. 1A). Initially, a high-throughput time-lapse imaging system was used
to track the early development of zebrafish embryos. Interestingly, at differ-
ent stages ranging from 30 % epiboly to the first-time tail coiling, a signifi-
cant developmental retardation was recorded with increasing Ni2+ levels
(Fig. 1B-F and Video S1). In addition, a concentration-dependent effect of
Ni2+ on the survival rates was observed during the exposure period
(Fig. S1), and the LC50 (lethal concentration 50 %) calculated at all stages
were much higher than the environmentally relevant levels (0–1000 μM)
selected in this study (Fig. S2). Compared with other heavy metal com-
pounds (such as lead, cadmium, copper or mercury), Ni2+ is obviously
less toxic to zebrafish development. Ni2+ induced mortality was only ob-
served in the high-concentration groups after 7 days of continuous exposure
(Fig. 1G), and no significant teratogenic effect was observed throughout the
whole process. However, with a gradual increase of dosage, Ni2+ exerted
significant concentration-dependent inhibitory effects on zebrafish hatch-
ing, heart rate and body length (Fig. 1H-K). Spontaneous tail coiling repre-
sents a crucial index to evaluate embryonic vitality during zebrafish early
development. We also observed significant decrease of coiling frequency
with increasing Ni2+ levels (Fig. 1L). Thus, our results point to a general
impairment of zebrafish growth and development caused by Ni exposure
at environmentally relevant levels.

3.2. Ni exposure impairs neurobehavior of zebrafish larvae

Behavioral recording which indicates the neurodevelopmental status of
zebrafish larvae represents one of the most reliable types of evidence for
evaluating neurotoxic effects. In this study, we performed neurobehavioral
tests on 6 dpf zebrafish larvae continuously exposed to different concentra-
tions of Ni2+. During the locomotion tests, the total swimming distance,
velocity and cumulative mobility of larvae treated with 1000 μM of Ni2+

were all significantly decreased (Fig. 2A-D). During the light-dark stimula-
tion tests which examine the visual motor responses of zebrafish, the total
swimming distance, velocity and maximum acceleration of larvae treated
with 100 μM Ni2+ were slightly up-regulated, whereas their behavioral
activities decreased significantly with the increase of Ni2+ level (Fig. 2E-
J). During the intermittent vibration stimulation tests, the plates containing
zebrafish larvae were tapped every 30 s and the larval behavior patterns
were continuously monitored. As expected, the total swimming distance,
velocity, cumulative mobility and maximum acceleration of Ni2+ exposed
larvae showed very similar patterns as in the light-dark stimulation tests,
which were enhanced at lower levels but were then remarkably repressed
with increasing Ni2+ levels (Fig. 2K-P). Nevertheless, their immediate
response capability to vibration stimulations was significantly inhibited
upon Ni2+ exposure, in a concentration-dependent manner (Fig. 2Q-T).
4

Therefore, early-life exposure to environmental levels of Ni may cause sig-
nificant neurobehavioral abnormalities in zebrafish larvae.

3.3. Gene expression modulation in Ni-exposed zebrafish larvae

To further investigate the potential toxic effects of Ni on zebrafish as well
as the underlyingmechanisms, whole larvae (6 dpf) exposed to environmen-
tal levels of Ni2+ (0, 10 μM and 100 μM) during early development were
analyzed by transcriptome sequencing (Fig. S3). We first determined RNA
quality and quantity by the Agilent 5400 and spectrophotometer analyses,
which confirmed sufficient quality to produce transcriptome sequencing
libraries (Table S3). The statistics for read information from all RNA-seq
libraries are presented in Tables S4,5. The error rates were lower than
0.04 %, and the GC contents ranged from 48.08 % to 49.13 % (Figs. S4,5).
Besides, the total reads were 44,008,110–52,860,696 (Fig. S6), among
which at least 92.86 % were mapped to the reference genome of Danio
rerio (Fig. S7). The total reads mapped in proper pairs were over 77.39 %,
and the rates of splice map ranged from 42.1 % to 44.51 %. Moreover,
results of FPKM distribution were shown in Fig. S8. The results of principal
component analysis (PCA) showed that the samples within the same group
were highly clustered, whereas samples in different groups were signifi-
cantly dispersed (Fig. 3A). In addition, Pearson correlation analysis
indicated a high correlation between samples within the same group
(Fig. S9A), suggesting that environmental Ni2+ exposure has a significant
effect on the overall gene expression profiles of zebrafish larvae. Next, we
performed DEG (differential expression gene) analyses, compared with
the normal control group, 506 differentially expressed genes (263 up-
regulated and 243 down-regulated) were detected in the low concentration
group (10 μM), while 2169 differentially expressed genes (1585 up-
regulated and 584 down-regulated) were detected in the high concentration
group (100 μM) (Fig. 3B,C). All DEGs were selected for heatmap plotting,
which have shown the significant differences between the control and
Ni2+ exposed groups (Fig. S9B). Furthermore, 32 up-regulated and 113
down-regulatedDEGswere overlapped between 10 μMand100 μMNi2+ ex-
posed groups, respectively, as illustrated in the Venn diagrams (Fig. S9C,D).

