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Abstract

Background Microplastics and nanoplastics (MNPs) are emerging environmental contaminants detected in human
samples, and have raised concerns regarding their potential risks to human health, particularly neurotoxicity. This
study aimed to investigate the deleterious effects of polystyrene nanoplastics (PS-NPs, 50 nm) and understand their
mechanisms in inducing Parkinson’s disease (PD)-like neurodegeneration, along with exploring preventive strategies.

Methods Following exposure to PS-NPs (0.5-500 pg/mL), we assessed cytotoxicity, mitochondrial integrity, ATP
levels, and mitochondrial respiration in dopaminergic-differentiated SH-SY5Y cells. Molecular docking and dynamic
simulations explored PS-NPs'interactions with mitochondrial complexes. We further probed mitophagy’s pivotal role
in PS-NP-induced mitochondrial damage and examined melatonin’s ameliorative potential in vitro. We validated mela-
tonin’s intervention (intraperitoneal, 10 mg/kg/d) in C57BL/6 J mice exposed to 250 mg/kg/d of PS-NPs for 28 days.

Results In our in vitro experiments, we observed PS-NP accumulation in cells, including mitochondria, leading to cell
toxicity and reduced viability. Notably, antioxidant treatment failed to fully rescue viability, suggesting reactive oxygen
species (ROS)-independent cytotoxicity. PS-NPs caused significant mitochondrial damage, characterized by altered
morphology, reduced mitochondrial membrane potential, and decreased ATP production. Subsequent investigations
pointed to PS-NP-induced disruption of mitochondrial respiration, potentially through interference with complex |
(C1), a concept supported by molecular docking studies highlighting the influence of PS-NPs on Cl. Rescue experi-
ments using an AMPK pathway inhibitor (compound C) and an autophagy inhibitor (3-methyladenine) revealed

that excessive mitophagy was induced through AMPK/ULK1 pathway activation, worsening mitochondrial damage
and subsequent cell death in differentiated SH-SY5Y cells. Notably, we identified melatonin as a potential protective
agent, capable of alleviating PS-NP-induced mitochondrial dysfunction. Lastly, our in vivo experiments demonstrated
that melatonin could mitigate dopaminergic neuron loss and motor impairments by restoring mitophagy regulation
in mice.
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Conclusions Our study demonstrated that PS-NPs disrupt mitochondrial function by affecting Cl, leading to exces-
sive mitophagy through the AMPK/ULK1 pathway, causing dopaminergic neuron death. Melatonin can counteract
PS-NP-induced mitochondrial dysfunction and motor impairments by regulating mitochondrial autophagy. These
findings offer novel insights into the MNP-induced PD-like neurodegenerative mechanisms, and highlight melatonin’s
protective potential in mitigating the MNP’s environmental risk.

Keywords Microplastics and nanoplastics, Mitophagy, Mitochondrial dysfunction, Complex I, Neurotoxicity,

Melatonin

Background

Microplastic and nanoplastic (MNP) pollution pose a
significant environmental challenge, as they have been
found in diverse ecosystems such as air [1], soil [2],
oceans [3], rivers [4], and even human food systems [5].
A study has shown that measurable concentrations of
MNPs in aquatic environments can reach 0.04 mg/L [6].
These particles have the ability to bioaccumulate in higher
trophic levels through the food chain [7, 8] and have been
detected in varying human bio-samples, including stool
[9], lungs [10], blood (~1.6 pg/mL) [11], thrombi [12],
placentas [13], and testes [14], raising concerns about
their potential risks to human health. MNP exposure
has been linked to intestinal toxicity [15, 16], pulmonary
toxicity [17], hepatotoxicity [18], nephrotoxicity [19], car-
diovascular toxicity [20, 21], and neurotoxicity [22]. Nan-
oplastics have demonstrated a higher capability to cross
the blood—brain barrier (BBB) compared to microplastics
[23, 24], thereby posing an increased risk to brain func-
tion. Given the brain’s central role in coordinating bod-
ily functions [25], it is crucial to understand the specific
brain toxicity induced by nanoplastics.

Environmental factors have a noteworthy impact on
brain dysfunction [26, 27], contributing to a range of cen-
tral nervous system disorders, such as Parkinson’s disease
(PD) [28]. Recent research has highlighted the detrimen-
tal effects of ultrafine particles (<100 nm) on the human
brain [29]. Polystyrene, a highly common plastic, contrib-
utes to environmental pollution as it degrades, forming
widespread polystyrene nanoplastics (PS-NPs) found
abundantly in diverse environmental contexts [30]. PS-
NPs have been shown to breach the BBB, leading to
impaired brain function and altered neurobehaviors in
mice [31, 32]. In our previous study, we identified the
potential of PS-NPs to induce PD-like neurodegeneration
in mouse brains through disrupted energy metabolism in
dopaminergic neurons [33]. However, the specific mech-
anisms underlying PS-NP-induced energy metabolism
disorder in dopaminergic neurons remain poorly under-
stood, and effective preventive strategies for mitigating
MNP’s environmental risk are yet to be established. These
knowledge gaps and the demand for comprehensive

preventive strategies underscore the imperative for fur-
ther research in PS-NP-induced neurodegeneration.

Mitochondria, the powerhouse of cellular energy
metabolism, are implicated in numerous diseases, includ-
ing neurodegenerative disorders like PD [34]. Mito-
chondrial dysfunction in PD involves impaired electron
transport chain (ETC), altered morphology and dynam-
ics, mutations in mitochondrial DNA, and disrupted
calcium homeostasis [35]. Understanding the role of
mitochondrial dysfunction in mediating energy metabo-
lism disorder caused by PS-NPs in dopaminergic neurons
requires further investigation. Mitophagy, a highly evolu-
tionary conserved cellular process, maintains mitochon-
drial and metabolic homeostasis in neurons, ensuring
energy supply, neuronal survival, and overall health [36].
Dysregulated mitophagy can disrupt cellular function
and cause cytotoxicity [37, 38]. Given the scavenger role
of mitophagy in mitochondrial dysfunction, we aimed
to investigate its involvement in PS-NP-induced energy
metabolism disorder in dopaminergic neurons.

Melatonin, synthesized by the pineal gland, exhibits
diverse biological activities, including antioxidative, anti-
inflammatory, and anti-apoptotic properties [39, 40]. It
has demonstrated protective effects in conditions related
to mitochondria, such as aging, neurodegenerative disor-
ders, and various diseases [41]. While recent study sug-
gests the protective potential of melatonin in PD [42], its
role in preventing PS-NP-induced PD-like neurodegen-
eration remains unknown.

