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ARTICLE INFO ABSTRACT

Keywords: Nanoplastics (NPs) continue to accumulate in global aquatic and terrestrial systems, posing a potential threat to
NaﬂORlanlﬁs ) human health through the food chain and/or other pathways. Both in vivo and in vitro studies have confirmed
Hepat: lipid accumulation that the liver is one of the main organs targeted for the accumulation of NPs in living organisms. However,
Autophagy whether exposure to NPs induces size-dependent disorders of liver lipid metabolism remains controversial, and
Lysosome e . P .

Reversibility the reversibility of NPs-induced hepatotoxicity is largely unknown. In this study, the effects of long-term

exposure to environmentally relevant doses of polystyrene nanoplastics (PS-NPs) on lipid accumulation were
investigated in terms of autophagy and lysosomal mechanisms. The findings indicated that hepatic lipid accu-
mulation was more pronounced in mice exposed to 100 nm PS-NPs compared to 500 nm PS-NPs. This effect was
effectively alleviated after 50 days of self-recovery for 100 nm and 500 nm PS-NPs exposure. Mechanistically,
although PS-NPs exposure activated autophagosome formation through ERK (mitogen-activated protein kinase
1)/mTOR (mechanistic target of rapamycin kinase) signaling pathway, the inhibition of Rab7 (RAB7, member
RAS oncogene family), CTSB (cathepsin B), and CTSD (cathepsin D) expression impaired lysosomal function,
thereby blocking autophagic flux and contributing to hepatic lipid accumulation. After termination of PS-NPs
exposure, lysosomal exocytosis was responsible for the clearance of PS-NPs accumulated in lysosomes.
Furthermore, impaired lysosomal function and autophagic flux inhibition were effectively alleviated. This might
be the main reason for the alleviation of PS-NPs-induced lipid accumulation after recovery. Collectively, we
demonstrate for the first time that lysosomes play a dual role in the persistence and reversibility of hepatotoxicity
induced by environmental relevant doses of NPs, which provide novel evidence for the prevention and inter-
vention of liver injury associated with nanoplastics exposure.

1. Introduction

The advent of plastics is a history of innovation, providing significant
convenience to worldwide manufacturing and everyday existence.
However, the surge in plastic pollution has become an escalating envi-
ronmental crisis in the current era. As of 2020, global plastic production
had surged to nearly 10 billion tons, with roughly 80% of the resulting
plastic waste persisting in the natural environment (Geyer et al., 2017;
UNEP, 2021). Over time, plastic waste undergoes photodegradation,
mechanical abrasion, biodegradation, and/or other processes to pro-
gressively break down into small-sized plastic debris, namely nano/
microplastics (NMPs). Those with particle sizes smaller than 5 mm are
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classified as microplastics (MPs). While there is still debate over whether
the upper size limit for nanoplastics is 100 nm or 1000 nm, the scientific
community generally accepts that plastic debris ranging from 1 to 1000
nm are considered nanoplastics (NPs) (Gigault et al., 2018; Goncalves
and Bebianno, 2021; WHO, 2022). Increasing numbers of studies have
demonstrated the presence of NMPs in air (Klein and Fischer, 2019),
drinking-water (Samandra et al., 2022), and food (Van Cauwenberghe
and Janssen, 2014), indicating possible health risks to humans associ-
ated with exposure to NMPs through inhalation, ingestion and/or
dermal contact. Recently, NMPs have been detected in the blood of
healthy individuals, with concentrations as high as 1.6 pg/mL (Leslie
et al.,, 2022). Once the environmental pollutants enter the human
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bloodstream, they can be easily transferred to peripheral organs.
Notably, Horvatits et al. (2022) have discovered 4.6 to 11.9 particles/g
in liver tissue samples of patients with cirrhosis. Furthermore, this study
pointed out that even in control populations without hepatic disease, a
certain amount of NMPs was also observed, with concentrations ranging
from 0.3 to 1.9 particles/g. Therefore, further investigation into NMPs-
induced hepatotoxicity is imperative.

The liver is widely recognized as a pivotal organ in lipid metabolism.
The influence of NMPs exposure on lipid metabolism has gained much
attention in recent years. For example, exposure of 1 pm polystyrene
(PS) NMPs resulted in elevated levels of total triglyceride (TG) and
excessive deposition of lipid droplets in liver organoids (Cheng et al.,
2022). Similarly, in high-fat diet fed mice, chronic oral exposure to 60
nm-sized PS NMPs exacerbated hepatic lipid accumulation, possibly due
to enhanced intestinal barrier permeability and metabolic stress (Shiu
et al.,, 2022). In contrast, the levels of serum and hepatic TG were
reduced in mice following exposure to 2 pm polyvinyl chloride (PVC)
NMPs for 60 days (Chen et al., 2022). Lu et al. (2018) also found that
mice exposed to 1000 pg/L of 0.5 and 50 pm PS NMPs for 5 weeks
decreased TG synthesis and disturbed hepatic lipid metabolism rather
than inducing lipid accumulation. Obviously, there remains controversy
regarding the effect of NMPs with different particle sizes on lipid
metabolism, which requires further validation.

It is worth noting that NMPs belong to a class of chemically stable
solid particles that are difficult to degrade or decompose in living or-
ganisms. These NMPs accumulated in cells could be removed through
the exocytosis pathway (Sakhtianchi et al., 2013; Liu et al., 2021),
thereby raising concerns regarding the persistence or reversibility of
NMPs toxicity. Han et al. (2023) suggested that the changes in gut
microbiota diversity induced by acute NMPs exposure in Eriocheir
sinensis could return to near-normal levels after a certain period of re-
covery, whereas hepatopancreas damage remained irreversible during
the recovery period. Similarly, the survival rate of juvenile large yellow
croaker Larimichthys crocea following NMPs treatment was significantly
lower than that in the control group during both the exposure and re-
covery periods, and the activities of superoxide dismutase (SOD) and
catalase (CAT), two markers of oxidative stress, remained elevated
above the baseline in the liver after recovery under high concentration
NMPs treatment, showing poor self-recovery effects (Li et al., 2021a).
However, oxidative stress induced by NMPs in diatoms (Phaeodactylum
tricornutum) at environmentally relevant concentrations was reversible
(Yao et al., 2023). Obviously, the research on the persistence or
reversibility of NMPs toxicity mainly focused on a few aquatic organ-
isms. Whether NMPs accumulated in the liver of terrestrial organisms
could be excreted from the body and thus alleviate lipid metabolism
disorders after termination of NMPs exposure remain to be elucidated.