To clarify the potential function of the identified DEGs in zebrafish upon
Ni2+ exposure at different levels, we performed GO (Gene ontology) and
KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analyses.
The DEGs of zebrafish larvae in response to 10 and 100 μM of Ni2+ were
all assigned toGO terms closely related to neurodevelopment, neurobehavior,
vascular development, immunoregulation, as well as iron ion homeostasis
and iron ion binding (Fig. 3D). In addition, according to the subsequent
KEGG enrichment analysis, ferroptosis and metabolism-related pathways,
which includes carbon metabolism, drug and xenobiotics metabolism, fatty
acid degradation, glycolysis and pyruvate metabolism etc., were significantly
affected in the low concentration (10 μM) group, while in the high concentra-
tion (100 μM)group, theDEGsweremainly enriched for the programmed cell
death pathways including necroptosis, apoptosis and ferroptosis, lysosome
and phagosome pathways, as well as the immune-related signaling pathways
(Fig. 3E). Thus, both iron homeostasis regulation and ferroptosis pathways
were predicated to be significantly affected in zebrafish larvae exposed to
Ni at different levels, suggesting that the ferroptosis mechanism may play a
crucial role in the Ni-induced toxic effects.

3.4. Ni activates microglia and impairs neuronal and vascular development of
zebrafish larvae

How do these significant effects of Ni exposure on zebrafish
neurobehavior and gene expression profiles reflect its influence on neuronal
and vascular development, as well as immune responses? To address this
question, we performed in vivo imaging by using the neuron, microglia
and blood vessel-specificfluorescin expressing transgenic lines to test the ef-
fects of Ni2+ on zebrafish neurogenesis, vasculogenesis and neuroimmune
responses (Fig. 4A). After continuous exposure for 5 days during early
development, we observed by fluorescence microscopy that GFP expression
in the brain and spinal cord region of Tg (HuC: EGFP) larvae was gradually

https://rstudio.com/


Fig. 1. Ni induces developmental toxicity in zebrafish embryos/larvae. (A) Experimental design for this study. (B\\F) Representative images of high-throughput time-lapse
tracking of zebrafish early development upon Ni2+ exposure, and the analyses of time required for embryos to reach specific developmental stages. The red arrows indicate
theNi2+ induced development retardation of zebrafish embryos. See also Video S1. (G) Survival rate of zebrafish embryos/larvae exposed to different levels of Ni2+ from0 to
12 dpf. (H) Hatching rate of 3 dpf zebrafish larvae exposed to different concentrations of Ni2+. (I) Heart rate of Ni2+-exposed zebrafish larvae at 4 dpf. (J-K) Body length of
Ni2+-exposed zebrafish larvae at 4 dpf, and representative images indicate significant differences between Ni2+-exposed and control groups. (L) Spontaneous movements of
30 hpf zebrafish larvae after Ni2+ exposure. Each experiment was performed independently three times. The values are presented as mean± SEM in line chart, or as median
(line), whilewhiskers show 90% confidence levels in boxplots. One-wayANOVAorKruskal-Wallis test followed bymultiple comparisons test results are reported in Table S2.
Significant differences are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05).
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reduced with exposure to increasing Ni2+ levels (Fig. 4B,C). Next, we stud-
ied in detail the effects of Ni2+ exposure on tectal neurons by means of
in vivo two-photon imaging. Consistent with the fluorescence imaging re-
sults, the amount and density of PVNs (periventricular neurons) in the tectal
PVL (periventricular layer) region were all significantly reduced in a Ni2+

concentration-dependent manner (Fig. 4D,E), suggesting a distinct ten-
dency toward a neurodevelopmental disorder, or Ni-induced neuron loss.
In addition, consistent with the RNA-seq data, our qRT-PCR analyses
verified that the expression profiles of neurodevelopment-related genes
including sox2, neurog1 and neurog3, were all significantly down-regulated
with the increasing Ni2+ levels (Fig. 4F).
5