To address the knowledge gap, we utilized the differ-
entiated SH-SY5Y neural cell model exposed to several
doses of PS-NPs. We assessed cellular microstructure,
mitochondrial integrity, ATP content, mitochondrial
membrane potential (A¥Ym), and mitochondrial respira-
tion. Molecular docking and dynamic simulations were
employed to predict the interaction of PS-NPs with mito-
chondrial complexes. We investigated the mitophagy
involvement in PS-NP-induced mitochondrial dysfunc-
tion in neuron cells and mice. Furthermore, we validated
melatonin’s protective effects against PS-NP-induced
PD-like neurodegeneration in mice. This study enhances
understanding of the PS-NP-induced PD-like neurode-
generation mechanisms and provides insights for the
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prevention and risk assessment of MNP environmental
exposure in humans.

Results

Characterization of nanoplastics

In our previous investigation, the utilization of scanning
electron microscopy (SEM) revealed the spherical mor-
phology of PS-NPs, with an average size of 50.7 nm for
non-fluorescent (NF) PS-NPs and 50.2 nm for green fluo-
rescent (GF) PS-NPs [15]. Another study’s SEM showed
the spherical morphology of polyethylene nanoplastics
(PE-NPs), with an average size of 101.6 nm [43]. For the
current study, we evaluated the fluid dynamic size, pol-
ymer dispersion index (PDI), and zeta potential of NF
PS-NPs, GF PS-NPs, and PE-NPs in different solution
systems using Zetasizer Nano ZS (Table 1). Our observa-
tions unveiled that NF PS-NPs exhibited monodispersity
when suspended in double distilled water, as indicated
by a high zeta potential, which is suggestive of minimal
aggregation. Although the fluid dynamic size slightly
increased in the MEM complete medium, all three types
of nanoplastics maintained a narrow size distribution and
exhibited a certain degree of stability.

PS-NPs induce differentiated SH-SY5Y cell death in reactive
oxygen species (ROS)-independent manner

We investigated the neurotoxic potential of PS-NPs
in differentiated SH-SY5Y cells. GF PS-NPs exhibited
dose-dependent cytoplasmic accumulation (Fig. 1A),
and transmission electron microscopy (TEM) analy-
sis confirmed the uptake, even in mitochondria (Addi-
tional file 1: Fig. SIA-C). Propidium iodide (PI) staining
revealed increased cell toxicity with higher PS-NP doses
(Fig. 1B), and a cell counting kit-8 (CCK-8) assay showed
reduced cell viability at 50 and 500 pg/mL (Fig. 1C).
Four doses (0.5, 5, 50, 500 pg/mL) were selected for
further investigation. Our focus also extended to inves-
tigating the role of oxidative stress in mediating PS-NP-
induced cytotoxicity. After a 48-h PS-NP treatment, we
observed a substantial increase in ROS levels within dif-
ferentiated SH-SY5Y cells (Fig. 1D, E). Nevertheless, the
introduction of the antioxidant N-acetylcysteine (NAC)

Table 1 Physical characteristics of nanoplastics
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at 0.5 mM, which effectively reduced ROS levels in PS-
NP-exposed cells (Additional file 1: Fig. S2A, B), failed to
rescue the PS-NP-inhibited cell viability (Fig. 1F). These
results indicated that PS-NP-induced cytotoxicity in dif-
ferentiated SH-SY5Y cells is not primarily due to ROS
formation.

PS-NPs induce mitochondrial dysfunction in differentiated
SH-SY5Y cells

We have discovered that PS-NPs impact mitochondrial
functionality in mouse brain dopaminergic neurons [33].
To validate these effects in vitro, we used differentiated
SH-SY5Y cells. TEM imaging confirmed PS-NP-induced
mitochondrial impairment, with morphological dam-
age and the appearance of mitophagosomes (Fig. 2A).
Additionally, we observed a dose-dependent reduction
in AWm (Fig. 2B, C) and decreased ATP levels (Fig. 2D),
both of which are crucial indicators of mitochondrial
dysfunction. Collectively, these findings indicated that
PS-NPs can induce mitochondrial dysfunction in differ-
entiated SH-SY5Y cells.

PS-NPs disrupt mitochondrial respiration in differentiated
SH-SY5Y cells

To comprehensively assess the influence of PS-NP expo-
sure on mitochondrial function, we conducted a thor-
ough investigation into the ETC function in the oxidative
phosphorylation (OXPHOS). Our results revealed dose-
dependent alterations in the mitochondrial stress profiles
of differentiated SH-SY5Y cells (Fig. 2E). Basal and maxi-
mal respiration were notably reduced at a dose of 500 pg/
mL PS-NP (Fig. 2F, G). The impact on mitochondrial
ATP production, a fundamental indicator of OXPHOS,
was even more pronounced, showcasing a substantial
decline (Fig. 2H). Furthermore, our analysis unveiled the
presence of severe proton leakage within the 500 pg/mL
PS-NP group, indicative of severe functional impairment
of complex I (CI) (Fig. 2I). To further unravel the under-
lying mechanisms, we examined the expression levels
of critical subunits constituting the five mitochondrial
complexes in mitochondrial respiration. Protein expres-
sion analysis revealed decreased CI-NDUEFBS levels with

Nanoplastic Solution system Dynamic light scattering
Fluid dynamic size (nm) PDI Zeta potential (mV)
NF PS-NPs Double distilled water 51.89+325 0.080+0.041 -57.87+3.36
NF PS-NPs MEM complete medium 65.10+9.98 0.760+0.059 -10.60+0.51
GF PS-NPs MEM complete medium 52.81+263 0.198+0.001 -11.17+£0.88
PE-NPs MEM complete medium 164.73+19.01 0.661+0.069 -5.16+0.88
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Fig. 1 Cellular internalization and cytotoxicity of PS-NPs in differentiated SH-SY5Y cells. A GF PS-NPs distribution. B Flow cytometry analysis
of PS-NP-induced cell death. C Cell viability after PS-NP exposure. D-E ROS levels post PS-NP exposure. F NAC effect on PS-NP-inhibited cell viability.
Results are presented as mean+SD (n=3). *P<0.05, **P<0.01, ***P<0.001, compared to the 0 pg/mL group

(See figure on next page.)

Fig. 2 Impairment of mitochondria and mitochondrial stress by PS-NPs in differentiated SH-SY5Y cells. A Representative TEM images of cells

after PS-NP exposure. Red arrows indicate mitochondria, and yellow arrows indicate mitophagosomes. Impact of PS-NPs on B, C AYm and D cellular
ATP levels. E Mitochondrial stress profiles. Relative changes in key parameters of mitochondrial function: F basal respiration, G maximal respiration,
H mitochondrial ATP production, and I proton (H*) leakage. J-N The quantification of protein expression levels of ETC CI-NDUFBS, ClI-SDHB,
ClIFUQCRC2, CVI-MTCO2, and CV-ATP5A. Results are presented as mean+SD (n=3). *P<0.05, **P <0.01, ***P<0.001, compared to the 0 ug/mL

group
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escalating PS-NP doses (Additional file 1: Fig. S3 and
Fig. 2J). CII-SDHB, CIII-UQCRC2 and CVI-MTCO2
exhibited no discernible changes (Additional file 1: Fig.
S3 and Fig. 2K-M). Increased CV-ATP5A expression
indicated a potential stress response to the PS-NP-trig-
gered decline in cellular ATP content (Additional file 1:
Fig. S3 and Fig. 2N). These findings suggested that PS-NP
exposure disrupts mitochondrial respiration by prob-
ably affecting CI, leading to disrupted ATP synthesis and
mitochondrial injury in differentiated SH-SY5Y cells.

