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Purpose: The widespread use of zinc oxide nanoparticles (ZnONPs) has raised concerns about its potential toxicity. Melatonin is
a neurohormone with tremendous anti-toxic effects. The enterochromaffin cells are an essential source of melatonin in vivo. However,
studies on the effects of ZnONPs on endogenous melatonin are minimal. In the present study, we aimed to investigate the effects of
ZnONPs exposure on gut-derived melatonin.

Methods: In the present study, 64 adult male mice were randomly and equally divided into four groups, and each group was exposed
to ZnONPs (0, 6.5, 13, 26 mg/kg/day) for 30 days. Subsequently, the neurobehavioral changes were observed. The effects of ZnONPs
on the expression of melatonin-related genes arylalkylamine N-acetyltransferase (4anat), melatonin receptorl A (Mt1/Mtnrla),
melatonin receptorlB (Mt2/Mtnrib), and neuropeptide Y (Npy) on melatonin synthesis and secretion in duodenum, jejunum, ileum
and colon during day and night were also assessed.

Results: The results revealed that oral exposure to ZnONPs induced impairments of locomotor activity and anxiety-like behavior in
adult mice during the day. The transcriptional analysis of brain tissues revealed that exposure to ZnONPs caused profound effects on
genes and transcriptional signaling pathways associated with melatonin synthesis and metabolic processes during the day and night.
We also observed that, in the duodenum, jejunum, ileum and colon sites, ZnONPs resulted in a significant reduction in the expression
of the gut-derived melatonin rate-limiting enzyme Aanat, the membrane receptors MtI and Mt2 and Npy during the day and night.
Conclusion: Taken together, this is the first study shows that oral exposure to ZnONPs interferes with melatonin synthesis and
secretion in different intestinal segments of adult mice. These findings will provide novelty insights into the neurotoxic mechanisms of
ZnONPs and suggest an alternative strategy for the prevention of ZnONP neurotoxicity.
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Introduction

Nowadays, nanomaterials have received increasing attention due to their wide applications in agriculture, biomedicine,
electronic communications, etc.' Zinc oxide nanoparticles (ZnONPs) are metal oxides with a diameter of less than 100
nm and possess selective toxicity to bacteria. ZnONPs have high catalytic activity and stability and are widely used in
sunscreen, biosensor, food additive, drug carrier and electronic material, etc.? Effects of ZnONPs on the biological
functions depend on their morphology, particle size, exposure duration, concentration, pH value and biocompatibility.’
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The significant anti-bacterial effect of ZnONPs has been extensively reported.* Individuals are primarily exposed to
ZnONPs through inhalation, ingestion, and dermal contact in the workplace and food. Traditionally, ZnONPs are
considered to be one type of less toxic nanoparticles. A previous study showed that acute exposure to ZnONPs did
not affect cognitive function and neurotransmitter levels in adult rats.” However, with the wide use of ZnONPs in various
fields, serious concerns have been raised about their impacts on human health and the environment. One recent study
reported that ZnONPs exhibited adverse health effects on the human male reproductive system.® A concentration of 100
ppm of 50 nm ZnONPs resulted in the death of 50% of mouse neuroblastoma cells in vitro, they were also able to induce
apoptosis of neural stem cells at 12 ppm.’ It may be related to the fact that ZnONPs cause cell death by disrupting lipids
and proteins in cell membranes and generating reactive oxygen species.®

In recent years, the influences of ZnONPs on neurobehavior have attracted much attention.” It has been shown that
ZnONPs can enter the brain through the blood-brain barrier and induce oxidative stress and inflammatory responses,
therefore leading to neurological disorders.'® For example, in an epidemiological investigation, the workers exposed to
ZnONPs exhibited significantly decreased levels of antioxidant enzymes, superoxide dismutase, and correct rate of
7-digit backward memory."' In addition, acute exposure to ZnONPs also triggered oxidative stress, microglia activation
and tau protein expression in the brain.'* Results from a cellular assay also revealed that ZnONPs reduced cell viability

in neuroblastoma and altered the structure of tau protein, contributing to the development of Alzheimer’s disease."?