To investigate how exposure to Ni at environmental levels influences
morphological and functional features of microglia in zebrafish, we firstly
performed in vivo two-photon imaging of the microglia-specific Tg (ApoE:
EGFP) line and observed that with increased Ni2+ levels the cerebral mi-
croglia underwent a series of transformations, changing their morphology
from ramified to amoeboid (Fig. 4G). Next, 3D reconstruction of microglia
and quantification of key parameters confirmed these dramatic morpholog-
ical changes in response to developmental Ni2+ exposure, with signifi-
cantly reduced surface area and volume, as well as greater sphericity, in a
concentration-dependent manner (Fig. 4H-J), suggesting the notable acti-
vation of microglia and their mediated neuroimmune responses. Consistent

Image of Fig. 1


Fig. 2. Ni exposure alters neurobehavioral patterns of zebrafish larvae. (A-D) Behavior patterns of zebrafish larvae in locomotion tests. (E-J) Behavior patterns of zebrafish
larvae in response to light-dark stimuli. (F) Representative trajectory traces of zebrafish larvae treated with Ni2+ during the light-dark stimulation tests. (G-J) Behavioral
parameters, including swimming distance, velocity, cumulative mobility and maximum acceleration of zebrafish larvae. (K-T) Behavior patterns of zebrafish larvae in
response to intermittent vibration stimuli. (L) Representative trajectory traces of zebrafish larvae treated with Ni2+ during the vibration stimulation tests. (M-T)
Behavioral parameters, including swimming distance, velocity, cumulative mobility and maximum acceleration during the whole test (M-P) or within 1 s immediately
after the vibrations as indicated by the arrows in panel K (Q-T). The values are presented as median (line), while whiskers show 90 % confidence levels in boxplots. One-
way ANOVA or Kruskal-Wallis test followed by multiple comparisons test results are reported in Table S2. Significant differences are indicated by asterisks (***p < 0.001,
**p < 0.01, *p < 0.05).
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with the imaging data, both our RNA-seq and qRT-PCR analyses demon-
strated that the expression of immune-related genes including tlr1, il1b,
irf3, nod2, ripk2 and nfkb1were all significantly up-regulated upon Ni2+ ex-
posure (Fig. 4K).

Since our transcriptome data have also indicated that Ni exposuremight
affect angiogenesis of zebrafish larvae, we thus performed in vivo imaging
analyses of the vascular endothelial cells (VEC) labelled transgenic Tg (flk:
mCherry) line and observed specifically the cerebrovascular and somatic
vascular networks of 6 dpf larvae. This revealed that Ni2+ exposure might
lead to structural changes in the cerebrovascular system of zebrafish larvae,
such as a significant constriction of vascular diameter of the basilar artery
(BA) (Fig. 4L,M). Moreover, for the vascular networks in the body, the
total number of intersegmental vessels (ISVs), the spacing between ISVs as
well as the diameter of the dorsal aorta (DA) were all significantly reduced
in the Ni2+ exposed zebrafish larvae (Fig. 4N-Q). In addition, the area of the
PCV (posterior cardinal vein) region was significantly reduced to about
80 % of the normal control group in the high- concentration treatment
group, and the fluorescence intensity, which can to some extent reflect
the density of blood vessels, also tends to decrease in response to Ni2+ expo-
sure (Fig. 4R-T). Interestingly, again the results of gene expression analyses
6

were highly consistent with those of the in vivo imaging (Fig. 4U). Thus, our
results point to a general depression of early angiogenesis induced by Ni
exposure.