Autophagy, also known as macroautophagy, is a highly conserved
cellular process in eukaryotes that involves the degradation of cyto-
plasmic waste in lysosomes. This multistep pathway includes autophagic
cargo recognition, autophagosome formation, autophagosome-lysosome
fusion, as well as the subsequent degradation and recycling of auto-
phagic cargo (Yamamoto et al., 2023). The quantification of autophagic
degradation activity is commonly known as autophagic flux (Klionsky
et al., 2012). Under physiological conditions, maintaining basal levels of
autophagic flux is crucial for metabolic homeostasis in liver (Ueno and
Komatsu, 2017). However, impaired autophagy can inhibit decompo-
sition of lipid droplets, thereby inducing excessive lipid accumulation
and inflammation, and even exacerbating liver fibrosis and cancer
(Ueno and Komatsu, 2017; Scorletti and Carr, 2022). Furthermore,
recent research has highlighted that abnormal autophagy triggered by
environmental pollutants is increasingly recognized as a noteworthy
factor in the disruption of lipid metabolism and hepatic impairment. For
instance, the food contaminant 1,3-dichloro-2-propanol (1,3-DCP) was
found to induce hepatic lipid accumulation by inhibiting autophagy
through thymoma viral proto-oncogene 1(AKT)/mechanistic target of
rapamycin kinase (mTOR)/forkhead box O1(FOXO1) signaling pathway
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in mice (Fan et al., 2021). Lysosomes, the acidic organelles with
numerous hydrolytic enzymes, participate in autophagic degradation
through fusion with autophagosomes. The efficient progression of
autophagic flux is largely dependent on lysosomal activity and function.
Zhao et al. (2022) confirmed that lead (Pb) impaired lysosome forma-
tion and activity mediated by transcription factor EB (TFEB), thereby
blocking the autophagic flux and ultimately aggravating the lipid
accumulation in human hepatocellular carcinoma (HepG2) cells. Simi-
larly, exposure to bisphenol A (BPA) decreased the translocation of
Syntaxin 17 (Stx17) to lysosomes, leading to a defect in autophagosome-
lysosome fusion, which was responsible for abnormal accumulation of
lipid droplets (Yang et al., 2017; Song et al., 2019). For NMPs, the co-
exposure to arsenic and 500 nm PS NMPs induced autophagy and
inhibited autophagic degradation in mouse liver (Zhong et al., 2022).
However, whether NMPs-induced lipid accumulation was associated
with autophagy-lysosome pathway has not been established.

It is worth noting that with advancements in detection technology,
NPs have been detected in rivers, seas, and nature reserves across Asia,
Europe, Antarctica, and the Arctic Ocean (Shi et al., 2023). Recent
research has also revealed the widespread occurrence of NPs with par-
ticle sizes ranging from 100 nm to 500 nm in bottled drinking water;
furthermore, there is a higher abundance of NPs at approximately 100
nm and 500 nm sizes (Huang et al., 2022; Zhang et al., 2023). Addi-
tionally, PS emerged as one of the predominant types detected in human
liver samples (Horvatits et al., 2022). Therefore, considering these fac-
tors collectively, polystyrene nanoplastics with particle sizes of 100 nm
and 500 nm (referred to as “100 nm PS-NPs” and “500 nm PS-NPs”) were
chosen for the investigation of their hepatotoxicity at an environmen-
tally relevant concentration in this study. The objectives are three-fold:
(1) to confirm whether exposure to PS-NPs could induce lipid accumu-
lation with particle size dependence; (2) to elucidate the effects of
exposure to PS-NPs on the autophagy-lysosome pathway; (3) to clarify
whether PS-NPs-induced liver damage could be reversed after a period
of recovery. This study offers novel insights into the potential impact of
NPs on lipid metabolism, which is critical for assessing the health risks of
NPs.

2. Materials and methods
2.1. Nanoplastics characteristics

Two types of commercial PS-NPs suspensions were used in this study.
One type was spherical PS-NPs with diameters of 100 nm and 500 nm
(2.5% w/v in ultrapure water), which was obtained from the BaseLine
ChromTech Research Centre (Tianjin, China). The other type of 100 nm
and 500 nm PS-NPs was filled with green fluorescent substances,
exhibiting excitation and emission wavelengths at 470 and 525 nm,
respectively (Hugebio Biotechnology Company, Shanghai, China). It is
important to note that there are no fluorescent materials attached to the
surface of these particles. The morphological characteristics, size dis-
tribution, and chemical composition of the particles were verified using
a scanning electron microscope (SEM, S-4800, Hitachi, Japan), a particle
size analyzer (Malvern Zetasizer Nano-ZS, Model ZEN3600, UK) and a
LabRAM Aramis confocal Raman microscope (Horiba Jobin Yvon, USA),
respectively. In addition, the fluorescence stability was determined by
measuring the fluorescence intensity of 100 nm and 500 nm fluorescent
PS-NPs using a microplate reader (Spark, Tecan, Switzerland) after two
months of incubation in a dark environment at 37 °C.

2.2. Animals and PS-NPs treatment

All male C57BL/6 mice (six-weeks old) were purchased from the
SLAC Laboratory Animal Center (Shanghai, China), and maintained in
cages with free access to animal chow and water under a specific
pathogen-free condition (22 + 2 °C room temperature, 55 + 5% relative
humidity and a 12/12 h light/dark cycle). All animal experiments were
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performed in accordance with the relevant guidelines of the Institutional
Animal Ethics Committee of the Institute of Urban Environment, Chi-
nese Academy of Sciences. For the long-term toxicity experiment, the
mice in the exposed groups were administered a diet containing 100 nm
and 500 nm PS-NPs at a concentration of 0.1 g/kg for a duration of 180
days, respectively. This dosage was determined based on the dose of
environmental exposure for humans. On a global scale, the estimated
per capita intake of NMPs through various exposure routes ranges from
0.1 to 5 g/week (approximately equivalent to 14-700 mg/day) (Sen-
athirajah et al., 2021), which corresponds to 0.2-10 mg/kg body weight
(bw), assuming an average bw of 70 kg/person. Thereafter, using a
classical pharmacological and toxicological formulation (Nair and
Jacob, 2016), the equivalent dose in mice is calculated to be 2.46-123
mg/kg bw based on the human daily intake dose. Considering a daily
food intake of 2-5 g per mouse and a bw range of 20-35 g, our dose (0.1
g/kg food) corresponds to an exposure dose of 10-14.4 mg/kg bw in
mice, which falls well within the estimated mice equivalent dose. Mice
in the 180-day control group received a standard rodent chow diet. The
corresponding recovered groups for 100 nm and 500 nm PS-NPs exposed
groups were that the mice continued to be fed a standard rodent chow
diet for 50 days after the exposure, and the 230-day control group was
also set up (n = 5).

