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Introduction: Silver nanoparticles (AgNP) are widely used as coating materials. However, the potential risks of AgNP to human
health, especially for neural and vascular systems, are still poorly understood.

Methods: The vascular and neurotoxicity of various concentrations of AgNP in zebrafish were examined using fluorescence
microscopy. In addition, Illumina high-throughput global transcriptome analysis was performed to explore the transcriptome profiles
of zebrafish embryos after exposure to AgNP. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were
conducted to elucidate the top 3000 differentially expressed genes (DEGs) between AgNP-exposed and control groups.

Results: We systematically investigated the neural and vascular developmental toxicities of AgNP exposure in zebrafish. The results
demonstrated that AgNP exposure could cause neurodevelopmental anomalies, including a small-eye phenotype, neuronal morphology
defects, and inhibition of athletic abilities. In addition, we found that AgNP exposure induces angiogenesis malformation in zebrafish
embryos. Further RNA-seq revealed that DEGs were mainly enriched in the neuroactive ligand-receptor interaction and vascular
endothelial growth factor (Vegf) signaling pathways in AgNP-treated zebrafish embryos. Specifically, the mRNA levels of the
neuroactive ligand-receptor interaction pathway and Vegf signaling pathway-related genes, including si:ch73-55i23.1, nfatc2a,
prkeg, si:ch211-132pl.2, lepa, mchrlb, pla2g4aa, raclb, p2ry6, adrb2, chrnbl, and chrmlb, were significantly regulated in AgNP-
treated zebrafish embryos.

Conclusion: Our findings indicate that AgNP exposure transcriptionally induces developmental toxicity in neural and vascular
development by disturbing neuroactive ligand-receptor interactions and the Vegf signaling pathway in zebrafish embryos.
Keywords: silver nanoparticles, neurological development, vascular development, developmental toxicity, zebrafish

Introduction

Silver nanoparticles (AgNP) are widely used in commercial products, including antimicrobial agents, laundry additives,
paints, textiles, and personal care products, and are increasingly detected in aquatic ecosystems.l AgNP products can also
release monovalent silver, silver ions and nanoparticles into aquatic systems, which negatively impacts organisms.”
Previous studies have indicated that silver particles can cross the human placental barrier and accumulate in the fetus,’
and cross the chorionic pores/membranes in fish embryos,*” suggesting that AgNP can cause serious effects in aquatic
ecosystems due to their potential adverse impact on aquatic species.'
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Previous reports have illustrated AgNP-induced developmental toxicities in various aquatic organisms.® ' Exposure
to > 500 mg/kg AgNP can lead to death in the freshwater fish Labeo rohita, whereas approximately 25 mg/kg AgNP
treatment affects hematological parameters and enzymatic activities.'' Powers et al reported that AgNP treatment caused
developmental neurotoxicity that affects the neural behavior in zebrafish.'> After entering the zebrafish brain, AgNP
causes apoptosis in the head region and alters development-related gene expression levels.'*'* AgNP treatment can also
lead to other phenotypic disruptions in zebrafish embryos, including small heads with hypoplastic hindbrain and
microphthalmos.'” In addition, a previous study showed that AgNP exposure delays zebrafish embryonic vascular
development,” suggesting that AgNP can induce vascular toxicity in vascular development in zebrafish embryos.
However, the potential regulatory mechanisms underlying AgNP-induced neural and vascular developmental toxicity
are still not fully understood.

As an animal model for studying environmental toxicity, zebrafish have unique advantages, including low cost, small
size, and strong reproductive abilities. Importantly, fluorescent-labeled transgenic zebrafish can be used to easily
visualize the development of nervous and vascular systems because of the transparency advantage of zebrafish
embryos.'® The present study attempted to clarify the potential neural and vascular toxicity of AgNP in vivo by using
the unique features of the zebrafish model. Specifically, the hypothesis was raised that AgNPs could induce the
developmental disruption of neural and vascular systems by perturbing the related signaling pathway in neural and
vascular development in zebrafish embryos. In this context, we dynamically determined the effect of AgNP on neural and
vascular development in AgNP-treated zebrafish embryos during early-stage development. Furthermore, the morphology
of neural and vascular development and behavioral phenotypes were examined in zebrafish embryos after AgNP
treatment at various concentrations. After that, to elucidate the potential mechanism of AgNP-induced developmental
disruption, global transcriptome analysis was performed to identify the downstream regulatory signaling pathway in this
process. Specifically, neuroactive ligand-receptor interaction and vascular endothelial growth factor (Vegf) signaling
pathways were identified and confirmed using quantitative reverse transcription-polymerase chain reaction (QRT-PCR) in
AgNPs-treated zebrafish embryos. Moreover, we found that some key regulatory factors of neuroactive ligand-receptor
interactions and Vegf signaling pathways were significantly regulated after AgNP treatment in zebrafish. Thus, our results
indicate that AgNP induced neural and vascular developmental toxicities by disturbing neuroactive ligand-receptor
interaction and VEGF signaling pathways in vivo and in vitro.