3.5. Ni exposure induces ferroptosis in zebrafish larvae

As mentioned above, our RNA-seq data showed that the ferroptosis
pathway might be significantly activated in Ni-exposed zebrafish larvae.
Thus, we first performed a gene set enrichment analysis (GSEA), which
also demonstrated that ferroptosis-associated gene set was significantly
enriched (Fig. 5A). Furthermore, the results of physiological/biochemical
tests related to ferroptosis showed that the malondialdehyde (MDA), 4-
Hydroxynonenal (4-HNE) and iron ion contents were increased (Fig. 5B),
while the levels of total glutathione, reduced glutathione (GSH), oxidized
glutathione (GSSG) and GSH/GSSG were all significantly decreased in the
larvae upon Ni2+ exposure (Fig. 5C,D). Consistent with the RNA-seq
results, the expression of genes related to ferroptosis was significantly mod-
ulated by Ni2+, with the gpx4a, tfr, ho-1 down-regulated and the ptgs2a,
ptgs2b, tf, fth, slcc7a11, dmt1, cybb remarkably up-regulated (Fig. 5E,F).
These results suggested that Ni exposure might significantly perturb iron

Image of Fig. 2


Fig. 3. Transcriptome analysis of zebrafish larvae exposed to Ni at environmentally relevant levels. (A) PCA (principal component analysis) plot. (B\\C) Volcano plots
illustrating the distribution of DEGs (differentially expressed genes) in zebrafish larvae treated with Ni2+ (0, 10, 100 μM). Each dot represents one gene. Green dots
represent down-regulated DEGs; red dots represent up-regulated DEGs; blue dots represent genes that were not differentially expressed. (D-E) GO (Gene ontology) and
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analyses of Ni induced DEGs. (D) Histogram for GO enrichment analysis of DEGs in zebrafish
larvae exposed to different levels of Ni2+, with the numbers of DEGs indicated. (E) The top 20 significantly enriched KEGG pathways in zebrafish larvae in response to
Ni2+ at different levels. Ferroptosis pathway is highlighted in bubble diagrams.
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homeostasis and trigger ferroptosis in zebrafish larvae (Fig. 5G). Finally, to
investigate whether Ni2+ can induce ferroptosis related morphological
changes in mitochondria of brain tissues, we observed brain sections of
Ni2+ exposed zebrafish larvae by means of the transmission electron
7

microscopy (TEM). Interestingly, in sharp contrast to the normal control
group, Ni2+-exposed zebrafish larvae possessed an increased number of
damaged mitochondria (with irregular matrix, disrupted membrane, or
degenerated cristae) (Fig. 5H). Specifically, the subsequent quantitative

Image of Fig. 3


Fig. 4.Ni activates microglia and impairs neuronal and vascular development of zebrafish larvae. (A) Illustration of CNS and vascular networks of zebrafish larvae analyzed in
this study. (B\\C) Representative images and relative intensity of EGFP expression of 6 dpf Tg (HuC: EGFP) zebrafish larvae. (D-E) Representative images of the tectal
periventricular layer (PVL) and neuropil region in zebrafish larvae and statistics of the relative density of periventricular neurons (PVNs). (F) RNA-seq analysis and qRT-PCR
verification of gene expression related to neurodevelopment. (G-J) Morphological changes of microglia in Tg (ApoE: EGFP) larvae, as shown by in vivo-imaging, 3D reconstruc-
tion and quantification. (K) RNA-seq analysis and qRT-PCR verification of gene expression related to microglia activation and neuroinflammation. (L-M) Representative images
and diameter quantifications of the basilar artery (BA) in the brain of 6 dpf Tg (Flk: EGFP) larvae. (N) Quantification of the number of intersegmental vessels (ISVs) in each larva.
(O-Q) Representative images and quantification of the distance of ISVs and diameter of DA in zebrafish larvae. (R-T) Representativefluorescence images of the posterior cardinal
vein (PCV) region and quantification of its relative area and fluorescence intensity. (U) RNA-seq analysis and qRT-PCR verification of gene expression relatedwith angiogenesis.
The values are presented as the mean± SEM in histograms, or as median (line), while whiskers show 90 % confidence levels in boxplots. Unpaired t-test, One-way ANOVA or
Kruskal-Wallis test followed bymultiple comparisons test results are reported in Table S2. Significant differences are indicated by asterisks (***p< 0.001, **p< 0.01, *p< 0.05).
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analyses showed that the percentage of damaged mitochondria, were all
increased in the Ni2+ exposed groups (Fig. 5I-K). Furthermore, both the rel-
ative size and length of mitochondria tended to be decreased upon Ni2+
8

treatment (Fig. 5L-N). Collectively, all these results support our RNA-seq
data that the mechanism of ferroptosis is closely involved in the Ni-
induced neurotoxicity.

