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Abstract
Background  Recent studies emphasize the significance of copper dyshomeostasis in neurodegenerative diseases, 
such as Alzheimer’s and Parkinson’s, thereby highlighting the role of copper in neurotoxicity. Cuproptosis, a novel 
mechanism of copper-dependent cell death, remains underexplored, particularly concerning environmental 
pollutants like polystyrene nanoplastics (PS-NPs). While PS-NPs are recognized for inducing neurotoxicity through 
various forms of cell death, including apoptosis and ferroptosis, their potential to trigger neuronal cuproptosis has 
not yet been investigated. This study aims to determine whether exposure to PS-NPs induces neurotoxicity via 
cuproptosis and to explore the preliminary molecular mechanisms involved, thereby addressing this significant 
knowledge gap.

Methods  Seven-week-old male C57BL/6 mice were exposed to PS-NPs at dose of 12.5 mg/kg, and were co-treated 
with the antioxidant N-acetylcysteine (NAC). Complementary in vitro experiments were conducted using SH-SY5Y 
neuronal cells exposed to PS-NPs at a concentration of 0.75 mg/mL, with interventions that included the copper 
chelator tetrathiomolybdate (TTM), NAC, and the MAPK inhibitor PD98059.

Results  Exposure to PS-NPs significantly increased cerebral copper accumulation (P < 0.05) and induced cuproptosis, 
characterized by lipid-acylated DLAT oligomerization, dysregulation of cuproptosis regulators (FDX1, LIAS, HSP70), and 
mitochondrial damage. In murine models, PS-NPs elicited neurotoxicity, as evidenced by neuronal loss, decreased 
Nissl body density, impaired synaptic plasticity, and suppressed oxidative stress markers (GSH, SOD, Nrf2), alongside 
activation of the ERK-MAPK pathway, ultimately resulting in deficits in learning and memory. Treatment with NAC 
alleviated these adverse effects. In SH-SY5Y cells, exposure to PS-NPs resulted in reduced cell viability (p < 0.01), an 
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Background
Issues arising from microplastic particle (MP) pollution 
are a significant and global public health concern, poly-
styrene is among the most widely used plastics. Humans 
may ingest average quantities of 0.1–5  g of MPs weekly 
[1]. These particles can infiltrate vital organs, including 
the heart, liver, and kidneys, via the bloodstream [2], and 
even breach the blood–brain barrier and enter the central 
nervous system within 2 h of ingestion [3]. Oral exposure 
is the primary route through which microplastics enter 
the human body [4]. Multiple animal studies have dem-
onstrated that oral exposure to nanoplastics increases 
the permeability of the blood-brain barrier, facilitates 

their distribution in the brain, drives neurotoxicity and 
neurodegeneration, and ultimately impairs brain func-
tion [5, 6]. Links between exposure to MPs and the onset 
of neurodegenerative disorders are well established [7], 
which can include conditions such as Parkinson’s [8] and 
Alzheimer’s diseases [9]. Since smaller nanoplastic par-
ticles (NPs) have a large specific surface area, they can 
easily penetrate cell membranes and be taken up by cells, 
and then accumulate in various tissues and organs, caus-
ing greater toxicity [10, 11]. Therefore, understanding the 
neurotoxicity of NPs, and their underlying mechanisms is 
needed for effective prevention and control.

effect that was mitigated by TTM. Furthermore, NAC and PD98059 were found to reverse elevated copper levels, 
cuproptosis markers, and mitochondrial anomalies (p < 0.05).

Conclusion  This study presents preliminary evidence indicating that PS-NPs may induce neuronal cuproptosis, 
potentially through the oxidative stress-mediated activation of the ERK-MAPK pathway, which contributes to 
cognitive dysfunction in mice. These findings provide insights into the potential mechanisms underlying PS-NPs 
neurotoxicity and highlight possible therapeutic targets, such as copper chelation or MAPK inhibition, for mitigating 
the neurological risks associated with nanoplastic exposure, pending further validation in human-relevant models.
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Excessive activation of regulated cell death pathways 
such as apoptosis, ferroptosis, and pyroptosis contributes 
directly to development of diseases associated with cogni-
tive dysfunction [12, 13]. Exposure to PS-NPs can induce 
tissue damage by triggering apoptosis, ferroptosis, and 
pyroptosis, and affect organ function [14–16]. Cupro-
ptosis, a form of programmed cell death that involves the 
interference of copper ions with the lipoylation process 
in the tricarboxylic acid (TCA) cycle, also contributes 
to neurological disorders [17, 18]. Although copper is 
an essential cofactor for all living organisms, it becomes 
toxic at concentrations that exceed levels regulated by 
evolutionarily conserved homeostatic mechanisms [19]. 
Serum levels of copper ions are elevated in patients with 
Parkinson’s disease compared with healthy individuals 
[20], and abnormalities in copper ion levels also occur in 
the cerebrospinal fluid of early stage Huntington’s disease 
patients [21]. Additionally, formation of amyloid-beta 
(Aβ) plaques in the brain of Alzheimer’s disease models 
is significantly associated with alterations in copper levels 
[22]. When excessive copper ion accumulates within cells 
it binds to lipases in the TCA cycle, triggering thiooc-
tanoylated protein aggregation and the loss of iron-sulfur 
(Fe-S) cluster proteins, leading to proteotoxic stress and 
cell death. Excessive copper accumulation may trigger 
oxidative stress [23], which may activate the mitogen-
activated protein kinase (MAPK) cascade, a common 
regulator of cell death and stress responses, includ-
ing extracellular signal-regulated kinase (ERK), c-jun 
N-terminal kinase (JNK), and p38, and is associated with 
cuproptosis-related genes in Alzheimer’s disease [24, 
25]. Polystyrene nanoplastics, ubiquitous environmen-
tal pollutants, are well-documented to induce oxidative 
damage in the central nervous system and trigger vari-
ous forms of cell death, such as apoptosis and ferroptosis 
[26], resulting in neurotoxicity-a recognized contributor 
to neurodegenerative diseases. However, whether PS-
NPs induce neurotoxicity through neuronal cuproptosis, 
a novel copper-dependent cell death pathway, and the 
underlying molecular mechanisms remain to be system-
atically investigated.

