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ABSTRACT

Polystyrene nano-plastics (PS-NPs) can be accumulated in the food chain and can
penetrate biological barriers to affect multiple physiological functions. However, the
adverse effects of nano-plastics on mammals and the underlying mechanism still
remain unknown. To fill the gaps, our study administrated low-dose PS-NPs (50 and
100 pg/L) for 24 consecutive weeks in rats. Behavioral and morphological evaluations
were performed to assess the neurobehavoirs. A combinez «aiysis of multiple omics
was used to evaluate the dysfunctions of the nut-inicrobe-brain axis. After
dihydrochalcone(NHDC) treatment in the PS-NP. rat model, the inflammation
response and apoptosis process were assessed -.nd proteomics was used to explore the
underlying mechanism. Our results “iiu'cawcd that long-term exposure to low-dose
PS-NPs could induce abnormal r.ovurobehaviors and amygdaloid nucleus impairment,
and stimulate inflammatory respcnsas and apoptosis. Metagenomics results revealed
that four microbial phyla i.>cluuing Proteobacteria, Firmicutes, Defferibacteres, and
Bacteroidetes changeu ~ig.aficantly compared to the control. Targeted metabolomics
analysis in the feces showed alteration of 122 metabolites induced by the PS-NPs
exposure, among which the content of dihydrocaffeic acid was significantly
associated with the different microbial genera and pivotal differential metabolites in
the amygdaloid nucleus. And NHDC treatment significantly alleviated
PS-NP-induced neuroinflammation and apoptosis and the cyclic adenosine
monophosphate(CAMP)/protein  kinase A(PKA)/phosphorylated cAMP-response

element binding protein(p-CREB)/plasma membrane calcium-transporting ATPase



2(Atp2b2) signaling pathway was identified in the proteomics. In conclusion,
long-term exposure to low-dose PS-NPs has adverse effects on emotion through the
dysregulation of the gut-brain axis, and dihydrocaffeic acid can alleviate these effects
via the CAMP/PKA/p-CREB/Atp2b2 signaling pathway.

KEYWORDS: Nano-plastics; Long-term exposure; Anxiety-like behavior;

Microbiota-brain axis; Muti-omics



INTRODUCTION

Recently, much attention has been placed on the migration, transformation and
health impacts of plastic particles, especially for the nanoplastics (NPs), in the
environment. NPs are plastic fragments or particles with a size <1 um?®that exhibit
physical and chemical properties different from those of bulk materials. A few
experimental studies have found that various plastic food packages, such as coffee
cup lids, plastic tea bags, can degrade into NPs (L7..ere and Wagner, 2016;
Hernandez et al., 2019). Furthermore, accumulating ¢vide 1ce has indicated that NPs
can be inhaled or ingested with drinks and food «Jiai. et al., 2020; Banerjee A et al.,
2021), and the smaller plastic particles are n ore easily internalized into organisms
(Stock et al., 2021). More important’y, 1 resent study detected the NPs in human’s
intestinal and liver cells, which ~ither attached directly to the membrane or were
trapped in membrane vesicles (L'u et al., 2022). Therefore,elucidating the potential
health impacts of NP expos.'re 1s an important endeavor.

Existing studies "« @ snown that dorganisms are mainly exposed to NPs through
the digestive tract (kodrigues et al., 2022; Hirt and Body-Malapel, 2020). A few
studies have found that accumulated NPs could cause the structure and function of the
gut microbiota community in the zebrafish to be dysregulated (Qiao et al., 2021; Xie
et al., 2021); however, these studies mainly focused on cells and aquatic model
organisms (Gangadoo S et al., 2020; Xie et al., 2021; Liang et al., 2021; Xu et al.,
2021; Vagner et al., 2022), and studies regarding the health impacts of accumulated

NPs in the intestine on gut microbiota in mammals are relatively scarce. Furthermore,



the gut microbiota has been documented to be an important biological mechanism for
maintaining the homeostasis of the gut-brain axis. Therefore, once the impacts of NP
exposure on the gut microbiota are confirmed in mammals, we speculated that the
expose could further influence the nervous system via gut-brain axis. Moreover,
microbiota-derived metabolites have been demonstrated to be among the most
important biological mechanisms that regulates host metabolism, which can not only
provide detailed mechanisms underlying cross-talk betwec:. the host and microbiota,
but also provide novel small molecule chemicals, which miy be used as preventive or
treatment methods (Zheng et al., 2021; Agus et a! , 20°1).

Therefore, based on the above evidraee. it was hypothesized that chronic
low-dose NP exposure can induce ' ‘ouc system injury by influencing the gut
microbiota through regulating e abundance of microbiota-derived metabolites.
Futhermore, the study explored waether and how microbiota-derived metabolites

alleviate the adverse health ‘mpacts on the nervous system induced by NPs exposure.