1900  "ees International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

Melatonin is thought initially to be a hormone secreted at night from the pineal gland. It plays a crucial role in the
adjustment of the sleep-wake cycle, pubertal development and seasonal adaptation.'* It is synthesized from tryptophan
and produces 5-hydroxytryptamine as an intermediate product.'> Recent available studies have demonstrated that
melatonin can also be produced in other organs. For instance, melatonin is found in chromophores of the human
intestinal mucosa at concentrations more than 400 times that of melatonin in the pineal gland and 10-100 times that of
melatonin in plasma.”’ Melatonin has antidepressant, anti-anxiety, anti-phobic, motor-modulatory, neuroprotective, anti-
inflammatory and antioxidant effects.'* Among these, the neurological effects of melatonin are particularly significant.
One study observed that melatonin could modulate memory formation by directly affecting hippocampal neurons.'”
Meanwhile, melatonin can also regulate addictive behavior disorders by inhibiting dopamine release.'® In addition,
melatonin has been demonstrated to decelerate the progression of neurodegenerative diseases such as Alzheimer’s
disease via the enhancement of anti-fibrinogen (inhibition of amyloidosis)."”

Recently, one study revealed that exposure of rice to ZnONPs remarkably increased melatonin biosynthesis, thereby
mitigating the toxicity of ZnONPs to rice.”® Another study showed that treatment of maize with ZnONPs significantly
increased the content of tryptophan, a precursor of melatonin, which in turn promoted maize growth and improved its
drought tolerance.”’ However, in mammals, the effect of ZnONPs on gut-derived melatonin and the exact mechanism of
melatonin in ZnONPs-induced neurotoxicity are currently unknown.

Therefore, in the present study, we hypothesized that ZnONPs might induce changes in gut-derived melatonin,
thereby affecting neurobehaviors. The adult C57BL/6J male mice were herein exposed to ZnONPs by oral gavage at
doses of 0, 6.5, 13, and 26 mg/kg for 30 days, followed by neurobehavioral assessment, transcriptomic analysis of brain
tissue and detection of the expression of melatonin receptors M¢/ and M¢2, the melatonin synthesis limiting enzyme
Aanat, and the neuromodulator gene Npy in the intestine, respectively. The results showed that oral exposure to ZnONPs
caused significant neurobehavioral impairments, with significant changes in many metabolic and biosynthetic processes
and melatonin-related genes. This study initially explores the role of gut-derived melatonin in the neurological damage
induced by ZnONPs, which is expected to provide a new approach to prevention of neurological damage attributed to
ZnONPs.

Materials and Methods

Preparation of ZnONPs Solution

In this study, ZnONPs were obtained from Sigma Aldrich Chemical Co. (Cat. #MKCH9705, Sigma-Aldrich, MO, USA)
and primary particle sizes were less than 50 nm. The characteristics of ZnONPs were described previously in our lab.**
Briefly, ZnONPs were diluted in MilliQ water and sonicated with 20% of the maximum amplitude for 20 min in an ice
water bath by an ultrasonic cleaner (SB-5200DT; Ningbo Scientz Biotechnology Co., Ltd, China). The vehicle solution

was prepared with MilliQ water, and the ZnONPs suspension solution was fresh each time.