Molecular docking identifies Cl
To study the direct influence of PS-NPs on crucial mito-
chondrial complexes in OXPHOS and deeply analyze the
intrinsic molecular mechanism, we conducted molecular
docking and molecular dynamics (MD) simulations. Due
to computational limitations in simulating actual 50 nm
PS-NP, we employed a model of PS (n10) consisting of
10 repetitive PS chains to represent the PS-NPs. Initially,
we selected the structures of five mitochondrial com-
plexes involved in the OXPHOS and performed molecu-
lar docking with PS-NPs (Additional file 1: Fig. S4A-E).
Using the affinity dG score, we found that PS-NPs had
the highest affinity for CI (Additional file 1: Fig. S4F).
Moreover, when compared with other types of nanoplas-
tics, such as polypropylene (PP), polyethylene (PE), poly-
vinyl chloride (PVC), the affinity score between PS-NPs
and CI remained the highest (Additional file 1: Fig. S5A-
C, E). We also conducted cell experiments with PE-NPs
and observed that a high dose of PE-NPs at 500 pg/mL
did not result in a significant reduction in cell viability,
AW¥m, or ATP production (Additional file 1: Fig. S6A-D).
Additionally, we compared CI’s binding ability to larger
PS (n20) composed of 20 repeating PS chains and found
no significant difference (Additional file 1: Fig. S5D-E).
The docked molecular conformation was preserved,
and its molecular dynamics were simulated to gain
insight into the dynamic process of PS-NP-CI interac-
tion. The results identified NDUFA9 and MT-ND4L as
the main binding partners (Fig. 3A). To explore the pre-
dominant factor driving the binding of PS-NPs to CI, we
decomposed the binding free energy into vacuum poten-
tial energy, encompassing electrostatic and van der Waals
interactions, as well as solvation free energy, including
polar and non-polar solvation interactions. As shown in
Fig. 3B, the binding free energy (-518.007 £3.692) indi-
cated that PS-NPs tightly binds to CI. Among the various
binding energies, van der Waals energy (AEvdw) was rel-
atively large, suggesting that van der Waals interactions
were predominantly influential in the binding mecha-
nism. Figure 3C lists the residues that primarily contrib-
uted to the AEvdw. Previous reports have highlighted
the crucial role of NDUFA9 in stabilizing the interface

Page 6 of 19

between the matrix arm and the membrane arm of CI
and its significance as a binding site for ubiquinone-10
(Q10) [44]. Based on this, we hypothesized that PS-NP
exposure might induce conformational changes in CI,
thereby inhibiting its active site. To test this, we measured
the change in distance between two residues at the bind-
ing site, and the analysis at 0, 10, and 20 ns confirmed PS-
NP-induced conformational changes in the Q10-binding
domain, leading to reduced CI activity (Fig. 3D—F). These
findings provided evidence that PS-NPs can induce con-
formational alterations in the 3D architecture of the
Q10-binding domain, ultimately resulting in the attenu-
ation of CI activity.

PS-NPs cause mitophagy in differentiated SH-SY5Y cells
We subsequently investigated the implications of
impaired mitophagy in PS-NP-triggered mitochondrial
dysfunction. Increasing PS-NP exposure upregulated
microtubule-associated protein 1 light chain 3 (LC3)-
II protein (Additional file 1: Fig. S7A and Fig. 4A) and
downregulated p62 proteins (Additional file 1: Fig. S7A
and Fig. 4B), indicating enhanced autophagy and lyso-
somal degradation. Key mitophagy-related molecules,
PINK1 and Parkin, were also upregulated (Additional
file 1: Fig. S7A and Fig. 4C, D), even at the dose of 5 pg/
mL PS-NPs. Immunofluorescence (IF) staining showed
extensive colocalization of LC3 and the Mito tracker in
PS-NP-exposed cells (Fig. 4E), and TEM analysis con-
firmed mitophagosomes (Fig. 2A). Furthermore, we
assessed the influence of mitophagy on PS-NP-induced
toxicity by assessing the rescue effects of autophagy
inhibitors. Autophagy inhibitor 3-methyladenine (3-MA)
reversed PS-NP-activated mitophagy (Additional
file 1: Fig. S7B and Fig. 4F, G) and restored cell viability
(Fig. 4H), but not ATP levels (Fig. 41I), indicating persis-
tent mitochondrial dysfunction. Mitochondrial aberrant
quality control, including impaired mitophagy, may fur-
ther contribute to PS-NP-induced mitochondrial damage
in differentiated SH-SY5Y cells.

PS-NPs activate mitophagy via AMPK/ULK1 pathway

in differentiated SH-SY5Y cells

As previously indicated, the disruption of the mito-
chondrial ETC leads to an imbalance in cellular energy
metabolism, resulting in decreased ATP content. Thus,
we investigated the involvement of AMP-activated pro-
tein kinase (AMPK), a regulator of metabolic homeosta-
sis, in initiating mitophagy. Dose-dependent increases
in phosphorylated AMPK (pAMPK) and phosphoryl-
ated ULK1 (pULK1), key proteins in the AMPK/ULK1
pathway, were observed (Additional file 1: Fig. S8A and
Fig. 5A, B), indicating activation of this cascade in PS-
NP-exposed SH-SY5Y cells. To further explore the role of
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AMPK, we used compound C (CoC), an AMPK pathway
inhibitor. CoC treatment significantly enhanced cellular
survival compared to cells exposed to 500 pg/mL PS-NPs
alone (Fig. 5C), suggesting that PS-NP-induced damage
is linked to AMPK pathway activation. CoC also reduced
PS-NP-induced mitophagy (Fig. 5D) and altered protein
levels of pAMPK, pULK1, LC3-II, and p62 (Additional
file 1: Fig. S8B and Fig. 5E-H). These findings suggested
that PS-NPs induce excessive mitophagy via the AMPK
signaling pathway, resulting in cellular damage.