METHODS AND MATERIALS
Rat and PS-NPs exposure

Sixty male Sprague Dawley rats (eight-week-old) were obtained from Vital River
Lab Animal Technology Co., Ltd (China) and housed in a controlled environment
room (12h:12h light/dark cycle, 40%-50% humidity, and 18-22 °C) with water and
food ad libitum. The 80 nm polystyrene nanoparticles (PS-NPs) were purchased
commercially from BaseLine Chromtech Research Centrc Tiunjin, China). All rats
were acclimated for seven days and then continuhush administered PS-NPs in
drinking water at 0, 50, and 100 pg/L doses for “4 w2eks. The exposure doses in our
study were calculated based on the expostie dose of humans and previous studies
(Xu et al., 2021; Hwang et al., 2022;. 3ou,” weight and food intake were recorded
twice a week. At 12 weeks and 2.' week of age, the rats were arranged for behavioral
tests. At 24 weeks of age, the rat: vere anesthetized with phenobarbital sodium and
the blood, amygdala, intes:nal contents, and other tissues were collected, weighed,
rapidly frozen in liquia 1w ugen and stored. In addition, after the rats were exposed to
PS-NPs for 30 weeks, 1% dihydrochalcone (NHDC) was added to the normal diet, the
rats were treated for 4 weeks, and the blood and amygdala were collected for further
experiments. All animal experiments were approved by the Medical Ethics Committee
of Harbin Medical University and were performed according to the Guide for Care
experiment (ethics number: 2015138).
Behavioral experiments

Elevated plus-maze test



Anxiety-like behavior was determined by the elevated plus-maze test as
previously described (Kraeuter AK et al., 2019). The elevated plus-maze consists of
two opposite open arms and two opposite closed arms. Before the experiment, eight
rats from each group were placed in an open field to acclimatize for 5 min and were
then placed in the middle of the maze. The number of entries into the open and closed
arms and the stay time of each arm within 5 min were recorded. The percentage of the
times that rats entered the open arms and the time spz... i the open arms were
calculated as the main indices of the experiment.

Open field test

Anxiety-like behavior was also deterrr.d by the open field test as previously
described (Kuniishi H. et al., 2019). Fnicfly, after acclimation for 3 h, eight rats from
each group were placed in the cuntral area of the field (100 cmx100 cmx60 cm) in
sequence with their backs to the e xrarimenter. The movement trajectory of rats in the
field was recorded for 5 i.in. rhe indicators of the total distance traveled and the
immobility time in thZ c=nual area were calculated.

Sucrose prefereice test

Depression-like behavior was determined by the sucrose preference test as
previously described (Ifiguez SD et al., 2014). The sucrose preference test involves
an adaptation training part and a test part. In the adaptation training, eight rats from
each group were placed in two bottles of 1% (W/V) sucrose solution for the first 24 h,
and then one of the bottles was replaced with water for the next 24 h. During the

training process, the positions were changed every 12 h. In the test part, two bottles



were weighed before consumption and after consumption for 12 h. The sucrose
preference index was identified as the percentage of sucrose solution consumed
versus the total amount consumed.

Shuttle box test

Cognition and memory functions were determined by the shuttle box test as
previously described (Jiang et al., 2017).The shuttle box test involved a training phase
and test phase. Briefly, eight rats from each group were heuiawed, and then subjected
to 60 avoidance trials in each session per day. The rat. we e trained for 5 consecutive
days and tested on Day 6. The conditioned light <tim:lus was 10 s in duration and the
unconditioned stimulus was a 0.5-1.0 mA rae-trical shock that did not exceed 10 s.
The number of conditioned responses and' lac'c of responses were recorded.

Step-down test

Cognition and memory funtions were also assessed by a step-down test as
previously described (War et al., 2020). The step-down tests included training and
passive avoidance ses.."ns. During the training, the rats were placed in the box for 5
min, during which they could move freely. A 36 V foot shock was then administered
through the bar. The stimulated rat jumped onto the platform and was immediately
punished by another foot shock once it jumped down. The time it took to step down
and error times were recorded.
Histomorphology assay

For histomorphology assessments, the amygdaloid nucleus and colon (six

samples in each group) were dehydrated with 4% paraformaldehyde (PFA), processed



transparently with alcohol and xylene, and then dipped and embedded with paraffin. A
series of sections (4 um) were stained with HE and observed under a light microscope
(Olympus, Tokyo, Japan). Histological examination was performed by blind
observation to determine the number of damaged neurons under 5 view-fields with
800x microscopic magnification.
ELISAs analysis

The levels of inflammation factors (TNF-a, IL-%, 'L-1B), apoptosis index
(Caspase3, BAX, Bcl-2) and neurotransmitters (5 HT, DA, NE) in the serum,
supernatant of the amygdaloid nucleus and colnn (s'x samples in each group) were
determined by ELISAs (Jiangsu Meimian Iraustrial Co., Ltd, China) according to the
manufacturer’s instructions, and the ror 2sponding product numbers are listed in the
Supplementary Table 1. All samy.'as were analyzed in triplicate. The coefficients of
variation within and between hatches were less than 10% and 12%, respectively. The
ELISAs results were exami.>ed by a microplate reader at an absorbance of 450 nm.
Proteomics analysis

Briefly, the provin was extracted from the amygdaloid nucleus (six samples
from each group), and then enzymatically digested and labeled with an iTRAQ
Reagent 8-plex Kit. Next, we combined all iTRAQ-labeled samples into a mixture for
liquid chromatography-tandem mass spectrometry (LC-MS/MS) to separate different
peptides, and a Q-Exactive mass spectrometer was used for mass spectrometry
analysis and to identify the separated peptides. Differential analysis was performed

using raw protein data with a false discovery rate of less than 0.05. Finally,
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differential proteins were submitted to the DAVID database for enrichment analysis.
Metagenomic analysis