Animals and Treatment

Eight-week-old healthy male C57BL/6J mice were purchased from the Animal Center of Chongqing Medical University
[Chongqing, China, license numbers: SCXK(Yu)2018-0003]. The animals were kept in an environmentally controlled room
under a 12-h light/dark cycle, a temperature of 23 + 1 °C, and humidity of 55% + 10%. They were free to access to sterilized
rodent food and tap water. A total of 64 mice were divided into four groups according to the simple randomized allocation
method. Each group included 16 animals. All the mice were treated with concentrations of ZnONPs (6.5, 13, 26 mg/kg/day)*
or vehicle solution. The mice received water or ZnONPs by oral gavage tube according to body weight every morning at 9
AM. for 30 days. Eight mice in each group were immediately euthanized by cervical dislocation under anesthesia,>* and the
brain, duodenum, jejunum, ileum and colon were collected in the day-time, then stored at —80 °C immediately. Tissues from
the same parts of the remaining eight mice in each group were collected in the dark-time. All experimental participants were
blinded to the treatments and data analysis. The experimental protocols involving animals were scrutinized and approved by
the Institutional Animal Care and Use Committee of Chongqing Medical University. All procedures were conducted
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following the guidelines contained in the guide for the care and use of laboratory animals. All efforts were made to minimize
the suffering of mice.

Open-Field Test

The open-field test was used to detect the locomotor activity of mice.*> The open field apparatus consisted of four square
areas that were painted gray. Briefly, the mice were initially placed in the central area of the open field test apparatus
facing the same direction and explored for 5 min. The movement of mouse was recorded by a tracking system with video
camera installed above the apparatus. The total distance, central square duration, and distance moved in center were
measured, and the apparatus was wiped with 75% ethanol before performing each new test.

Elevated Plus Maze

The elevated plus maze (EPM) test was commonly used to assess anxiety-like behavior.?® The EPM apparatus consisted
of two open arms, two closing arms, and a central square. In short, the mouse was placed in the center square of the maze
facing one of the open arms and observed continuously for 5 min. A video-tracking system with a camera was used to
record the distance moved in the open arm, number of entries into open arm, duration of the open arm, number of head-
dipping in open arm. The apparatus was cleaned using 75% alcohol before each test to eliminate possible odors left by
the previous animal.

Rotarod Test

The rotarod test was used to assess motor coordination and balance in rodents. The protocol procedure was performed
according to the previous study.”’ The rotarod apparatus consisted of a rotating cylinder (3 c¢m in diameter) with
compartments for simultaneously testing of up to five mice. All animals were placed on the cylinder at a constant speed
of 25 rpm for a maximum duration of 25 min. The mice moved in the same direction to keep balance on cylinder rod.
The latency of time to fall was recorded from the start to the end of the rotarod test. The apparatus was cleaned carefully
with 75% ethanol between each test.

Quantitative PCR Assay

Total mRNA was isolated from the intestine with the Eastep’™ Total RNA Super Extraction Kit (Promega, Cat#L.S1040,
MA, USA), carried out according to the manufacturer’s instruction. Each sample was homogenized with 300 pL of lysate
and was mixed with 300 puL. of RNA dilution and placed for 5 min at room temperature. The supernatant was added to
0.5 times the volume of anhydrous ethanol with mixing. After washing with RNA Wash, each sample was added to 50 pL
of DNase and placed at room temperature for 15 min, followed by two washes with RNA Wash. Total RNA was obtained
with 50 pL of nuclease-free water. Then, the total RNA quantity and purity was detected with a NanoDrop Technologies
and the acceptable purity range was an A260/A280 ratio of 1.8 to 2.1. The reverse transcription to the cDNA was
performed Perfect Real Time Prime-Script™ RT Master Mix (Cat. #RR036A, TaKaRa, Beijing, China). The real-time
PCR was performed by TBGREEN Premix Ex Taq™ II (T1iR-NaseH Plus) (Cat. #RR820A, TaKaRa, Beijing, China) on
CFXConnect™ Real-Time System (Bio-Rad, Hercules, CA, USA). The initial temperature was set up at 95 °C for 2 min,
then 40 amplification cycles for 5 sec of 95 °C, 15 sec of 60 °C and 20 sec of 72 °C, and finally, the melt curve for 5 sec
from 65 °C to 95 °C. Negative control using the Thp gene was normalized and calculated with the 2~ **“* method. The
primer sequences were synthesized by Sangon Biotech, Co., Ltd. (Shanghai, China) and are shown in Supplementary
Table 1.