For the biodistribution experiment, the mice in two exposed groups
were treated with 100 nm and 500 nm fluorescent PS-NPs at the con-
centration of 0.2 mg/mL, respectively. The fluorescent PS-NPs was
diluted in drinking water, and the mice were continuously exposed for
30 days. With a daily water intake of approximately 5 mL, this dose
corresponds to an intake of 1 mg per mouse per day, which is slightly
higher than the dose used for the long-term toxicity exposure described
above, for the purpose of enhancing the detectability of fluorescent PS-
NPs. The mice in the control group drank fluorescent PS-NPs-free water.
The two restored groups were mice subjected to an additional 30-day
period of normal water consumption after being exposed to 100 nm
and 500 nm fluorescent PS-NPs, respectively. The recovered control
group was also set up where mice consumed normal water for 60 days.

To avoid the possible MPs/NPs contamination in the laboratory
environment, glassware or metal consumables were used for mouse
drinking water and food containers, dissection-related supplies, and
storage tubes for samples.

2.3. Cell culture

The human hepatocellular carcinoma cell line (HepG2) suitable for
studying lipid metabolism was purchased from Cell Bank of Type Cul-
ture Collection, Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in MEM (Gibco, NY, USA) supplemented with 1.5 g/L
NaHCOs, 0.11 g/L sodium pyruvate, and 10% fetal bovine serum
(HyClone, Victoria, Australia) in a humidified incubator containing 5%
CO; at 37 °C.

2.4. Fluorescent PS-NPs biodistribution

At the end of the fluorescent PS-NPs exposure, the mice were sacri-
ficed, and their liver tissues were collected. Subsequently, these fresh
liver samples were immediately imaged using an IVIS Lumina Il imaging
system (PerkinElmer, USA) equipped with a charge coupled device
(CCD) camera. The 465 nm excitation filter and the GFP emission filter
were selected to detect the fluorescent signals of the mouse liver. The
exposure time was set to 60 s. The acquisition and analysis of the data
were performed using the Living Image 4.3.1 software.

2.5. Lipid index assays
TG and total cholesterol (TC) in liver tissues were measured by

commercial kits (Nanjing Jiancheng, jiangsu, China) according to the
manufacturer’s protocols. The absorbance was measured at 510 nm
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using a microplate reader (Spark, Tecan, Switzerland).
2.6. Oil-Red-O assay

Lipid accumulation was visualized by Oil-Red-O staining. Briefly,
frozen hepatic sections were fixed and stained with Oil-Red-O work-
solution for 10 min, then differentiated with 60% isopropanol, coun-
terstained with hematoxylin and mounted in glycerin jelly. The images
were captured using an Olympus CKX41 light microscope (Tokyo,
Japan).

2.7. mRNA expression

Total RNA was extracted from mouse liver samples using the TRIzol
reagent (Thermo Fisher Scientific, MA, USA) and reversely transcribed
with HiScript III RT SuperMix for qPCR (4+gDNA wiper) (Vazyme,
Nanjing, China). Real-time PCR was performed using the ChamQ SYBR
qPCR Master Mix (Vazyme) on a LightCycler®480 Instrument II (Roche,
Basle, Switzerland).

2.8. Western blot analysis

Total protein of mouse liver was prepared using RIPA buffer (Thermo
Fisher Scientific), and the concentrations were measured using the BCA
protein assay kit (Thermo Fisher Scientific). Equal amounts of protein
were subjected to gel electrophoresis and blotted on PVDF membranes.
Then, the membranes were blocked and incubated with antibodies
against sterol regulatory element binding transcription factor 1/Srebfl
(Abcam, #ab28481, 1:2000), fatty acid binding protein 1/Fabpl (Cell
Signaling Technology, #13368, 1:1000), acyl-Coenzyme A oxidase 1,
palmitoyl/Acox1 (Abcam, #ab184032, 1:2000), carnitine palmitoyl-
transferase 1a/Cptla (Abcam, #ab234111, 1:2000), apolipoprotein C-
I1I/Apoc3 (Abcam, #ab108205, 1:2000), microtubule-associated pro-
tein 1 light chain 3 beta/LC3B (Abcam, #ab192890, 1:2000), seques-
tosome 1/p62 (Abcam, #ab109012, 1:10000), autophagy related 5/
ATG5 (Abcam, #ab108327, 1:2000), Beclin 1 (Abcam, #ab207612,
1:2000), mitogen-activated protein kinase 1/ERK (Abcam, #184699,
1:10000), Phospho-ERK (Abcam, #ab201105, 1:1500), mTOR (Abcam,
#ab134903, 1:10000), Phospho-mTOR (Ser2448) (Abcam, #ab109628,
1:2000), RAB7, member RAS oncogene family/Rab7 (Abcam,
#ab137209, 1:5000), cathepsin B/CTSB (Cell Signaling Technology,
#31718, 1:1000), cathepsin D/CTSD (Abcam, #ab75852, 1:2000), and
B-actin (Cell Signaling Technology, #4970, 1:2000). The antibody-
reactive bands were visualized by ECL chemiluminescence detection
system (WesternBright™ ECL HRP substrate, Advansta, CA, USA), and
quantified by Image-Pro Plus 6.0 software (Media Cybernetics, MD,
USA).

2.9. Transmission electron microscope (TEM) observation

TEM-based observation was performed to determine PS-NPs-induced
autophagosomes in mouse liver at the ultrastructural levels. A small
portion of mouse liver samples in the exposed and control groups were
cut into small pieces, and fixed in 2.5% glutaraldehyde for 2 h at 4 °C,
followed by post-fixed with 1% osmium acid for 1 h. Then, the samples
were dehydrated in a graded ethanol series and acetone, and embedded
in Spurr resin. The ultrathin sections were acquired using an ultrami-
crotome (Leica UC7, Germany), and subsequently stained with uranyl
acetate. Finally, the autophagosomes of the liver samples were visual-
ized under a TEM (H-7650, Hitachi, Japan).

