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Abstract

The impact of polystyrene microplastics (PS-MPs) on the nervous system has been documented in the literature.
Numerous studies have demonstrated that the activation of the epidermal growth factor receptor 4 (ErbB4)

is crucial in neuronal injury and regeneration processes. This study investigated the role of targeted activation

of ErbB4 receptor through a small molecule agonist, 4-bromo-1-hydroxy-2-naphthoic acid (C11H7BrO3, E4A),

in mitigating PS-MPs-induced neuronal injury. The findings revealed that targeted activation of ErbB4 receptor
significantly ameliorated cognitive behavioral deficits in mice exposed to PS-MPs. Furthermore, E4A treatment
upregulated the expression of dedicator of cytokinesis 3 (DOCK3) and Sirtuin 3 (SIRT3) and mitigated mitochondrial
and synaptic dysfunction within the hippocampus of PS-MPs-exposed mice. E4A also diminished the activation

of the TLR4-NF-kB-NLRP3 signaling pathway, consequently reducing neuroinflammation. In vitro experiments
demonstrated that E4A partially alleviated PS-MPs-induced hippocampal neuronal injury and its effects on
microglial inflammation. In conclusion, the findings of this study indicate that targeted activation of ErbB4 receptor
may mitigate neuronal damage and subsequent neuroinflammation, thereby alleviating hippocampal neuronal
injury induced by PS-MPs exposure and ameliorating cognitive dysfunction. These results offer valuable insights for
the development of potential therapeutic strategies.
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Introduction

Microplastics (MPs), defined as plastic particles, films,
and fibers with diameters less than 5 mm, persist in the
environment for extended periods. Their annual emis-
sions have risen markedly, thereby increasing the like-
lihood of human exposure [1]. While the significant
environmental impact of plastic waste has garnered sub-
stantial attention from scientists, policymakers, and the
general public, the implications of plastic contamination
in food and beverages on human health remain largely
unexplored.

Ingestion is recognized as the primary pathway for
human exposure to MPs [2], with the ocean serving as
a significant reservoir of microplastic pollution. MPs
may progressively accumulate within marine organisms
across successive trophic levels, concomitant with the
advancement of trophic hierarchies and the growth and
development of marine life. This accumulation results
in increasingly elevated concentrations, ultimately lead-
ing to human consumption and the potential deleterious
accumulation of MPs in vital tissues and organs, such as
the intestines, liver, kidneys, and brain, as apex preda-
tors [3—-5]. Consequently, it is imperative to examine the
health risks posed by MPs as an emerging contaminant in
the food supply.

Numerous studies have demonstrated that MPs can
traverse the blood-brain barrier (BBB) and infiltrate brain
tissue, thereby disrupting the normal growth and devel-
opment of neural cells, inducing histopathological dam-
age to the brain, and consequently exerting neurotoxic
effects [6, 7]. The hippocampus, a critical brain region
associated with cognitive functions such as learning and
memory, is particularly susceptible to these effects [8, 9].
Exposure to MPs has been shown to impair hippocam-
pal-dependent learning and memory functions, thus
accelerating memory decline in aging mice [9, 10]. Neu-
ronal damage results in diminished synaptic plasticity,
leading to a decline in cognitive function. In mice, MPs
ingestion exacerbates neuronal damage and impairs syn-
aptic plasticity [9]. Neurons can affect glial cell growth
and function, and studies suggest that neuronal injury
may trigger microglial inflammation [11, 12]. Currently,
the potential effects of MPs on cognitive impairment
remain uncertain, necessitating further investigation
into the mechanisms by which MPs exposure may con-
tribute to cognitive deficits, to inform potential clinical
interventions.

The preservation of synaptic efficacy and the preven-
tion of neuronal degeneration are contingent upon the
stabilization of mitochondrial function, the impairment
of which may result in diminished synaptic performance
[13, 14]. Mitochondria are integral to cognitive processes
through their regulation of synaptic function. Recent
studies suggest that polystyrene (PS)-MPs compromise
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gastric cell viability, increase the production of reactive
oxygen species (ROS), trigger apoptosis through mito-
chondria-dependent pathways, and disturb mitochon-
drial kinetic homeostasis [15]. Nonetheless, additional
research is necessary to comprehensively elucidate these
mechanisms.

Epidermal growth factor receptor 4 (ErbB4) serves as
a crucial receptor facilitating the physiological functions
of Neuregulin 1 (NRG1) and is prominently expressed in
several critical brain regions of adult animals, notably the
hippocampus [16]. Dysfunction of NRG1/ErbB4 signal-
ing in the hippocampus might mediate long-term mem-
ory decline after systemic inflammation [17], suggesting
that the abnormality of ErbB4 receptor might be related
to the decline of memory ability. Recent studies have
found that the ErbB4-postsynaptic density 95 (PSD95)
binding induced by the physiological activities of neu-
rons can promote the formation of excitatory synapses of
ErbB4-positive interneurons, indicating that ErbB4 plays
an important role in the regulation of synaptic function
[18]. In addition, ErbB4 exists in mitochondria, and the
loss of mitochondrial membrane potential is accompa-
nied by a decrease in ErbB4 expression, suggesting that
ErbB4 is involved in the regulation of mitochondrial
function [19]. ErbB4 has been implicated in regulating
synaptic plasticity [20] and cell survival through a mito-
chondria-dependent mechanism [19]. Nevertheless, the
potential impact of MPs on neuronal synaptic dysfunc-
tion in conjunction with mitochondrial damage, and the
role of ErbB4 in this process, remain uncertain.

Activation of ErbB4 receptor has the potential to
enhance synaptic function, thereby offering a therapeu-
tic approach for cognitive impairments [21-23]. While
recombinant Neuregulins (rNRGs) protein therapy can
effectively target and activate the ErbB4 receptor [24],
its clinical application is considerably constrained by
high treatment costs and a limited half-life [25]. In addi-
tion to ErbB4, NRG1 may activate ErbB3 receptor in
cells overexpressing ErbB2 receptor, thereby promoting
the formation of ErbB3/ErbB2 complexes, thus induc-
ing or accelerating cancer progression [25]. Conversely,
small molecule compounds acting as agonists present a
promising alternative to overcome these limitations [26].
In this context, our previous research utilized molecular
docking technology to screen and identify a small mol-
ecule compound, 4-bromo-1-hydroxy-2-naphthoic acid
(C11H7BrO3, E4A), capable of activating ErbB4 recep-
tor and preventing neuronal senescence induced by
D-Galactose through inhibition of the ferroptosis path-
way [27]. Nonetheless, the precise mechanism by which
ErbB4 receptor activation mediates cognitive function
improvement in the context of PS-MPs exposure remains
to be elucidated.
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We hypothesized that targeted activation of ErbB4
receptor could improve mitochondrial function and
inhibit synaptic damage, thereby reversing the cogni-
tive behavioral deficits caused by PS-MPs exposure. By
administering the small molecule ErbB4 receptor ago-
nist to PS-MPs-exposed mice, we found that targeted
activation of ErbB4 receptor could inhibit neuronal
synaptic damage and subsequent neuroinflammation.
This approach offers a potential therapeutic strategy for
addressing cognitive impairments induced by PS-MPs
exposure, providing a reference for the prevention and
treatment of central nervous system damage potentially
associated with food-borne PS-MPs exposure.