Materials and Methods
Ethics Statement

This study was performed in strict accordance with the recommendations of the Guide for the Care and Use of
Laboratory Animals of the Shantou University Medical College. The study protocol was approved by the Shantou
University Medical College Animal Committee.

The Preparation and Examination of AgNP

AgNP powder (CAS No. 7440-22-4) was purchased from Sigma-Aldrich (Merck, Germany) and suspended in ultrapure
water (Millipore, Sigma-Aldrich). An AgNP stock solution (100 mg/L) was prepared for 50 min at 50 W/L, 40 kHz after
sonicating. The morphology of AgNP was characterized by transmission electron microscope (TEM) according to the
previously described.'” The exposure solutions of AgNP were prepared every 24 h to maintain fresh and consistent levels
of exposure.

Zebrafish Maintenance and AgNP Treatment

Wild-type (WT) and Tg(flk:eGFP) transgenic zebrafish lines were obtained from China Zebrafish Resource Center
(Wuhan, China). The transgenic Tg(Hb9:¢GFP) fish line was provided by Professor Yajun Wang (Sichuan University,
China). All fish were maintained according to the standard husbandry protocol at 28 °C with a 14 h light/10 h dark cycle
and fed twice daily with fresh brine shrimp.'® For breeding, six adult fish (three males and three females) were bred to
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produce embryos in the breeding tank on the day before breeding. The next morning, the embryos were collected by
siphoning the bottom of the breeding tank and temporarily maintained in E; embryonic medium.

For AgNP exposure, healthy zebrafish embryos (4 h post-fertilization [hpf]) were selected and treated with AgNP at
various concentrations (0, 1, 2, and 4 mg/L) at 4 hpf for 24-96 h. The dose ranges were designed according to the
preliminary experiments by determining the toxicological effects of AgNP with an LCs, assay in 4 hpf fish embryos after
96 h of exposure.'’

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The metal ion detection in tissues was determined according to a previously described protocol.'® Briefly, zebrafish
embryos treated with different concentrations of AgNP for 72 h (n = 100 for each group) were washed with ultrapure
water (Milli-Q, Millipore Inc., Bedford, MA) before storing in the ultra-low temperature freezer for the following
experiments. Before digestion, all samples were transferred to a Teflon tube and dried in an oven at 80 °C for 8 h. After
that, the sample was digested with 250 uL 65% nitric acid (Merk, Darmstadt, Germany) in a water bath at 80 °C for 1 h,
and then diluted with 3% nitric acid, and analyzed by using ICP-MS (Agilent 7900, Agilent Technologies, Santa Clara,
CA). Ag concentrations were calculated with a 9-point calibration curve within the concentration ranges after con-
tinuously diluting a standard solution with 3% nitric acid. Three replicates were set for control and experimental groups.

Cell Culture and AgNP Treatment

Human umbilical vein endothelial cells (HUVECs) were obtained from American Type Culture Collection (ATCC,
Manassas, VA) and seeded in supplemented endothelial cell growth medium (Gibco, Thermo Fisher Scientific, Waltham,
MA) in a humidified incubator with 5% CO, atmosphere at 37 °C. To analyze the AgNP exposure in HUVECs, we
seeded cells in 6-well plates (1x10° cells/well) and cultured them at 37 °C for 12 h. After that, the cells were exposed to
a fresh medium containing various concentrations of AgNP (0, 1, 2, and 4 mg/L), and the cells were incubated at 37 °C
for 72 h. All experiments were repeated, at least in triplicate.

The Determination of Neuronal Network and Vasculatures in AgNP-Treated
Zebrafish

For all treatments, 0.003% phenylthiourea (PTU) was used to eliminate pigmentation in zebrafish embryos. The
fluorescence-labeled neuronal network and vasculature were determined in 7g(Hb9:eGFP) and Tg(flk:eGFP) transgenic
zebrafish embryos with or without 72-h of AgNP exposure at various concentrations using a fluorescence microscope
(Zeiss Axio Imager, ZEISS, Germany). Images were acquired using a Zeiss Axio Imager and analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

To evaluate the development of motor neurons in the nervous system, we performed fluorescence microscopy to
determine the fluorescence intensity of the spinal cord of neurons, the number of caudal side neurons, and the axon length
of the spinal motoneuron.

For vasculature observation in AgNP-treated zebrafish embryos, images of the vasculatures, including the interseg-
mental vessel (ISV), subintestinal venous plexus (SIVP), and vessels of brain tissue in the different groups, were
analyzed using ImagelJ software. After that, the number of abnormal ISV, areas of SIVP, and fluorescence intensity of
vessels in brain tissues were determined in different treatment groups using a fluorescence microscope.