First, DNA was extracted from rat feces (six rats from each group), and the
Nextera XT DNA Sample Prep Kit (Illumina) was used to construct the sequencing
library. In addition, metagenomic sequencing was performed on the Illumina HiSeq
platform and MOCAT2 V2.0 software was used for a quality control of the original
sequencing data. Then, principal coordinate analysis (FCoA) analysis with
Bray-Curtis PERMANOVA was used to explore the (ohe: ion of each sample group,
a-diversity was analyzed by calculating the Simp-on, Chao, ACE and Shannon
indices (Carter SJ et al., 2019) and the B-diversity, which is described as intersample
diversity, was measured using the Un’r1. ¢ u.stance metric (Lozupone C et al., 2005).
In addition, Adonis analysis wa. used to show significant differences among the
different groups. The function | differences were further analyzed by Kyoto
Encyclopedia of Genes anu Geriomes (KEGG) pathway analysis and Gene Ontology
(GO) function analys’..
Metabolomics analy: is

Targeted metabolomics was performed to identify the different metabolites in the
feces and amygdaloid nucleus (six rats in each group). Intestinal contents (500 mg) or
amygdaloid nuclei (200 mg) were extracted from the rats, and an optimized
technological platform for analysis was established by ULTRA-performance liquid
chromatography-quadrupole time-of-flight tandem mass spectrometry

(UPLC-QTOF-MS). PCA with KMO and bartlett's sphericity test was used to
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demonstrate differences between control group and PS-NPs group. Then, the
differential metabolites were screened by analyzing the raw data to screen the
potential endogenous metabolites. All the raw data were analysesd in the Cloud
Platform of BIOMARKER Techonogies Co., Ltd (Beijing, China)
(http://www.biocloud.net/).

Western blot analysis and RT-PCR assay

For western blot analysis, the total proteins from *ii. rac amygdaloid nucleus
were extracted with RIPA lysis buffer Beyotime, Shanghai) plus
phenylmethanesulfonyl fluoride (Beyotime, Sharngha.) and denatured by heating. The
protein samples (30 pg) were loaded on ¢ 1% SDS-PAGE gel and separated by
electrophoresis. Then, the proteins w>re transferred to polyvinylidene fluoride
membranes and blocked with 55 of skim milk. The primary antibodies, including
anti-cAMP (1:800; Abcam). aiti-PKA (1:800; Abcam), anti-p-CREB (1:1500;
Abcam), and anti-PMCAZ ‘Atp2b2) (1:1000; Abcam) were incubated overnight at 4
°C. Finally, the memk.,cnes were incubated with AKP-conjugated secondary antibody
(1:7500; Promega, L.”A) at 37 °C for 1 h. ImageJ software was used to analyze the
densitometric quantification of the protein bands.

For real-time PCR, TRIzol® reagent (Solarbio, China) was used to isolate total
RNA samples from the amygdaloid nucleus and synthesize cDNA with the SYBR
Premix Ex Taqg Il Reagent Kit and gDNA Eraser according to the manufacturer’s
instructions (TaKaRa, Japan). Then, Power SYBR Green PCR Master Mix and 500

Real-Time PCR System of Applied Biosystems were used to evaluate the expression
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of cCAMP, PKA, and Atp2b2. The primer sequences were as follows: cAMP (forward:
CGCTCACTGTCACTGCTATTG,; reverse: CTCGGAACCTCACATACTTGG); PKA
(forward: AGGTGACAGACTTCGGTTTTG; reverse:
GCTTTGTTGTAGCCTTTGCTC); Atp2b2 (forward:
CCAAGGTGGGGCAGAAGAT; reverse: TTGAAGGCTGTGACGAGGAC);
B-actin (forward: GAGAGGGAAATCGTGCGT; reverse:
GGAGGAAGAGGATGCGG).
Immunohistochemical analysis

For immunohistochemical analysis, si¥ samples in each group were
deparaffinized and hydrated with xylene ar.a cthanol, and a 3% hydrogen peroxide
solution was used for antigen repair. wuat <2rum was used to block the nonspecific
binding sites. Then, the sections *ere incubated with anti-ZO-1, and anti-Claudin-1
antibodies at 4 °C overnight, anc tr.e secondary antibody was incubated for 20 min.
Next, the sections were w.hea with PBS and observed with an optical microscope
(Olympus, Tokyo, Jar... ). or semiquantitative counting of immunopositive cells, five
fields of view were cc unted at 800x magnification for each sample.
Statistical analysis

Statistical data from this study are expressed as the meanzstandard deviation. For
the data of behavior tests, histomorphology assays, ELISAs analysis, and molecular
biology experiment, the comparisons among multiple groups were performed using a
one-way ANOVA test followed by Dunnett’s multiple comparison test, before which

the normality and homogeneity of the data were confirmed. For the multiple omics
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data, the comparisons between the control group and PS-NPs group were performed
using Student’s t test. One-way ANOVA and student’s t test were performed with R
software (version 4.0.2). Two-sided P values were used in all tests and were

considered statistically significant when P<0.05.
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RESULTS
Characterization of PS-NPs and development of rats