2.10. Localization of fluorescent PS-NPs in lysosomes in vitro
HepG2 cells were exposed to 20 pg/mL of 100 nm and 500 nm green

fluorescent PS-NPs, respectively. After a 24-h exposure, cells were
incubated for 30 min with 50 nM LysoTracker Red DND-99 (Invitrogen,
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USA), a dye that labeled lysosomes with red fluorescence. The stained
HepG2 cells were immediately photographed with a LSM 710 Laser
Scanning Confocal Microscope (Zeiss, Jena, Germany). The signal
overlap between green and red channels, as shown by the yellow pixels,
represented the entry of the exposed PS-NPs into lysosomes in HepG2
cells.

2.11. Lysosomal exocytosis

An activator (ionomycin) and an inhibitor (bafilomycin A1) were
used to explore the exocytosis pathway in vitro. lonomycin is an iono-
phore that increases intracellular calcium to promote the fusion of the
lysosome to cell membrane (Ding et al., 2018), while bafilomycin Al is a
late-phase autophagy inhibitor used for the suppression of lysosomal
acidification (Yanes et al., 2013). Briefly, HepG2 cells were exposed to
20 pg/mL of 100 nm and 500 nm fluorescent PS-NPs for 24 h, respec-
tively. Subsequently, the exposed cells were incubated with 100 nM
bafilomycin Al or 10 pM ionomycin (MedChemExpress, New Jersey,
America) for 3 h. The experimental groups were set as follows: the 100
nm PS-NPs group, the 100 nm PS-NPs + ionomycin group, and the 100
nm PS-NPs + bafilomycin Al group; the 500 nm PS-NPs group, the 500
nm PS-NPs + ionomycin group, and the 500 nm PS-NPs + bafilomycin
Al group. Intracellular fluorescence intensity was quantified using a
microplate reader (Spark, Tecan, Switzerland) following a 9-h incuba-
tion in fresh medium, and normalized to the number of cells.

2.12. Statistical analysis

The data analysis was performed using an SPSS software (Version
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19.0). Two-group comparison was analyzed using unpaired Student’s t
test. Statistical differences were considered as significant at p < 0.05.

3. Results
3.1. PS-NPs characteristics

The SEM images showed that the morphology of the studied PS-NPs
was all spherical with uniform size (Fig. 1A). The particle size distri-
bution was depicted in Fig. 1B, and the average diameters of 100 nm and
500 nm PS-NPs, as well as 100 nm and 500 nm fluorescent PS-NPs,
dispersed in ultrapure water were approximately 103.1, 514.9, 107.2,
and 539.2 nm, respectively. For fluorescent PS-NPs, since the normal
temperature of the experimental mice was 37 + 1 °C, we investigated
the fluorescence attenuation at 37 °C, and found that the fluorescence
intensity of 100 nm and 500 nm fluorescent PS-NPs did not significantly
decrease after two months of incubation in the dark at 37 °C (Fig. 1C),
indicating that both sizes of fluorescent PS-NPs could effectively main-
tain their fluorescence stability, thereby fulfilling the requirements for
the following biodistribution analysis. For PS-NPs without fluorescent
labeling, Raman spectrometry confirmed that the chemical composition
of these particles used for the long-term toxicity experiment was poly-
styrene (PS) (Fig. 1D). This result was consistent with the Raman
spectrometry of the PS standard substance (Wright et al., 2019).

3.2. PS-NPs biodistribution

The biodistribution of 100 nm and 500 nm fluorescent PS-NPs in the
mouse liver was monitored by an ex vivo fluorescence imaging system.
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Fig. 1. Characterization of PS-NPs with different particle sizes. (A) SEM micrographs. (B) Size distribution. (C) Changes in fluorescence intensity of 100 nm and 500
nm fluorescent PS-NPs after two months of incubation at 37 °C in the dark. (D) Raman spectra of 100 nm and 500 nm PS-NPs.
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As depicted in Fig. 2A and B, the fluorescence intensities of the liver
were significantly increased in the 100 nm and 500 nm PS-NPs-exposed
groups compared to the 30-day control group. Following a recovery
period of 30 days, there was a significant decrease in liver fluorescence
intensity in the 100 nm and 500 nm PS-NPs-restored groups. These re-
sults indicated that both the 100 nm and 500 nm PS-NPs could effec-
tively penetrate the intestinal barrier and accumulate in the mouse liver.
Importantly, these PS-NPs were found to be excreted from the liver after
a certain recovery period.

3.3. Exposure to 100 nm PS-NPs induced a more pronounced non-
alcoholic fatty liver disease (NAFLD)-like phenotype than exposure to 500
nm PS-NPs in mice

We next investigated the hepatotoxicity of 100 nm and 500 nm PS-
NPs in mice. Fig. 3A and B showed that exposure to 100 nm PS-NPs
for 180 days had more weight gain than the control group, accompa-
nied by a significant increase of liver weight. For lipids, there was no
distinct change in hepatic TC (Fig. S1), while hepatic TG was increased
in mice exposed to 100 nm PS-NPs (Fig. 3C). In contrast to the effects
observed in 100 nm PS-NPs-exposed group, no significant differences
were detected in body weight, liver weight, and hepatic TG levels be-
tween 500 nm PS-NPs-exposed group and 180-day control group
(Fig. 3A-C). Additionally, after 50 days of recovery, although the body
weight and hepatic TG levels in the 100 nm-recovered group remained
higher than those in the recovered control group (Fig. 3A and C), there
was no significant change observed in liver weight (Fig. 3B). Oil-Red-O
staining experiment further revealed that the accumulation of lipid
droplets in the liver induced by 100 nm PS-NPs was more pronounced
than that induced by 500 nm PS-NPs. Moreover, the area of lipid
droplets was significantly reduced in the 100 nm PS-NPs-recovered
group compared to the 100 nm-exposed group (Fig. 3D and E). There-
fore, chronic dietary exposure to 100 nm PS-NPs resulted in a more
pronounced effect on hepatic lipid accumulation in mice compared to
500 nm PS-NPs, and this effect was effectively alleviated after a certain
period of recovery for 100 nm and 500 nm PS-NPs exposure.