In this study, we established a 30-day exposure model 
of PS-NPs in mice. We employed behavioral tests, includ-
ing the water maze, along with pathological assessments 
such as hematoxylin and eosin (H&E) staining, to elu-
cidate cognitive function and damage in the prefrontal 
cortex of the model mice. Subsequently, we measured 
copper levels and key markers of cuproptosis, including 
Ferredoxin 1 (FDX1), to assess the extent of neuronal 
cuproptosis following PS-NPs exposure. Furthermore, 
we conducted KEGG pathway enrichment analysis 
using transcriptome data from the prefrontal cortex of 
PS-NPs-exposed mice to identify the role of the MAPK 
pathway in interaction with PS-NPs. Finally, we utilized 

the copper ion chelator tetrathiomolybdate (TTM), the 
antioxidant N-acetylcysteine (NAC), and ERK inhibitors 
to clarify our hypothesis that PS-NPs could activate the 
MAPK pathway by inducing oxidative stress, which trig-
gers neuronal cuproptosis and ultimately leads to cogni-
tive impairment.

Methods
Characterizations of PS-NPs
Polystyrene nanoplastics (2.5% w/v, 10 ml, 60 nm) were 
purchased from Tianjin BaseLine Chrom Tech Research 
Center (Tianjin, China). Before use, PS-NPs were dis-
persed in distilled water, and their shape, size, and 
zeta potential were verified by scanning microscope 
(IT700HR, Japan) and zeta potentiostat (Zetasizer Nano 
S90, Malvern, UK).

Animals and treatments
Male C57BL/6 mice (7 weeks, 20–22  g), purchased 
from the Hubei Provincial Laboratory Animal Center, 
housed at the Wuhan University of Science and Tech-
nology (WUST) Animal Center (Wuhan, China), were 
maintained in standard environments with a 12:12  h 
light/ dark cycle at 22  °C, and ate and drank ad libitum 
until experimentation. Experimental protocols followed 
guidelines on the care and use of laboratory animals, with 
experimentation approved by the WUST Ethics Commit-
tee. Mice were divided into four treatments of 27 individ-
uals: (1) control; (2) 12.5 mg/kg/d PS-NPs; (3) 2 g/L NAC; 
and (4) 12.5 mg/kg/d PS-NPs + 2 g/L NAC. Mice in treat-
ments 2, and 4 were gavaged with 60 nm PS-NPs by body 
weight daily for 30 d; mice in treatment 1 were given 
equal volumes of distilled water in the same way; mice in 
treatments 3 and 4 were given 2 g/L NAC aqueous solu-
tion from day 1 for 30 d. (Globally, the estimated weekly 
intake of microplastics ranges from 0.1 to 5  g per per-
son, with a corresponding daily intake of 0.23–11.9 mg/
kg body weight, assuming an average human body weight 
of 60  kg [1]. To translate the human exposure dose to 
an equivalent dose in mice, we employed a body sur-
face area-based conversion formula: mouse equivalent 
dose (mg/kg) = human dose (mg/kg) × [Km (human)/Km 
(mouse)], where the Km factor is defined as body weight 
(kg) divided by body surface area (m²) [27]. Based on 
established data, the body surface areas for humans and 
mice are 1.62  m² and 0.007  m², respectively, with cor-
responding body weights of 60  kg and 0.02  kg [28, 29]. 
Thus, for a 0.02 kg mouse, the calculated equivalent dose 
ranges from 0.05 to 2.9 mg/day. In our study, we admin-
istered a dose of 12.5 mg/kg/day, which corresponds to a 
daily microplastic intake of 0.25 mg per mouse).

To systematically assess the effects of PS-NPs expo-
sure, this study implemented a structured experimen-
tal protocol. Mice were subjected to a 30-day exposure 
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period with daily fixed-time administration of PS-NPs 
and NAC. Seven mice (N = 7) were randomly selected to 
undergo sequential behavioral assessments as follows: 
Novel Object Recognition testing from days 31 to 33; 
Y-maze testing on day 34; Morris Water Maze training 
from days 35 to 39; and the MWM probe test on day 41. 
On day 31, the remaining 20 mice (N = 20) were eutha-
nized for subsequent tissue collection experiments. Due 
to variations in tissue processing methods and homog-
enate requirements for different assays, mice from each 
treatment group were assigned using a completely ran-
domized grouping method following exposure, with pro-
cedures detailed as follows: (1) Three mice (N = 3) were 
anesthetized and cardiac perfused with saline, the brains 
were removed and fixed in 4% paraformaldehyde, embed-
ded in paraffin and prepared for sectioning, and 3 con-
secutive 5-µm-thick cryosections were prepared from the 
PFC of each animal to cover an anatomical range of + 1.77 
to + 1.33 mm in the Bregma, and used for immunohisto-
chemistry (NRF2), immunofluorescence (DLAT), H&E 
staining and Nissl staining. (2) Three mice (N = 3) were 
euthanized, and their brains were immediately extracted, 
with the PFC isolated for total RNA extraction per kit 
instructions, followed by mRNA expression analysis. 
(3) Three mice (N = 3) were euthanized, and their PFCs 
were isolated, lysed, homogenized, and quantified using 
the BCA method for subsequent Western Blot analysis. 
(4) Three mice (N = 3) were anesthetized and sequen-
tially perfused with saline and electron microscopy fixa-
tive; their PFCs were isolated, trimmed into small blocks, 
fixed, and processed into ultrathin sections for staining 
and transmission electron microscopy observation. (5) 
Three mice (N = 3) were euthanized, and their PFCs were 
isolated for RNA sequencing. (6) Five mice (N = 5) were 
euthanized, and their brains were homogenized for quan-
tification of glutathione (GSH), superoxide dismutase 
(SOD) activity, and copper ion levels using respective 
assay kits. All mice were euthanized with pentobarbital 
sodium, and brain tissues were harvested. This experi-
mental design and sampling strategy ensured systematic 
behavioral evaluation, randomized tissue allocation, and 
representative analyses.