Materials and methods

Animals and drug administration

Animal experiments were conducted at the Animal
Experimental Center of Wuxi School of Medicine, Jiang-
nan University, following approval from the Animal
Experimentation Ethics Committee of Jiangnan Univer-
sity and in accordance with the general regulations of
the National Institutes of Health (approval code: JN. No.
20230228t0320515).

Thirty-two male C57BL/6 mice, aged six months, were
obtained from Changzhou Cavens Laboratory Animal
Co., Ltd. Prior to the initiation of the study, the mice
underwent a one-week acclimatization period in a spe-
cific pathogen-free (SPF) environment, maintained at
a temperature of 25 °C with a 12-hour light/dark cycle.
During this period, the mice had ad libitum access to
food and water. Post-acclimatization, the mice were ran-
domly allocated into four groups (n =8 per group): a con-
trol group, a C11H7BrO3 (E4A) group, a PS-MPs group,
and a PS-MPs + C11H7BrO3 treatment group.

In light of the substantial consumption rates of fruits
and vegetables, PS-MPs with an average diameter of
approximately 2 um [28, 29], representing the average
size found in these food items, were chosen as the expo-
sure material for this study. Ingestion is recognized as the
primary route of human exposure to PS-MPs; therefore,
oral gavage was employed as the method of administra-
tion. Following the acclimatization period, the experi-
mental protocol commenced. Initially, during the two
weeks preceding the experiment, both the PS-MPs group
and the PS-MPs + C11H7BrO3 group were administered
PS-MPs by gavage at a dosage of 50 mg/kg body weight
every two days. Meanwhile, the control group and the
C11H7BrO3 group were administered an equivalent
volume of 0.1 M phosphate-buffered saline via gavage.
During the third and fourth weeks, the mice in each
experimental group continued to receive the same gavage
treatment as administered in the preceding two weeks.
Concurrently, mice in the C11H7BrO3 group and the PS-
MPs + C11H7BrO3 group were additionally subjected to
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daily intraperitoneal injections of C11H7BrO3 at a dos-
age of 400 ng/kg body weight over a two-week period.
Mice in both the control and PS-MPs groups received
an equivalent volume of 0.1 M PBS via intraperitoneal
injection.

The dosage and frequency of PS-MPs gavage were
determined in accordance with existing studies on PS-
MPs [2, 5, 30—36]. Based on the estimated daily intake
of MPs in humans, which ranges from 0.23 to 11.52 mg/
kg for an average body weight of approximately 62 kg [5,
30], the equivalent dose for mice was calculated using
the standard pharmacological and toxicological formula:
equivalent dose (mg/kg BW) for mice=human dose
(mg/kg BW) x Km ratio, where the Km ratio is 12.3 [31].
Consequently, the equivalent dose for mice is estimated
to range from 2.83 to 141.70 mg/kg. For C57BL/6 mice
with an average body weight of approximately 0.03 kg,
the calculated dose is approximately 0.085 to 4.25 mg/
day. In consideration of the concentrations and dura-
tions reported in previous studies [2, 32—36], a moderate
dose of 1.5 mg/day was chosen from within the specified
range. Consequently, the administration concentration
for mice was determined to be approximately 50 mg/kg.
A regimen of administration every other day was imple-
mented over a 4-week period for the animal experiment.

Upon the completion of the exposure and drug admin-
istration phase, an 11-day behavioral experiment was
conducted. This experiment included one day of open
field testing, two days dedicated to novel object recogni-
tion (NOR) testing, one day of Y-maze testing, and seven
days of water maze testing. Immediately following the
conclusion of the behavioral assessments, the mice were
anesthetized, and brain tissues were collected for further
analysis.

Behavioral assays

The mice were allowed a minimum acclimation period
of 30 min in the experimental environment prior to test-
ing. Initially, less demanding behavioral assessments
were conducted, followed by more challenging evalua-
tions, adhering to the test sequence outlined in previous
reports [37-39].

The open field experiment

The open field experiment is employed to assess anxiety
and depression in mice. Mice were permitted to freely
explore a test field measuring 50 x 50 ¢cm? for a duration
of 5 min, during which their exploration trajectories and
behavioral parameters were recorded using a video track-
ing system.

The new object recognition experiment
The novel object recognition (NOR) experiment is uti-
lized to evaluate learning and memory. During the
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familiarization phase, two identical cylindrical blocks
were placed on opposite sides of the experimental appa-
ratus, each positioned 5 cm from the corners of the
enclosure. Mice were given 5 min to freely explore the
blocks and their surroundings. Twenty-four hours later,
one of the cylindrical blocks was replaced with a conical
object, and a video tracking system was used to docu-
ment the mice’s exploration patterns and behavioral
responses during the subsequent 5-min period.

The Y-maze experiment

The Y-maze experiment serves as a method for evaluating
spatial recognition memory abilities. In this procedure,
a baffle is employed to obstruct the starting arm of the
maze, and mice are positioned facing the wall from the
starting arm. The mice are then allowed to explore the
Y-maze freely for a duration of 5 min. After an interval
of 1 h, the mice are again permitted to explore the arms
freely for another 5 min, during which the frequency of
consecutive entries into the three arms in an alternating
pattern is recorded.

The Morris water maze

The Morris water maze (MWM) is an experimental para-
digm designed to assess hippocampal dependency and
long-term spatial memory. During the training phase,
mice undergo four trials per day in the MWM from days
1 to 6, with each trial involving placement into differ-
ent quadrants of water while facing the wall. On day 7,
a probe trial is conducted to evaluate memory consoli-
dation, wherein the mice are given 60 s to swim freely.
The frequency of crossings over the previous platform
location by each mouse and the proportion of time
spent exploring the relevant quadrant are systematically
observed and documented.

Cell processing

The HT22 mouse hippocampal neuron cell line and the
BV2 mouse microglia cell line were obtained from Pro-
cell Life Science & Technology Co., Ltd. (catalog numbers
CL-0493 A and CL-0697, respectively) and were cultured
in high glucose DMEM medium at 37 °C with 5% CO,.

