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Abstract

Background The global use of plastic materials has undergone rapid expansion, resulting in the substantial
generation of degraded and synthetic microplastics and nanoplastics (MNPs), which have the potential to impose
significant environmental burdens and cause harmful effects on living organisms. Despite this, the detrimental
impacts of MNPs exposure towards host cells and tissues have not been thoroughly characterized.

Results In the present study, we have elucidated a previously unidentified hepatotoxic effect of 20 nm synthetic
polystyrene nanoparticles (PSNPs), rather than larger PS beads, by selectively inducing necroptosis in macrophages.
Mechanistically, 20 nm PSNPs were rapidly internalized by macrophages and accumulated in the mitochondria, where
they disrupted mitochondrial integrity, leading to heightened production of mitochondrial reactive oxygen species
(MtROS). This elevated mtROS generation essentially triggered necroptosis in macrophages, resulting in enhanced
crosstalk with hepatocytes, ultimately leading to hepatocyte damage. Additionally, it was demonstrated that PSNPs
induced necroptosis and promoted acute liver injury in mice. This harmful effect was significantly mitigated by the
administration of a necroptosis inhibitor or systemic depletion of macrophages prior to PSNPs injection.

Conclusion Collectively, our study suggests a profound toxicity of environmental PSNP exposure by triggering
macrophage necroptosis, which in turn induces hepatotoxicity via intercellular crosstalk between macrophages and
hepatocytes in the hepatic microenvironment.
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Background

The rapid expansion of global plastic manufacturing and
application, coupled with the discharge of millions of
tons of plastic waste worldwide annually, has resulted in
significant environmental burdens and posed substantial
threats to human health [1]. Plastic materials are known
for their limited biodegradability, showing the typi-
cal properties of poorly soluble particles of low toxicity
(PSLT) materials [1]. However, they may be intentionally
synthesized at smaller sizes or fragmented from macro-
plastic items into smaller particles, which are referred to
as primary or secondary microplastics (MPs) (£5 mm in
diameter) and nanoplastics (NPs) (€100 nm in diameter).
Regardless of their origin, smaller plastic particles display
an augmented capacity to penetrate biological barriers,
leading to increased ingestion and deposition in major
organs of living organisms that may impose potential
hazardous consequences [2].

In comparison to MPs of the same materials, NPs are
even smaller in size but demonstrate higher active sur-
face physiochemical properties [3]. Consequently, NPs
are more likely to traverse across cell membranes, disrupt
intracellular homeostasis, and promote cellular injury
[3, 4]. Indeed, a substantial body of recent literature has
documented the cytotoxicity of NPs in aquatic organ-
isms and mammalian systems following direct cellular
contact or systemic ingestion, including epithelial cells
in the route of NPs entry and immune cells involved in
NP clearance [1, 5, 6]. Of particular note are findings that
plastic particles may penetrate biological barriers and
repeatedly appear in the blood circulation of humans
after exposure through multiple entry routes, where
most of them are nonspecifically internalized by circula-
tory monocytes and resident macrophages [7]. While this
process is considered essential for mediating the seques-
tration and clearance of NPs, it has recently become
evident that the uptake of NPs may significantly disrupt
the structural integrity of organelles in monocytes and
macrophages, leading to a range of functional abnor-
malities, including lysosomal dysfunction [8], aberrant
lipid metabolism [9] and overactivated inflammasomes
[10]. Despite these findings, the specific harmful impact
of NPs on monocytes/macrophages and the underlying
mechanisms driving the injury or cell death process are
not fully understood. Furthermore, the potential conse-
quences of NP-exposed macrophages and their associ-
ated cellular abnormalities on major tissues and organs
remain to be further explored.

The liver is the principal metabolic organ for the clear-
ance of environmental substances in mammals. Impor-
tantly, a large proportion of administered nanoparticles
(approximately 30-99%) are sequestered in the liver,
involving uptake and trafficking by hepatic macrophages
[11]. Several recent studies have suggested that NPs are
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also preferentially deposited in the liver, where they may
disrupt lipid and energy metabolism [4, 12]. However,
most in vivo studies have primarily focused on detect-
ing the distribution and accumulation of nanoparticles
at the organ level [11]. Meanwhile, existing toxicology
experiments have only evaluated the direct cytotoxicity
of NPs without considering potential cell-to-cell interac-
tions. In fact, the interplay between different tissue cells,
particularly that which occurs between macrophages
and hepatocytes, has become increasingly recognized
as important for understanding the mechanisms of liver
injury due to exposure to either biological compounds or
materials at nanoscales [13].

Polystyrene (PS) is a widely used plastic polymer mate-
rial for manufacturing containers for food and water,
leading to the widespread environmental distribution
of polystyrene micro (nano) plastics and high levels of
exposure to living organisms [14]. Importantly, emerging
evidence strongly implicates the harmful impact of their
exposure [15, 16]. However, it is challenging to obtain
and quantify environmentally degraded PS plastics in
a standardized manner due to methodological limita-
tions [17]. Instead, synthetic PS nanoparticles (PSNPs) or
nanobeads are widely used to assess their potential toxic
effects. Henceforth, in this study, we aimed to determine
the exact route of the toxic effect induced by synthetic PS
beads/particles in macrophages and explore the underly-
ing mechanisms. Given the preferential distribution of PS
in the liver, we also investigated the potential routes of PS
exposure that involved modulation of macrophage-hepa-
tocyte crosstalk.