3.4. Effect of PS-NPs exposure on lipid metabolism-related gene and
protein expression in mice

To further confirm PS-NPs-induced hepatic lipid accumulation, the
gene expression involved in lipid synthesis (Fig. 3F, Fig. S2A-D), uptake
(Fig. 3G, Fig. S2E-H), oxidation (Fig. 3H and I, Fig. S2I) and secretion
(Fig. 3J, Fig. S2J and K) were examined. Fig. 3F showed that the mRNA
expression of Srebf1 related to lipid synthesis was upregulated in the
liver of 100 nm PS-NPs-exposed mice, compared to the 180-day control.
Similarly, 100 nm PS-NPs exposure resulted in elevated expression of
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Fabp1 (Fig. 3G). Moreover, the mRNA expression of Acox1, Cptla, and
Apoc3, involved in lipid oxidation and secretion, was also increased in
the liver of 100 nm PS-NPs-exposed mice (Fig. 3H-J). However, except
for the upregulated Srebf1, the expression of Fabpl, Acox1, Cptla, and
Apoc3 did not change significantly in 500 nm PS-NPs-exposed group
(Fig. 3F-J). After a 50-day recovery period, no significant differences
were observed in the expression of 16 genes closely related to lipid
metabolism in either the 100 nm PS-NPs-recovered group or the 500 nm
PS-NPs-recovered group compared to the 230-day control group
(Fig. 3F-J, Fig. S2A-K). To verify the changes of gene expression, the
protein levels of Srebfl, Fabpl, Acox1, Cptla, and Apoc3 were further
measured. Consistently, exposure to 100 nm PS-NPs led to an increase in
the protein levels of Srebfl, Fabpl, Acox1, Cptla, and Apoc3 in mouse
liver, all of which decreased after termination of exposure (Fig. 3K,
Fig. S3A-E). For 500 nm PS-NPs-exposed group, there were no signifi-
cant differences in the protein levels of Fabp1l, Acox1, and Apoc3, while
Srebfl and Cptla was upregulated, and the fold change of Srebfl and
Cptla expression was less than that of the 100 nm PS-NPs-exposed group
(Fig. 3K, Fig. S3A-E). Although the Cptla expression was still upregu-
lated in 500 nm PS-NPs-recovered group, the Srebfl expression was
downregulated compared to the 500 nm PS-NPs-exposed group (Fig. 3K,
Fig. S3A, and Fig. S3D). These results further indicated that 100 nm PS-
NPs exhibited a greater potential to induce hepatic lipid accumulation
than 500 nm PS-NPs at the molecular level, and this effect could be
reversible.

3.5. PS-NPs exposure induced autophagosome formation, while
simultaneously inhibiting autophagic degradation in mouse liver

Autophagy plays a crucial role in maintaining lipid homeostasis
(Ueno and Komatsu, 2017; Scorletti and Carr, 2022). To elucidate the
potential mechanism underlying PS-NPs-induced hepatic lipid accu-
mulation, the changes of autophagic process in mouse liver were
examined. Fig. 4A indicated that exposure to 100 nm PS-NPs resulted in
excessive autophagosome formation, characterized by a marked in-
crease in double-membrane-bound autophagic vacuoles. Moreover, the
protein expression of Beclin 1 and ATG5, which was involved in the
initiation and formation of autophagosomes, was evidently increased in
response to 100 nm PS-NPs (Fig. 4B-D). Similarly, the expression of
autophagosome formation marker protein LC3B II and the ratio of LC3B
I1/1 were elevated (Fig. 4B, E, and F). These results suggested that 100
nm PS-NPs promoted the initiation and formation of hepatic autopha-
gosomes in mice. Meanwhile, the inhibition of autophagic degradation
was demonstrated by the increased protein expression of p62, an auto-
phagic degradation marker protein, in the liver tissue of mice exposed to
100 nm PS-NPs (Fig. 4B and G). However, no statistically significant
differences were observed in the LC3B II/I ratio and p62 protein
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expression between 500 nm PS-NPs-exposed group and 180-day control
group; moreover, the fold changes of Beclin 1, ATG5, and LC3B II pro-
tein were relatively lower in the 500 nm PS-NPs-exposed group than
those in the 100 nm PS-NPs-exposed group (Fig. 4B-G). Additionally, the
protein levels of Beclin 1, ATG5, LC3B II, and p62 were significantly
reduced in the 100 nm and 500 nm PS-NPs-recovered groups compared
to their corresponding exposed groups (Fig. 4B-G), suggesting that
autophagy dysregulation in mouse liver induced by 100 nm and 500 nm
PS-NPs exposure were reversible.

3.6. PS-NPs exposure facilitated autophagosome formation via the ERK/
mTOR signaling pathway

mTOR, mechanistic target of rapamycin kinase, serves as the central
hub that manipulates autophagosome initiation and formation (Kim and
Guan, 2015). Next, we analyzed the protein expression of mTOR in
mouse liver. As expected, exposure to 100 nm and 500 nm PS-NPs
inhibited the phosphorylation of mTOR (Fig. 5A and B). Correspond-
ingly, the phosphorylation levels of ERK, a key upstream effector of
mTOR, was also significantly reduced (Fig. 5A and C), suggesting that
100 nm and 500 nm PS-NPs might activate autophagosome initiation
and formation through ERK/mTOR signaling pathway in mouse liver.
Subsequently, after 50 days of recovery, the previously lowered phos-
phorylation levels of ERK and mTOR were restored to the levels com-
parable to those of the 230-day control (Fig. 5A-C).

3.7. PS-NPs exposure impaired lysosomal function in mice

The lysosomal function is essential to degrade the autophagic cargo.
Fig. 6A demonstrated that a higher uptake of 100 nm PS-NPs by HepG2
cells was observed compared to 500 nm PS-NPs (green dots), and the
internalized 100 nm PS-NPs were predominantly localized in lysosomes
(yellow dots). Moreover, higher levels of lysosomal accumulation were
observed in 100 nm PS-NPs-exposed cells compared to those exposed to
500 nm PS-NPs, as evidenced by changes in the number of yellow dots,
the co-localization of red fluorescently labeled lysosomes with green
fluorescently labeled PS-NPs. We thus speculated that 100 nm PS-NPs
might cause more severe lysosomal damage than 500 nm PS-NPs.
Indeed, the downregulation of Rab7 protein expression in the liver of
mice exposed to 100 nm PS-NPs exhibited a greater magnitude
compared to that in 500 nm PS-NPs-exposed group (Fig. 6B and C).
Similarly, the lysosomal major hydrolytic proteases CTSB and CTSD
were significantly downregulated in 100 nm PS-NPs-exposed group, but
not in 500 nm PS-NPs-exposed group (Fig. 6B, D and E). These findings
suggested that 100 nm PS-NPs caused more severe damage to lysosomes
than 500 nm PS-NPs in vivo. Additionally, the internalized 100 nm and
500 nm PS-NPs predominantly accumulated in the lysosomes in HepG2
cells (Fig. 6A), suggesting a potential excretion pathway through
lysosome-dependent exocytosis. To test this hypothesis, we employed
ionomycin to stimulate lysosome-membrane fusion and bafilomycin A1l
to inhibit lysosomal acidification. Fig. 6F showed that intracellular
fluorescence intensity was decreased in the 100 nm PS-NPs + ionomycin
group, whereas it was increased in the 100 nm PS-NPs + bafilomycin A1l
group compared to the 100 nm PS-NPs group. Similar changes were also
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Beclin 1, LC3B, and p62. (C-G) Quantification of the protein levels of Beclin 1, ATG5, LC3B II, LC3B II/LC3B I, and p62 (n = 5/group). Data were mean + SEM. *p <
0.05, **p < 0.001 the exposed group vs. the 180-day control; #p < 0.05 the restored group vs. the 230-day control; ®p < 0.05, ®®p < 0.001 100 nm PS-NPs-exposed
group vs. 100 nm PS-NPs-restored group; yp < 0.05 500 nm PS-NPs-exposed group vs. 500 nm PS-NPs-restored group. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