C11H7Br0O3 treatment of a hippocampal neuron cell damage
model induced by PS-MPs

The investigation focused on assessing the reparative
effects of C11H7BrO3 on PS-MPs injury in vitro, as
well as elucidating the underlying mechanisms, utiliz-
ing HT22 hippocampal neurons model induced by PS-
MPs. The neuronal cells were allocated into four groups:
a control group, a C11H7BrO3-treated group, a PS-MPs
group, and a combined PS-MPs + C11H7BrO3 treatment
group. The control group was treated with vehicle, the
C11H7BrO3 group was treated with 10 nM C11H7BrO3

Page 4 of 20

for 24 h, PS-MPs group was damaged with 100 pug/mL
PS-MPs for 24 h, and the PS-MPs+ C11H7BrO3 group
was initially treated with 100 pug/mL PS-MPs for 24 h,
followed by treatment with 10 nM C11H7BrO3 for addi-
tional 24 h. The effect of C11H7BrO3 on the alteration
of ErbB4 signaling pathway and the repair of mitochon-
drion-related signaling damage in HT22 cells under PS-
MPs was studied. Furthermore, BV2 cells were treated
with conditioned media from each of the aforementioned
groups to evaluate the impact of neuronal treatment
on microglial activation by assessing the expression of
inflammatory factors.

Golgi staining and analysis

The Golgi-Cox staining procedure was conducted uti-
lizing the FD Rapid GolgiStain™ Kit (BA1808, Saint-Bio,
Shanghai, China). In summary, the brains of the mice
were submerged in the Golgi-Cox solution for a duration
of 14 days. Serial coronal sections, each with a thickness
of 100 um, were then prepared, stained with the working
solution, and subsequently coverslipped. To evaluate the
density of dendritic spines and mushroom spines within
the hippocampal regions of cornu ammonis 1 (CAl),
CA3, and the dentate gyrus (DG), the number of spinous
processes was quantified along randomly selected den-
dritic segments, each measuring 10 pm in length. The
density of dendritic spines and mushroom spines was
determined by dividing the total number of spinous pro-
cesses by the length of the dendritic segment.

Tissue immunofluorescence staining

Following perfusion, the brains were extracted and
sequentially immersed in sucrose solutions of increas-
ing concentrations (20%, 25%, and 30%) and subsequently
stored at 4 °C. The brains were then embedded in Tis-
sue Tek O.C.T. compound (4583, Sakura Finetek, USA)
and sectioned into serial coronal slices with a thick-
ness of 8 um for immunofluorescence staining. After
being washed three times with PBS, the tissue sections
underwent antigen retrieval for 60 min in a citrate anti-
gen retrieval solution (pH 6.0) at 99 “C. Subsequently,
a blocking step was performed using 10% goat serum,
after which the tissue sections were incubated over-
night at room temperature with a primary antibody
mixture. Specifically, the sections were treated with a
mouse anti-p3-tubulin antibody (1:100, sc80016, Santa
Cruz Biotechnology, USA) in combination with one of
the following antibodies: rabbit anti-p-ErbB4 antibody
(1:200, bs-3220R, Bioss, Beijing, China), and rabbit anti-
synaptophysin (SYP) antibody (1:200, AF8091, Beyotime,
Shanghai, China). Additionally, the sections were incu-
bated with rabbit anti-ionized calcium-binding adapter
molecule 1 (IBA1) antibody (1:100, bs-1363R, Bioss, Bei-
jing, China) and rabbit anti-glial fibrillary acidic protein
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(GFAP) antibody (1:200, BA0056, Boster, Wuhan, China).
After three washes with PBS (5 min each), the tissue
sections were incubated for additional 2 h with a mix-
ture of Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:200, BA1126, Boster, Wuhan, China) and Alexa Fluor
594-conjugated goat anti-rabbit IgG (1:200, BA1142,
Boster, Wuhan, China). Subsequently, the samples were
mounted with an anti-fade mounting solution contaning
DAPI (P0131, Beyotime, Shanghai, China). Fluorescence
images were acquired using a fluorescence microscope
(Axio Imager Z2, Carl Zeiss AG, Germany).

Western blot analysis

Total proteins were extracted from HT22 and BV2 cells,
as well as from mouse hippocampal tissues. The pro-
teins were separated by 4-12% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE)
(F15412MGel, ACE, Changzhou, China), transferred
onto a polyvinylidene fluoride (PVDF) membrane
(FFP39, Merck Millipore Ltd, Darmstadt, Germany),
and blocked with 3% bovine serum albumin (BSA) at
room temperature for one hour. This was followed by
an overnight incubation with primary antibodies at
4 °C, as detailed in Table S1. The membrane underwent
three washes with Tris-buffered saline with 0.05% Tween
20 (TBST), each lasting 10 min. It was then incubated
with a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody at a dilution of 1:2000 (A0192, A0208,
Beyotime, Shanghai, China) at room temperature for
one hour. Protein bands were visualized utilizing an
enhanced chemiluminescence (ECL) detection system
(JS-M6D, Peiging, Shanghai, China), and the band densi-
ties were quantified using Image]J software (version 1.6.0,
NIH, Bethesda, MA, USA).

Transmission electron microscopy (TEM) analysis

The mouse hippocampal tissue was sectioned into 1 mm®
cubes and subjected to fixation in a 2.5% glutaraldehyde
solution at 4 °C for 24 h in the absence of light. Subse-
quently, the samples underwent treatment with a 5%
osmium tetroxide solution for approximately 1.5 h. Fol-
lowing staining with uranyl acetate and lead citrate, ultra-
thin sections measuring 50-70 nm in thickness were
rinsed with deionized water and examined using a trans-
mission electron microscope (HT7700, Hitachi, Tokyo,
Japan). From each sample, three non-consecutive slices
were selected for microscopic imaging, with an inter-
val exceeding 50 um between slices. A minimum of 20
images from different fields of view per slice were cap-
tured for statistical analysis. Quantitative analysis of syn-
aptic parameters, including synapse count, synaptic cleft
width, postsynaptic density thickness, and synaptic active
zone length [40], was performed using Image] software
(version 1.6.0, NIH, Bethesda, MD, USA). Mitochondrial
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damage was characterized based on morphological fea-
tures, with criteria for severely compromised mito-
chondria encompassing extensive fragmentation or
dissolution of mitochondrial cristae, pronounced rup-
ture of the outer membrane, and vacuolization [41-44].
Image] software (version 1.6.0, NIH, Bethesda, MA,
USA) was employed to quantitatively assess mitochon-
drial damage indicators per unit area.

Evaluation of oxidative stress in hippocampal neurons in
vitro

The protein concentration of HT22 hippocampal neu-
rons was measured by BCA method (BK0001-01, BOY]I,
Changzhou, China). The levels of total superoxide dis-
mutase (T-SOD, A001-1-2, Jiancheng, Nanjing, China),
glutathione (GSH, A006-2-1, Jiancheng, Nanjing, China),
glutathione peroxidase (GSH-Px, A005-1-2, Jiancheng,
Nanjing, China) and malondialdehyde (MDA, A003-1-2,
Jiancheng, Nanjing, China) were measured using a com-
mercial kit as instructed by the supplier. Their concen-
trations were measured by OD values using a microplate
reader (Synergy H4, Bio-Tek, USA).