Cell culture and treatment
Human neuroblastoma cell line (SH-SY5Y) was pur-
chased from the Chinese Academy of Medical Sciences 
(CAMS) and cultured in Dulbecco’s modified Eagle’s 
medium (Gibco, MA, USA) supplemented with 10% fetal 
bovine serum (Gibco, MA) at 37 °C with 5% carbon diox-
ide; After 24 h of plating, differentiation was initiated by 
reducing FBS in the culture medium to 1% and supple-
menting with 10 µM Retinoic acid (RA) for 7 days [30]. 
Relevant experimental operations were performed in a 
standard cell culture room.

RA, NAC, ERK inhibitor PD98059, and copper ion 
chelator (ammonium tetrathiomolybdate (TTM)) were 
purchased from MedChemExpress (Shanghai, China). 
SH-SY5Y cells were cultured with PS-NPs (0.75  mg/
mL); NAC (5 µM); PS-NPs (0.75 mg/mL) + NAC (5 µM); 
PD98059 (5 µM); PS-NPs (0.75  mg/mL) + PD98059 (5 
µM); TTM (2 µM); and PS-NPs (0.75 mg/mL) + TTM (2 
µM) for 24 h.

Cell viability assay
Well-grown SH-SY5Y cells were inoculated into 96-well 
cell culture plates at cell densities of 5 × 103/well. After 
24  h, SY5Y cells were treated with different concentra-
tions of PS-NPs (0,0.25, 0.5, 0.75  mg/ml); the inhibitor 
NAC was added to wells treated with 0.75  mg/ml PS-
NPs, PD98059, and TTM. After 24  h, cell viability was 
detected by CCK-8 cell proliferation and cytotoxicity kit 
(Meilunbio, China); absorbance was detected at 450 nm 
using an enzyme marker, and cell viability was calculated.

Morris water maze
The test was performed in a 120  cm diameter, 50  cm 
high pool containing water at 23±1  °C. Titanium diox-
ide was added to the water to render it opaque; the pool 
was divided into quadrants (I, II, III, and IV); a trans-
parent circular platform (8  cm diameter) was placed in 
quadrant III. For the first 5 d, mice were trained to locate 
the platform, and the time taken to swim to and find it 
within 60  s was recorded; The platform was removed 
on day 7, and the time taken to locate its historical posi-
tion within 60 s was recorded. The number of times that 
mice traversed the historical position of the platform 
from the opposite quadrant of the target quadrant (quad-
rant III) and the time were also recorded. All trials were 
video-recorded, graphically counted, and analyzed using 
GraphPad Prism version 9.5.1.

Y maze
The spontaneous alternation Y-maze can be used to 
assess short-term memory in mice. Mice began to explore 
from the central position and had free access to the three 
arms for 10 min. The sequence in which the mice entered 
the arms was recorded, enabling calculation of the spon-
taneous alternation rate. Graphical statistics and analyses 
were performed using GraphPad Prism version 9.5.1. All 
experiments were video recorded.

Novel object recognition
The novel object recognition test was performed in a 
white opaque cube (40 × 40 × 40 cm) for three consecutive 
days. On day 1, mice were adapted freely for 6 min. On 
day 2, two identical objects were placed into the box and 
mice explored them freely for 5 min. On day 3, one of the 
objects was replaced with a different rectangle and mice 



Page 5 of 18Chen et al. Particle and Fibre Toxicology           (2025) 22:13 

were permitted to explore freely for 5 min. The time that 
mice spent sniffing each object was recorded by cam-
era: TN indicates the time spent by the mice on the new 
object during the test phase, TF indicates the time spent 
by mice on familiar objects during the test phase. Pref-
erence indices (Preference indices = TN/(TN + TF)) were 
calculated to measure memory capacity.

H&E staining
After 4% paraformaldehyde fixation of brain tissue for 
24–48  h, routine dehydration was performed. Paraffin-
embedded sections (2 μm) thick were prepared, stained 
with H&E, and neuron morphology was observed by 
light microscopy.

Nissl staining
After tissue fixation and dehydration, sections were pre-
pared and stained in 1% aqueous toluene blue. Sections 
were then differentiated using 70% and 95% alcohol and 
dehydrated with anhydrous ethanol. Neuron morphology 
were observed by light microscopy. The number of nor-
mal neurons in three distinct brain sections per mice was 
quantified using ImageJ software, and the mean value 
was calculated for statistical analysis.

qRT-PCR
Total RNA was extracted from the mice prefrontal cortex 
(PFC) or collected SH-SY5Y cells for reverse transcrip-
tion using tissue lysate TRIzol Reagent (Invitrogen, USA). 
Genes of interest were subjected to SYBR dye (Biosharp, 
China) and Bio-Rad CFX Reaction System following 
manufacturer protocols. qPCR, and relevant primer 
sequences are listed in Table 1.

Western blot analysis
Mice PFC samples or SH-SY5Y cells were lysed in a mix-
ture containing RIPA lysate (strong), 1% protein inhibi-
tor, and 2% phosphatase inhibitor. The supernatant was 
collected after centrifugation. Protein concentration was 
determined using the BCA Protein Assay Kit (Beyotime, 
China), and 30 µg proteins were loaded into SDS-PAGE 
for separation, then transferred to a PVDF membrane 
and incubated with corresponding primary antibodies 
(from ABclonal, China: ERK (1: 1000, A4782), phospho-
ERK (1:1000, AP0974), FDX1 (1:1000, A20859), DLAT 
(1:1000, A8814), HSP70 (1:10000, A23457), and Tub-
lin (1:10000, AC007); from Proteintech, China: LIAS 
(1:1000, 11577-1-AP); and from Abcam, USA: Anti-
Lipoic Acid (1:1000, ab58724). The primary antibody was 
incubated for 12–16 h, then washed and incubated with 
anti-rabbit antibody (1:5000, A0208, Beyotime, China) 
for 1 h at 37 °C. Bands were visualized using an ECL Kit 
(BL520A, Biosharp, China), and their intensity was fur-
ther analyzed using Image J software.

Immunohistochemistry analyses
Brain tissues were fixed and embedded in paraffin, sec-
tioned, then deparaffinized to water, followed by anti-
gen repair and closure. Sections were incubated with 
nuclear factor erythroid 2-related factor 2 (Nrf2, 1:200, 
Bioss) overnight at 4  °C; then, after rinsing with TBST, 
sections were incubated dropwise with goat anti-rabbit 
IgG secondary antibody for 45 min at 37 °C. Freshly pre-
pared DAB (1:20, Fuzhou Maisin) was added dropwise. 
Nuclei were stained with hematoxylin, and sections were 
observed by light microscopy, and imaged. The number 
of positive cells within a fixed area of three distinct brain 
sections per mice was quantified using ImageJ software, 
and the mean value was calculated for statistical analysis.