RNA Sequencing

RNA sequencing was performed according to a previous study.”® Total RNA was isolated from the brain tissue using
TRIzol® Reagent following the manufacturer’s instructions (Thermo Fisher Scientific, CA, USA). Then, RNA quality
and quantity were evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and the
ND-2000 (Thermo Fisher Scientific, Wilmington, USA). The cDNA library was constructed following the Illu mina
TruSeq RNA Sample Prep Kit (Illumina Inc., San Diego, CA) and the Ultra RNA Library Prep Kit for Illumina.
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Messenger RNA was isolated according to the poly-A selection method by oligo (dT) beads and double-stranded cDNA
was synthesized using a SuperScript cDNA synthesis kit (Thermo Fisher Scientific, CA, USA). Quantified by the
TBS380, the RNA-seq sequencing library was sequenced in paired-end using the Illumina HiSeq xten/NovaSeq 6000
sequencer (2 x 150 bp read length).

Differential Expression Analysis and Functional Enrichment

After trimming and quality control of the original paired-end readings via SeqPrep (https://github.com/jstjohn/SeqPrep) and
Sickle (https://github.com/najoshi/sickle), RSEM (http://deweylab.biostat.wisc.edu/rsem/) was used to quantify on the
expression level of genes and transcripts in between two different samples. Differential expression analysis was conducted
using DESeq2 with|log2FC| > 2.000 and P value <0.05. Furthermore, to identify functional-enrichment and pathway of
candidate genes, the GO and KEGG analysis methods were performed using the online platform of Majorbio Cloud

Platform (www.majorbio.com, Shanghai Majorbio Bio-pharm Technology Co., Ltd). Functional enrichment of differentially

expressed genes in the GO functional enrichment and KEGG signaling pathway analysis were determined by Goatools
(https://github.com/tanghaibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home.do). Significance levels for differ-
entially expressed genes (DEGs) enrichment in GO terms and KEGG pathways were calculated using Fisher’s exact test at

BH (Benjamini and Hochberg) corrected P-value <0.05 comparison with the entire-transcriptome background.

Statistical Analysis

All results were expressed as mean + S.E.M. (standard error of the mean). The statistical analysis was performed using
SPSS 26.0 (IBM, Armonk, NY, USA) and analyzed by one-way ANOVA or Kruskal-Wallis test. All graphs were
presented by the software of GraphPad Prism version 9.0.0 (Graph-Pad Software Inc., La Jolla, CA). P<0.05 indicated
that the data were significantly different.

Results

Oral Exposure to ZnONPs Caused Neurobehavioral Impairments in Adult Mice

To investigate the effect of ZnONPs treatment on locomotor activity, the open field test was carried out. As displayed in
Figure 1, the total distance, distance moved in center and central square duration showed a notable decrease compared to
the vehicle group (Figure 1A—D). These results indicated that the main effect of ZnONPs-treatment caused the inhibition
of locomotor activity. The rotarod test was carried out to further detect whether ZnONPs affect motor coordination and
balance in mice. It was clear that different doses of ZnONPs affected motor coordination and balance in mice as
compared with the vehicle group (Figure 1E). The elevated plus maze was employed to test whether oral exposure to
ZnONPs induced anxiety-like behavior. Treatment of ZnONPs affected the total distance moved, duration in the open
arm, the frequency of mouse entry into the open arm and the number of head dips compared with vehicle control
(Figure 2A-E). Our results demonstrated that level of anxiety was drastically increased in a related dose-dependent
pattern. Obviously, the damage was significantly worse in the mice treated with high dose ZnONPs. All the above results
suggest that oral exposure to ZnONPs for 30 days may potentially lead to neurobehavioral damage in adult mice.