Quantification of adenosine triphosphate (ATP) levels in
cultured hippocampal neurons

The protein extract from HT22 hippocampal neurons
was prepared for analysis. ATP levels were quantified
utilizing a commercially available assay kit (A095-1-2,
Jiancheng, Nanjing, China). The concentration of ATP
was determined by measuring the optical density (OD)
value using a microplate reader (Synergy H4, Bio-Tek,
USA).

Cell immunofluorescence staining

Hippocampal neuronal cells and microglial cells were
washed with pre-cooled PBS and fixed with 4% parafor-
maldehyde. Non-specific antigen binding was blocked
using 10% goat serum, followed by incubation with the
antibody mixture overnight at 4°C overnight. Specifi-
cally, fixed hippocampal neuronal cells were treated with
mouse anti-p3-tubulin antibody (1:100, sc80016, Santa
Cruz biotech, USA) in combination with the following
antibodies: rabbit anti-p-ErbB4 (1:200, bs-3220R, Bioss,
Beijing, China), and rabbit anti-PSD95 (1:200, GB11277-
100, Servicebio, Wuhan, China). Fixed microglial cells
were treated with mouse anti-IBA1 antibody (1:100,
GB15105-100, Servicebio, Wuhan, China) in combination
with rabbit anti-phosphorylated nuclear factor-Kappa
B (p-NF-kB) antibody (1:200, GB113882-100, Service-
bio, Wuhan, China). After being rinsed 3 times with PBS
(5 min each), the cells were incubated with a mixture of
Alexafluor 488-conjugated goat anti-mouse IgG (1:200,
BA1126, Boster, Wuhan, China) and Alexafluor 594-con-
jugated goat anti-rabbit IgG (1:200, BA1142, Boster,
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Wuhan, China) for 2 h. Samples were subsequently
mounted using an anti-fade mounting solution contain-
ing DAPI (P0131, Beyotime, Shanghai, China). Images
were finally acquired using a fluorescence microscope
(Axio Imager Z2, Carl Zeiss AG, DE).

Statistical analysis

Data are expressed as the mean+SEM. Differences
among experimental groups were assessed using one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test for multiple comparisons. All statistical analyses
were performed using GraphPad Prism software (ver-
sion 8.0). Statistical significance was assigned to a P-value
below 0.05.

Results

ErbB4 small molecule agonist ameliorates cognitive and
behavioral impairments in mice exposed to PS-MPs

Prior to initiating the behavioral experiments, a statistical
analysis was conducted to evaluate the weight changes in
mice during the administration period. The experimen-
tal findings indicated that neither the oral administration
of PS-MPs nor the intraperitoneal administration of E4A
resulted in significant alterations in the body weight of
mice across all groups, suggesting that PS-MPs and E4A
did not exert a noticeable impact on the body weight of
the mice (Fig. S1A). Behavioral assessments were con-
ducted to examine the potential effects of the ErbB4
small molecule agonist on cognitive and behavioral alter-
ations in mice exposed to PS-MPs. Initially, anxiety levels
in the mice were assessed using the open field test. The
results demonstrated significantly reduction in the dura-
tion of activity in the central area, the distance traveled in
the central area, the overall distance covered by the mice,
as well as the average movement speed following expo-
sure to PS-MPs when compared to the control group. In
constrast, administration of the ErbB4 small molecule
agonist significantly increased the duration of activity in
the central area, the distance traveled in the central area,
the overall distance and the movement speed, compared
to the PS-MPs group (Fig. 1A and B, S1B). The findings
indicate that administration of an ErbB4 small molecule
agonist ameliorates anxiety levels in mice exposed to
PS-MPs.

The Y-maze assay was subsequently employed to evalu-
ate the cognitive function of mice, with a specific focus
on their learning and memory abilities. The findings
revealed that the group exposed to PS-MPs exhibited a
significantly lower spontaneous alternation rate com-
pared to the control group. However, treatment with
the ErbB4 small molecule agonist resulted in a marked
improvement in the spontaneous alternation rate among
the PS-MPs exposed mice within the Y-maze paradigm,
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indicating an enhancement in their learning and memory
functions (Fig. 1C and D).

Following this, an NOR test was conducted to assess
the exploratory behavior of the mice. The results dem-
onstrated that, in comparison to the control group, the
PS-MPs group showed reduced recognition efficiency for
both novel and familiar objects. In contrast, the admin-
istration of the ErbB4 small molecule agonist improved
the recognition efficiency for these objects (Fig. 1E and
F). These findings suggest that the ErbB4 small molecule
agonist enhances exploratory behavior in mice exposed
to PS-MPs.

In addition, a water maze experiment was conducted
to further assess spatial learning and memory perfor-
mance. The results indicated that the PS-MPs group
showed a significant decrease in both the frequency of
platform entries and the duration spent on the platform
compared to the control group. There was also a reduc-
tion in the time and distance of activity within the target
quadrant, the effective area, and the platform. However,
treatment with the ErbB4 small molecule agonist signifi-
cantly improved both the frequency of platform entries
and the duration spent on the platform in mice exposed
to PS-MPs. Moreover, there was an increase in the time
and distance of activity within the target quadrant, the
effective area, and the platform (Fig. 1G and H). Addi-
tionally, the swimming speed was enhanced in mice
exposed to PS-MPs and subsequently treated with the
ErbB4 receptor agonist (Fig. S1C). These findings imply
that activation of ErbB4 via a small molecule agonist aug-
ments exploratory behavior, spatial learning and memory
capabilities in mice exposed to PS-MPs, thereby improv-
ing overall cognitive function.

ErbB4 small molecule agonist reduces synaptic
dysfunction in hippocampal neurons of mice exposed to
PS-MPs

To evaluate changes in hippocampal synaptic density,
we conducted an examination of the dendritic spines
in hippocampal neurons of mice subjected to PS-MPs
exposure. Golgi staining analysis indicated that, in com-
parison to the control group, neurons in the hippocampal
regions CA1, CA3, and DG of the PS-MPs group exhib-
ited a reduced dendritic spine density, characterized by
a decrease in mature mushroom-shaped spines. In con-
trast, administration of the ErbB4 small molecule agonist
resulted in an increased dendritic spine density and a
higher prevalence of mature mushroom-shaped spines in
these mice, as illustrated in Fig. 2A and C.