Immunofluorescence staining (IF)
Brain tissues were fixed, sectioned, then deparaffinized 
to water, followed by antigen repair with ethylenedi-
aminetetraacetic acid (EDTA) buffer. Then 10% donkey 
serum was added dropwise, sections were blocked at 
37  °C for 30  min, then incubated in primary antibody 
DLAT (1:100, PTG) diluted in TBST at 4  °C overnight. 
Sections were then incubated with secondary antibody 
Alexa Fluor 488 donkey anti-rabbit lgG (H + L) (1:400, 

Table 1  Experimental qRT-PCR primer sequences
Genes Description Primer sequence (5′-3′)
FDX1(M) F TAACAGTCCACTTCAAGAACCGA

R CACAACATCTAGCAGAGAGTCG
FDX1(H) F TTCAACCTGTCACCTCATCTTTG

R TGCCAGATCGAGCATGTCATT
LIAS(M) F CCTGGGGTCCCGGATATTTG

R GAAGGTCTGGTCCATTATGCAA
LIAS(H) F CAGCCCAGTCAGACCGTTAAG

R TTTCTGGCGTTTTAGGTTTCCT
DLAT(M) F CTTTAGCCTCCAAAGCGAGAG

R AGATTGTAAATGTTCCACCCTGG
DLAT(H) F CGGAACTCCACGAGTGACC

R CCCCGCCATACCCTGTAGT
DLST(M) F GGAACTGCCCTCTAGGGAGA

R GACGCTACCACTGTTAATGACC
DLST(H) F GAACTGCCCTCTAGGGAGAC

R AACCTTCCTGCTGTTAGGGTA
HSP70(M) F GAGATCGACTCTCTGTTCGAGG

R GCCCGTTGAAGAAGTCCTG
HSP70(H) F TTGGACGGAAATTCGAGGATG

R AAATAGGCCGGGACCGTTATG
SLC31A1(H) F GGGGATGAGCTATATGGACTCC

R TCACCAAACCGGAAAACAGTAG
ERK(M) F ATCTCAACAAAGTTCGAGTTGC

R GTCTGAAGCGCAGTAAGATTTT
JNK(M) F AAACAGGCCTAAATACGCTGGA

R GACGGCTGCCCTCTTATGAC
P38(M) F TGACCCTTATGACCAGTCCTTT

R GTCAGGCTCTTCCACTCATCTAT
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ThermoFisher) for 45 min at 37  °C. Nuclei were stained 
using DAPI working solution for 5 min away from light, 
then sealed, observed by light microscopy, and imaged. 
The relative fluorescence intensity of DLAT in a fixed 
area of three distinct brain sections per mice was quanti-
fied using ImageJ software, and the mean value was cal-
culated for statistical analysis.

RNA-sequencing
Mouse PFC tissues were removed and total RNA was 
extracted using TRIzol reagent. Genomic DNA was 
removed by DNase I (TaKaRa). RNA quality was deter-
mined by 2100 Bioanalyser (Agilent). Libraries were pre-
pared using the TruSeqTM RNA Sample Preparation Kit 
from Illumina (San Diego, CA).

Transmission electron microscopy
Brain tissue or SH-SY5Y cell samples were fixed with 
2.5% glutaraldehyde immediately after collection, dehy-
drated with gradient ethanol at room temperature, and 
tissues were embedded to make 60–80  nm sections by 
ultrathin microtome (Leica UC7, Leica). Sections were 
stained with uranyl acetate and lead citrate, and the 
morphology of mitochondria in the PFC of mice and 
SH-SY5Y cells, as well as the morphology of synapses in 
the mice PFC, were observed using a transmission elec-
tron microscope (TEM; HT7800/HT7700, Hitachi). The 
number of synapses and the thickness of the postsynaptic 
density (PSD) within a fixed area of three distinct brain 
sections per mice were further quantified using ImageJ 
software, and their mean values were calculated for sta-
tistical analysis.

Detection of copper and cuprous content
Tissue copper and cellular cuprous content determina-
tion kits were purchased from Elabscience (China). Brain 
tissue and cell samples were collected by adding saline 
homogenate, and centrifuged. The supernatant was col-
lected and assayed according to manufacturer protocols. 
Copper content was detected by 580  nm absorbance 
using an ordinary enzyme marker; protein concentration 
was determined by bicinchoninic acid assay; sub-copper 
content was detected by fluorescence enzyme marker 
using fluorescence values at excitation wavelength 
395 nm and emission wavelength 480 nm in each well.

Measurement of superoxide dismutase and glutathione 
peroxidase
Protein concentrations were determined using a BCA 
protein concentration assay kit (Beyotime, China). Super-
oxide dismutase (SOD) (Beyotime, China), and glutathi-
one (GSH) (Beyotime, China) activities were determined 
by assay kit following manufacturer instructions.

Statistical analysis
All results are from at least three replicate experiments; 
data have been analyzed using GraphPad Prism 9.5.1 
software, with values expressed as mean ± SEM. Dif-
ferences between the two groups were evaluated using 
Student’s t-tests; multiple comparisons were performed 
by one-way ANOVA followed by Tukey’s test. P value of 
< 0.05 was considered statistically significant.

Results
Exposure to polystyrene nanoplastics induces cognitive 
dysfunction in mice, which can be mitigated by NAC 
treatment
Scanning electron microscopy revealed PS-NPs to be 
sub-spherical, well dispersed, and of appropriate size. 
Their zeta potential in water was − 19.4 ± 5.91 mV; par-
ticle size was 65.29  nm (Fig.S1). PS-NPs exposure has 
been shown to induce adverse effects, including oxida-
tive stress, behavioral alterations, and neurotoxicity. In 
recent years, NAC has garnered increasing attention as 
a potential therapeutic agent for neurological disorders. 
To investigate the effects of PS-NPs on cognitive func-
tion in C57BL/6 mice and the therapeutic potential of 
NAC, mice were administered 12.5  mg/kg PS-NPs via 
oral gavage and provided drinking water containing 2 g/L 
NAC for 30 days. Cognitive function was assessed using 
the Novel object recognition test, Y-maze test, and Mor-
ris water maze test.