Melatonin reverses PS-NP-induced mitophagy

in differentiated SH-SY5Y cells

Melatonin, a hormone known for regulating mitochon-
drial homeostasis, has emerged as a potential protec-
tive agent [45]. We investigated its impact on neuronal
mitophagy and mitochondrial function after PS-NP
exposure. Notably, melatonin (16 pM) restored mito-
chondrial dysfunction induced by PS-NPs and rescued
the viability in differentiated SH-SY5Y cells (Fig. 6A,
B). We further examined its effects on ROS levels and
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compared to the 0 ug/mL group or indicative group

determined that it did not significantly reduce ROS levels
(Additional file 1: Fig. S9), effectively excluding a primary
intervention mechanism involving ROS level reduction.
Additionally, melatonin effectively counteracted PS-
NP-induced disruption of mitophagy-related proteins
(Additional file 1: Fig. S10 and Fig. 6C—F). We explored
melatonin’s mechanism of action and found that it atten-
uates the activation of the AMPK/ULK1 pathway trig-
gered by PS-NPs, downregulating pAMPK and pULK1
levels (Additional file 1: Fig. S10 and Fig. 6G, H). These
findings collectively indicated that melatonin can ame-
liorate PS-NP-induced mitophagy disturbances via the
AMPK/ULK]1 pathway in differentiated SH-SY5Y cells.

Melatonin reverses PS-NP-induced dopaminergic neuron
mitophagy in vivo

To validate our findings in vitro, we conducted an
animal study. Melatonin supplementation signifi-
cantly alleviated PS-NP-induced PD-like neurodegen-
eration, manifested by the amelioration of motor and

P<0.05,** P<0.01,** P<0.001,

coordination disorders, as evidenced by restored loco-
motor activity levels (Fig. 7A-D), increased latency
time for falling off the rod (Fig. 7E), and improved grip
strength (Fig. 7F). It also mitigated the loss of neurons
in the nigra pars compacta (SNc) and striatum caused
by PS-NPs, as seen in Nissl staining (Fig. 7G, H and
Additional file 1: Fig. S12A, B). Melatonin attenuated
the activation of the AMPK/ULK1 signaling pathway
in the SNc and striatum following PS-NP exposure
(Fig. 71-J, Additional file 1: Fig. S11 and Fig. S12C-E).
It restored aberrant mitophagy (Fig. 7K-N, Additional
file 1: Fig. S11 and Fig. S12C, F-I) and mitigated mito-
chondrial loss in dopaminergic neurons in the SNc and
striatum induced by PS-NPs (Fig. 70 and Additional
file 1: Fig. S12J). Overall, our results demonstrated
that melatonin prevents PS-NP-induced motor and
coordination impairments in mice by mitigating dopa-
minergic neurons’ mitophagy via the regulation of the
AMPK/ULK]1 pathway.
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Discussion

In our previous work, we observed PS-NP-induced PD-
like neurodegeneration in the SNc and striatum of mouse
brains, linked to disrupted mitochondrial energy metab-
olism [15, 33]. To elucidate the precise effects, we utilized
dopaminergic-differentiated SH-SY5Y cells. PS-NPs may
directly impact mitochondrial OXPHOS, particularly
CI, leading to reduced ATP synthesis. This activated the
AMPK/ULK1 pathway, causing excessive mitophagy
through PINKI1/Parkin regulation, intensifying mito-
chondrial damage and neuronal cell death. Notably,
melatonin showed promise in mitigating PS-NP-induced
mitochondrial dysfunction and motor impairments by
restoring mitophagy regulation (Fig. 8).

Mitochondria are essential for intracellular processes,
including ATP production, calcium regulation, iron
metabolism, immunity, and redox reactions [46]. Mito-
chondrial dysfunction disrupts cellular homeostasis, and

PS-NPs have been implicated in mitochondrial damage
[47-50]. Our study revealed PS-NP-induced mitochon-
drial dysfunction, reducing A¥m, oxygen consumption
rate and ATP synthesis. These changes are also found in
other tissue cells, such as human liver cells and lung cells
[47]. The mechanisms underlying PS-NP-induced mito-
chondrial damage remain unclear. In our animal experi-
ment, we have observed impaired OXPHOS in mouse
brain dopaminergic neurons [33]. Other studies also
reported NP exposure interfering with OXPHOS in dif-
ferent organisms [19, 51, 52]. Therefore, we hypothesized
that PS-NPs directly affect mitochondrial OXPHOS,
resulting in mitochondrial damage. Increasing PS-NP
exposure led to reduced mitochondrial OXPHOS, par-
ticularly CI. Mitochondrial CI serves as the initial site for
electron entry into the respiratory chain, facilitating the
transfer of electrons from nicotinamide adenine dinu-
cleotide (NADH) to Q10 and proton translocation across



PS-NPs (ug/mL): 0 0

Huang et al. Particle and Fibre Toxicology (2023) 20:44
125+ . o 1.5+
=z i =
§1oo- £ ——r—
S .5 1.04
S 751 2%
£ 1
2 50- o§
3 5054
S 25 2
3 w
o
04— T T T 0.0 T T
Mel (uM): 0 16 0 16 Mel(uM)}: 0 16 0 16
PS-NPs (ug/mL): 0 0 500 500 PS-NPs(ug/mL):0 0 500 500
= LC3-ll/LC3- £ p62/ACTB
£ 207 %% ‘g 1.57 Hkk *
g g i
S 454 s
s S 1.0
7] I3
$ 1.0 ]
o o
3 3 0.5
2 05 2
E 5
U
& 0.0 © 0.0
Mel (uM): 0 1e Mel (uM): 0 16
PS-NPs (ug/mL): 0 500 500 PS-NPs (pg/mL): 0 500 500

PS-NPs (ug/mL): 0

Page 10 of 19

£ PINK1/ACTB £ Parkin/ACTB
(7] * k% *k%k [} *% *%k
§ 307 § 507 2t
o o

5 5 4.07

§ 2.0+ s

- 3 3.01

13 13

< <

3 £ 2.0

[ o

o o

2 >

5 K

[}

el LT

Mel (uM): 0 16 0 16
PS-NPs (pg/mL): 0 0 500 500

Mel (uM): 0 16 0 16
500 500

£ pAMPK/AMPK £ pULK1IULK1
° *kk * s kk
525 ! " ! 5 2.0

o frn

(<] (<]

§ 20 § 1.57

@ 1.51 H

o ' v

5 5 1.0

3 1.07 b]

] g i

2 051 2 08

E E

Ir 0.0 |r 0.0

Mel (uM): 0 1s Mel (uM): 0 1s

500 5oo PS-NPs (ug/mL): 0 500 5oo

Fig. 6 Protective ef‘fects of melatonin on PS-NP-induced mltochondrlal dysfunction and excessive mitophagy in differentiated SH-SY5Y cells.
Differentiated SH-SY5Y cells were exposed to 500 pg/mL PS-NPs with or without Mel (16 uM) for 48 h. A Cell viability and B ATP levels. The
quantification of protein expression levels of C PINK1, D Parkin, E LC3-II/LC3-I, F p62, G pAMPK/AMPK, and H pULK1/ULK1. Results are presented

asmean+SD (n=3).*

the inner mitochondrial membrane for ATP synthesis
[53, 54]. Inhibition of CI has been linked to mitochon-
drial permeability transition pore (mPTP) opening and
depolarization of A¥m [55], and dopaminergic neuron
death in PD [56]. Therefore, we speculated that PS-NPs
may directly bind to the CI’s active site, thereby obstruct-
ing electron transfer.