Further investigation using electron microscopy
revealed that, relative to the control group, the PS-MPs
group displayed a significant reduction in synaptic quan-
tity, an increase in the width of hippocampal synaptic
clefts, a decrease in postsynaptic density thickness, and
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Fig. 1 ErbB4 small molecule agonist ameliorates cognitive behavioral impairments in mice exposed to PS-MPs. (A) Representative traces in open field

experiment. (B) The statistical analysis related to open field test. (C) Representa

tive heat map in'Y maze exploration experiment, with arm A denoting the

initial arm. (D) The rate of spontaneous alternation in Y maze experiment. (E) Representative traces from the new object recognition (NOR) experiment.
(F) Statistical analysis related to the NOR experiment. (G) Representative swimming traces from the Morris water maze (MWM) exploration experiment.
(H) The statistical analysis of MWM exploration test. Statistical analysis was conducted using one-way analysis of variance (ANOVA) followed by Tukey’s

post hoc test for multiple comparisons, and the data are presented as means
*p<0.05, **p<0.01,and ***p <0.001, with n=8 per group

a shortened active zone length at synapses. Conversely,
treatment with the ErbB4 small molecule agonist led to
an increased number of synapses and an improved syn-
aptic interface structure in mice exposed to PS-MPs
(Fig. 3A and B). These findings suggest that the ErbB4
small molecule agonist may play a crucial role in amelio-
rating synaptic deficits associated with PS-MPs exposure.

+standard error of the mean (SEM). Statistical significance is indicated by

Subsequent  double-labeled  immunofluorescence
experiments revealed a reduction in SYP expression in
the cortex and hippocampal regions, specifically CAl,
CA3, and DG, of mice exposed to PS-MPs compared to
the control group. Notably, administration of the ErbB4
small molecule agonist enhanced SYP expression in these
PS-MPs-exposed mice. Additionally, f3-tubulin stain-
ing indicated neuronal disruption within the cortical
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Fig. 2 ErbB4 small molecule agonist can improve the dendritic spine injury of hippocampal neurons in mice exposed to PS-MPs. (A) Representative im-
ages of neuronal dendritic segments. scale bar, 10 um. (B) Total dendritic spine density of hippocampal neurons. (C) The density of mushroom spines in
hippocampal neurons. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.The results
were presented as means + SEM. Statistical significance is indicated by *p <0.05, **p <0.01, and ***p <0.001, with n=4 per group

and hippocampal regions, resulting in neuronal network
interruption in the PS-MPs-exposed mice. This disrup-
tion was ameliorated by treatment with the ErbB4 small
molecule agonist (Fig. 3C).

To further assess alterations in synaptic protein expres-
sion, western blot analysis was performed. The findings
indicated a decrease in hippocampal synaptic proteins,
including SYP, dedicator of cytokinesis 3 (DOCK3), syn-
aptotagmin 1 (SYT1), and PSD95, growth-associated
protein 43 (GAP43), in mice exposed to PS-MPs relative
to the control group. Moreover, treatment with the ErbB4
small molecule agonist significantly increased the expres-
sion of these synaptic proteins in the hippocampus of PS-
MPs-exposed mice (Fig. 3D and E).

Phosphorylation of the transcription factor cyclic
AMP-responsive element-binding protein (CREB)
known to enhance synaptic plasticity. Our experimen-
tal findings indicated a reduction in hippocampal CREB
phosphorylation levels in mice exposed to PS-MPs com-
pared to the control group. However, treatment with
ErbB4 small molecule agonist increased the level of

CREB phosphorylation, accompanied with enhanced
synaptic plasticity in the hippocampus of mice exposed
to PS-MPs (Fig. 3D and E).

The above experimental results suggest that the ErbB4
small molecule agonist can potentially restore synaptic
protein expression, and improve synaptic plasticity. Fur-
thermore, it appears to mitigate synaptic dysfunction
within the hippocampus of mice exposed to PS-MPs,
thereby enhancing the efficiency of synaptic information
transmission.

ErbB4 small molecule agonist reduces mitochondrial
dysfunction in hippocampal neurons of mice exposed to
PS-MPs

Electron microscopy analysis revealed that hippocampal
neurons in mice exposed to PS-MPs displayed marked
degenerative features, such as nuclear membrane rup-
ture, cell membrane rupture, reduced mitochondrial
count, significant swelling, cristae disruption, severe
mitochondrial vacuolization, and structural disarray,
in comparison to the control group (Fig. 4A and B).
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Fig. 3 ErbB4 small molecule agonist can improve synaptic dysfunction of hippocampal neurons in mice exposed to PS-MPs. (A) The ultrastructural
analysis of hippocampal neuron synapses was performed using transmission electron microscopy (TEM). (B) Statistical analyses were conducted on the
synaptic data of hippocampal neurons. (C) Immunofluorescence was employed to detect the levels of synaptophysin (SYP) and B3-tubulin. (D) Western
blot analysis was utilized to assess the protein levels of synapse-associated proteins, including DOCK3, p-CREB, CREB, SYP, GAP43, PSD95, and SYT1 in
hippocampal neurons. (E) Statistical analyses of these protein levels were performed using one-way ANOVA with Tukey's multiple comparison test. The
synaptic structure was examined at a magnification of 10,000x, with a scale bar of T um. Results are expressed as means +SEM. Immunofluorescence
labeling was as follows: SYP in red and 3-tubulin in green, with a scale bar of 20 um. Statistical significance was indicated by *p <0.05, **p <0.01, and
**¥p <0.001, with a sample size of n=4 per group
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Fig. 4 ErbB4 small molecule agonist can improve mitochondrial damage in hippocampal neurons of mice exposed to PS-MPs. (A) The ultrastructural
integrity of hippocampal neuronal mitochondria was evaluated using transmission electron microscopy (TEM). (B) Statistical analyses were performed
on data pertaining to the hippocampal neuronal mitochondria. (C) The expression levels of mitochondria-associated proteins, including phosphorylated
mTOR (p-mTOR), mTOR, and SIRT3, in the hippocampus of mice were quantified via western blot analysis. (D) Statistical analyses of these protein expres-
sion levels were conducted using one-way ANOVA followed by Tukey's post hoc test for multiple comparisons. The original magnification for mitochon-
drial imaging was 2000x, with a scale bar of 5 um. Data are presented as means + SEM. Statistical significance was indicated by *p <0.05, **p <0.01, and

**¥p<0.001, with a sample size of n=4 per group

However, following treatment with the ErbB4 small mol-
ecule agonist, the hippocampal neurons of mice exposed
to PS-MPs exhibited normal morphology, an abundance
of mitochondria, and intact nuclear membranes. Subse-
quent analysis of the number of damaged mitochondria
per unit area demonstrated a significant increase in mito-
chondrial damage in mice exposed to PS-MPs compared
to the control group. However, this phenomenon was
reversed upon administration of the ErbB4 small mole-
cule agonist (Fig. 4A and B).