The transmitted electron microscope image showing the PS-NPs is provided in
Figure 1A. As seen in Figure 1B, according to dynamic light scattering, the water
power size of PS-NPs did not change significantly, indicating that the PS-NPs were
stable in the scattered water. As seen in Figure 1C, Fourier's infrared spectrum was
used to identify the chemical composition. The peaks at 3552 62 cm ™ represented the
C-H of the monosubstituted benzene component, th peak at 1636.36 cm ™
corresponded to the double-carbon bond, and the pea'” at 590.51 cm™* represented the
C-H. In Figure 1D, we used a Zeta Nano ZS v, determine the charge of PS-NPs. The
zeta potential of PS-NPs is -40.1 Mv, indicating that the charge of the PS-NPs
suspension liquid may not exhii't a suificiently large charge. To achieve a stable
PS-NPs suspension, sodium dodecv! sulfate (SDS) was appropriately added to expand
the space block to increase .he erfective exclusion between the NPs.

The whole study c~siyn is presented in Figure.1E. The somatic parameter results
showed that from 20 \ /eeks of age, exposure to 50 and 100 ug/L PS-NPs significantly
changed the food intake and body weight of the rats (Figure 1F, G). In addition,
regardless of the dose, a non-significant impact on the organ coefficients of all tissues
was observed, which were only slightly increased compared to that of the control
(Figure 1H). Importantly, these results suggested that exposure to environmentally
relevant concentrations of PS-NPs may have adversely affected the growth of rats.

Alteration of neurobehavior and histomorphology and biological indices of
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amygdaloid nucleus

In the elevated plus-maze, open field test, and sucrose preference test, after 12
weeks of exposure, no significant differences in the various kinds of neurobehavioral
indicators was observed among these groups (All P>0.5, Figure 2A-1). However, at
the end of the exposure (24 weeks), in the PS-NPs group, the percentage of time
remaining in the open arm and number of entries into the open arm decreased
significantly compared with those of the control (P<0.01 r -0.31, Figure 2J, K). The
total distance of movement and the sucrose preferer e 11dex in the PS-NPs group
were significantly lower than those in the cortror group (P<0.05, Figure 2L-N).
However, in the shuttle box test and strp-iown test, there were no significant
differences in the step latency and er.or frecuency even after exposure for up to 24
weeks (P>0.05, Figure 20, R). The HE staining results showed pyknosis and
hyperchromatism of neurons wer¢ o0aserved in the amygdala of PS-NPs-exposed rats,
whereas the amygdala necrons in the control group showed normal morphology
(Figure 2S). In additic w1 the PS-NPs group, the expression of genes related to
neuroinflammation a.'d apoptosis in the amygdaloid nucleus and serum changed
significantly compared to control group (Figure 2T, U). Combined, these results
demonstrated that PS-NPs exposure could stimulate neuroinflammation and apoptosis
and then induce the impairment of amygdaloid nucleus structure and anxiety-related
behavior.
Cross-analysis of intestinal flora analysis and targeted metabolomics in feces

The HE staining results for the colon showed that the intestinal fluff was sparse,

15



shorter, and even disappeared and inflammatory cell infiltration, capillary
proliferation could be also observed in the PS-NPs group (Figure 3A). The
morphologic changes were assessed and graded on a scale of 0-5 using the intestinal
injury score (Chiu CJ et al., 1970; Ji J. et al., 2018; Yang J., et al., 2021; Petrat F., et
al., 2010). And the intestinal injury score was significantly higher than that in the
control group (Figure 3D). In addition, the expression of colorectal tight junction
proteins and serum lipopolysaccharide (LPS) was meas'..cd, und it was found that
ZO-1 and claudin-1 levels were significantly reduce 1 (F gure 3B, C), while serum
LPS was markedly increased after long-term P55-NiYs exposure (Figure 3E), which
indicated that the intestinal barrier functirn was impaired. Previous studies have
demonstrated that gut microbiota pla* s <1 n.aportant role in brain processes, forming
the basis of the gut-brain axis (i 1orais et al., 2021; Quigley, 2017). Therefore, we
performed the intestinal microbicm2 analysis following exposure to PS-NPs. PCoA
results showed that PS-N~ exposure could significantly disrupt the balance of the
intestinal microbiomz &iydre 3F). The ACE index (P=0.00044) and Chaol index
(P=0.0046) were sigr‘ficantly increased, indicating that the richness of the intestinal
microbiota increased (Figure 3G), in addition to the rarefaction curves
(Supplementary Figure 2), whereas the Shannon index (P=0.066) and Simpson index
(P=0.0099) were decreased indicating that the overall community diversity decreased
(Figure 3G). And Figures 3l and J showed the change in microbial composition at the
phylum level and genus level. Moreover, LEfSe analysis showed that all 101 changed

genera could be identified as biomarkers to distinguish the PS-NPs and control groups
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(Figure 3H). Specifically, the relative abundances of Bacteroides (6.08-fold),
Paraprevotella (4.91-fold), Mucispirillum (34.07-fold), and Helicobacter (2.45-fold)
were significantly increased, while Oscillibacter (0.30-fold) and Ruminococcus
(0.10-fold) were markedly decreased (Figure 3M). The heatmap analysis of the
correlation coefficient showed that Firmicutes (Acetatifactor, Ruminococcus,
Oscillibacter), Bacteroidetes (Bacteroides, Paraprevotella) and Proteobacteria
(Azospirillum, Helicobacteraceae) were highly positively ar negatively correlated
with each other (Figure 3L).