PS-NPs Exposed Group Restored Group B [ Exposed Group C 1 Exposed Group
Ctrl 100 nm 500 nm Ctrl 100 nm 500 nm I Restored Group M Restored Group
R : 1.5
prERK e e || e o | < oo v & 18
"4 — =
ERK ‘..-H--~‘ 510 * 51'0
p— —— n:
povron [ s | [ Gos{ | o
— o r £
TOR o
; & & &
B-actin ---H---| \QQ ‘)QQ

Fig. 5. Effect of chronic dietary exposure to PS-NPs on the ERK/mTOR pathway in mouse liver. (A) The protein expression of ERK, p-ERK, mTOR, and p-mTOR in the
exposed groups and restored groups. (B and C) Quantification of the protein levels of p-ERK/ERK and p-mTOR/mTOR. Data were mean + SEM (n = 5/group). *p <
0.05, **p < 0.001 the exposed group vs. the 180-day control; ®®p < 0.001 100 nm PS-NPs-exposed group vs. 100 nm PS-NPs-restored group; yp < 0.05, yyp < 0.001
500 nm PS-NPs-exposed group vs. 500 nm PS-NPs-restored group.



Y.-Y. Lu et al.

A Fluorescent NPs Lysosome Bright field Merged

Exposed Group

Environment International 185 (2024) 108532

c 7] Exposed Group

Restored Group I Restored Group

= PS-NPs i 100nm 500mm Gifl 100 nm 500 nm
N 1.5 ° w
Rab7 |" A s o e —s k=
=
S 1.04.T |
£ s | | o — — &
< CcTsB = * X
S : - R N || ——— — e 0.5 T
2 - g
g CTSD | S o s | || S . am— 0.0
£ dé\ & &
c O N
s BaCtn |name — — | | — — S Ly
wn
o
D [ E d G F G
Xposec faroup [ Exposed Group > 1.51 >1.5
R * 21
1.5 I Restored Group I Restored Group s = ]
.E (0] .E - 5 = - 5
k) T ] SE10{, T = EZ10
‘-‘ 'P g ] * — % []
o (=) S o —_— o 8
%) %) £ 3 0.59 = €505
- = ot 2 —_— - E
© z © g = g
= 0. T r r = 0.0
> Q 100 nm PS-NPs  + + + 500 nm PS-NPs  + + +
dé Qéo Qéo C}' QQ& QQ& i'cl;r:omycin ° - + . ionomycin - + -
N S N o bafilomycin A1 - - + bafilomycin A1 - - +
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observed in the 500 nm PS-NPs + ionomycin group and the 500 nm PS-
NPs + bafilomycin Al group (Fig. 6G). These findings confirmed that the
lysosomal exocytosis was an important route for cellular clearance of
both 100 nm and 500 nm PS-NPs in HepG2 cells. Furthermore, it is
noteworthy that the protein expression of Rab7, CTSB, and CTSD
returned to comparable levels with those of the 230-day control after a
50-day recovery period in both 100 nm and 500 nm PS-NPs-recovered
groups (Fig. 6B-E).

4. Discussion

The ubiquitous NMPs in the natural environment inevitably increase
human exposure risks, and recent studies have detected the presence of
NMPs in human liver tissue, highlighting the practical significance of
studying their hepatotoxicity (Cox et al., 2019; Vethaak and Legler,
2021; Horvatits et al., 2022; Leslie et al., 2022). However, little infor-
mation is currently available regarding potential hazards posed by NMPs
to hepatic lipid accumulation and related molecular mechanisms. In this
study, we clarified the size-dependent effect of PS-NPs-induced lipid
accumulation at an environmentally relevant dose in mice, which was
associated with abnormal autophagy and lysosomal damage. More
importantly, we revealed for the first time that PS-NPs accumulated in
the liver could be excreted from the body and the effects of lipid accu-
mulation could be alleviated upon termination of PS-NPs exposure.

In this study, fluorescent PS-NPs with particle sizes of 100 nm and
500 nm were observed in the mouse liver through ex vivo fluorescence
imaging. Consistently, these two particle sizes of PS-NPs could accu-
mulate in the liver of Nile tilapia (Oreochromis niloticus) determined
using the pyrolysis method in combination with gas chromatography-
mass spectrometry (Py-GC/MS) (Wang et al., 2023). It’s worth noting
that Yu et al. (2019) verified that NPs were predominantly distributed in
the liver, followed by the spleen and lung tissues in mice. Similarly, Gao
et al. (2022) also confirmed that mice exposed to polyethylene