Image of Fig. 4


Fig. 5. Environmental Ni exposure induces ferroptosis in zebrafish larvae. (A) GSEA (Gene set enrichment analysis) of ferroptosis associated genes in 6 dpf zebrafish larvae
exposed to Ni2+. (B) Relative iron contents, MDA and 4HNE levels, (C) total glutathione, GSH, GSSG levels and (D) GSH/GSSG ratio in zebrafish larvae upon Ni2+ exposure.
(E-F) RNA-seq analysis and qRT-PCR verification of gene expression related to iron homeostasis and ferroptosis. (G) Schematic diagram of the mechanisms underlying
ferroptosis activation. (H) The mitochondrial morphology in zebrafish brain observed via transmission electron microscopy. The percentage of (I) damaged mitochondria
and the ones with (J) irregular matrix (blue arrow indicated), (K) disrupted outer membrane (yellow arrow), and (L) degenerated cristae (white arrow), and the relative
area (M) and length (N) of all mitochondria were analyzed. The values are presented as mean ± SEM in histograms, or as median (line), while whiskers show 90 %
confidence levels in boxplots. Unpaired t-test, One-way ANOVA or Kruskal-Wallis test followed by multiple comparisons test results are reported in Table S2. Significant
differences are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05).
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3.6. DFO rescues the abnormal neurobehavior of Ni exposed zebrafish larvae

We next questioned whether the elevated level of ferroptosis was the
cause or consequence of the Ni-induced neurotoxicity. To address this
issue, we used a pharmacological approach. To specifically reduce the
ferroptosis and imbalance of iron homeostasis caused by Ni exposure,
zebrafish embryo/larvae were co-exposed with deferoxamine (DFO), a
classical iron chelating agent together with Ni2+ during development.
9

The concentrations of DFO (0, 1, 10, 100 μmol/L) used in this study were
chosen according to previous studies (Chen et al., 2014; Hamilton et al.,
2014). Interestingly, in the locomotion tests, DFO co-treatment signifi-
cantly restored the abnormal neurobehavior (as indicated by distance
moved, velocity, cumulative mobility and maximum acceleration) caused
by developmental Ni2+ (1 mM) exposure (Fig. 6A-D). Very similar results
were obtained in the light-dark stimulation tests (Fig. 6E-J). In the intermit-
tent vibration stimulation tests, DFO co-exposure not only improved the

Image of Fig. 5


Fig. 6. DFO attenuates neurobehavioral damage induced by Ni exposure in zebrafish larvae. (A-D) Behavioral parameters of zebrafish locomotion, including swimming
distance, velocity, cumulative mobility and maximum acceleration. (E-J) Behavioral patterns of zebrafish larvae in response to light-dark stimuli. (F) Representative
trajectory traces of zebrafish larvae treated with Ni during the light-dark stimulation tests. (G-J) Behavioral parameters, including swimming distance, velocity,
cumulative mobility and maximum acceleration of zebrafish larvae. (K-T) Behavior patterns of zebrafish larvae in response to intermittent vibration stimulus.
(L) Representative trajectory traces of zebrafish larvae treated with Ni during the vibration stimulation tests. (M-T) Behavioral parameters, including swimming distance,
velocity, cumulative mobility and maximum acceleration during the whole test (M-P) or within 1 s immediately after the vibrations as indicated by the arrows in panel K
(Q-T). The values are presented as median (line), while whiskers show 90 % confidence levels in boxplots. One-way ANOVA or Kruskal-Wallis test followed by multiple
comparisons test results are reported in Table S2. Significant differences are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05).
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swimming capacity of Ni2+ exposed zebrafish larvae (Fig. 6K-P), but also
significantly restored their immediate reaction capacity in response to vi-
bration stimuli (Fig. 6Q-T).