In addition, the UPLC/Q-TOF MS/MS pla fori1 was also used to identify the
different metabolites in feces. The PCA resun . indicated that the PS-NPs group and
control group exhibited significant d’«te 'encas (Figure 4A). A total of 122 changed
metabolites were finally identifie. in the feces (Figure 4B) and the metabolites of the
top 10 of the fold-change are pi2s:nted in Figure 4D. The differential metabolites
were enriched in the n.~tabulic pathways of valine, leucine, and isoleucine
degradation, tryptor:.cn metabolism, central carbon metabolism in cancer,
phenylalanine, tyrosir 2, and tryptophan biosynthesis (Figure 4E). Compared to that of
control, N-acetylserotonin, dimethylglycine, 3-phenylpyruvic-Acid, beta-Alanine,
4-aminobutyric-acid, N-acetyl-L-tyrosine, and dihydrocaffeic-acid were significantly
decreased, and deoxycorticosterone, 3-N-methyl-L-histidine, glycocholic-acid, and
stearoyl-carnitine were significantly increased in the feces of the PS-NPs group
(Figure 4C). To explore the intrinsic interaction between metabolites and intestinal

microbiota, the associations between altered metabolites (top 30) in the feces and
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different intestinal microbiota (top 30) were further investigated (Figure 4F). The
correlation analysis results showed that these changed metabolites in the feces were
highly associated with changes in the Proteobacteria, Firmicutes, and Bacteroidetes.
All the metabolic and microbial variables were clustered into different modules using
weighted gene coexpression network analysis (Figure 4G). The correlation between
selected modules was performed using the Pearson method (Figure 4H), and the
importance score of each module is shown in Figure %. 1.e correlations of the
important metabolome and microbiome modules and t1eir affiliations are presented in
the mulberry plot (Figure 4J). The associat ons between intestinal flora and
metabolites are shown in Supplementary Figi rel. Significant relationships between
Bacteroides, Oscillibacter and the me”au Jline N-acetyl-L-tyrosine (R=-0.62, P=0.030;
R=0.67, P=0.017), 4-aminobuty~ic-acia (R=-0.61, P=0.030; R=0.78, P=0.003),
corticosterone (R=0.58, P=0.049, F=-0.53, P=0.075), deoxycorticosterone (R=0.59,
P=0.045; R=-0.63, P=0.0z.). N-acetylserotonin (R=-0.59, P=0.042; R=0.78, P=0.003)
could be observed. ,*nu importantly, dihydrocaffeic-acid, which exhibited the
maximum fold-chanc 2, was significantly associated with all these intestinal flora
(Bacteroides (R=-0.86, P=3.6x10"), Paraprevotella (R=-0.78, P=0.003),
Mucispirillum (R=-0.58, P=0.046), Helicobacter (R=-0.59, P=0.044), Oscillibacter
(R=0.87, P=2x10), and Ruminococcus (R=0.71, P=0.01)) (Supplementary Figure 1).
Cross-analysis of targeted metabolomics in the amygdaloid nucleus and feces

To elucidate the underlying mechanism of the gut-brain axis, the targeted

metabolomics analysis was also performed in the amygdaloid nucleus, as well as the
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cross-analysis with the metabolomics of feces. In the metabolomics analysis for the
amygdaloid nucleus, partial least squares discriminant analysis (PLS-DA) score plots
showed a noteworthy difference in the metabolic profiles of the amygdaloid nucleus
between the control and PS-NPs groups in both positive and negative ion modes
(Figure 5A). The heatmap figure shows the perspective of the top 20 different
metabolites (Figure 5B). The differential metabolites were enriched in the nervous
system and neurodegenerative  diseases (Figurc <C) and  multiple
neurotransmitter-related pathways, including the sphin¢olipid signaling pathway,
sphingolipid metabolism, and ATP-binding cassette transporters (Figure 5D). The
associations between the differential amygua oid nucleus metabolites and different
abundances of intestinal flora (Figure e and differential metabolites of feces (Figure
5H) are shown. N-phenylacet,'aspartic acid and N-stearoylsphingosine were
significantly associated with B.ctaroides (R=0.69, P=0.012; R=0.62, P=0.031),
Oscillibacter (R=-0.83, F -8.24«10*: R=0.78, P=0.003), Ruminococcus (R=-0.75,
P=0.005; R=0.39, P--C 2., Paraprevotella (R=0.58, P=0.047; R=-0.65, P=0.023),
Helicobacter (R=0.6x, P=0.014; R=-0.44, P=0.15), N-Acetyl-L-Tyrosine (R=-0.54,
P=0.067; R=0.79, P=0.002), Stearoyl-carnitine (R=0.64, P=0.026; R=-0.62, P=0.031),
4-Aminobutyric-Acid (R=-0.74, P=0.006; R=0.63, P=0.027), N-Acetylserotonin
(R=-0.32, P=0.31; R=-0.61, P=0.037) (Figure 5F, I). The dihydrocaffeic-acid was
significantly associated with N-Phenylacetylaspartic acid (R=-0.83, P=8.3x10),
N-Phenylacetylphenylalanine (R=0.71, P=0.009), N-Stearoylsphingosine (R=0.72,