To validate the PS-NPs’ interaction with mitochondrial
complexes, we performed molecular docking, a com-
monly used method for assessing the direct impact of
plastic particles on biomacromolecules. Previous stud-
ies have employed this approach to evaluate esterase
activity [57], cytochrome P450 17A1 interactions [58],
and neurotransmitter receptor effects [59]. Our findings
demonstrated significant interactions between PS-NPs
and CI, with preferential binding to subunits NDUFA9
and MT-NDA4L, suggesting potential specific binding

(See figure on next page.)

P<0.05,** P<0.01, *** P<0.001, compared to the 0 ug/mL group or indicative group. Note: Mel, melatonin

effects. Notably, the NDUFA9 subunit is a crucial bind-
ing site for Q10, a key independent component of ETC
[44]. The competitive binding of PS-NPs at the active site
may inhibit electron transfer function within CI. In addi-
tion, we compared molecular docking simulation results
of PS-NPs with nanoplastics composed of other mate-
rials, such as PP, PE, and PVC. This comparison under-
scored the specific binding ability of PS-NPs to CI. Cell
experiments indicated that the impact of PE-NPs on
mitochondrial function is smaller than that of PS-NPs,
further supporting this observation. Although the size of
the simulated PS-NPs may not be directly comparable to
the experimental size due to computational limitations,
our additional simulations showed that larger PS-NPs
also exhibit high binding capacity. Thus, larger PS-NPs
are expected to interact with CI in a similar manner. In
other studies, different-sized nanoplastics have displayed

Fig. 7 Protective effects of melatonin on PS-NP-induced motor and coordination impairments in mice by mitigating dopaminergic neurons’
mitophagy. 250 mg/kg/day PS-NPs and 10 mg/kg/day melatonin were applied during 28-day exposure. A Activity trajectory, B mobility time, C
average speed, and D total distance in the open field test (OFT). E Latency time in the rotarod test, and F grip strength in the grip strength test.
G-H Representative images of Niss| staining and quantitative analyses in SNc neurons. Detection and quantification of protein expression levels of |
pAMPK/AMPK, J pULK1/ULKT, K PINKT1, L Parkin, M LC3-II/LC3-I, and N p62 in mouse midbrain. O Representative image of triple IF for LC3 (green,
labeling autophagosomes), TH (red, labeling dopaminergic neurons), VDAC (orange, labeling mitochondria) and their merged images with DAPI
(blue, labeling cell nucleus) in the SNc. n=10 per group for neurobehavioral tests, and n=5 per group for other experiments. Results are presented
as mean+SD. *P<0.05, **P<0.01, ***P<0.001, compared to the indicative group. Note: Mel, melatonin
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Fig. 8 Graphical abstract. Dopaminergic neurons exposure to PS-NPs induces mitochondrial dysfunction and triggers excessive mitophagy, which

can be restored by melatonin treatment

similar behavior when simulating their interactions with
other molecules [60]. Collectively, although our in silico
data strongly support the hypothesis that PS-NPs can
inhibit mitochondrial CI, further experimental investi-
gations are necessary to conclusively establish a direct
causal relationship.

Mitophagy, the selective degradation of damaged
mitochondria, can promote cell survival in response to
mitochondrial dysfunction. While it can promote cell
survival by removing damaged mitochondria [61, 62],
excessive mitophagy can degrade functional mitochon-
dria and contribute to cell death [55, 63, 64]. Our study
demonstrated that PS-NPs activates the PINK1/Parkin-
mediated mitophagy both in vivo and in vitro. To dis-
sect the nature of PS-NP-induced mitophagy, we used
the autophagy inhibitor 3-MA. Our findings underscore
that suppressing autophagy partially restores cell viabil-
ity, indicating excessive mitophagy may occur after mito-
chondrial dysfunction onset, leading to neuronal death.

AMPK regulates cellular energy balance and mitophagy
[65]. In ATP-depleted conditions, AMPK becomes
activated and triggers the AMPK/ULK1 axis, which
promotes selective degradation of dysfunctional mito-
chondria through mitophagy [66, 67]. In alignment with
prior investigations, our findings showed that PS-NP-
induced mitochondrial dysfunction and energy defi-
ciency activate the AMPK/ULK1 pathway, resulting in

excessive mitophagy. This was supported by CoC experi-
ments, which inhibited excessive mitophagy. However,
manipulating mitophagy alone partially restored cell via-
bility but not ATP synthesis. Our results elucidated the
sequence of events following PS-NP exposure: disrupted
OXPHOS, persistent low ATP levels, and subsequent
activation of the AMPK/ULK1 pathway driving excessive
mitochondrial autophagy.

Considering the inevitable exposure of humans to
MNPs [68], their neurotoxicity is a significant concern.
Therefore, identifying neuroprotective agents to mitigate
PS-NP-related risks is crucial. Our study emphasized the
central role of mitochondrial complex dysfunction in
PS-NP-induced neurotoxicity. Remarkably, melatonin,
with its amphiphilic nature and strong affinity for mito-
chondria, emerges as a promising candidate. Melatonin
easily penetrates biofilms and accumulates in mitochon-
dria, exerting beneficial effects [45, 69]. Prior researches
have shown that melatonin enhances the activity of
mitochondrial respiratory complexes I and IV, resulting
in fostering heightened ATP generation [70, 71]. Moreo-
ver, melatonin activates protective signaling pathways in
mitochondria, making it an ideal candidate to mitigate
the neurotoxic effects of PS-NPs. Importantly, the dose
and timing of melatonin administration have been previ-
ously validated for both efficacy and safety, with no sig-
nificant adverse effects observed in healthy animals [69,
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72]. Therefore, we adopted this established treatment
protocol and administered melatonin to PS-NP-exposed
mice during the daytime. Our findings demonstrated that
melatonin treatment effectively mitigates neuronal loss
in the striatum and SNc and alleviates motor and coor-
dination impairments induced by PS-NPs in mice. While
melatonin is often employed for its antioxidant proper-
ties [73], our in vitro experiments revealed that the mela-
tonin intervention had a minimal impact on ROS levels.
Additionally, the classic antioxidant inhibitor NAC treat-
ment failed to mitigate the cellular damage induced by
PS-NPs in our in vitro experiments. Thus, it appears that
the primary mode of action of melatonin in this study is
not related to its antioxidant properties. Furthermore,
melatonin treatment attenuated excessive mitophagy by
inhibiting the AMPK/ULK1 pathway, underscoring its
crucial role in neuronal mitophagy regulation. Several
lines of evidence have demonstrated the neuroprotective
role of melatonin in modulating mitophagy in reaction to
environmental stimuli [74, 75]. In addition to its effects
on mitochondrial autophagy, melatonin stimulates the
process of mitochondrial biogenesis [76, 77] and regu-
lates fission/fusion dynamics [78], suggesting its repara-
tive effects on mitochondria. Thus, melatonin shows
promising neuroprotective effects in mitigating PS-NP-
induced neurotoxicity by repairing mitochondrial func-
tion and inhibiting excessive mitophagy.