Behavioral Tests

The motor capabilities of the larvae in the different groups were evaluated using a Zebralab Video tracking system
(ViewPoint Life Science, France). After 96 h of AgNP exposure, zebrafish larvae of the different groups were transferred
to a 24-well plate (one larva in each well). The swim path of each larva was recorded using a video camera for over 30
min through a 5-minute-cycle light-to-dark photoperiod stimulation. After that, quantified data of the trajectory distances
of zebrafish larvae from different groups (n = 24 for each group) were analyzed using the Zebralab Video Tracking
system.
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Wound Healing and Tumor Formation Angiogenesis Assay
After exposure to AgNP for 72 h, HUVECs were collected for wound healing and tube formation assays. Different
groups of HUVECs, with or without AgNP treatment, were seeded in 24-well plates. After removing the cell culture
medium and scratching the cell layer with a 200 pL pipette tip, the cells were photographed at different post-scratch time
points (0 and 18 h) using a phase-contrast microscope. Wound width was measured using the Imagel software.
Matrigel (BD Bioscience, San Jose, CA, USA) was melted into a yellow gelatinous liquid at 4 °C overnight for the
tube formation angiogenesis assay. The cooled, gelatinous liquid was promptly added to a 96-well plate using
a prechilled micropipette and incubated at 37 °C for 30 min for solidification. The cell suspensions (3 x 10* cells)
from different groups were seeded in solidified Matrigel and incubated with 2% FBS growth factor-free Endopan
medium for 3 h. Images were captured using a Zeiss Axio Imager and analyzed using ImagelJ software.

Global Transcriptome Analysis

After 72 h of AgNP exposure, total RNA from different groups of zebrafish embryos was extracted using the TRIzol™
reagent (Invitrogen, Thermo Fisher Scientific). Transcriptome sequencing was performed by the BGI Company
(Shenzhen, China) to investigate the differentially expressed genes (DEGs) of AgNP-treated and normal control groups.
The top 3000 most variable DEGs were selected and analyzed for functional enrichment. Kyoto Encyclopedia of Genes
and Genomes (KEGQG) signaling pathway analyses and further identification of potential functions of DEGs of
neuroactive ligand-receptor interaction and Vegf signaling pathways in zebrafish after AgNP exposure were analyzed

using KOBAS 3.0 software.*’

RNA Extraction, cDNA Synthesis, and RT-qPCR

Total RNA was extracted from zebrafish embryos for 72 h of AgNP exposure using the TRIzol™

reagent. The different
RNA samples were dissolved in RNAse-free water, reverse-transcriptionally synthesized cDNA, and PCR was performed
as described previously.’'*> The housekeeping gene S-actin was chosen as the internal control.>> The expression levels
of target genes were normalized to S-actin using the 2-AACT method. The specific primers for the targeted genes were

designed using Primer 5.0 software and are shown in Table 1.

Table | Primer Sequences Used for gPCR

Genes Sequences of the Forward Primers (5’-3’) | Sequences of the Reverse Primers (5’-3’)
p-actin CCCAGACATCAGGGAGTGAT TCTCTGTTGGCTTTGGGATT
kdr TCCCCTTACCCTGGCTTACA GTGGGACTCTGGTTTGAGGG
zgc:171775 CACCTGAGTGACCGTGAACA CCCAACAGGCTTGAGAGAGG
nfatc2a AAAGCCCTGAGTCTCCGACAT ACTGGAGTATCAAGAGCGGC
si:ch73-55i23.1 TGCTGACGGATCTTACCGAC GCACCGAGAAGTAGGGTGAG
mapk | CAAATAGACCCATCTTCCC TTCCTCCACCTCAATCCTC
pla2g4aa GGAGCATTTGGGGATTTA CCATTTGTGCCACTTTGA
prkeg TACTTTTTCAGTGCGGGGCA CTGGATCAGGCACAGGGATG
lepa AAGGAAAGCTGCAAATTGAAGAG AAGTTCACCATGGGTCACGG
mchrlb CAGTGTGGATGTATGCGGGT GAGGCGCCCAACAAATGAAG
sich211-132p1.2 | TTTGCCCATGCGGTTAGAGT AGAGCCTCCCATGACCTCTT
chrbl TTCTACTTGCCACCCGA TGAGCACCACGACACTG
cckar TGCTCATGCTGCCTTATCCC AGTTTGGATTTGGGGTGGCT
p2ry6 ATACGGCATCGCTTTGACCT ACGGCAAAAAGCTAATGGCG
adrb2a TTACAGCCGTGTGTTCCAGG CACCGAGCCCTTGGGAATAA
chrmlb AAGCGAACTCCAAAAACGGC ATCGCCGTGCCGTATGTTAT
raclb GTCGCTCGTTAGAGGGGTTT CCAGATTCACCGGTTTCCCA
sstr2a GTCATCCTACGCTACGCCAA AGAAGCGAGAGCTGTATGGC
Ipar4 TGCATCAGTGTGGATCGCTT GAGTTGCTGGTTGACGCAAG
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Quantification and Statistical Analysis