Initially, the NOR test was conducted. The first phase, 
the habituation phase (Day 31), involved placing mice in 
an empty arena for free exploration, with their movement 
trajectories recorded. During this phase, total distance 
traveled was quantitatively analyzed using a video track-
ing system. Statistical analysis revealed that all experi-
mental groups exhibited normal exploratory behavior, 
with no significant differences in locomotor activity 
between groups (p > 0.05). These findings indicate that 
the experimental mice met the baseline requirements 
for behavioral testing and rule out potential confounding 
effects of locomotor differences on subsequent cognitive 
assessments. In the new-object recognition experiment 
(Day 33), the preference index for new objects in the NPS 
treatment was significantly lower than in the control, 
while that for the NPS + NAC treatment was significantly 
higher. No significant difference was observed between 
control and NAC, and NPS + NAC treatments. In the 
Y-maze experiment, after co-treatment with NPS and 
NAC, the decrease in alternation rate because of PS-NPs 
exposure was significantly alleviated. In the water-maze 
experiment, one-way ANOVA was performed on escape 
latency and swimming speed during the first five days. 
On day 39, a significant group difference was observed in 
escape latency (F(3, 24) = 4, p = 0.0166). Post-hoc Tukey’s 
tests revealed that the NPS group exhibited significantly 
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longer escape latencies compared to the control group 
(p < 0.05), while the NPS + NAC groups showed signifi-
cantly reduced latencies (p < 0.05). No significant differ-
ences in swimming speed were observed among groups 
across the first five days. On day 41, the number of plat-
form crossings and the time spent on the platform were 
significantly lower in the NPS-exposed group compared 
to the control and NPS + NAC groups. From the results 
of behavioral experiments, it was found that NAC effec-
tively mitigates the cognitive deficits induced by expo-
sure to PS-NPs (See Fig. 1).

NAC can ameliorate neuropathological damage in PFC 
brain regions induced in mice after PS-NPs exposure
To evaluate whether NAC could mitigate the effects of 
PS-NPs exposure on PFC brain morphology, we per-
formed H&E and Nissl staining. Neurons in the control 
treatment were structurally normal, well-organized, 
and densely packed, whereas their numbers in the NPS 
treatment were significantly reduced, and a decrease in 
numbers of Nissl bodies was apparent. There was a sig-
nificant increase in the number of normal neurons and 

Nissl bodies in the NPS + NAC treatment compared with 
the NPS treatment. TEM also revealed significant reduc-
tions in numbers of synapses and postsynaptic density 
(PSD) thickness in the NPS treatment compared with the 
control; however, both the number of synapses and PSD 
thickness were significantly greater in the NPS + NAC 
treatment than in the NPS treatment. These findings sug-
gest that NAC may improve pathological changes in the 
PFC region of the mice brain (See Fig. 2).

Effect of PS-NPs on the transcriptome of the PFC region of 
mice brain tissue
To elucidate the mechanism of PS-NPs-induced neuro-
toxicity, we performed RNA-seq analysis on the PFC of 
mice treated with 12.5  mg/kg PS-NPs. Following com-
parison and quantification of read segments, principal 
component analysis was performed. Each ellipse in the 
Venn diagram represents differentially expressed genes 
(DEGs) in control and PS-NPs-treatments, with the 
overlap indicating shared DEGs. A total of 1019 DEGs 
were identified in the NPs-treated samples, of which 620 
transcripts were up-regulated and 399 transcripts were 

Fig. 1  Exposure to polystyrene nanoplastics induces cognitive dysfunction in mice, which can be mitigated by NAC treatment. (A) Total distance traveled 
by the mice in the empty box. (B) Time spent exploring identical objects on day 2 of the new-object recognition experiment. (C) Preference index analysis 
for new-object recognition. (D) Alternation rates for mice in the Y maze. (E) Avoidance latency for days 1–5. (F) Swimming speed for days 1–5. (G) Swim-
ming speed for day 7. (H-J) Statistical graphs of the number of times they traversed the hidden platforms and stayed there, as well as the time they stayed 
in the quadrant where the hidden platforms were located on day 7. Data expressed as mean ± SEM, one-way ANOVA followed by Tukey’s test, *p < 0.05, 
**p < 0.01, ***p < 0.001 vs. Control. N = 7 mice per group
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down-regulated. Genes were enriched in multiple KEGG 
pathways, with the MAPK signaling pathway in the top 
five. We hypothesized that regulation of the MAPK sig-
naling pathway and oxidative stress may be the primary 
pathways contributing to neuronal damage in mice 
exposed to PS-NPs. We further assessed the expression 
of genes related to the MAPK pathway at the transcrip-
tional level, revealing mRNA levels of ERK were signifi-
cantly increased in the NPs-exposed treatment compared 
with the control, suggesting activation of the MAPK sig-
naling pathway following PS-NPs exposure (See Fig. 3).

NAC attenuates PS-NPs exposure-induced oxidative stress 
and neuronal Cuproptosis in mice
To better understand molecular mechanisms underly-
ing the protective effect of NAC against PS-NPs-induced 
neuronal injury, we investigated expression levels of oxi-
dative stress indicators (GSH and SOD) following treat-
ment. Levels of both were significantly lower in the NPs 
treatment compared with the control. In contrast, the 
NAC treatment effectively reversed the NPs-induced 
depletion of GSH and SOD. We also assessed changes in 
Nrf2; immunohistochemistry results revealed its expres-
sion to be reduced following exposure to PS-NPs, but for 

Fig. 2  NAC can ameliorate neuropathological damage in PFC brain regions induced in mice after PS-NPs exposure (A) H&E staining of mice brain sections 
after treatment with PS-NPs; red arrows indicate degenerate neuron. (B) Nissl staining of mice brain sections. (C) TEM of synaptic structures: representative 
diagrams and magnified display images of individual synapses. Red arrows indicate representative synapses. (D) Quantification of normal cells in PFC. 
N = 3 mice per group. (E) Results of statistical analysis of synapse number and PSD thickness. N = 3 mice per group. Data expressed as mean ± SEM, one-
way ANOVA followed by Tukey’s test, *p < 0.05, **p < 0.01 vs. Control
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levels to increase significantly following NAC treatment. 
These findings suggest that NAC can effectively mitigate 
oxidative stress induced by PS-NPs exposure. Addition-
ally, given that oxidative stress activates the ERK–MAPK 
pathway, we examined protein expression levels of ERK 
and its phosphorylated forms post-NAC treatment, and 
found that NAC could reverse ERK phosphorylation (See 
Fig. 4).