To comprehensively study PS-NP toxic mechanisms
in vitro, we used doses ranging from 0.5-500 pug/mL, cov-
ering environmentally relevant and human exposure lev-
els. For differentiated SH-SY5Y cells, we used 0.5, 5, and
50 ug/mL based on human blood MNP levels (~1.6 pg/
mL) [11]. We also set a high-dose group of 500 pug/mL
with a tenfold difference for dose-dependent hazard
identification. In C57BL/6 ] mice, oral administration of
500 mg/kg of PS-NPs for 24 h results in blood and brain
concentrations of 33.96 ug/mL and 29.27 pg/g, respec-
tively [15]. In ApoE~'~ mice, the blood PS-NP levels of
the three exposed groups are 0.17, 0.51, and 3.37 pg/
mL, respectively, after 24 h of oral gavage with PS-NPs at
doses of 2.5, 25, and 250 mg/kg [79]. Our previous stud-
ies indicate that PS-NPs exhibit limited biodistribution
in the blood and entry into the brain [15, 79]. Therefore,
although a dose of 250 mg/kg of PS-NPs was used in the
present 28-day animal study, the resulting PS-NP level
in the mouse blood remained relevant to the MNP level
found in human blood (~ 1.6 pg/mL). Notably, the doses
of nanoplastics, established according to the mass con-
centration of microplastics exposed to the human body,
may result in a considerable quantity of nanoplastics due
to differences in particle size. Nevertheless, considering
the significant increase in particle numbers following
the further breakdown of microplastics [80, 81], and the
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enhanced likelihood of nanoplastics entering tissues due
to their minute size [82], it’s important to recognize these
aspects. Although accurate data on human exposure to
nanoplastics are lacking, it is reasonable to speculate that
the internal exposure level of nanoplastics could surpass
that of microplastics. Furthermore, our animal experi-
ment focused on melatonin’s efficacy in mitigating PS-
NP-induced neurotoxicity, using a high-dose approach to
induce consistent PD-like neurotoxicity by PS-NPs [33].
This design assessed melatonin’s benefits in an estab-
lished neurotoxic model.

However, several limitations should be acknowledged
in our study. Firstly, our investigation only focused on a
specific size of PS-NPs for exposure, and further research
is warranted to delve into the effects of other types of
MNPs and their interactions with different pollutants
to obtain a more comprehensive understanding of their
impact on human health. Secondly, the exposure doses
of PS-NPs in this study were primarily determined based
on the mass concentration of microplastics found in the
blood, which is relevant to human exposure. However,
it is important to acknowledge that differences between
mass concentration and number concentration of MNPs
may introduce certain limitations to this comparison.
Furthermore, while differentiated SH-SY5Y cells are
commonly used as dopaminergic neuron models, the
inclusion of additional ex vitro models, such as primary
dopaminergic neurons, would enhance and corroborate
the credibility of our present results. Lastly, although we
have provided initial evidence for the protective impact
of melatonin against PS-NP-induced neurotoxicity, fur-
ther studies are required to fully elucidate the underlying
molecular mechanisms involved.

Conclusions

Our study demonstrated that PS-NPs disrupt mitochon-
drial function by affecting CI, leading to reduced ATP
synthesis and excessive mitophagy through the AMPK/
ULK1 pathway. This mitochondrial dysfunction causes
dopaminergic neuron death. Importantly, melatonin can
counteract PS-NP-induced mitochondrial dysfunction
and motor impairments by regulating mitochondrial
autophagy. These findings enhance our understanding of
the PS-NP-induced PD-like neurodegeneration mecha-
nisms and highlight melatonin’s protective potential in
mitigating the MNP’s environmental risk.

Methods

Nanoplastics and reagents

NF and GF pristine PS-NPs with a diameter of 50 nm and
concentrations of 10% and 4% (w/v), respectively, were
obtained from Magsphere (Pasadena, CA, USA). The PS-
NPs had a density of 1.05 g/cm?®. It’s important to note
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that, in this study, only experiments using fluorescent
nanoplastics are explicitly denoted as GF PS-NPs, while
the term PS-NPs generally refers to non-fluorescent
nanoplastics. PE-NPs (nominal size: 100 nm) were gen-
erously provided by Professor Dayong Wang from the
Medical School of Southeast University, Nanjing, China.
The chemical reagents NAC, 3-MA, CoC, melatonin,
retinoic acid (RA) and phorbol 12-myristate 13-ace-
tate (PMA) were purchased from MedChemExpress
(MCE, Shanghai, China). The 2’,7’-dichlorodihydro-
fluorescein diacetate (DCFH-DA), enhanced ATP assay
kits, PI dye, and enhanced mitochondrial membrane
potential assay kit with 5,5",6,6 -tetrachloro-1,1",3,3"-
tetraethylbenzimidazolocarbo-cyanine iodide (JC-1)
were obtained from Beyotime (Shanghai, China). The
Mito tracker (deep Red) was supplied by Thermo Fisher
(USA). All remaining chemicals employed were of high

purity.

Nanoplastic characterization

Considering the experimental context, we undertook
the dilution of the NF PS-NP, GF PS-NP, or PE-NP stock
solution utilizing double-distilled water (for the in vivo
experiments) or MEM complete medium (for the in vitro
experiments). Subsequently, we applied a 5-min ultra-
sound treatment prior to usage. The size distribution and
zeta potential of the PS-NP suspension in various solu-
tion systems were assessed through dynamic light scat-
tering using a Zetasizer Nano ZS (Malvern Panalytical
GmbH, Kassel, Germany).

Cell culture

The human SH-SY5Y neuroblastoma cell line was pro-
cured from Procell Life Science & Technology Co., Ltd.
(Wuhan, China). The cells were cultivated in Minimum
Essential Medium/Ham’s F12 nutrient medium (Procell),
enriched with 10% fetal bovine serum (FBS), penicillin
(100 TU/mL), and streptomycin (100 pg/mL), and main-
tained at 37 °C in a 5% CO, incubator. To induce the
dopaminergic neuronal phenotype, an established dif-
ferentiation protocol was applied to SH-SY5Y cells [83,
84]. Initially, the cells were plated in complete MEM/F12
medium supplemented with 10 uM RA and cultured for
a period of 3 days. Subsequently, the complete medium
was supplemented with 80 nM PMA, and the cells were
nurtured for an additional 3 days. Following a 48-h expo-
sure to PS-NPs, the cells were collected and utilized for
subsequent experiments. The PS-NP doses used were 0,
0.5, 5, 50 and 500 pg/mL.