Significant differences were analyzed by one-way analysis of variance (ANOVA) and Tukey’s multiple range tests using
GraphPad Prism Version 8.0 (GraphPad Software, San Diego, CA, USA) and presented as the means + standard error
(SEM). Statistical significance was set at P < 0.05.

Results
Quantification of Ag Uptake in Zebrafish

The sizes of AgNPs were characterized using TEM according to our previously described report.'” The Ag uptake in
zebrafish embryos treated with or without AgNPs at different concentrations was determined by ICP-MS. As shown in
Table 2, the Ag content of zebrafish exposed to different concentrations for 72 h was detected. The results indicated that
the content of Ag in the control samples was approximately 2.5x10~> ng in each embryo (n = 100 for each group).
However, in AgNPs-treated groups, the contents of Ag were averagely from 6.0x10 2 to 2.0x10"' ng in each embryo (n
= 100 for each group), indicating that Ag content was in a dose-dependent manner after AgNPs treatment at different
concentrations in zebrafish embryos.

AgNP Exposure Impairs Neural Development in Zebrafish

Then, the morphological phenotypes of zebrafish embryos after AgNP exposure at various concentrations were mea-
sured. As shown in Figure 1A, the significant “small eye” phenotype was detected in AgNP-treated zebrafish embryos
after 48 and 72 h of exposure (red frames; Figure A). Furthermore, compared with the untreated group, AgNP exposure,
especially at higher concentrations (2 and 4 mg/L), resulted in significant abnormality of small eye size after 48 and 72
h of exposure in a dose-dependent manner in zebrafish embryos (P < 0.01; Figure 1B and C), especially in the higher
concentration group (4 mg/L; P < 0.001), suggesting that AgNP exposure morphologically affects the neural system in
zebrafish.

To explore the toxic effects of AgNP on the neural system during development, the transgenic zebrafish line Tg(Hb9:
eGFP), which labeled neuronal cells with enhanced green fluorescent protein (eGFP) in zebrafish, was used to
dynamically visualize neural development in AgNP-treated zebrafish at various concentrations (Figure 2A). Unlike the
intact eGFP-labeled neuronal network in the untreated control group, the results indicated that the neuronal network
showed a downward trend in the higher concentration groups after 72 h of AgNP exposure in zebrafish embryos by
determining the fluorescence intensity of eGFP-labeled-spinal cord motor neurons (red arrowheads; Figure 2A and B).
Notably, the integrity of the neuronal network was disrupted after 72 h of AgNP exposure in zebrafish embryos (red
broken frames; Figure 2A). Furthermore, quantitative analyses demonstrated that the number of caudal side neurons
(Figure 2C) and the length of axons (yellow arrowheads and asterisks; Figure 2A and D) were significantly reduced in
a dose-dependent manner in zebrafish embryos after 72 h of AgNP exposure, suggesting that AgNP can impair the neural
system in zebrafish at an early developmental stage.

In general, the locomotor behavior of zebrafish plays a crucial role in neural development, and disruption of the
neural system is usually accompanied by motility dysfunction. We then performed behavioral tests to evaluate the
potential effects of AgNP exposure on neural development in zebrafish (Figure 2E). After 96 h of exposure, the motor
capabilities of the AgNP-treated zebrafish larvae at various concentrations were determined. The results indicated that the

Table 2 Ag Uptake in Zebrafish Embryos with or Without AgNP Treatment at Different Concentrations

Sample Ag P value LOAEL
Fishwater 0.015 pg/L NA
Control Fish (n=100, with 3 replicates) 0.0025+0.0003 ng per fish NA

| mg/L Treatment Group (n=100, 3 replicates) 0.0599+ 0.0030 ng per fish < 0.000 | ¥#¥* I mg/L
2 mg/L Treatment Group (n=100, 3 replicates) 0.0806+0.0038 ng per fish < 0.000 | ¥#¥* 2 mg/L
4 mg/L Treatment Group (n=100, 3 replicates) 0.1994+0.0098 ng per fish < 0.000 | ##¥* 4 mg/L

Note: ***P < 0.0001.
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Figure | The effect of AgNP treatment on eye development in zebrafish. (A) The morphology of zebrafish eyes after 48 and 72 h of AgNP treatment, Scale bar, | mm.
(B and C) Quantification of the diameters of whole eyes of zebrafish after 48 and 72 h of AgNP treatment (n = 30 for each group). Data are shown as the means + SEM. *P <
0.05, *P < 0.01, ***P < 0.001. Red boxes, eye regions.

traveling distances of larvae were significantly reduced after treatment with 4 mg/L AgNP (P < 0.05; Figure 2F).
Therefore, the results indicate that AgNP exposure-induced behavioral toxicity may be positively correlated with the
disruption of neural development at the early developmental stage in a dose-dependent manner in zebrafish larvae.