Copper levels in brain tissues were elevated following 
exposure to PS-NPs, whereas they significantly decreased 
after co-treatment with NAC. To elucidate the relation-
ship between PS-NPs exposure, cuproptosis, and NAC, 
we analyzed expressions of FDX1, LIAS, HSP70, and 
DLAT, and their lipoic acidified protein levels. FDX1 
and LIAS are key regulators of copper toxicity; they act 
as upstream regulators of protein lipid acylation, facili-
tating aggregation of mitochondrial proteins and loss of 
Fe-S clusters.Following PS-NPs exposure, expressions 
of FDX1, LIAS, DLAT, and HSP70 were significantly 
increased, levels of lipoic acidified DLAT decreased, and 
the lipoylated protein DLAT was oligomerized com-
pared with the control treatment. These trends were also 
mitigated by combined treatment with NAC. For further 
confirmation, we used TEM to observe ultrastructural 

changes in mitochondria in the mice PFC region. Follow-
ing exposure to PS-NPs, specific morphological altera-
tions associated with cuproptosis included reduced or 
absent mitochondrial cristae densities and ruptured 
mitochondrial membranes. NAC significantly alleviated 
these changes compared with the PS-NPs treatment. 
Therefore, exposure to PS-NPs induced neuronal cupro-
ptosis, which was attenuated by NAC (See Fig. 5).

NAC protects against Cuproptosis induced by PS-NPs in 
SH-SY5Y cells
After determining these phenomena at the animal level, 
we validated them at a cellular level. The CCK-8 assay 
demonstrated that exposure to 0.75  mg/ml PS-NPs for 
24 h significantly reduced cell viability in a dose-depen-
dent manner, prompting the selection of this concentra-
tion for further experiments. QPCR analysis revealed that 
0.75 mg/ml PS-NPs specifically altered the mRNA levels 
of cuproptosis-related markers (FDX1, LIAS, DLAT, and 
HSP70) and the copper transporter SLC31A1 (Fig. S2C). 
Co-treatment with the cuproptosis inhibitor tetrathio-
molybdate (TTM, 2 µM) and PS-NPs for 24  h signifi-
cantly restored cell viability and reduced intracellular Cu⁺ 
levels (Fig. S2F, G). These findings indicate that PS-NPs 

Fig. 3  Effect of PS-NPs on the transcriptome of the PFC region of mouse brain tissue. (A) Inter-sample PCA analysis. (B) Inter-sample Venn diagram. 
(C) Histogram of significantly induced (red) or repressed (blue) genes after 30 d PS-NPs exposure. (D) KEGG enrichment analysis. (E) qRT-PCR to detect 
changes in MAPK family-related genes at the transcriptional level. The data was expressed as the mean ± SEM. *p < 0.05 vs. Control. N = 3 mice per group
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exposure induces neuronal damage through cuproptosis. 
To clarify the protective effect of NAC against cell dam-
age induced by PS-NPs, we assessed cell viability using 
the CCK-8 assay following a 24-h co-treatment with NAC 
(5 µM) and PS-NPs (0.75 mg/ml). While cell viability was 
significantly reduced in the PS-NPs treatment compared 
with the control, and co-treatment with NAC markedly 
enhanced cell viability relative to the PS-NPs treatment. 
We then investigated expression levels of GSH and SOD 
in SH-SY5Y cells, which were both significantly lower in 
the PS-NPs treatment compared with the control, while 
NAC effectively reversed this. Because oxidative stress 
resulting from PS-NPs exposure can activate the MAPK 

pathway, we assessed levels of phosphorylated ERK. NAC 
co-treatment successfully reversed ERK phosphorylation 
(See Fig. 6).

To examine conditions under which cuproptosis 
occurred, we measured intracellular Cu+ contents. While 
exposure to PS-NPs converted original Cu2+ into toxic 
Cu+ in substantial quantities, NAC co-treatment largely 
restored Cu+ levels. Following PS-NPs exposure, protein 
levels of markers associated with cuproptosis (FDX1, 
LIAS, DLAT, and HSP70) were significantly elevated, 
while lipoic acidified DLAT was lowered; these altera-
tions were reversed with NAC treatment. Addition-
ally, we observed morphological changes in intracellular 

Fig. 4  NAC attenuates PS-NPs exposure-induced oxidative stress and neuronal cuproptosis in mice. (A-B) GSH and SOD levels. N = 5 mice per group. 
(C) Nrf2 protein expression and its quantification detected by immunohistochemistry. N = 3 mice per group. (D) Protein expression level of ERK and its 
quantification. N = 3 mice per group. Data expressed as mean ± SEM, one-way ANOVA followed by Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control
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Fig. 5  NAC attenuates PS-NPs exposure-induced oxidative stress and neuronal cuproptosis in mice. (A) Copper level in brain tissues. N = 5 mice per 
group. (B) Cuproptosis marker protein expression levels. (C) Quantification of cuproptosis marker protein levels. N = 3 mice per group. (D) Representative 
images of DLAT oligomers detected by immunofluorescence (green, DLAT oligomers; blue, DAPI) and DLAT relative fluorescence intensity. N = 3 mice 
per group. (E) TEM images of the PFC region of mouse brain: yellow arrows, reduction or dissolution of mitochondrial cristae; blue arrow, cell membrane 
rupture. N = 3 mice per group. Data expressed as mean ± SEM, one-way ANOVA followed by Tukey’s test, *p < 0.05, ****p < 0.0001 vs. Control
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mitochondria using TEM, which aligned with findings 
from animal experiments; SH-SY5Y cells in the PS-NPs 
treatment exhibited morphological alterations consis-
tent with cuproptosis. NAC significantly mitigated these 
changes when compared with the PS-NPs treatment. In 
conclusion, NAC effectively attenuated PS-NPs-induced 
cellular cuproptosis (See Fig. 7).