Cellular uptake of GF PS-NPs
SH-SY5Y cells were plated onto 12-well culture plate at
a density of 1x10° cells per well and differentiated into
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dopaminergic neuronal phenotype (n=3 per group). The
cells were then exposed to GF PS-NPs at doses of 0, 0.5,
5, 50, and 500 pg/mL for 48 h. Post-treatment, the cells
underwent triple washing with phosphate-buffered solu-
tion (PBS) for 3 min each. Finally, fluorescence micro-
scope (Nikon Eclipse C1, Tokyo, Japan) was employed to
capture images of the cells.

Cell viability assay

The SH-SY5Y cells were seeded on 96-well culture plates
at a density of 1 x 10* cells per well and differentiated into
dopaminergic neuronal phenotype. The cells were then
exposed to PS-NPs solutions with gradient doses of 0,
0.5, 5, 50 and 500 pg/mL. Post 48 h of incubation, cell via-
bility was assessed using a CCK-8 assay (BestBio, Beijing,
China). To ensure minimal interference from PS-NPs, the
supernatant was carefully transferred to an empty plate,
and the absorbance was quantified at 450 nm utilizing a
Spark® multimode microplate reader (TECAN, Minne-
dorf, Switzerland). To validate the impact of PS-NPs on
cell viability, PI staining was adopted to identify cells with
compromised membrane integrity. SH-SY5Y cells were
cultured in 6-well plates and differentiated into dopamin-
ergic neuronal phenotype. Then, the cells were exposed
to PS-NPs in a similar manner, and then detached using
trypsin without ethylenediaminetetraacetic acid and
treated with a 3 uM PI staining solution. Subsequent to a
20-min incubation at 37 °C, flow cytometry analysis was
conducted to assess the stained cells. To further inves-
tigate the mechanistic aspects of PS-NP-induced cell
death, antioxidant NAC (0.5 mM), autophagy inhibitor
3-MA (100 uM), AMPK pathway inhibitor CoC (0.5 uM)
or melatonin (16 M) was separately added for stimula-
tion in the rescue experiment, respectively. PE-NPs were
also assessed for cytotoxicity using the aforementioned
CCK-8 assay.

TEM

The cell microstructure and mitochondrial integrity were
investigated utilizing TEM. After a 48-h exposure to PS-
NPs, the differentiated cells were fixed in 2.5% glutaralde-
hyde at 4 °C for 30 min. The fixed cells were then washed,
treated with osmium tetroxide, and dehydrated using
ethanol solutions. Ultrathin cell Sects. (70-90 nm) were
obtained using a Leica EM UC735 ultramicrotome and
subjected to TEM analysis using a JEM1200EX micros-
copy (JEOL Ltd., Tokyo, Japan) according a previous pro-
tocol [85].

ROS assay

ROS generation was assessed through a cell-permeable
DCFH-DA dye assay. After a 48-h PS-NP exposure, the
differentiated cells were treated with 10 pM DCFH-DA
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at 37 °C for 30 min. After this, the cells underwent three
washes with PBS for 3 min each to remove any excess
dye, and the fluorescence intensity indicating ROS pro-
duction was visualized and quantified using a fluorescent
microscopy (Nikon Eclipse C1).

Mitochondrial dysfunction assessment

The assessment of AYm was conducted using a JC-1
assay, following the methodology outlined in our previ-
ous research [86, 87]. Cells were treated with a 5 pg/mL
JC-1 staining solution (1 mL) for 30 min, followed by
PBS rinses. Fluorescent microscopy was used to visual-
ize AYm. Intracellular ATP content was measured in
accordance with the manufacturer’s instructions.

Mitochondrial stress test

Mitochondrial respiration assessment was executed
using the Seahorse XF extracellular flux analyzer (Agi-
lent, Santa Clara, CA, USA). SH-SY5Y cells were cul-
tured in XF24 cell culture microplates at a density of
8x 103 cells per well and differentiated into dopaminer-
gic neuronal phenotype. After a 48-h PS-NP exposure,
mitochondrial respiration analysis was conducted fol-
lowing the manufacturer’s guidelines. In brief, the culture
medium was substituted with Agilent Seahorse XF Assay
medium containing glucose (10 mM), sodium pyruvate
(I mM), and L-glutamine (2 mM). The Seahorse car-
tridge was loaded to sequentially dispense specific meta-
bolic compounds at designated intervals: first oligomycin
(1.5 uM), followed by FCCP (5 uM), and subsequently
rotenone and antimycin A (0.5 pM).

Molecular docking

Molecular docking was initially employed to analyze the
binding interactions between PS-NPs and mitochon-
drial respiratory complexes. The protein structures cor-
responding to the complexes (PDB ID: 5XTD, 5XTE,
5762, 8GS8, and 8H9S) were acquired from the RSCB
Protein Data Bank (https://www.rcsb.org/). Four types
of 10-monomer nanoplastics (PS, PP, PE, and PVC)
were sourced from the ATB website (https://atb.uq.edu.
au), and a 20-monomer PS (n20) nanoplastic was mod-
eled using the same procedure. Molecular docking was
conducted using the molecular operating environment
(MOE) software [88]. Subsequently, the nanoplastics
and respective protein structures were imported into
the MOE software, followed by the removal of water
molecules and excess ligands. The protonate 3D method
assigned implicit hydrogens and ionization states to
the processed protein structures. The binding sites
were determined using the Site Finder tool, and the ini-
tial placement of the nanoplastics was evaluated using
the ASE scoring function. Refinement of the initial
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placements into five poses was conducted using the dG
affinity scoring function. Among these candidates, the
optimal docking structure with the highest docking
score was selected for further docking analysis and MD
simulation.

MD simulations

MD simulations were conducted to dissect the trajecto-
ries and interaction energies within the PS-protein com-
plex. The optimal structures obtained from the molecular
docking served as the starting conformations for MD
simulations. The OPLS-AA force field was utilized to
establish topology parameters for both the PS molecules
and proteins. The simulation system consisted of a cubic
box with initial dimensions of 26 nm, containing a total
of 535,402 water molecules. The PS-protein complex was
positioned at the center of the water box, and 21 chloride
ions were randomly added to ensure net charge neutral-
ity. To achieve a suitable molecular arrangement, an ini-
tial energy minimization step was performed to alleviate
unfavorable contacts. Subsequently, the system under-
went equilibration within the canonical ensemble (NVT)
and the isothermal-isobaric ensemble (NPT). After equi-
libration, a 20 ns MD simulation was conducted with
a time step of 2 fs. The temperature was maintained at
310 K and the pressure at 1 bar throughout the simula-
tion. GROMACS v2020.4 was employed for all MD simu-
lations [89]. The gmx_MMPBSA package calculated the
binding free energy between the protein and PS molecule
[90], and the VMD software was employed for visualiza-
tion of the simulation results [91].