AgNP Exposure Results in Vascular Malformation in Zebrafish

To illustrate the roles of AgNP exposure during vascular development in zebrafish embryos, the transgenic zebrafish line
Tg(flk:eGFP), which labeled vascular endothelial cells with an eGFP reporter in zebrafish, was used to evaluate the
vascular development in zebrafish with or without AgNP treatment (Figure 3A). In this context, accurate vascular
development of the trunk axial vessels, including the dorsal longitudinal anastomotic vessel (DLAV, white arrowheads),
intersegmental vessel (ISV, asterisks), dorsal aorta (DA, red arrowheads), and posterior cardinal vein (PCV, arrows),
which were labeled by fluorescence, were performed (upper panel; Figure 3A). The results indicated that the number of
abnormal patterning of ISV spouts in randomly selected transgenic Tg(flk:eGFP) embryos (n = 9 for each group)
increased (P < 0.05) in the higher concentration (4 mg/L) group after 72 h of AgNP exposure (Figure 3B).

The malformation of the vasculature of the SIVP is conventionally used as a readily discernible model to evaluate
vascular malformation.”* We noticed that the SIVP areas shrank (yellow broken circles, middle panel; Figure 3A) in 72-h
AgNP-treated zebrafish embryos. Furthermore, a trend toward smaller SIVP areas was observed with the treatment of
AgNP in a dose-dependent manner (n = 15), especially in the higher concentration (4 mg/L) group (P < 0.001;
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Figure 2 The effect of AgNP treatment on neurodevelopment in zebrafish. (A) Neuronal morphology of zebrafish embryos after 72 h of AgNP treatment. Scale bar, 200
pum. (B) Quantification of the fluorescence intensity of motor neurons in zebrafish after 72 h of AgNP treatment (n = 30 for each group). (C) Quantification of the number
of caudal side neurons in zebrafish after 72 h of AgNP treatment (n = 25 for each group). (D) Quantification of the axon lengths of motor neurons in AgNP-treated zebrafish
embryos after 72 h (n = 30 for each group). (E) Moving track graphs of zebrafish larvae after 96 h of AgNP treatment at various concentrations. (F) The behavioral abilities
of zebrafish larvae treated with AgNP for 96 h (n = 24 for each group). Data are shown as the means + SEM. *P < 0.05 and ***P < 0.001. Red arrowheads represent spinal
cord motor neurons, and yellow arrowheads or asterisks represent axons.

Figure 3C). Similar results were observed in the vasculature of the brain tissue of AgNP-treated zebrafish embryos (lower
panel; Figure 3A). Furthermore, after determining the fluorescence intensities of eGFP-labeled vasculature, quantification
analyses revealed that fluorescent intensities of blood vessels in the brain decreased after 72 h of AgNP exposure in
a dose-dependent manner (n = 10; Figure 3D), implying that AgNP exposure is likely to induce the malformation and/or
suppression of vascular development in a dose-dependent manner, especially in higher concentration groups in zebrafish.

Further analyses were performed to elucidate the potential role of AgNP exposure in angiogenesis in vitro. The
scratch wound healing assay revealed that cell migration ability was significantly reduced in HUVECs treated with 4 mg/
L AgNP-treated group in HUVECs (P < 0.05; Figure 3E and F). In addition, the tube formation assay showed that AgNP
exposure could affect the angiogenic capability (Figure 3G). As shown in Figure 3H, either the number of branches or
branching length was significantly lower in the AgNP-treated groups than in the control group (P < 0.01), which is
consistent with our results that AgNP exposure induces vascular malformation in zebrafish embryos.