Inhibition of activated MAPK pathways prevents PS-NPs-
induced cellular damage
To explore relationships between the MAPK signaling 
pathway and cuproptosis, we selected PD98059, a specific 
inhibitor of ERK. Following co-treatment with PD98059 
(5µM) and PS-NPs (0.75 mg/ml) for 24 h, we assessed cell 
viability using the CCK-8 assay. A significant increase in 
cell viability was apparent after PD98059 co-treatment 
compared with the NPS treatment alone. Concurrently, 
we measured intracellular Cu+ levels, and found the 
elevated cuprous levels following exposure to PS-NPs 
were significantly reduced after PD98059 co-treatment. 
Next, we evaluated protein levels of cuproptosis-associ-
ated markers. Levels of FDX1, LIAS, DLAT, and HSP70 
were all significantly elevated after exposure to PS-NPs, 
while lipoic acidified DLAT was reduced; these changes 
were mitigated following PD98059 treatment. Finally, we 
examined the mitochondria using TEM and report dam-
age to be largely reversed after PD98059 co-treatment. 

Collectively, these results demonstrate that inhibition 
of the MAPK pathway, activated by oxidative stress, can 
suppress PS-NPs-induced cuproptosis (See Fig. 8).

Discussion
Globally, humans ingest 0.1–5  g of plastic per week, 
which corresponds to an estimated daily dose of 0.05–
2.9  mg of NPs in mice [31]. Exposure to high doses of 
NPs (≥ 500  µg/d) can significantly affect brain func-
tion [32]. For instance, administering 100 nm PS-NPs at 
a dose of 1 mg/d via gavage for 28 d resulted in anxiety 
and depression [33]. Additionally, exposure to 80 nm PS-
NPs at a dosage of 50 mg/kg/d for 7 d impaired learning 
and memory functions [34]. All nanoparticles < 500  nm 
can penetrate the mouse brain, leading to neurotoxicity 
and a spectrum of behavioral changes [35]. While most 
literature indicates that PS-NP exposure damages mouse 
hippocampal neurons [36, 37], fewer studies have exam-
ined effects on the PFC (considered the highest stage of 
neural integration, specializing in behavioral representa-
tion and production [38]. PFC primary projection neu-
rons (pyramidal neurons) regulate various aspects of 
behavior, including short- [39] and long-term memory 
[40], by facilitating memory through cognitive or strate-
gic control of memory-extraction processes within other 
brain regions [41–43]. Notably, Compared to other brain 
regions, the frontal cortex exhibits significantly elevated 

Fig. 6  NAC protects against cuproptosis induced by PS-NPs in SH-SY5Y cells. (A) Cell viability detected by CCK-8 after 24 h co-treatment with NAC (5µM). 
(B-C) GSH and SOD levels. N = 3. (D) Protein expression of ERK and its quantification. N = 3. Data expressed as mean ± SEM, one-way ANOVA followed by 
Tukey’s test, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control
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concentrations of NPs [44]. We focused on the PFC 
using a mouse model subjected to 30 days of oral gavage 
with 60 nm PS-NPs at 12.5 mg/kg/d, a dose selected to 
model environmentally relevant exposure. Behavioral 
assessments, including the novel object recognition test, 
Y-maze, and Morris Water Maze, revealed pronounced 
deficits in executive function, consistent with PFC 
impairment [39]. Histological analyses (H&E and Nissl 
staining) and TEM confirmed PS-NPs-induced neuronal 
damage in the PFC. In the MWM behavioral assessment, 
PS-NPs exposure significantly impaired spatial learn-
ing and memory in mice (P < 0.05), as evidenced by pro-
longed escape latency and reduced platform crossings, 
in which this significant behavioral effect may primarily 
be driven by four animals in the experimental group that 
never successfully crossed the platform, exhibiting longer 
escape latencies and reduced time spent in the platform 
quadrant, suggesting potential subpopulation differences 
in behavioral performance. This subpopulation effect 
may partly be attributed to variations in individual stress 
responses during the experiment or uneven distribu-
tion of PS-NPs in the PFC. Crucially, we report, for the 
first time, hallmark features of cuproptosis in the PFC 
of PS-NPs-exposed mice, including aberrant aggrega-
tion of lipoylated proteins, characteristic changes in key 
cuproptosis-related factors, and mitochondrial structural 

damage. In our preliminary investigations, we observed 
statistically significant changes in the expression of 
cuproptosis-related genes in the PFC. Furthermore, 
we detected cuproptosis following 24  h of exposure to 
0.75  mg/ml PS-NPs using the SH-SY5Y in vitro model, 
which consists of human neuroblastoma cells that resem-
ble proximal neurons. TTM, a known cuproptosis inhibi-
tor, effectively binds excess copper ions and can mitigate 
cytotoxicity associated with elevated copper levels [45]. 
Our findings indicate that co-treatment with TTM can 
alleviate cuproptosis induced by PS-NPs exposure. We 
demonstrate that exposure to PS-NPs can induce neu-
ronal cuproptosis, subsequently influencing mouse 
behavior.

Cuproptosis can be induced by increasing levels of 
exogenous copper or by introducing copper carriers 
[46–48]. However, few studies have examined stimula-
tion by external factors that convert a greater proportion 
of the body’s original Cu2+ to Cu+, inducing cuproptosis. 
The underlying mechanisms remain even more poorly 
understood, and no research has addressed whether 
cuproptosis occurs following exposure to PS-NPs. When 
intracellular copper concentrations surpass the threshold 
necessary to maintain homeostasis, they target and bind 
to lipoylated components of the TCA cycle and cause 
abnormal aggregation of lipoylated proteins (a hallmark 

Fig. 7  NAC protects against cuproptosis induced by PS-NPs in SH-SY5Y cells. (A) Monovalent copper levels in cells. (B-C) Protein levels of cuproptosis-
related biomarkers in cells and their quantification. (D) TEM images of SH-SY5Y cells: yellow arrows, reduction or lysis of mitochondrial cristae; blue arrow, 
cell membrane rupture. Data expressed as mean ± SEM, one-way ANOVA followed by Tukey’s test, *p < 0.05, **p < 0.01 vs. Control. N = 3