Identification of Differentially Expressed Genes (DEGs) and Pathways Involved in

Neurobehavioral Impairments via Oral Exposure to ZnONPs in Adult Mice

Transcriptome analysis was performed to explore the impact of ZnONPs between vehicle group and high-dose group.
Due to the circadian rhythm of melatonin, the brain tissues were isolated separately during the day and night from vehicle
and ZnONPs-treated mice (n=3 per group) for RNA-Seq assays. The Venn diagram was shown in Figure 3A, the results
implied that an overlap of 14,826 genes was identified in mouse brains in the vehicle and high-dose groups during the
daytime. A volcano plot was shown that 718 DEGs (|fold change[>2.0, P<0.05) were identified, including 380
upregulated (with top significant containing CD4, Idol and Pdel(Oa) and 338 downregulated (with top significant
containing Slc6a3, Tph2 and Ucn) in vehicle and ZnONPs-treated mouse brains sampled at daytime (Figure 3B).
Gene ontology (GO) enrichment analysis was used further to dissect the primary structure and functions of DEGs.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed to discover biological
pathways. GO function enrichment analysis revealed that ZnONPs-treated was involved in biological processes, such as
dopamine transport, neuron differentiation and central nervous system neuron differentiation, suggesting the regulation of
ZnONPs might occur on the nervous system during the day (Figure 3C). The 278 categories by KEGG pathway
enrichment analysis were clustered. The three primary enrichment pathways were neuroactive ligand—receptor interac-
tion, cAMP signaling pathway and calcium signaling pathway. Pathways contained neuromodulation-related and
5-hydroxytryptamine genes, such as Npy, Tph2, Ucn and Idol (Figure 3D). To identify the functional categories of
DEGs, 718 DEGs were classified into three categories and formed 48 GO terms. Most DEGs were mainly enriched in
cellular process and biological regulation in biological processes and involved in binding in molecular functions. Cell
part was enriched in the cellular components category (Figure 3E). These results indicate that gene expression regulations
and many metabolic and biosynthetic processes dramatically are disturbed by ZnONPs-treated during the day time.

To further investigate whether oral exposure to ZnONPs affects gene expression at night, the brain tissues collected
during the night were performed transcriptome analysis. As shown in Figure 4A, the compositional overlap of 15231 core
DEGs was confirmed in the vehicle and high-dose groups. Volcano plots showing genes significant 63 up-regulated and
70 down-regulated were identified by RNA-seq analysis in brain tissues sampled at night, in which the widely up-
regulated genes consisted of Sh3rf2, Gpr6 and AdoraZa; in contrast, down-regulated genes included broadly Camp, Ucn
and S7100a9 (Figure 4B). GO and KEGG pathway enrichment analysis insighted gavage of ZnONPs suspension enriched
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Figure 4 Effects of exposure to ZnONPs on transcriptome sequencing in adult mouse brain tissue (ZnONPs-High versus Vehicle during the night). (A) Venn diagram
illustrating the number of overlapped different expression between the two groups. (B) Volcano plot showing DEGs. (C) GO enrichment analysis of DEGs. (D) KEGG
enrichment pathway analysis of DGEs. (E) GO annotations analysis (level 2) of three function categories were presented. (F) Venn diagram showing the number of common
and unique genes in DGEs during the day and night.

inflammatory response, signal transduction and nervous system signaling in brain tissue sampled at night (Figure 4C and
D). To further address the biological functions of DEGs after ZnONPs treatment, 133 DEGs were clustered in 44
categories by GO annotations analysis. Notably, cellular component and biological process were involved in cellular
process and cell part, but molecular function was enriched in binding (Figure 4E). The 25 common genes of DEGs were
reported in brain tissue sampled during the day and night (Figure 4F). These results together reveal that ZnONPs
treatment may affect central nervous and immune system via regulation of inflammatory response and neuroactive signal
transduction in the day and night time.