Identification of Downstream Signaling Pathways in AgNP-Induced Developmental
Disruption in Zebrafish

To further illustrate the mechanism by which AgNP exposure impairs neural and vascular development in zebrafish
embryos, RNA-seq was performed to identify the regulated downstream signaling pathways in AgNP-treated zebrafish
embryos. The top 3000 DEGs in zebrafish embryos after treatment with AgNP at various concentrations (2 and 4 mg/L)
were analyzed. KEGG enrichment analysis showed that several signaling pathways, including metabolic pathways, the
mitogen-activated protein kinase (MAPK) signaling pathway, glycolysis/gluconeogenesis, phototransduction, fructose
and mannose metabolism, and carbon metabolism, were mainly regulated in the 2 mg/L. AgNP-treated group (Figure 4A).
In addition, the results indicated that the DEGs were mainly enriched in the MAPK signaling pathway, AGE-RAGE
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Figure 3 The toxic effects of AgNP exposure on vascular development in zebrafish embryos and HUVECs. (A) Representative images of vasculatures of Tg(flk:eGFP) zebrafish
treated with AgNP for 72 h. Scale bars, 200 um. (B) Number of abnormal ISV in zebrafish embryos after 72 h of AgNP treatment at various concentrations (n = 9 for each group).
(C) The areas of the SIVP basket in AgNP-treated zebrafish embryos after 72 h at various concentrations (n = 15 for each group). (D) The fluorescence intensities of blood vessels in
the brains of zebrafish embryos after 72 h of AgNP treatment at various concentrations (n = |10 for each group). (E and F) The representative images and quantification of scratch
migration in HUVECs with and without AgNP treatment at various concentrations (0, |, 2, and 4 mg/L) and time points (0 and 18 h; n = 4 replicates). (G and H) Representative
images and quantification of tube formation in AgNP-treated HUVEC:s at various concentrations (0 and 4 mg/L; n = 3 replicates) after 72 h. Data are shown as the means  SEM. *P <
0.05, *P < 0.01, and ***P < 0.001. In the trunk panel are red arrowheads, DA; white arrowheads, DLAV; red arrows, PCV; asterisks, ISV. In the intestine panel, yellow broken circle,
SIVP. In the head panel are yellow arrowheads, DLV; red arrowheads, PCeV; red lines, PHBC; red arrows, CtA; red arrowhead, PCeV.

Abbreviations: DLAV, dorsal longitudinal anastomotic vessel; DLV, dorsal longitudinal vein; ISV, intersegmental vessel; PCV, posterior cardinal vein; DA, dorsal aorta; SIVP,
subintestinal venous plexus; PHBC, primordial hindbrain channel; CtA, central artery; PCeV, posterior cerebral vein.

signaling pathway in diabetic complications, calcium signaling pathway, metabolic pathways, and endocytosis after
exposure to AgNP at higher concentrations (4 mg/L) in zebrafish embryos (Figure 4B). Notably, both neuroactive ligand-
receptor interactions and the Vegf signaling pathway, which are known as the key regulatory signals in neural and
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Figure 4 The identification of downstream pathways in AgNP-induced developmental disruption in zebrafish embryos. (A and B) The KEGG pathway enrichment analysis of
top 3000 DEGs in zebrafish embryos after 72 h of AgNP exposure at various concentrations. (C and D) Heat map analysis of the DEGs enriched in neuroactive ligand-
receptor interaction and Vegf signaling pathways in zebrafish embryos after 72 h of AgNP exposure at various concentrations. (E and F) The mRNA level of neuroactive
ligand-receptor interaction and Vegf pathway-related genes in zebrafish embryos after AgNP exposure at various concentrations (n = 3 replicates). Data are shown as the
means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

vascular development, were significantly regulated after 2 and 4 mg/L AgNP treatment in zebrafish embryos, indicating
that these two signaling pathways may be involved in AgNP-induced neural and vascular developmental disruption in
zebrafish.

Next, we summarized the DEGs enriched in the neuroactive ligand-receptor interaction pathway and the Vegf
signaling pathway in AgNP-treated zebrafish at various concentrations (Figure 4C and D). Similar results were obtained
using qPCR. In this context, the mRNA expression levels of si:ch73-55i23.1, nfatc2a, raclb, zgc:171775, kdr, prkcg,
sh211-132pl.2, chrnbl, cckar, sstr2a, pla2g4aa, mapkl, p2ry6, adrb2a, and Ipar4 decreased, whereas the expression
levels of prkcg, lepa, mchrib, and chrmlb significantly increased in zebrafish embryos after 72-h of exposure to 2 or
4 mg/L AgNP (P < 0.05; Figure 4E and F). In addition, we used KOBAS software (version 3.0) to analyze the potential
roles of these DEGs in neuroactive ligand-receptor interaction and Vegf signaling pathways. The results indicated that
these DEGs were critically involved in regulating neuroactive ligand-receptor and Vegf signaling pathways (marked in
red, Figure 5A and B), suggesting that AgNP exposure could impair several key regulatory factors of these two signaling
pathways after 72 h of treatment in zebrafish embryos.