 



Page 14 of 18Chen et al. Particle and Fibre Toxicology           (2025) 22:13 

of cuproptosis). Protein lipoylation, a post-translational 
modification predominantly found in enzymes involved 
in mitochondrial metabolic pathways such as the TCA 
cycle is coordinated with copper overload by FDX1-a key 
regulator of cuproptosis and an upstream regulator of 
protein lipid acylation [49]. FDX1 also directly interacts 
with LIAS to enhance production of the lipoicyl moiety, 

which requires lipoicyl transferase for transfer to target 
proteins such as DLAT [50], ultimately causing cupropto-
sis. We demonstrate that copper levels were significantly 
upregulated in PFC and SH-SY5Y cells. Additionally, 
transcript levels of the copper transporter SLC31A1 were 
elevated, DLAT was abnormally aggregated, and FDX1 
was upregulated, contributing to increased expression 

Fig. 8  Inhibition of activated MAPK pathways prevents PS-NPs-induced cellular damage. (A) Cell viability detected by CCK-8 after adding PD98059 (5µM) 
for 24 h co-treatment. (B) Monovalent copper levels in cells. (C-D) Protein levels of cuproptosis-related biomarkers in cells and their quantification. (E) TEM 
images of SH-SY5Y cells after PD98059 co-treatment: yellow arrows, reduction or lysis of mitochondrial cristae. Data expressed as mean ± SEM, one-way 
ANOVA followed by Tukey’s test, *p < 0.05, **p < 0.01 vs. Control. N = 3
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of HSP70. Because cuproptosis disrupts the TCA cycle, 
mitochondria (the site of this process) are the main tar-
gets [51]. We observed mitochondrial damage following 
exposure to PS-NPs, characterized by formation of vacu-
oles and mitochondrial cristae lysis.

Oxidative stress induces cell death [52]. GSH and SOD 
are two important markers of oxidative stress. GSH plays 
an important role in antioxidant defense and in prevent-
ing intracellular oxidative damage [53], and is closely 
associated with the onset of cuproptosis [54]. The role of 
GSH in cuproptosis is primarily attributed to its chelat-
ing effect on copper ions. By binding to these ions, GSH 
reduces the concentration of free copper, thereby inhib-
iting the occurrence of copper-mediated cell death [55]. 
Upregulation of GSH expression also can mitigate cop-
per toxicity by functioning as a sulfhydryl-containing 
copper chelator [56, 57]. Concurrently, in the cytoplasm, 
SOD 1 serves as a copper chaperone, delivering copper 
to specific proteins to detoxify ROS and maintain cop-
per homeostasis [58]. We report levels of GSH and SOD 
to be downregulated in vivo and vitro, reinforcing that 
cuproptosis occurred. NAC is a precursor that facili-
tates biosynthesis of L-cysteine from GSH [59], mitigat-
ing the cytotoxic effects of certain copper carriers [60]. 
Consequently, we investigated the relationship between 
oxidative stress and cuproptosis, using NAC as an inhibi-
tor. NAC was administered orally to enable its penetra-
tion into mouse brain tissues via the blood–brain barrier, 
thereby inhibiting oxidative stress. NAC treatment effec-
tively alleviated cuproptosis caused by PS-NPs in both 
animal models and cell cultures. Furthermore, pathologi-
cal damage in the PFC was significantly reduced in the 
NAC + PS-NPs treatment. NAC treatment also improved 
cognitive deficits in mice. These findings suggest that PS-
NPs induce neuronal cuproptosis through via oxidative 
stress, which then contribute to cognitive impairment in 
mice. ROS-generated oxidative stress is linked to activa-
tion of the ERK pathway [61], and ERK is important in 
cellular signaling; sustained activation of ERK, followed 
by its translocation to the nucleus, promotes neuronal 
cell death [62]. DSF@CuO gel inhibited the cancer stem-
ness pathway by activating the JNK/p38 MAPK pathway, 
effectively inducing cuproptosis in hepatocellular carci-
noma cells [63]. However, the potential association of the 
ERK–MAPK pathway with cuproptosis and its underly-
ing mechanisms remains underexplored. Consequently, 
we used the ERK-specific inhibitor PD98059 in SH-SY5Y 
cells. Co-treatment of PD98059 with PS-NPs significantly 
rescued cell viability, and largely mitigated changes in 
cuproptosis-related markers induced by PS-NPs. Thus, 
we conjecture that inhibition of the oxidative stress-acti-
vated ERK–MAPK pathway offers protection against PS-
NPs-induced cellular injury.

PS-NPs have the ability to cross the blood-brain bar-
rier and accumulate in the brain, potentially leading to 
neurotoxic responses. However, their specific role in 
inducing cuproptosis and causing damage to the central 
nervous system remains poorly understood. In this study, 
we present the novel finding that exposure to 60 nm PS-
NPs induces cognitive dysfunction by triggering cupro-
ptosis. Nonetheless, methodological limitations hinder 
the acquisition and quantification of environmentally 
degraded polystyrene particles. Consequently, synthetic 
polystyrene nanoparticles are predominantly utilized 
in this study to assess their potential toxic effects. The 
collection and extraction of environmentally degraded 
nanoplastics of various compositions, as well as an 
investigation into their similar toxicity, warrant further 
exploration.

Conclusions
This study provides novel insights into the neurotoxic-
ity of PS-NPs. Our findings indicate that oxidative stress 
induced by PS-NPs may activate the ERK-MAPK path-
way, potentially facilitating the conversion of Cu2 + to 
toxic Cu+, thereby promoting neuronal cuproptosis. 
This process is associated with ultrastructural mitochon-
drial damage and deficits in learning and memory. These 
results present a new perspective on the role of neuronal 
cuproptosis in PS-NPs-mediated cognitive impairment. 
Furthermore, we demonstrate that NAC may mitigate 
PS-NPs-induced toxicity, suggesting a potential protec-
tive role. These preliminary findings enhance our under-
standing of the neurological effects of PS-NPs exposure, 
and future studies will aim to validate these mechanisms 
across multiple brain regions and assess their relevance 
to human health.
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