3.7. DFO attenuates the impairment of neuronal and vascular development
induced by Ni exposure

In order to explore the structural basis of these apparent rescue effects
of DFO on Ni-induced neurobehavioral abnormalities, we performed
in vivo two-photon imaging of the Ni2+ and DFO co-exposed zebrafish lar-
vae and observed that co-treatment with DFO significantly attenuated the
previouslymentionedNi2+-induced toxic effects including decreased num-
ber of neurons (Fig. 7A,B), constriction of vascular diameter of the basilar
artery (BA) and dorsal aorta (DA) (Fig. 7C-F), the reduced spacing between
intersegmental vessels (ISVs) (Fig. 7G,H), as well as the area and density of
vessels in the PCV (posterior cardinal vein) region (Fig. 7I-K). Nevertheless,
10
surprisingly no significant differencewas observed in the degree ofNi2+ in-
duced activation of zebrafish microglia upon DFO treatment (Fig. S10A-C).
Thus, blocking of the ferroptosis pathway appears to attenuate the impair-
ment of neuronal and vascular development, as well as neurobehavioral
disorders induced by developmental Ni exposure, pointing to ferroptosis
representing a key element of the cellular mechanism underlying Ni-
induced neurotoxicity.

4. Discussion

Nickel (Ni) has been established to pose a significant threat to ecosys-
tems and human health. Recently, clinical trials and animal studies have
indicated that Ni may induce a range of neurological disorders (Genchi
et al., 2020; Song et al., 2017) whereas the underlying molecular and cellu-
lar mechanisms to date remain poorly understood. Zebrafish provides a
powerful tool to study environmental pollutant-induced neurotoxicity,

Image of Fig. 6


Fig. 7. DFO attenuates the impairment of neuronal and vascular development induced by Ni. (A-B) Representative images of the tectal periventricular layer (PVL) and
neuropil region in zebrafish larvae and statistics of the relative density of periventricular neurons (PVNs). (C\\D) Representative images and diameter quantifications of
the basilar artery (BA) in the brain of 6 dpf Tg (Flk: EGFP) zebrafish larvae. (E-K) Representative images and quantifications of the distance of intersegmental vessels
(ISVs), diameter of DA and the area of the posterior cardinal vein (PCV) region in zebrafish larvae. The values are presented as median (line), while whiskers show 90 %
confidence levels in boxplots. One-way ANOVA or Kruskal-Wallis test followed by multiple comparisons test results are reported in Table S2.
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given its similarity with humans at the genomic level as well as in terms of
its general cerebral structure and function (Barbazuk et al., 2000; Sakai
et al., 2018). In this study, taking advantages of this model for high-
throughput neurobehavioral assays, in vivo imaging, as well as genetic anal-
ysis and manipulation, we have performed an in-depth functional analysis
of howNi at environmentally relevant levels influences the vertebrate CNS.

4.1. Developmental toxicity of Ni at environmentally relevant levels

Ni can enter ecosystems through precipitates from nickel-alloys and
discharged industrial effluent, resulting in increased levels in the environment
11
(Brix et al., 2017; Wang et al., 2018). A recent study has reported that
environmental concentrations of Ni range from 0.5 to 2 mg/L in polluted
rivers/lakes, and even with a maximum of 183 mg/L near a Ni refinery
(Kienle et al., 2009). Thus, in this study, we selected the environmentally
relevant levels (0–1 mM) of Ni2+ to evaluate its developmental toxicity on
zebrafish embryos/larvae, and further selected two relatively low concen-
trations (10 and 100 μM, representing 0.5 and 5 mg/L, respectively) to in-
vestigate its potential neurotoxic effects and mechanisms. Consistent with
previous studies (Aldavood et al., 2020; Boran and Şaffak, 2018; Kienle
et al., 2008; Nabinger et al., 2018; Yongmeng Yang et al., 2021c), during
zebrafish early development, Ni exposure at the selected environmental

Image of Fig. 7
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levels slightly affected the physiological condition of larvae including a de-
crease in survival after 7 days of continuous exposure, a decrease in hatching
rates between 2 and 3 dpf, as well as a reduction in body length and cardiac
rate at 4 dpf, in a concentration-dependent fashion, while no significant ter-
atogenic effect was identified throughout the observation phase, suggesting
its relatively low developmental toxicity for zebrafish, in comparison with
other toxic heavy metals (e.g. lead, cadmium, copper and mercury) (Jin
et al., 2021; Wang et al., 2022; Xu et al., 2022; Zhang et al., 2016). In
order to be more precisely testing the effects of Ni exposure on the early
development of zebrafish embryos, a high-throughput dynamic imaging
system was applied to test its developmental toxicity, and a significant
developmental retardation was observed upon Ni exposure, in accordance
with the decrease of spontaneous tail coiling,which is also closely associated
with the neurodevelopmental status of zebrafish embryos.