Animal experiment design

This investigation was conducted in strict adherence to
the guidelines and regulations of the Southern Medi-
cal University Scientific Research Committee on Ethics
in the Care and Use of Laboratory Animals. The ani-
mal experiment protocol was approved and assigned
the permit number SMUL2020157. A total of 40 adult
male C57BL/6 ] mice (18-20 g) were sourced from the
Guangdong Medical Laboratory Animal Center (Fos-
han, China). These mice were housed under controlled
conditions featuring a temperature of 23-25 °C, humid-
ity of 50-60%, and a 12-h light/dark cycle (lights on
from 8:00 a.m. to 8:00 p.m.). The mice were subjected to
random allocation into four groups (n=10/group): con-
trol, PS-NPs, melatonin, and PS-NPs + melatonin. Mela-
tonin was dissolved in normal saline at a concentration
of 1 mg/mL and stored in a light-shielded environment
at 4 °C. All animals in the study underwent two funda-
mental procedures: intraperitoneal injection and gavage.
Specifically, the melatonin group and the PS-NPs+ mel-
atonin group received an intraperitoneal injection of
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melatonin (10 mg/kg/day), while the control group and
PS-NPs group received an intraperitoneal injection of
physiological saline. After one hour, the PS-NPs group
and the PS-NPs+melatonin group received oral gav-
age of PS-NPs (250 mg/kg/day), while the control group
and melatonin group received oral gavage of double dis-
tilled water. Following the 28-day treatment duration, all
mice were anesthetized using 3% pentobarbital and sub-
sequently perfused with ice-cold PBS. Euthanasia was
accomplished via cervical dislocation, and their brains
of the mice were collected for further analysis. To delve
deeper into the mechanism of PS-NP-induced PD-like
neurodegeneration in mice, we dissected the midbrain
and striatum regions, which are closely associated with
PD, for subsequent analysis.

Behavioral tests

At the end of the 28-day exposure, we performed three
behavioral tests, encompassing the open field test (OFT),
rotarod test, and grip strength test, on the animals
(n=10 per group), as previously described in our ear-
lier investigations [33]. (1) The open field test, a method
employed to evaluate spontaneous activity and locomo-
tion, involved placing each mouse within a square arena
(Flyde, Guangzhou, China), enabling free movement
for a duration of 5 min. An overhead digital CCD cam-
era meticulously recorded their movements, while their
duration in the center of the arena was analyzed through
a maze video tracking system (Chucai Electronic Tech-
nology Co., Ltd, Shanghai, China). (2) The rotarod test
was utilized to assess motor coordination abilities. After
a training phase to familiarize the mice with the appara-
tus, the test commenced, with the speed of the rotarod
progressively escalating from 4 to 40 rpm over a 3-min
interval. The test data were recorded as the mean latency
time (averaged over three trials). (3) The grip strength
test measured neuromuscular strength through five
attempts to grip a metal grid, with peak holding strength
recorded in Newtons (N). All behavioral tests were car-
ried out in the neurobehavioral laboratory between 9:00
and 17:00, under established optimal conditions.

Nissl staining

The brains were post-fixed in a 4% (w/v) paraformalde-
hyde solution overnight at 4 °C, followed by embedding
in paraffin. Sections of the brain containing the sub-
stantia SNc and striata were cut at a thickness of 4 pm.
Nissl staining, as per established protocols [33], was con-
ducted. Paraffin sections were then deparaffinized and
stained with toluidine blue. The stained sections were
meticulously examined and captured using a microscope
for the quantifying of Nissl-positive neurons in the stria-
tum and SNc regions. Three images were acquired per
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target brain region to ensure comprehensive quantifica-
tion for each brain section.

IF assay

For differentiated SH-SY5Y cells: After a 48-h PS-NP
exposure, cells were treated with Mito track (5 uM) for
30 min, followed by the blocking and incubation over-
night at 4 °C with primary LC3 antibody (1:500 dilution).
After three washes with PBST, the cells were subjected
to incubation with FITC-conjugated goat anti-rabbit IgG
and counterstained with DAPI for 1 h at room tempera-
ture. The resulting images were captured employing a
fluorescence microscope (Carl Zeiss LSM780). For brain
tissue: Utilizing the identical paraffin-embedded brain
specimens as in the Nissl staining procedure, we pro-
ceeded with IF assays co-incubated with anti-tyrosine
hydroxylase (TH), anti-voltage-dependent anion chan-
nel (VDAC) and anti-LC3 antibodies. The IF experiments
followed a previously established protocol [33]. The
brain slices were incubated with the primary antibodies,
and IF analysis was performed utilizing a fluorescence
microscope (Carl Zeiss LSM780). Additional information
about the antibodies used can be found in Additional
file 1: Table S1.

Protein extraction and western blotting

3-MA (100 pM), CoC (0.5 pM) and melatonin (16 uM)
were applied in SH-SY5Y cells for different stimula-
tions. The collected cells and mouse brain tissues were
used for protein extraction and separated by electro-
phoresis, following established protocols [92]. In brief,
the harvested cell samples were incubated with RIPA
buffer (Beyotime, Shanghai, China), supplemented with
a 1:100 dilution of phosphatase and protease inhibi-
tor cocktail (Keygen, Nanjing, China). For tissue pro-
tein extraction, the midbrain and striatum were lysed
using RIPA buffer supplemented with a 1:100 dilution
of phosphatase and protease inhibitor cocktail. The
tissue lysates were further homogenized using a High-
speed low-temperature tissue homogenizer (Servicebio,
Wuhan, China) at 60 Hz for 3 min to ensure complete
disruption of tissue structures and efficient protein
extraction. The total proteins were separated by elec-
trophoresis on 8 to 15% SDS—polyacrylamide gels and
subsequently transferred to 4.5 um polyvinylidene flu-
oride membranes. After a blocking step involving 5%
nonfat milk, the membranes underwent an overnight
incubation at 4 °C with primary antibodies, followed by
a subsequent 1-h incubation with the secondary anti-
body at 37 °C. ECL (Millipore, Billerica, MA, USA) and
a Tanon-5200 chemical luminescence developing sys-
tem (Tanon, Shanghai, China) were employed to visu-
alize protein bands (Additional file 2). Image] software
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was used to analyze the optical densities. Comprehen-
sive details regarding the antibodies used are available
in the Additional file 1: Table S2.

Statistical analysis

The presented data are expressed as mean * standard
deviation (SD), unless stated otherwise. Statistical anal-
ysis was carried out using SPSS 22.0 (IBM, Armonk,
NY, USA) and Prism 8.0 (GraphPad Software, Inc., San
Diego, CA, USA). To assess the statistical significance
of distinctions between two groups, a Student’s ¢-test
was applied. For comparisons involving multiple expo-
sure groups and their corresponding controls in each
exposure experiment, a one-way analysis of variance
(ANOVA) was employed, followed by Tukey’s multiple
comparisons test. A P-value below 0.05 was deemed
statistically significant (Additional file 2).
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