Oral Exposure to ZnONPs Affected the mRNA Expression of Melatonin-Limiting

Enzyme and Melatonin Receptors in the Intestine of Adult Mice

To investigate whether oral exposure to ZnONPs disturbs the gut-derived melatonin synthetic pathway by influencing
speed limiting enzyme Aanat activity, the primary enzyme involved was determined in the mouse intestine. After
different doses of ZnONPs treatment, the expression of Aanat was significantly decreased in the jejunum, ileum and
colon tissues of day sampling compared to vehicle controls in the day-time. To our surprise, 4anat mRNA content was
not significant in the duodenum as compared to vehicle group in the day-time (Figure 5A). Then, to evaluate the state of
Aanat expression in mouse intestine during the night, the enzyme activity was determined by gPCR assay. As shown in
Figure 5B, the mRNA expression of Aanat in duodenum, jejunum and ileum was significantly reduced, but no significant
differences in colon tissue compared to vehicle group at night. These data imply that the key synthetic enzyme
expressions of gut-derived melatonin are affected by ZnONPs both day and night. During the day, melatonin receptor
Mt] mRNA expression of duodenum and jejunum showed a significantly decreased level compared to vehicle. However,
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Figure 6 Effects of exposure to ZnONPs on neuropeptides in adult mouse. (A and B) The mRNA expression of Npy in duodenum, jejunum, ileum and colon treated with
ZnONPs during the day and night. Data were expressed as mean * S.E.M. Statistical analyses were calculated by using one-way ANOVA or Kruskal-Wallis test. *P<0.05,
significant differences compared with vehicle group (n=3).

no significant difference of Mt/ expression was observed in the ileum and colon compared with vehicle group
(Figure 5C). Interestingly, the expression of Mt/ mRNA was significantly decreased in the colon, but no significant
differences were observed in the duodenum, jejunum and ileum tissues during the night compared to the vehicle group
(Figure 5D). After oral exposure to ZnONPs, the similar expression tendency of melatonin receptor Mt2 to Mtl were
observed in duodenum, jejunum, ileum and colon both in the day or night (Figure SE and F). These results together
signify that ZnONPs may influence the expressions of melatonin membrane receptors in adult mice.

Oral Exposure to ZnONPs Affected the mRNA Expression of Npy in the Intestine of

Adult Mice

The Npy mRNA expression was detected in this study. During the daytime, the Npy mRNA expression of duodenum and
jejunum intestinal segments was downregulated by ZnONPs-treated groups compared with vehicle group, but no
significant differences were observed in the ileum and colon tissues compared to the vehicle group (Figure 6A).
During the night, the Npy mRNA expression of jejunum and ileum segments had changed after exposure to ZnONPs
compared with vehicle control, respectively. However, the Npy mRNA level in duodenum and colon showed no
significant differences compared to vehicle group (Figure 6B).

Discussion

ZnONPs are used in many applications due to their special properties, which increase the daily exposure to ZnONPs.?*°
Whereas ZnONPs were thought to have low toxicity in the past, recent studies have reported cytotoxicity, genotoxicity,
neurotoxicity and developmental toxicity of ZnONPs in different organs.®’ Long-term oral administration via food is one of
the main routes of exposure to ZnONPs.*> ZnONPs are known to produce severe neurotoxicity and cause neurobehavioral
impairments.*® Intriguingly, melatonin is capable of modulating neuronal inflammatory factors, and oxidative stress, thereby
alleviating neurotoxicity.***> However, there is limited evidence that melatonin ameliorates the neurotoxicity caused by
ZnONPs in mammals. It is unclear whether oral administration of ZnONPs affects melatonin secretion, transport, and
circadian rhythms in vivo. Therefore, in this study, adult C57BL/6J male mice were exposed to 0, 6.5, 13 and 26 mg/kg by
gavage for 30 days. We found that oral exposure to ZnONPs had potential neuromodulatory effects, including inhibition of
movement, impaired motor coordination and balance and anxiety-like behavior. In mammals, the gastrointestinal tract is rich
in melatonin, which varies from tissue to tissue and has a distinct daily rhythm.>® We also found that ZnONPs affected gut-
derived melatonin in different intestinal segments at day and night. Therefore, we hypothesize that gut-derived melatonin is
closely linked to neurobehavioral impairment induced by ZnONPs.
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ZnONPs enter the body through the digestive tract, the intestine being the primary target organ. Chen’s study showed
that neurobehavioral deficits and specific changes in the neurobehavioral-related genes (Bdnf and Dig4) were observed in
male mice after orally administering of 26 mg/kg of ZnONPs for 30 days.* Interestingly, our results also showed similar
neurobehavioral impairments. Due to their small particle size, ZnONPs can easily cross the blood—brain barrier and enter
nerve cells leading to mitochondrial dysfunction, reduced membrane transport capacity and DNA damage.*”*® Our RNA
sequencing results showed that oral exposure of mice to ZnONPs, both during the day and at night, led to alterations in
immune responses, neuromodulation and some tryptophan metabolism. Examples of upregulated genes were the T-cell
cofactor CD4, Idol of the tryptophan metabolic pathway and Adora2a of the neurobehavioral G protein-coupled receptor
transmission pathway. Significant down-regulation of the neurotransmitter Slc6a3, serotonin synthesis-related enzyme
Tph2 and anxiety-related Ucn were observed. Kim et al showed that orally administered to mice with ZnONPs at
750 mg/kg/day for 14 days, they suppressed innate immunity and decreased the CD4"/CDS8" ratio, and implying that the
immune status induced by ZnONPs was altered.*”