The developing CNS is very sensitive to environmental disturbance
(Grova et al., 2019). This study investigated the effects of exposure to envi-
ronmental levels of Ni on zebrafish neurobehavior, and revealed thatNi sig-
nificantly perturbed larval swimming patterns and reaction capacity upon
exposure to increased concentrations, which is in accordance with previous
studies (Kienle et al., 2008; Nabinger et al., 2018). Ni has multiple toxic ef-
fects on organisms. For example, it can affect protein function by replacing
other metals in various enzymes; it can pass through calcium channels in
cell membranes and competitively bind to calcium-specific receptors and
furthermore, DNA damage and epigenetic modifications can be induced
by the accumulation of ROS or the generation of free radicals through inter-
fering with the antioxidant systems (Genchi et al., 2020).

4.2. Ni exposure impairs zebrafish neurodevelopment and neurovascular unit
development

In this study, the detailed molecular mechanisms involved in Ni-induced
toxicity were investigated via RNA-seq. Genes related to neurobehavior and
neurodevelopmentwere significantlymodulated inNi-exposed larvae as indi-
cated by the GO enrichment analysis. For example, the neurodevelopment-
related genes including sox2, neurog1 and neurog3 (Flasse et al., 2013; Gong
et al., 2020; Hoijman et al., 2017) all exhibited reduced expression upon Ni
exposure, which may lead to abnormal development and differentiation of
neurons. Further,we verified the effects of Ni on zebrafish neurodevelopment
via in vivo imaging and observed that the number of EGFP labelled neurons,
and specifically the number of periventricular neurons in the tectal region
were significantly decreased, which was consistent with our behavioral and
transcriptomic data.

The neurovascular unit (NVU) is a basic unit consisting of neurons as the
core component together with vessels, microglia and pericytes (Willis,
2011; Zlokovic, 2011). The advantage of studying theNVU rather than neu-
rons alone is that it encompasses the interactions between neurons and
other cell types in the context of a 3D structure (Schaeffer and Iadecola,
2021; Sweeney et al., 2016). Microglia are the chief intrinsic contributors
to the neuroinflammatory response among the intrinsic cellular elements
in the CNS (Mallard et al., 2019; Tremblay et al., 2011), which participate
in NVU dynamics to maintain CNS homeostasis (Thurgur and Pinteaux,
2019) and are considered to be one of the key factors affecting neurological
function (Bachiller et al., 2018). In our RNA-seq analysis, genes related to
immune responses were enriched in Ni exposed larvae, therefore we spec-
ulated that microglia and their associated neuroimmune responses might
also be significantly affected. Gene expression analyses and in vivo imaging
demonstrated that the developmental Ni exposure triggered the expression
of neuroinflammation-related genes and the appearance of amoebocyte-
like microglia. These observations are consistent with zebrafish microglia
being vulnerable to environmental Ni exposure (Kwon and Koh, 2020;
Perry et al., 2010). Blood vessels are another key component of the NVU
which supplies nutrients and oxygen to other cell types in the CNS. In our
transcriptomics analysis, the expression of angiogenesis-related genes was
significantly modified in Ni exposed larvae, of which the repression expres-
sion of kdr, kdrl and nos2b expression (Gao et al., 2021; Mullapudi et al.,
2019) has been verified by qRT-PCR assays. Furthermore, in vivo imaging
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of vascular morphology revealed abnormal angiogenesis of the cerebrovas-
cular and trunk-vascular system in Ni exposed larvae, which may in turn
affect early growth and development of zebrafish (Campinho et al., 2020;
Paulissen et al., 2022).