P=0.008), Deoxycholic acid (R=0.57, P=0.05), 4-Hydroxydiphenylamine (R=-0.69,
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P=0.013) (Figure 5I). And the heatnetwork and sankey plot showed the correlations
between individual omics and phenotypes (Figure 5G, J), which illustrated that there
were significant positive or negative correlations among the gut microbiota, fecal
metabolites, amygdala metabolites, inflammatory responses, and apoptotic processes.
Network analysis showed that dihydrocaffeic acid was located at the center of the
network (Figure 5K).
Dihydrocaffeic acid alleviated PS-NPs-induced neuroir.ic Mination and apoptosis
As NHDC could be degraded into dihydrocaffe.« acid by intestinal microbiota
after oral consumption, so we reversed the adverse oftects of the PS-NPs rat model
with NHDC. ELISAs results in the serum z.ac amygdala showed that after treatment
for one month, inflammatory factors 1. IF-c, IL-1B, IL-6), apoptosis indices (BAX,
Bcl-2, caspase3), and neurotransi.itters (o5-HT, DA, NE) were significantly improved
(Figure 6A, B). To elucidate the L1d2rlying mechanism, proteomics was performed in
the amygdaloid nucleus. T. @ results showed that 46 differentially expressed proteins
(11 down-regulated 8"« 3% up-regulated) were identified in the PS-NPs+NHDC group
compared to the PS NPs group (Figure 6C). GO analysis results indicated that
differentially expressed proteins were enriched in cranial nerve structural organization,
inflammation response (leukocyte cell-cell adhesion, leukocyte aggregation, astrocyte
development), and ion transport (regulation of metal ion transport, potassium ion
transport, response to zinc ion) (Figure 6D). KEGG pathway analysis showed that
differentially expressed proteins were mainly enriched in mineral absorption and

multiple signaling pathways (cGMP-PKG signaling pathway, calcium signaling
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pathway, cAMP signaling pathway, and IL-17 signaling pathway) (Figure 6E).
Enrichment plots obtained by Gene Set Enrichment Analysis (GSEA) showed that the
majority of the synapse and synapse part-associated genes were upregulated in the
PS-NPs+NHDC group compared to the PS-NPs group (Figure 6F). Network analysis
showed that Atp2b2 was identified as the hub gene, as Atp2b2 exhibited the greatest
number of gene-gene connections (Figure 6G). Atp2b2 plays an essential role in
maintaining calcium homeostasis in neurons and a..omulative evidence has
suggested that downregulation of Atp2b2 is an impo.tant and specific contributor to
the impairment of neuronal vulnerability (Martin-de-Saavedra et al., 2022; Brendel et
al., 2014; Mirabelli et al., 2019). The redu.e.. PKA dependent on cCAMP may be a
possible molecular link between p-CF.ex? le.el and Atp2b2 expressions (Baggaley et
al., 2007; Ramos-Alvarez et al., 2019). Our results also demonstrated that the gene
levels and protein expressions (eveis of the cCAMP/PKA/p-CREB/Atp2b2 signaling
pathway were significan.y/ increased after treatment with dihydrocaffeic acid

(Figure 6H-J).
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DISCUSSION

Based on multi-omics analyses that combined a series of in vivo and in vitro
experiments, this study found that long-term exposure to low-dose PS-NPs could
induce an impairment in the amygdaloid nucleus and anxiety-like behaviors in rats by
influencing the structure of the gut microbiota including the upregulation of the
abundance of Bacteroidetes, Proteobacteria and Defferibacteres, and downregulation
of the abundance of Firmicutes. Furthermore, the aberran* y.'t niicrobiome resulted in
a decrease in dihydrocaffeic acid, and an increase in st»aro 'lcarnitine, which mediated
the deleterious effects of PS-NPs exposure thrnugh the microbiota-brain axis. This
study also found that dihydrocaffeic-acid e .pr.sure could alleviate the apoptosis and
neuroinflammation by downregulati'.g the cAMP/PKA/p-CREB/Atp2b2 signaling
pathway.

To the best of our knowledge this study is the first to examine the health impacts
of long-term and low-do.~ exposure of PS-NPs in mammals. Because previous
studies have docume...~a (nat PS-NPs derived from food container are frequently
detected (Lambert an.! Wagner, 2016; Jiang et al., 2020; Kumar R et al., 2022), this
study selected the drinking water as the exposure pathway. During the experiments,
we observed that the rats in the PS-NPs group showed significant symptoms of
anhedonia and a significant reduction in exploratory behavior, but their learning and
memory abilities were not significantly affected, although there was a decreasing
trend. The amygdaloid is responsible for the important emotional response and

hippocampal damage could be reflected by the spatial memory and cognitive function
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(Simi¢ et al., 2021; Chauhan et al., 2021). Furthermore, the neuroethology and
histomorphology results also showed that the deleterious effects of PS-NPs exposure
were more serious in the amygdaloid nucleus than in the hippocampus. These results
suggested that PS-NPs exposure may be more accessible to damage to the amygdaloid
nucleus, not the hippocampus.