Sirtuin 3 (SIRT3) is a mitochondrial protein integral to
various aspects of mitochondrial biology, and its dysregu-
lation can result in mitochondrial dysfunction. Similarly,
the mammalian target of rapamycin (mTOR) phosphory-
lation level plays a crucial role in the regulation of mito-
chondrial function. In this study, the expression levels of
SIRT3 and p-mTOR proteins were found to be reduced in
mice exposed to PS-MPs compared to the control group.
Notably, administration of the ErbB4 small molecule
agonist led to an increase in the expression of SIRT3 and
p-mTOR proteins in PS-MPs-exposed mice (Fig. 4C and
D). These findings indicate that the ErbB4 small molecule
agonist may mitigate hippocampal mitochondrial dam-
age and enhance mitochondrial stability.

ErbB4 small molecule agonist enhances ErbB4 signaling
pathway in the hippocampus of mice exposed to PS-MPs
Given ErbB4’s role in synaptic plasticity regulation, we
investigated changes in the ErbB4 pathway using immu-
nofluorescence and western blot analyses. Double-
labelling immunofluorescence experiments revealed a
reduction in the co-expression of phosphorylated ErbB4
(p-ErbB4) and B3-tubulin proteins in the cortical, hip-
pocampal CA1, CA3, and DG regions of PS-MP-exposed
mice compared to the control group. However, treatment
with ErbB4 small molecule agonist resulted in an increase
in co-expression (Fig. 5A).

Subsequently, we observed a reduction in the phos-
phorylated expression of ErbB4, accompanied by
decreased phosphorylation levels of downstream sig-
naling molecules such as signal transducer and activa-
tor of transcription 5 (STAT5), protein kinase B (Akt),
extracellular regulated protein kinases (Erk), and cellular
Src (c-Src) in mice exposed to PS-MPs compared to the
control group. Notably, this effect was reversed follow-
ing administration of the ErbB4 small molecule agonist
(Fig. 5B and C). These findings indicate that the ErbB4

small molecule agonist can enhance the expression of
the ErbB4 signaling pathway in the hippocampus of mice
exposed to PS-MPs.

ErbB4 small molecule agonist reduces the activation of

the TLR4-NF-kB-NLRP3 pathway in the hippocampus

of mice exposed to PS-MPs, thereby decreasing
neuroinflammation

Our additional investigations revealed an increase in
(IBA1)-positive microglial cells with enlarged cytoplasm
and shortened processes, which were clustered in the
hippocampal CA1, CA3, DG, and cortical regions of mice
exposed to PS-MPs compared to the control group. Com-
pared to the PS-MPs group, mice administered with the
ErbB4 small molecule agonist exhibited a reduction in
activated microglial cells within these brain regions. The
alterations observed in astrocytes were consistent with
those noted in microglial cells (Fig. 6A and B). Further-
more, western blot analysis revealed increased expression
levels of GFAP and IBA1 proteins in the hippocampus of
mice exposed to PS-MPs relative to the control group,
corroborating the immunofluorescence findings. Treat-
ment with the ErbB4 small molecule agonist resulted in
a reduction in GFAP and IBA1 protein expression levels
(Fig. 6C and D).

A more comprehensive analysis of inflammatory path-
way factors demonstrated that the protein expression
levels of hippocampal Toll-like receptor 4 (TLR4) and
p-NF-kB subunit were elevated in the PS-MPs group
compared to the control group. Additionally, the pro-
tein expression levels of downstream NLR family pyrin
domain containing 3 (NLRP3) inflammasome compo-
nents, including NLRP3, apoptosis-associated speck-like
protein containing a CARD (ASC), and cleaved cysteinyl
aspartate specific proteinase 1 (cl-Caspase-1), as well
as the expression of catalytically produced pro-inflam-
matory cytokine interleukin-1 beta (IL-1f), were also
increased in the PS-MPs group. In contrast, treatment
with the ErbB4 small molecule agonist led to a reduc-
tion in the activation level of the TLR4-NF-kB-NLRP3
signaling pathway in the hippocampus of mice exposed
to PS-MPs (Fig. 6C and D). The findings indicate that
administering an ErbB4 small molecule agonist may miti-
gate the activation of the TLR4-NF-kB-NLRP3 signaling
pathway, thereby reducing neuroinflammation in mice
exposed to PS-MPs.
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Fig. 5 ErbB4 small molecule agonist enhances the ErbB4 signaling pathway in hippocampus of mice exposed to PS-MPs. (A) Immunofluorescence was
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Fig. 6 ErbB4 small molecule agonist can improve hippocampal neuroinflammation in mice exposed to PS-MPs via the TLR4/NLRP3 pathway. (A) Levels
of IBA1 were detected through immunofluorescence staining. (B) Levels of GFAP were detected through immunofluorescence staining. (C) Western blot
analysis was utilized to detect protein levels associated with the TLR4/NLRP3 signaling pathway in the hippocampus of mice. (D) Statistical chart was gen-
erated to display the protein levels of TLR4/NLRP3. GFAP and IBA1 are both indicated in red, with a scale bar of 20 um. Statistical analysis was conducted
using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons, and the data are reported as means+ SEM, with significance levels
denoted as *p<0.05, *p <0.01, and ***p<0.001. Each group comprised n=4 samples

ErbB4 small molecule agonist can alleviate hippocampal
neuron damage under PS-MPs pathological conditions
through the ErbB4 signaling pathway

To examine the impact of our ErbB4 small molecule
agonist on mice exposed to PS-MPs, we developed an
in vitro model simulating ErbB4 small molecule agonist
treatment under PS-MPs pathological conditions. The
findings indicated that, relative to the control group, the
PS-MPs group exhibited reduced phosphorylation lev-
els of ErbB4 and associated pathway molecules, includ-
ing Akt, c-Src, Erk. Conversely, when compared to the
PS-MPs group, the PS-MPs+C11H7BrO3 group dem-
onstrated increased phosphorylation levels of ErbB4 and
its pathway-related molecules (Fig. 7A and B). The results
were corroborated by immunofluorescence co-stain-
ing experiments (Fig. S2A), indicating that the ErbB4
small molecule agonist can activate the ErbB4 signaling