Discussion

The widespread use of AgNP in production and daily necessities has caused extensive concern owing to its biologically
toxic effects on human health, including developmental toxicity, teratogenicity, neurotoxicity, and vascular toxicity.>'?
AgNP may enter the body orally, dermally and by inhalation.”> Once AgNP enters the bloodstream, they are distributed
throughout the body, including the central nervous system (CNS).*> Previous studies reported that the function of the
blood-brain barrier was impaired AgNP could in rats treated with Ag-NPs.?® Exposure to AgNP may lead to vascular

dysfunction.?’
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Figure 5 Schematic representation of the DEGs of neuroactive ligand-receptor interaction and Vegf signaling pathway in zebrafish after 72 h of AgNP exposure at various
concentrations. (A) DEGs diagram of neuroactive ligand-receptor interactions and Vegf signaling pathways after exposure to 2 mg/L AgNP. (B) DEGs diagram of neuroactive
ligand-receptor interactions and Vegf signaling pathways after exposure to 4 mg/L AgNP. The red shading represents the DEGs in these two signaling pathways.

The particle size of AgNP is an essential factor affecting their toxicity. Previous studies demonstrated that 20-60 nm
AgNP treatment would significantly increase the mortality rate at 4 mg/L,*® and exposure to the smaller AgNP (6-14 nm)
also significantly inhibit the survival rate and body length of zebrafish embryos at 5 mg/L concentration.”’ Similarly, 50
nm AgNP treatment at 1 mg/L would cause vascular toxicity at 24 hpf.” Most studies focus on the toxicity of AgNP at
fixed particle size. However, the particle size of AgNP is not uniform in the human environment. Our previous study also
found that AgNP treatment could significantly inhibit body length and cause developmental deformities in zebrafish
embryos at 1 mg/L concentration.'” In this study, we mainly analyzed the neural and vascular development in zebrafish
under the combination of AgNP size of 10-100 nm.

Previous reports have indicated that AgNP can reduce neurite extension and branching, affecting neurogenesis in live
cells.* In addition, AgNP can cause damage and dysfunction of HUVECs by inducing the oxidative stress response,’’
which may impair zebrafish embryos during the early developmental stage.*” This study aimed to evaluate the neural and
vascular developmental toxicity of AgNP and illustrate its regulatory mechanism in zebrafish embryos. The morpholo-
gical determination revealed that AgNP exposure could impair neurological development, such as the “small eye”
phenotype and the integrity of axon pattern, and subsequently result in motility dysfunction in zebrafish embryos
(Figures 1 and 2). In addition, we found that AgNP exposure suppressed vascular development and induced vascular
malformations in the zebrafish (Figure 3). Further RNA-seq analyses and qPCR revealed that neuroactive ligand-receptor
and VEGF signaling pathways were significantly regulated after 72 h of AgNP exposure in zebrafish embryos (Figure 4),
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implying that AgNP can lead to neural and vascular developmental toxicity by disturbing neuroactive ligand-receptor
interactions and Vegf signaling pathways in zebrafish.

It has been reported that AgNP exposure can lead to death and delayed hatching in zebrafish,'

implying that AgNP can
damage organs and/or restrain development through different pathways. In the neural system, previous studies indicated that
various degrees of developmental defects and abnormal phenotypes, such as small heads, small eyes, and cardiac defects, were
induced by acute exposure to AgNP in zebrafish embryos.'” Zhang et al found that AgNP exposure can lead to eye
abnormalities by inhibiting lens development in zebrafish.** A recent report demonstrated that AgNP exposure exhibits
developmental neurotoxic effects in pluripotent stem cell (PSC)-derived cerebral organoids.>> Our results showed that AgNP
affects eye development, and the eyes in the AgNP-treated group were statistically smaller than those in the control group after
AgNP exposure (Figure 1), which is consistent with the concept of the eyeless phenotype induced by AgNP-treated
zebrafish.*® Moreover, our results demonstrated that neuronal morphology, including fluorescence intensity, motor neuron
length, and locomotor behavior, were affected by AgNP exposure in fluorescence-labeled transgenic zebrafish (Figure 2).