4.3. Ferroptosis contributes to Ni-induced developmental neurotoxicity

According to previous studies, Ni can induce CNS injury through oxida-
tive stress, mitochondrial dysfunction, abnormal cellular energy metabo-
lism, apoptosis and epigenetic modifications (Genchi et al., 2020; Song
et al., 2017). However, more studies are required to elucidate in detail
themechanisms which underlie this Ni-induced developmental neurotoxic-
ity. Ferroptosis represents an important form of regulatory cell death and
plays a key role in various CNS injury responses and diseases. KEGG analy-
ses of our transcriptome data have shown that exposure to different concen-
trations of Ni significantly activates the ferroptosis pathway of zebrafish.
The expression of genes involved in the apoptosis and necrosis pathways
was significantly modulated only in the groups exposed to the highest
concentrations of Ni, suggesting that ferroptosis may play a crucial role in
Ni-induced toxic effects. Importantly, we identified the expression of sev-
eral key factors related to ferroptosis being significantly modulated upon
Ni exposure. Among these genes, Ptgs2a/b are a biomarkers of ferroptosis
which were significantly increased in cells exposed to ferroptosis inducers
(Chen et al., 2021); tfr, tf, dmt1 and fth encode key factors to maintain
iron homeostasis. SLC7A11, GPX4 and HO-1 are the important factors to
modulate lipid-peroxidation response. Specifically, slc7a11 is a key gene
that regulate ferroptosis by enhancing GPX4 output (Xu et al., 2021), and
GPX4 is a key enzyme to mitigate ferroptosis by converting lipid hydroper-
oxides to lipid alcohols in membranes. (Forcina and Dixon, 2019; Lei et al.,
2019; Yang et al., 2014); HO-1, as another mediator of ferroptosis, can be
controlled by the axis of Nrf2/SLC7A11/HO-1 to regulate cellular redox
homeostasis and iron content (Chang et al., 2018; Feng et al., 2021; Z.
Tang et al., 2021b); Besides, CYBB (NOX2) is the main NOX subtype that
produces and accumulates ROS, ultimately leading to cellular ferroptosis
(Meng et al., 2018; Ralto et al., 2020; Q. Yang et al., 2021a). In addition,
our biochemical analysis showed that the content of iron, 4-HNE, MDA
were all significantly increased, and the levels of GSH and GSSG were
decreased in Ni exposed larvae. Mitochondrial damage is also one of the
significant characteristics of ferroptosis (Li et al., 2021). TEM was used to
observe the ultrastructure of mitochondria and the results demonstrated
that Ni-exposed larvae possessed increased numbers of damagedmitochon-
dria in the brain. Thus, the results obtained from examining various bio-
markers are consistent with iron dyshomeostasis and ferroptosis (Liu
et al., 2021; Qin et al., 2020) occurring in Ni-exposed zebrafish larvae.
Interestingly, ferroptosis has also been identified in the liver of mice follow-
ing exposure to Ni (Wei et al., 2022), indicating that it may play a central
role in Ni-induced toxicity. Based on the above evidence, we speculate
that the observed neurotoxic effects of Ni are closely related to the ferropto-
sis mechanism. Importantly, Ni-induced neurobehavioral disorders, as well
as the observed impairments of neuronal and vascular development, could
be significantly rescued by DFO treatment, a classical iron chelating agent
which can inhibit the onset of ferroptosis (D. Tang et al., 2021a). However,
DFO co-exposure did not exert any significant attenuating effect on Ni-
induced microglia activation, suggesting that mechanisms other than
ferroptosis, for example, hypoxia or redox imbalance,might also contribute
to the Ni-inducedmicroglial polarization, as well as the associated neuroin-
flammatory reaction.

5. Conclusions

In this zebrafish study, by using transcriptomic andneurobehavioral anal-
ysis, in vivo two-photon imaging as well as many physiological/biochemical
assays, we reveal that exposure of developing embryos/larvaes to environ-
mentally relevant concentrations of Ni induce significant neurobehavioral
and neurodevelopmental toxicity. Briefly, Ni exposure disrupts iron homeo-
stasis and promotes lipid peroxidation in the zebrafish CNS, activates the
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ferroptosis pathway and induces various neurodevelopmental defects involv-
ing neurons, blood vessels andmicroglia. Thus, by documenting the involve-
ment of a newly described form of iron-mediated cell death, this study sheds
new light on the health hazards of Ni, with implications for our understand-
ing of the neurotoxic mechanisms of Ni, as well as other environmentally rel-
evant heavy metals.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160078.
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