pathway in hippocampal neurons under pathological
conditions induced by PS-MPs. Relative to the control
group, the PS-MPs group exhibited a slight reduction
in the SIRT3 protein level (Fig. 7C and D). Furthermore,
levels of synaptic-related proteins, including DOCKS3,
SYP, GAP43, and PSD95, were diminished, while the level
of the apoptosis protein cl-Caspase3 increased (Fig. 7A
and D). These observations were further substanti-
ated by immunofluorescence co-staining experiments
(Fig. S2B), suggesting a correlation between apoptosis,
synaptic dysfunction, and mitochondrial impairment
induced by PS-MPs damage. Upon treatment with the
agonist under PS-MPs pathological conditions, the PS-
MPs + C11H7BrO3 group exhibited increased expression
levels of mitochondrial and synaptic-related proteins and
decreased levels of apoptosis proteins compared to the
PS-MPs group (Fig. 7A and D).
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Mitochondrial redox imbalance is an important mech-
anism for oxidative stress-induced cell damage. In this
study, we further examined the level of oxidative stress
in hippocampal neurons. We found that compared to the
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control group, the PS-MPs group showed a decrease in
oxidative stress-related T-SOD, GSH and GSH-Px, an
increase in MDA levels, alongside diminished ATP levels
(Fig. 7E and F). In comparison to the PS-MPs group, the
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Fig. 7 The ErbB4 small molecule agonist ameliorates hippocampal neuron damage under pathological conditions induced by PS-MPs in vitro via the
ErbB4 signaling pathway, and concurrently attenuates microglial activation through the TLR4/NLRP3 signaling pathway. (A-D) Following exposure to
PS-MPs at a concentration of 100 pug/mL for 24 h, hippocampal neurons were subsequently treated with C11H7BrO3 at a concentration of 10 nM for an
additional 24 h. (A, C) Protein expression levels associated with the ErbB4 signaling pathway, mitochondrial function, apoptosis, and synaptic integrity
in hippocampal neurons were quantified using Western blot analysis. (B, D) Statistical representations of these protein expression levels were depicted
in graphical form. (E) Oxidative stress markers in hippocampal neurons, including total superoxide dismutase (T-SOD), glutathione (GSH), glutathione
peroxidase (GSH-Px), and malondialdehyde (MDA) levels, were evaluated. (F) Intracellular ATP levels in hippocampal neurons were also measured. (G-H)
Microglial cells were co-cultured with supernatants derived from treated hippocampal neurons for 24 h. (G) Protein expression levels related to the TLR4/
NLRP3 signaling pathway in microglial cells were assessed via Western blot analysis. (H) Statistical representations of these protein expression levels were
also depicted in graphical form. Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons, and
data are presented as means + SEM. Significance levels were denoted as *p <0.05, **p<0.01, ***p<0.001. A minimum sample size of n=4-6 per group

was utilized

PS-MPs+C11H7BrO3 group exhibited elevated levels
of T-SOD, GSH, and GSH-Px, alongside reduced MDA
levels and increased ATP concentrations (Fig. 7E and F).
These findings indicate that the ErbB4 small molecule
agonist may mitigate apoptosis, facilitate the restoration
of mitochondrial and synaptic functions, and sustain
redox homeostasis, in addition to enhancing ATP energy
supply in hippocampal neurons under pathological con-
ditions induced by PS-MPs.

Under PS-MPs pathological conditions, ErbB4 small
molecule agonist can alleviate the impact of hippocampal
neurons on microglial inflammation

It remains unclear whether our ErbB4 small molecule
agonist can mitigate microglial inflammation, despite
their known efficacy in alleviating hippocampal neu-
ron damage under pathological conditions induced
by PS-MPs. In order to investigate this issue, we col-
lected supernatants from hippocampal neurons treated
with PS-MPs, both in the presence and absence of the
ErbB4 small molecule agonist, to evaluate their impact
on microglial activation. Initially, immunofluorescence
analysis revealed that exposure to PS-MPs resulted in
enlarged microglial cell bodies, elongated protrusions,
and the nuclear-cytoplasmic translocation of p-NF-«B.
However, treatment with the ErbB4 small molecule
agonist restored microglial morphology to normal and
inhibited nuclear translocation (Fig. S3).

To further elucidate these observations, we conducted
molecular biology experiments. Our results indicate that,
compared to the control group, the PS-MPs group exhib-
ited increased expression levels of TLR4 and p-NF-«kB
proteins in microglial cells. Additionally, the protein
expression of downstream inflammatory components
NLRP3, ASC, and cl-Caspase-1 was also elevated (Fig. 7G
and H). Furthermore, the expression level of IL-1p was
observed to be increased (Fig. 7G and H). In contrast,
the PS-MPs + C11H7BrO3 group exhibited reduced pro-
tein expression levels of TLR4 and p-NF-«B in microg-
lia, along with diminished expression of downstream
NLRP3 inflammasome components, including NLRP3,
ASC, and cl-Caspase-1 (Fig. 7G and H). Additionally, the

expression level of IL-1p was also decreased (Fig. 7G and
H). These findings suggest that the ErbB4 small molecule
agonist mitigates the effects of damaged hippocampal
neurons on microglial inflammation within the patholog-
ical context of PS-MPs. Consequently, it can be inferred
that the ErbB4 small molecule agonist not only attenuates
hippocampal neuron damage under PS-MPs pathological
conditions but also reduces microglial inflammation.

In summary, the schematic diagram elucidates the ther-
apeutic effects of targeted ErbB4 receptor activation on
hippocampal neuronal damage, neuroinflammation, and
cognitive functions in mice exposed to PS-MPs (Fig. 8).

Discussion

Research indicates that neuronal damage significantly
contributes to cognitive dysfunction resulting from expo-
sure to PS-MPs [45]. The neuronal damage is character-
ized by mitochondrial dysfunction, diminished synaptic
plasticity, and abnormal regulation of glial cells, which
collectively can intensify the inflammatory response in
microglia [46, 47]. The NRG1/ErbB4 signaling pathway
is crucial for neuronal plasticity and cognitive function
regulation [48]. This study demonstrates that employing
the ErbB4 small molecule agonist may offer a potential
therapeutic approach for cognitive dysfunction induced
by PS-MPs exposure.

PS-MPs represent a novel class of environmental pol-
lutants capable of entering the human body via the food
chain. Notably, microplastics ranging from 1 to 5 um in
diameter are more closely associated with neurotoxicity,
with an average diameter of approximately 2 pm found
in edible fruits and vegetables [29]. Damage to hippo-
campal neurons leads to a decline in synaptic plasticity,
which is a critical factor in the development of cogni-
tive impairment [49-51]. This study identified a decline
in cognitive function in mice following the administra-
tion of 2 um PS-MPs, indicating a potential link between
PS-MPs-induced cognitive impairment and neuronal
damage in the hippocampus. Golgi staining and electron
microscopy analyses revealed that exposure to PS-MPs
reduced hippocampal neuron count and disrupted neu-
ronal ultrastructure, evidenced by lower synaptic density
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Fig. 8 The schematic diagram illustrates the impact of targeted activation of ErbB4 receptor on hippocampal neuronal damage, neuroinflammation, and
cognitive functions in mice exposed to PS-MPs. The small molecule ErbB4 receptor agonist (E4A) binds to the ErbB4 receptor, initiating its downstream
signaling pathway. This activation leads to the upregulation of SIRT3 protein expression, which enhances mitochondrial redox homeostasis, increases
ATP production, and ameliorates mitochondrial dysfunction. Additionally, there is an upregulation of synaptic-related proteins, which contributes to the
repair of synaptic damage and enhancement of synaptic function. As hippocampal neuronal function improves, the activation of the TLR4 receptor by
pro-inflammatory factors in microglia is reduced, resulting in diminished phosphorylation of NF-kB and decreased activation of the NLRP3 inflamma-
some towards Caspase-1. Consequently, there is a reduction in the conversion of the IL-1( precursor to its mature form, thereby alleviating hippocampal
neuroinflammation and ultimately enhancing the learning and cognitive functions of PS-MPs-exposed mice. The diagram was created with MedPeer

(www.medpeer.cn)

and connections. Further examination demonstrated a
reduction in the density of dendritic spines, particularly
mushroom spines, subsequent to PS-MPs exposure.
Concurrently, PS-MPs exposure led to a decrease in the
expression of SYP, DOCK3, SYT1 and PSD95 culminat-
ing in synaptic damage.