terephthalate (PET) NPs showed the highest accumulation of NPs in
their liver compared to other organs, with NPs concentrations 7-fold
higher than those detected in the spleen, the second organ where NPs
accumulated. Thus, it is of substantial scientific significance to evaluate
NPs-induced hepatotoxicity. Considering that the liver is one of the
largest metabolic organs in the organism and plays a pivotal role in lipid
metabolism, we focused on investigating the effect of PS-NPs accumu-
lated in the liver on lipid metabolism in vivo. Our results showed that
oral exposure to environmentally equivalent concentrations of 100 nm
and 500 nm PS-NPs for 180 days resulted in the excessive accumulation
of lipid droplets in the liver of mice. Furthermore, the impact of 100 nm
PS-NPs on lipid accumulation was significantly more pronounced than
that of 500 nm PS-NPs. This particle size-dependent effect was also
verified by the gene and protein trends of Srebfl, Fabp1l, Acox1, Cptla,
and Apoc3 following exposure to 100 nm and 500 nm PS-NPs. Although
the effect of 500 nm PS-NPs exposure on lipid metabolism was inferior to
that of 100 nm PS-NPs, there was still a slight induction of lipid accu-
mulation and a significant upregulation of Srebfl and Cptla.
Conversely, a previous study reported negative regulation of lipid
metabolism after exposure to 500 nm PS-NPs, as evidenced by decreased
TG levels and reduced gene expression involved in TG synthesis (Lu
et al., 2018). The reason for such differential outcomes might be due to
the effect of exposure duration on lipid metabolism, which was 35 days
in this previous study compared to 180 days in ours. Long-term exposure
to NMPs has been found to induce obesity and lipid accumulation in
other laboratory animal models, such as marine medaka (Oryzias mela-
stigma) and chickens (Zhang et al., 2021a; Yin et al., 2023). In a mouse
model, Shi et al. (2022) found that exposure to 1 pm PS MPs resulted in
significant differences in cortisol, acetylcholine, and N-Acetyl-D-
Glucosamine (GlcNAc) levels determining by metabolome analysis.
These changes increased the risks of insulin resistance, which was one of
the most critical mechanisms involved in lipid metabolism interference
and adipogenesis promotion. When the exposed particle size was
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reduced to approximately 60 nm, NPs exposure did accelerate lipid
accumulation in the liver (Shiu et al., 2022). Similarly, Cheng et al.
(2022) confirmed that exposure to 1 pm PS MPs increased the lipid
accumulation and TG contents in the liver organoids in vitro, even at a
low concentration of 0.25 pg/mL. Collectively, although NMPs are
considered inert polymers, their potential hepatotoxicity and impact on
lipid metabolism cannot be disregarded. Our findings, together with
most previous studies, suggested that long-term exposure to NMPs could
induce hepatic lipid accumulation, which was closely related to the
particle size.

Mechanistically, limited research suggested that NMPs-induced
disruption of lipid metabolism was associated with gut microbiota
dysbiosis, increased gut permeability, and inflammation (Lu et al., 2018;
Deng et al., 2022). Notably, autophagy has emerged as an important
mechanism in the biotoxicity induced by environmental pollutants such
as airborne particulate matter, nanomaterials, and certain common
single environmental chemicals over the past decade (Stern et al., 2012;
Popp and Segatori, 2015; Pesonen and Vahakangas, 2019). In toxicity
studies of NMPs, abnormal autophagy has been also observed in vivo in
tissues such as liver, kidney, brain, and testis (Wang et al., 2021b; Yin
et al., 2022; Zhong et al., 2022; Zhou et al., 2022). It has been reported
that activated ERK can directly or indirectly activate the mTORC1
complex to negatively regulate the initiation and formation of auto-
phagosomes (Ma et al., 2005; Carriere et al., 2008; Carriere et al., 2011,
Wang et al., 2019). Likewise, in this study, oral exposure to environ-
mentally relevant doses of 100 nm and 500 nm PS-NPs for 180 days
promoted autophagosome formation through inhibition of the ERK/
mTOR signaling pathway. However, autophagic degradation was
inhibited, as evidenced by an increase in p62 protein expression in the
PS-NPs-exposed group. Throughout the autophagic process, autopha-
gosomes are delivered to lysosomes for subsequent fusion events. Within
the acidic microenvironment of lysosomes, the contents encapsulated in
autophagosomes are degraded by hydrolytic enzymes. Therefore,
maintaining structural and functional integrity of lysosomes is critical
for the successful autophagic degradation (Yamamoto et al., 2023). In
this study, we further verified that 100 nm and 500 nm PS-NPs were
accumulated in lysosomes in HepG2 cells in vitro, and the expression of
lysosomal hydrolytic proteases CTSB and CTSD was inhibited in mouse
liver. These findings suggested lysosomal function was impaired in the
PS-NPs-exposed groups, which might account for the impaired auto-
phagic flux induced by PS-NPs. Notably, the degree of lysosomal
impairment exhibited a strong correlation with the size of PS-NPs, as
evidenced by the lower expression levels of Rab7, CTSB, and CTSD in the
100 nm PS-NPs-exposed group compared to those in the 500 nm PS-NPs-
exposed group.

Emerging evidence has confirmed the crucial physiological role of
autophagy in lipid metabolism, particularly in the degradation of lipid
droplets (Singh et al., 2009). This selective autophagy process was also
known as lipophagy. Dysfunctions or overloading of lipophagy were
strongly implicated in the pathogenesis of NAFLD (Zhang et al., 2021b).
For instance, Bisphenol F (BPF), a primary substitute for BPA, inhibited
lysosomal degradative capacity, thereby contributing to lipophagic
disorder and inducing lipid droplet deposition (Wang et al., 2021a). This
study highlighted the important role of lysosomal events in the process
of lipophagy. The small GTPase Rab7, a marker protein of the late
endocytic pathway, was indispensable for hepatic lipophagy as it
involved in autophagosome-lysosome fusion and facilitated the traf-
ficking of lysosomes to lipid droplets. Inhibition of Rab7 resulted in
morphological alterations of lysosomes and autophagosomes, conse-
quently impaired the ability to breakdown lipid droplets (Schroeder
et al., 2015). In this study, the protein expression of Rab7 was reduced in
the PS-NPs-exposed groups, suggesting that 100 nm and 500 nm PS-NPs
inhibited the fusion of autophagosomes with lysosomes, which in turn
might alleviate the breakdown of lipid droplets and cause excessive lipid
accumulation. A previous study suggested that the decreased activities
of cathepsins regulated lipid metabolism in murine steatohepatitis
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(Houben et al., 2017). This also supported our speculation that 100 nm
PS-NPs-induced downregulation in CTSB and CTSD expression pro-
moted lipid droplet deposition. Collectively, it was reasonable to
conclude that exposure to PS-NPs resulted in impaired lysosomal func-
tion and dysfunction of autophagosome and lysosome fusion, thereby
inhibiting autophagic flux and contributing to hepatic lipid accumula-
tion in mice. Furthermore, this effect was observed to be particle size-
dependent, with 100 nm PS-NPs exhibiting a more pronounced
autophagy-dependent lipid accumulation compared to 500 nm PS-NPs.