These above observations led us to explore how PS-NPs exposure induced these
deleterious health impacts. In our study, the interventic.i me.hod for PS-NPs was
gastric intervention, and previous studies have docume ntec that most ingested PS-NPs
cannot be digested (Brandts et al., 2022; Menr. et 1l., 2022), which may be more
available for gut microbiota. Furthermore, tker . is growing evidence for the impact of
gut microbiota on neuropsychiatric disor lers, such as depression and anxiety (Bear et
al., 2020; Fond et al., 2020). Basc™ on these previous studies, we therefore performed
the metagenomics analysis to aiiec.dy assess whether an abnormal gut microbiome
played a crucial role in (he adverse effects of long-term PS-NPs exposure. We
observed four alter.! pnyla (Bacteroidetes, Proteobacteria, Firmicutes, and
Defferibacteres) and . 01 changed genera in the rats after long-term PS-NPs exposure.
These findings were consistent with the previous study conducted in zebrafish (Yu et
al., 2022), which also found that PS-NPs exposure could reduce the relative
abundance of Firmicutes and increase the relative abundance of Proteobacteria in
zebrafish. Both Proteobacteria and Firmicutes have been found to induce the
dysfunction of immune homeostasis, causing the brain—intestine—microbiota axis to

be disrupted (Teng et al., 2022). In contrast to the study using an aquatic model, we
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also specifically identified Defferibacteres at the phylum level and its subgenus,
Mucispirillum in the mammal models. A few studies have shown that Mucispirillum
could induce the progressive apoptosis of neurons such as dopamine, promote the
release of inflammatory substances and affect the progression of the nervous system
(Sticlaru et al., 2019; Rincel et al., 2019), further supporting our findings.

Because accumulating studies have demonstrated that the metabolites produced
by the gut microbiota play central roles in the cross-talk Lesveen the microbiota and
host brain (Janik et al., 2016; Chudzik et al., 2021), v e fu ther examined the profiles
of metabolites in feces, and we found that long-t¢rm 2S-NPs exposure could result in
significant changes in microbial arar.0 acid, lipid metabolism and
neurotransmitter-related pathways in reces. Among the different metabolites in the
feces, dihydrocaffeic acid and s.~aroylcarnitine with the biggest fold-change were
strongly associated with hub intesfiral microbiota. Previous studies demonstrated that
dihydrocaffeic acid is a sticng antioxidant in vivo by decreasing intracellular reactive
oxygen species and e..2cuilular H,O, production, enhancing the activities of catalase
and superoxide dismu‘ase (Gutierrez-Zetina et al., 2021; Oliveira et al., 2019; Martini
et al.,, 2019). An increased concentration of stearoylcarnitine could induce caspase
activity indirectly, and cause mitochondrial neurodegeneration (Li et al., 2013), which
supported the deleterious effects of PS-NPs exposure on amygdaloid nucleus.

Furthermore, to provide more comprehensive evidence regarding the impacts of
PS-NPs exposure on amygdaloid nucleus impairments through the microbiota-brain

axis, we also examined the metabolites in the amygdaloid nucleus. We found that
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among the metabolites in feces, the association between dihydrocaffeic acid and
crucial metabolites in the amygdaloid nucleus, including deoxycholic acid,
4-hydroxydipheny, and N-phenylacetylaspartoc acid, was the strongest. Moreover, the
results of multiomics analysis also showed that dihydrocaffeic-acid played a central
role, which could be linked to both gut bacteria and amygdala metabolites. Taken
together, the above results collectively showed that long-term exposure to low-dose
PS-NPs could influence the structure of the gut microbiots, dec.easing the abundance
of dihydrocaffeic-acid, and influencing the profiles of netabolites in amygdaloid
nucleus; as a result, the amygdaloid nucleus is im)aired through the induction of
neuroinflammation and apoptosis.

Because the decreased abundanre «f u.ydrocaffeic-acid plays a central role in
regulating the deleterious effects of PS-NPs through gut microbiota, we were also
interested in examining whether t e dihydrocaffeic-acid levels could be rescued as an
intervention method for trecting PS-NPs exposure. Previous studies have reported that
dihydrocaffeic acid cu. he derived by NHDC through intestinal microbiota after oral
consumption, which s a metabolite in polyphenol foods, beverages, and medicinal
plants (such as chocolate, coffee, and wine extracts). After supplementation with
NHDC and PS-NPs exposure, we observed that neuroinflammation and apoptosis in
the amygdaloid nucleus were significantly alleviated. To elucidate the potential
mechanism, we performed proteomics, and identified the Atp2b2 gene as the central
gene that was enhanced by dihydrocaffeic-acid.

This study provided evidence for the health outcomes, prevention methods and
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treatment strategies regarding long-term exposure to PS-NPs, and the importance of
environmental management and food safety were emphasized. Macromolecular
plastics can breakdown into microplastics and nanoplastics through mechanical wear,
ultraviolet radiation, and biodegradation. Studies have found that microplastics and
nanoplastics are abundant in the atmosphere, water and soil and other natural
environments, which are accessible to animals or humans through food, drinking
water, etc., posing a potential threat to health. Therefore, ¢ 'r Jindings are important
for environmentalists, nutritionists, policy-makers and' punlic health endeavors, such
as developing an accurate database to disclose th: cotent of PS-NPs in specific food
ingredient lists or recommending some food:, r-ch in dihydrocaffeic acid.