NRG1-ErbB4 signaling is critically involved in various
physiological functions of the nervous system, encom-
passing neuronal differentiation and migration, synaptic
plasticity, and the synthesis and secretion of neurotrans-
mitters [52]. Specifically, hippocampal NRG1-ErbB4
signal transduction plays a pivotal role in modulating
cognitive processes by regulating neural networks and
the synchronous activities of pyramidal cells [53]. Dis-
ruptions in NRG1-ErbB4 signaling can result in hippo-
campal-dependent memory impairments [17]. In the

present study, we initially observed that exposure to PS-
MPs resulted in diminished activation of ErbB4 receptor
within the hippocampus of mice. Concurrently, there was
a reduction in the phosphorylation levels of downstream
signaling molecules such as Erk, Akt, STATS5, and c-Src.
However, administration of ErbB4 small molecule agonist
led to an increase in the phosphorylation levels of ErbB4-
related pathway proteins. These findings suggest that this
agonist can activate ErbB4 and its downstream pathways,
thereby ameliorating the cognitive deficits induced by
PS-MPs exposure. This is achieved by enhancing neuro-
nal numbers and improving the ultrastructure of neurons
and synapses.

Mitochondrial homeostasis plays a crucial role in sus-
taining synaptic efficacy [13]. Mitochondria, predomi-
nantly synthesized in neuronal cell bodies, are essential
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for providing energy required for various synaptic func-
tions, including synaptic transmission, growth, and vesi-
cle formation [54]. Following mitochondrial damage, the
ATP supply to synapses diminishes, leading to synaptic
degeneration. Such damage to synaptic mitochondria dis-
rupts REDOX homeostasis, impairing neurotransmission
and exacerbating cognitive dysfunction [55]. An electron
microscopy result revealed that exposure to PS-MPs
induced ultrastructural damage, mitochondrial vacuola-
tion, and neurodegeneration in the hippocampal neurons
of mice, thereby affecting synaptic information trans-
mission. In vitro experiments further demonstrated that
PS-MPs exposure led to REDOX imbalance and a reduc-
tion in intracellular ATP levels in hippocampal neurons.
SIRT3 is implicated in the regulation of mitochondrial
dynamics by activating the mTOR signaling pathway,
playing a significant role in maintaining mitochondrial
stability and quality [56, 57]. In this study, we observed
that exposure to PS-MPs resulted in a reduction of SIRT3
levels and a decrease in mTOR phosphorylation, indicat-
ing that PS-MPs may contribute to mitochondrial dys-
function in mice via the SIRT3/mTOR signaling pathway.
ErbB4 plays a role in the regulation of mitochondrial
function, and its deficiency may be associated with a loss
of mitochondrial membrane potential [19]. The ErbB4
small molecule agonist was found to counteract the loss
of mitochondrial proteins induced by PS-MPs exposure,
facilitate improvements in synaptic ultrastructure, and
support the maintenance of redox homeostasis. We thus
propose that targeted activation of ErbB4 receptor could
enhance mitochondrial functional homeostasis by acti-
vating the SIRT3/mTOR pathway.

Neuroinflammation is implicated in the onset and
progression of cognitive disorders, with the release of
pro-inflammatory cytokines contributing to neuronal
damage [11]. In this study, PS-MPs exposure was found
to promote the over-activation of hippocampal microglia
and astrocytes in mice, leading to a significant increase
in their numbers. It was observed that exposure to PS-
MPs led to increased phosphorylation levels of TLR4 and
NF-kB, along with elevated expression levels of ASC, cl-
Caspase-1, and NLRP3 in the hippocampus, ultimately
causing a cascaded amplification of IL-1B. The NLRP3
inflammasome is integral to the activation of Caspase-1,
which is essential for the conversion of IL-1p precursors
into their mature form. This process is fundamental to
microglia-mediated inflammatory cascade responses and
their related cognitive impairments [58, 59]. Research has
shown that an escalation in the inflammatory cascade
can lead to excessive synapse pruning, resulting in synap-
tic dysfunction [60]. This understanding is instrumental
in investigating the pathogenic mechanisms underlying
neuroinflammation. Consequently, we hypothesize that
cognitive impairments induced by PS-MPs may be
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associated with synaptic dysfunction stemming from
the inflammatory cascade. Prior research has identified
disruptions in NRG1-ErbB4 signaling within the hippo-
campal region of mice subjected to systemic inflamma-
tion [17], suggesting a potential involvement of ErbB4
in neuroinflammatory processes. The administration of
ErbB4 small molecule agonist was found to mitigate the
increased TLR4 and NF-kB induced by PS-MPs expo-
sure, reduce the activation of microglia and astrocytes,
inhibit the activation of the NLRP3 inflammasome, and
consequently decrease the release of pro-inflammatory
factors.

ErbB4 receptors are predominantly localized in neu-
rons [61]. Nevertheless, the mechanism by which the
ErbB4 small molecule agonist operates under pathologi-
cal conditions induced by PS-MPs remains insufficiently
understood. Our in vitro experiments further revealed
that the supernatant from hippocampal neurons exposed
to PS-MPs and subsequently treated with an ErbB4 small
molecule agonist can mitigate microglial inflammation.
This inflammation is otherwise induced by the superna-
tant from hippocampal neurons exposed solely to PS-
MPs. This suggests that the ErbB4 small molecule agonist
may ameliorate microglial inflammation by enhancing
neuronal function. A reduction in ATP levels within the
neuronal supernatant appears to be a significant factor
in mitigating microglial inflammation, which will be the
focus of our subsequent investigations.

PS-MPs are primarily ingested orally and have been
shown to impact nervous system function, particularly
memory and cognitive processes [62, 63]. This study
demonstrates that the ErbB4 small molecule agonist
administration can effectively mitigate synaptic dys-
function induced by PS-MPs exposure in mice, thereby
indirectly reducing neuroinflammation and alleviating
cognitive impairment. However, the precise mechanisms
through which the ErbB4 small molecule agonist ame-
liorates PS-MPs-induced cognitive dysfunction require
further investigation. This research provides a significant
foundation for the development of nutritional and phar-
macological interventions targeting ErbB4 receptor, thus
facilitating addressing the adverse effects of PS-MPs on
the nervous system.
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