AgNP can penetrate the cell membranes into internal tissues.’” The micronuclei and nuclear abnormalities have also been
observed in the peripheral blood cells of zebrafish,*® suggesting that AgNP may play a mechanistic role in regulating signaling
pathways in neural or vascular epithelial cells. Our KEGG pathway analyses identified that the neuroactive ligand-receptor
interaction pathway was enriched in AgNP-treated zebrafish embryos (Figure 4), suggesting that AgNP may induce neurotoxicity
by regulating the neuroactive ligand-receptor interaction pathway, which is consistent with a previous report that AgNP affects the
neuroactive ligand-receptor interaction signaling pathway in the rat.>® Neuroactive ligand-receptor interaction signaling pathway
was closely related to neural function.*® Disruption of genes associated with neuroactive ligand-receptor interactions affects
memory function.*' Further analyses using gPCR confirmed that several mRNA levels of key regulatory factors of the neuroactive
ligand-receptor interaction signaling pathway, including chrnbl, sstr2a, p2ry6, adrb2a, lpar4, lepa, mchrib, and chrm1b, which
were also identified by RNA-seq analyses (Figure 4D), were statistically changed (Figure 4E and F). In addition, although not
statistically significant, a trend towards regulated mRNA levels of sh2711-132p1.2 and cckar was observed in AgNP-treated
zebrafish embryos (Figure 4E). Specifically, a previous study indicated that CHRNBI encodes the B-subunit of the acetylcholine
receptor (AChR) at the neuromuscular junction. The deletion of CHRNBI results in an inherited neuromuscular disorder
corresponding to the human congenital myasthenic syndrome.*? The abnormal expression of somatostatin receptor 2 (SSTR2)
is usually accompanied by neuroendocrine tumor and growth hormone-secreting pituitary adenoma.* Extracellular nucleotides
exert their actions through two subfamilies of purine receptors: P2X and P2Y, and P2Y purinoceptor immunoreaction was seen in
almost all ganglion cells.** Chrnb1 (cholinergic receptor, nicotinic, beta 1) contributes to acetylcholine receptor activity. In
addition, adrb2a is also known as the gene encoding the B-adrenergic receptor in zebrafish, which is localized in the brain and
involved in the oxidative stress response.*’ Our previous study also found that AgNP can induce oxidative stress in zebrafish.'”
Lysophosphatidic acid (LPA) was robustly expressed in migratory neurons, which depleted neurons show impaired multipolar-to-
bipolar transition.*® The mchr1b encodes a protein, the homologous protein of human MCHR1 (melanin-concentrating hormone
receptor 1), and has been reported to be involved in the neuropeptide signaling pathway by modulating G protein-coupled receptor
activity in vertebrates.*” Leptin (Lep) plays an important role in regulating energy homeostasis in vertebrates,*® and leptin also
directly regulates kisspeptin neurons in the hypothalamus.*® Recent studies indicated that the ortholog gene of chrm1 (cholinergic
receptor muscarinic 1), human CHRM]I implicated in myasthenia gravis, Alzheimer’s disease, Parkinson’s disease, and
frontotemporal dementia.”*>!

Our results confirmed that AgNP exposure induced vascular malformation in zebrafish embryos (Figure 3) by
regulating the Vegf signaling pathway (Figure 4). A previous study also demonstrated that AgNP might block VEGF-
induced cell proliferation and migration in bovine retinal endothelial cells,’* suggesting that AgNP exposure may be
involved in angiogenesis. The VEGF signaling pathway, which contains VEGF and its receptor and their downstream
signals, is the key angiogenic signaling pathway and promotes differentiation, proliferation, migration, sprouting, and
angiogenic remodeling of endothelial cells.”® The RNA-seq analyses and qPCR revealed that the overlapping regulated
Vegf pathway-related genes, including kdr, prkcg, raclb, and zgc:171775, were determined in AgNP-treated zebrafish
embryos at various concentrations (Figure 4E and F). In this context, the KDR encoding protein, also known as
VEGFR2, is the VEGF receptor and plays a critical role in the VEGF signaling pathway.’* A previous report showed
that KDR is essential for angiogenesis and collateral formation.’> In addition, protein kinase C gamma (PKCgamma),
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encoded by PRKCG, is a key downstream regulatory factor of the VEGF signaling pathway, which is also required for
hypoxia-induced pathological retinal neovascularization through the activation of Src-phospholipase D1 (PLDI)-
dependent PKCgamma signaling axis.’®>’ We also found that the mRNA levels of kdr, prkcg, raclb, and zgc:171775
were affected in zebrafish embryos after AgNP treatment. Previous studies demonstrated that the protein expression level
of PRKCGA was up-regulated in patients with thyroid-associated ophthalmopathy,®® and abnormal PKC regulation was
associated with major depression.’” Tan et al also found that Racl was essential for embryonic development because its
endothelia-specific deletion led to an early embryonic lethal vascular phenotype.®® Thus, we hypothesize that AgNP may
lead to vascular developmental toxicity by regulating the Vegf signaling pathway-related genes in zebrafish embryos.

Conclusion

In summary, our results showed that acute exposure to AgNP resulted in neural and vascular toxicity with detrimental
effects on neuron maturation processes (axon formation) and angiogenesis in zebrafish embryos. Using in vitro experi-
ments, we found that AgNP exposure inhibited lumen formation in HUVECs cells. In addition, transcriptome sequencing
analyses and qRT-PCR indicated that the neuroactive ligand-receptor interaction pathway and Vegf signaling play
important roles in AgNP-induced neurotoxicity and vascular toxicity, respectively. Our findings provide evidence to
clarify the mechanism of neural and vascular toxicity caused by acute exposure to AgNP, which might reveal the
potential risks that come along with AgNP exposure.
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