The biodistribution and toxicity of particles in living organisms are
determined by several factors, including particle size, material compo-
sition, surface charge, and hydrophobicity/hydrophilicity (Roshanza-
deh et al., 2020; Stock et al., 2021; Banerjee et al., 2022; Du et al., 2023).
Among these factors, particle size is regarded as one of the most influ-
ential determinants. In the mouse model, no significant accumulation of
NMPs with a particle size larger than 40 pm was observed in the intes-
tine or liver (Deng et al., 2022); however, NMPs smaller than 20 pm
were detected in the liver, kidney, and intestine of mice (Deng et al.,
2017). Moreover, the bioavailability of NMPs was observed to increase
as particle size decreased. Liang et al. (2021) demonstrated higher
accumulation of 50 nm PS NMPs compared to 500 nm and 5000 nm PS
NMPs in various organs of mice, including intestine, liver, kidney, brain,
heart, lungs, spleen, testis, and epididymis. The total bioavailability for
50 nm, 500 nm and 5000 nm PS NMPs were found to be 6.16 %, 1.53 %
and 0.46 %, respectively. Regarding the biodistribution of nanoplastics
with particle sizes of 100 nm and 500 nm, Wang et al. (2023) also
verified that 100 nm PS-NPs exhibited significantly higher accumulation
than 500 nm PS-NPs in the liver of Nile tilapia (Oreochromis niloticus),
resulting in particle size-dependent hepatic steatosis. Consistently, in
this study, higher accumulation of PS-NPs was observed in HepG2 cells
for 100 nm particles compared to 500 nm ones (green dots, Fig. 6A);
more importantly, 100 nm PS-NPs induced more severe lysosomal
damage and more pronounced blockage of autophagic flux in mice,
which was closely associated with the degradation of lipid droplets.
These findings elucidate the potential mechanisms underlying the size-
dependent effect of PS-NPs on hepatic lipid accumulation.

Nano/microplastics are a distinct category of solid pollutants that
exhibit chemical inertness and resistance to degradation under mild
conditions, raising questions about their potential for excretion in or-
ganisms and the possibility of spontaneous recovery from induced
toxicity. In this study, 100 nm and 500 nm PS-NPs accumulated in the
liver of mice were significantly decreased after a period of recovery,
suggesting internalized PS-NPs could be excreted from the body via
specific exocytosis pathway. Lysosomal exocytosis is an important
pathway for cellular clearance and tissue remodeling, which involves
the fusion of lysosomes with the plasma membrane, resulting in the
elimination of lysosomal contents (Sakhtianchi et al., 2013; Buratta
et al., 2020). A recent study found that 50 nm and 500 nm PS-NPs were
mainly accumulated in lysosomes after being taken up by rat basophilic
leukemia (RBL-2H3) cells, subsequently undergoing excretion through
energy-dependent lysosomal exocytosis and energy-free penetration
(Liu et al., 2021). Similarly, in this study, the majority of PS-NPs uptake
by HepG2 cells were localized in lysosomes, particularly those with a
small particle size of 100 nm. These PS-NPs could be excreted from the
cells via lysosomal pathway, suggesting that PS-NPs accumulated in
mouse liver were most likely to undergo lysosomal exocytosis for
elimination. More importantly, the effect of PS-NPs on hepatic lipid
accumulation and autophagy was completely reversed and even
restored to comparable levels in the control group following a self-
recovery period of 50 days in mice. These findings provide evidence
that lysosomes, which are involved in the cellular exocytosis pathway,
may play a crucial role in both the elimination of PS-NPs and tissue
repair.

In vivo studies have demonstrated that the liver is one of the most
important target organs for the accumulation and toxic effects of NMPs,
and the presence of NMPs has been detected in human liver samples
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(Horvatits et al., 2022). Previous toxicological studies mainly investi-
gated the hepatic inflammation, oxidative stress, and apoptosis induced
by NMPs exposure (Li et al., 2021b; Banerjee et al., 2022). Notably, in
recent years, the autophagy-lysosome pathway has begun to receive
increasing attention as an emerging mechanism in disturbing hepatic
lipid metabolism and exacerbating the progression of NAFLD (Singh
etal., 2009; Scorletti and Carr, 2022). Moreover, lysosomes, as terminal
degradative organelles, are directly involved in the process of auto-
phagic flux and play an important role in environmental pollutants-
induced lipid accumulation (Song et al., 2019; Wang et al., 2021a;
Zhao et al., 2022). However, the involvement of lysosomes in NPs-
induced hepatotoxicity has not yet been reported. In this study, expo-
sure to 100 nm and 500 nm PS-NPs impaired the degradative capacity of
lysosomes, thereby inhibiting autophagic flux and contributing to he-
patic lipid accumulation in mice. On the other hand, lysosomal exocy-
tosis is an important cellular clearance mechanism, involving the fusion
of lysosomes with the plasma membrane for extracellular release
(Sakhtianchi et al., 2013; Buratta et al., 2020). This process plays a
critical role in maintaining cellular fitness and promoting tissue
remodeling. In this study, we also discovered for the first time that 100
nm and 500 nm PS-NPs could be excreted from the body via lysosomal
exocytosis and alleviate the inhibition of autophagic flux, thus facili-
tating the breakdown of lipid droplets during self-recovery. Collectively,
this dual function of lysosomes deserves particular attention for their
potential implications in both autophagy-dependent lipid accumulation
and exocytosis pathway triggered by NPs. Targeting the lysosomes to
restore normal lysosomal function and autophagy is a promising strat-
egy for treating NPs-induced hepatic lipid accumulation.

5. Conclusions

Our findings offer a novel perspective for understanding the hepa-
totoxicity of environmentally relevant doses of NPs exposure on
terrestrial mammals. The special characteristics of NPs, including their
diverse particle sizes and stable chemical inertness, lead to the
complexity and uncertainty of their toxicological effects. In this study,
long-term oral exposure to an environmentally relevant dose of 100 nm
and 500 nm PS-NPs induced hepatic lipid accumulation in mice, and this
effect was more pronounced in 100 nm PS-NPs-exposed group than in
500 nm PS-NPs-exposed group, potentially due to size-dependent
blockage of autophagic flux. Notably, we also found for the first time
that 100 nm and 500 nm PS-NPs-induced lipid accumulation was
reversible and self-restoring after termination of exposure. More
importantly, lysosomes play a crucial role in the process of PS-NPs
exposure and subsequent self-recovery. Exposure to 100 nm and 500
nm PS-NPs impaired lysosomal function, thereby inhibiting the auto-
phagic degradation, and contributing to lipid accumulation. After
termination of PS-NPs exposure, lysosomes participated in the exocy-
tosis pathway of PS-NPs excretion, thus facilitating the restoration of
impaired autophagic flux and the breakdown of lipid droplets. This dual
function of lysosomes in the liver injury and repair induced by nano-
plastics exposure deserves further attention.
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