When exposed to environmental stimuli and stress, the adrenocorticotropin-releasing factor CRF and its related
neuropeptides, including urocortin 1 (ucnl, ucn2 and ucn3) can bind to corresponding receptors to alter neuronal activity
in specific subpopulations of serotonergic neurons and affect stress-related behaviors, such as anxiety-like behaviour.***!
The GO and KEGG pathways enrichment analysis revealed that oral exposure to ZnONPs at 25 mg/kg body weight of
6-week-old male ICR mice leads to endoplasmic reticulum stress and ROS production. MAPK and NF-JB pathways were
activated, inducing an inflammatory response. Furthermore, treatment of BV2 and PC12 cells with ZnONPs elucidated
that neuroinflammation was induced through Ca”'-dependent NF-kB, ERK and p38 activation pathways.**** In the
present study, transcriptome sequencing analysis revealed that the main pathways affected by ZnONPs involve neuroac-
tive ligand-receptor interactions, tryptophan metabolism and inflammatory responses both at day and night. The pathway
contained genes such as Npy, Tph2, Ucn and Idol that are involved in the synthesis and metabolism of melatonin.***¢
The Npy, a neuropeptide derived from the hypothalamus, plays an essential role in the neuromodulatory.*’ Interestingly,
the Npy mRNA expression was affected by melatonin administration.*® Therefore, oral exposure of ZnONPs may affect
melatonin activity by Npy. Our results showed that the mRNA expression of Npy decreased significantly in both day and
night after exposure to ZnONPs, suggesting that oral exposure of ZnONPs possibly disturbs the synthesis and release of
gut-derived melatonin via the neuropeptide Y signaling pathway.

Melatonin was synthesized in many mammal tissues and organs, including the ovary, retina, gland, gut, skin and bone
marrow.*’ Available studies have found that melatonin is also synthesized and secreted in large quantities in the gut,
mainly by enterochromaffin cells and melatonin is present in different concentrations in different parts of the gut.>”
A study reported that different melatonin levels were detected in the cattle and pigs’ anterior and posterior segments of
the gastrointestinal tract.”' Melatonin secretion in different parts of the rat cerebellum, stomach, duodenum and pancreas
followed a rhythmic pattern.>* Steful et al, found a specific expression of Aanat in the intestine of rats, suggesting that the
intestine is capable of secreting and synthesizing melatonin on its own, further maintaining the stability of melatonin in
the intestine. Furthermore, activation of Aanat leads to the release of large amounts of melatonin, and conversely,
a decrease in melatonin-related enzymes inhibits melatonin synthesis and secretion.”® Numerous studies have revealed
that the highest intestinal melatonin levels are in the duodenum and rectum (mainly in the epithelium).’*>* A similar
phenomenon was found in fish, where melatonin was detected from the esophagus to the hindgut and melatonin synthase
genes aanatl, aanat2 and hiomt mRNA were rhythmically expressed after removal of the pineal gland in rainbow trout
(Oncorhynchus mykiss).”> Our results showed that the expression of melatonin synthase Aanat was highest in the
duodenum both during the day and at night, which was consistent with the above findings. Aanat expression was
dramatically reduced in the same tissues due to the action of ZnONPs.