In conclusion, our findings supyes'ea *hat PS-NPs exposure could induce the
dysfunction of neurobehaviors as “vell as change the composition and function of the
microbiome in rats. The underlvii a mechanism of this toxicity involves disruption of
the metabolite-mediated gu*-brain axis. More importantly, dihydrocaffeic acid could
alleviate these advers. ~hects by ameliorating neuroinflammation and apoptosis. Our
results showed hov PS-NPs exposure could disturb the regulation of the
intestinal-microbiota-brain pathway which should be considered when evaluating the

environmental health risks of PS-NPs to mammals or humans.
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Figure Legend

Figure 1. Characteristics of PS-NPs. (A) The representative image from transmission
electron microscopy. (B) Particle size distribution in deionized water. (C) Zeta
Potential Distribution of PS-NPs. (D) Fourier-transform infrared spectroscopy of
PS-NPs. (E) The overall design of the study. (F) The effect of PS-NPs on the body
weight. (G) The effect of PS-NPs on the absolute food intake. (H) The effect of
PS-NPs on the organ coefficient. Data were presented as riccnx3D(n=6).

Figure 2. Behavioral tests in rats between the contro. gro ip and PS-NPs group. The
percentage of stay time in the open arm (A,J) ani nui ber of entries into the open arm
(B,K) in the elevated plus-maze test. Th: ofal distance traveled (C,L) and the
immobility time in the central ares. (J,N) in the open field test. The sucrose
preference index in the sucrose ,reference test (E,N). The number of conditioned
responses (F,0) and lack of resncnses (G,P) in the shuttle box test. Step down
latency(H,Q) and error tinis(l,K) in the step down test after 12 weeks and 24 weeks
exposure. Data wer. nresented as meantSD (n=8). The effect of PS-NPs on
histomorphology of a nygdala (S). The effect of PS-NPs on the inflammation factors
(TNF-a, IL-6, IL-1pB), apoptosis index (Caspase3, BAX, Bcl-2) and neurotransmitters
(5-HT, DA, NE) in the serum and amygdaloid nucleus(T, U). ELISAs data were
presented as mean=SD (n=6).

Figure 3. The effect of PS-NPs on the histomorphology of colon (A) and the
intestinal injury score (D). The effect of PS-NPs on the ZO-1 (B) and Claudin-1 (C)

protein expression by immunohistochemical analysis. The effect of PS-NPs on the
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serum LPS (E). Two-dimensional principal coordinate analysis plots of intestinal
microbial data (F). Alpha diversity of intestine microbiota, including ACE, Chaol,
Shannon, and Simpson(G). Visualization of phylum(l) and genus(J) composition
distribution in the intestine microbiota. LefSe analysis between control and PS-NPs
group (H,K). The heatmap of the correlation coefficient among the alter genera (L).
Abundance of Bacteroides, Helicobacter, Oscillibacter, Ruminococcus, Mucispirillum,
Paraprevotella in control and PS-NPs group (M). Data v.c.» presented as mean+SD
(n=6).

Figure 4. The different metabolites between PS-Nr group and control group using
PCA analysis (A). The volcano plot (B) and e stmap (C) of differential metabolites in
the feces. The top 20 differential me’auHliws (D). GO analysis (E). Heatmap of the
relationship between the intestine microbiota and metabolites (F). Importance scores
of the first module in metabolom:: 21d microbiome data (G). Heatmap (H) and chord
plot (I) of the correlatio.. coefficients between the metabolic modules and the
microbial modules. ', the Sankey plot, the panel showed significant relationships
(Spearman p-value < 0.05) between metabolic modules and microbial modules (J).
Coloring indicates the direction of association (red: positive; blue: negative)(n=6).
Figure 5. PLS-DA model calculated using amygdaloid collected from the rats
(control in blue and PS-NPs-exposed in orange) (A). Heatmap of differential
metabolites in amygdaloid (B). Differential metabolites enriched in the pathway
classification (C). Scatterplot of significantly enriched KEGG pathways (D).

Correlation heatmap and scatter plot of the fecal microbiome(E, F), feces metabolites
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(H, 1), and amygdaloid metabolites. The correlations between individual omics and
phenotypes (G, J). Network analysis showed that dihydrocaffeic-acid was located at
the center of the network (K).

Figure 6. The alleviated effects of dihydrocaffeic-acid on the PS-NPs-induced
neuroinflammation(TNF-a, 1L-6, IL-1B), apoptosis process(Caspase3, BAX, Bcl-2)
and abnormal neurotransmitters(5-HT, DA, NE) in the amygdala (A) and serum (B).
Volcano plot of differential proteins in the amygdala (C). SO assignment of unigenes
in the amygdala transcriptome (D). KEGG assighme.t 0y unigenes in the amygdala
transcriptome (E). Significant-enriched gene sets iaontified by gene set enrichment
analysis between the control group and PS-inr s group (F). Atp2b2 was identified as
the hub gene in the network analysic (7). The gene and protein expressions of the

cAMP/PKA/p-CREB/Atp2b2 pat, *vay (H-J).
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Highlight:
1. Long-term PS-NPs exposure was associated with anxiety-like behavior in rats.
2. PS-NPs exposure could induce aberrant gut microbiome and fecal metabolites.

3. Dihydrocaffeic acid could alleviate PS-NPs-induced_adverse effects.
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