Melatonin exerts physiological effects through melatonin membrane receptor-dependent and receptor-independent
pathways.’®>” Melatonin membrane receptors are found mainly in the cell membrane and nucleus.’® The wide distribu-
tion of melatonin receptors determines the diversity of melatonin functions. In the intestine, melatonin activity is
mediated by Mt2 and indirectly affects 5-HT.>® Expression of Mt/ mRNA was detected in the duodenum and colon of
rats.%® It has been shown that M7/ mRNA was located in the epithelium and sub-epithelium of rat intestinal tissues and is
expressed in the duodenum, jejunum, ileum and colon.®’ Our results showed that transcripts of melatonin receptor Mt/
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and Mr2 mRNA were expressed in all intestinal segments but were unevenly distributed. In the presence of ZnONPs, Mt¢1
mRNA expression was significantly reduced in the duodenum and jejunum during the daytime, and M72 mRNA
expression showed a significant reduction in all four intestinal segments, especially at a concentration of 26 mg/kg.
Melatonin, a neuromodulatory hormone, is cyclic and its receptors may also undergo circadian change.®* Our findings
showed a sharp decrease in Mt/ and Mt2 mRNA expression in the duodenum and colon during the night time due to
stimulation by ZnONPs, and a pattern of expression might correlate with melatonin receptors distribution. One study
evaluated the protective effect of melatonin against ZnONPs toxicity using C6 glial cells. The results showed that
melatonin incubation with ZnONPs enhanced the cytotoxic effect and led to cell damage, which might be due to
mitochondria-mediated ROS generation and melatonin-induced anti-proliferative effects.®> The stimulation of ZnONPs
in this study not only leads to the occurrence of neurological damage in the body but also interferes with the synthesis
and physiological effects of melatonin, exacerbating the inflammatory response and producing neurotoxicity in the body.
Thus, the interaction between ZnONPs and melatonin leads to cell damage and apoptosis.

There are several limitations exist in the present study. Firstly, due to the rhythmical nature of melatonin secretion and
action, we assessed the locomotor activity and anxiety-like behavior in mice by recording only at the daytime conditions
but could not reflect whether the same results were obtained at night. Secondly, the doses of ZnONPs used in this study
appeared to be lower than those reported in others.*>**%> Because the doses used herein were calculated from Chinese
standards for infant formula additives. Significant differences existed between mice and humans and the daily exposure
dose used in the study was not equal to the concentration in the environment. Thirdly, this study did not perform an
exogenous melatonin intervention. It is difficult to determine the causal effect of ZnONPs and melatonin on neurobe-
havioral impairment, which needs to be explored in the future. Of course, our results will also provide a new perspective
for the prevention of neurotoxicity from ZnONPs, which means, in the future, we can explore the effects and mechanisms
of gut-derived melatonin in ZnONP-induced neurological impairments and find the relevant signaling pathways or target
molecules that can regulate melatonin and play a neuroprotective role during exposure to ZnONPs.

Conclusion

In summary, the results of the present study suggest that gut-derived melatonin was affected in neurobehavioral impairments
caused by oral exposure to ZnONPs. In addition, melatonin synthesis was reduced and its physiological effects were
diminished in different sites of the intestine, as well a phenomenon during the day and night. It may be that ZnONPs interfered
with the synthetic pathway and physiological effects of melatonin, making the organism more susceptible to damage caused
by ZnONPs. However, the mechanism of ZnONP regulation of gut-derived melatonin needs further exploration. Although this
study could not demonstrate the protective effect of gut-derived melatonin against the toxicity of ZnONPs, these findings will
provide new insights into the role of gut-derived melatonin in the neurological impairment caused by ZnONPs.
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