Results

Characterization of PSMPs/PSNPs

The morphology and characteristics of PSMPs (1 pm)
and PSNPs (20 and 100 nm) were meticulously investi-
gated using transmission electron microscopy (TEM),
which revealed uniformly spherical particles, as depicted
in (Fig. 1A). Subsequent analysis using a Zetasizer Nano
ZS instrument provided insights into the average size
distribution, polydispersity index (PDI) value, and zeta
potential of the nanoparticles. Notably, all PSMPs/PSNPs
exhibited a relatively low PDI (S. Table 1), indicative of a
high degree of homogeneity within the particle popula-
tion [18]. In both distilled water (DI) and the Dulbecco’s
modified Eagle medium (DMEM), the average sizes of
the 20 and 100 nm PSNPs closely matched their intended
theoretical values. In contrast, the average diameter of
the 1 um PSMPs was significantly augmented (S. Fig-
ure 1A), it was potentially attributable to their heightened
propensity for aggregation or the formation of a protein
corona in the culture medium [19]. Furthermore, the
absolute values of zeta potential for PSMPs/PSNPs were
observed to be higher in deionized water than in DMEM,
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Fig. 2 Identification of cytotoxic effects in macrophages induced by PSNPs. (A) Comparison of the time and dose effects on the viability of RAW 264.7
cellsby 20 nm, 100 nm and 1 um PS particles. Asterisks indicate significant differences from the control group. (B) Effect of 20 nm PSNPs (50 pg/mL) on the
viability of RAW 264.7, BMDM:s, peritoneal macrophages, J774A.1 cells and THP-1 cells after 4 h exposure. (C) LDH release in RAW 264.7 cells treated with

20 nm PSNPs at the indicated concentrations or for the indicated time. The results are presented as the mean+S5.D. n=3, N.S, no significance. * P<0.05,
**P<0.01

reflecting nonspecific binding with salt ions and charged the viability of RAW 264.7 cells was markedly dimin-
biomolecules in the medium (S. Figure 1B). ished when exposed to a concentration exceeding 25 pg/

mL of 20 nm PSNPs for 2—4 h, whereas the viability
Enhanced cytotoxicity of smaller PSNPs in macrophages remained unaffected by the presence of 100 nm PSNPs
The cytotoxic effects of PSMPs/PSNPs on RAW 264.7 or 1 um PSMPs (Fig. 2A). This observation underscores
cells were meticulously investigated to discern their the heightened toxicity of smaller PSNPs compared to
impact on cell viability. Intriguingly, it was discerned that  larger particles. To further quantify the dose-toxicity of
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PSNPs, a series doses of PSNPs were given to RAW 264.7
cells and an EC50 value that reduced relative cell viability
by 50% compared to the control, was 43.02 (40.82—-45.36)
pg/ml (with 95% confidence interval) (Fig. 2B). Further-
more, PSNPs were found to disrupt the viability of vari-
ous macrophage cell lines, EC50 of BMDM, Peritoneal
macrophages, J774A.1, THP1 cell lines was 37.68 (35.12
to 40.53) pg/ml, 48.05 (38.09 to 66.49) pg/ml, 37.3 (35.63
to 39.08) pg/ml, 38.96 (36.84 to 41.26) ug/ml, respectively
(Fig. 2B). Underscoring their profound cytotoxic impact
on macrophages or precursor monocytes. Consistent
with these findings, the release of lactate dehydrogenase
(LDH) from RAW 264.7 cells, indicative of membrane
rupture and the severity of lytic cell death, was signifi-
cantly elevated with increasing culture time and PSNPs
concentration (Fig. 2C). Subsequently, it was established
that PSNPs exerted a more pronounced effect on cell
viability in a serum-free culture environment, potentially
due to the interference of serum proteins with the inter-
action between PSNPs and the cell surface (S. Figure 2)
Our cytotoxicity experiments showed that TiO2, as a
PSLT, had no significant inhibitory effect on the viability
of RAW 264.7 cells, but promoted cell proliferation (S.
Figure 3). This further suggests the size and type of PSLT
materials have different effects on cytotoxicity.

PSNPs trigger necroptosis selectively in RAW 264.7 cells

To delineate the mode of cell death induced by PSNPs in
RAW 264.7 cells, we employed a group of cell death inhib-
itors, including necroptosis inhibitors (Necrostatin-1,
GSK’843 and necrosulfonamide), apoptosis inhibitors
(Z-VAD-FMK), pyroptosis inhibitors (MCC950), autoph-
agy inhibitors (wortmannin and 3-MA) and ferroptosis
inhibitors (Ferrostatin-1 and deferoxamine). As shown
in Fig. 3A, Necrostatin-1, GSK’843, and necrosulfon-
amide substantially restored the viability of RAW 264.7
cells that had been reduced by PSNPs treatment. How-
ever, the inhibition of autophagy, pyroptosis or ferrop-
tosis did not attenuate the cytotoxicity of PSNPs. These
findings suggest that PSNPs selectively induce necropto-
sis in macrophages. Intriguingly, co-treatment of RAW
264.7 cells with PSNPs and apoptosis inhibitors further
reduced cell viability, which may support the notion
that inhibition of apoptosis facilitates the transition into
necroptosis. To confirm the direct induction of necropto-
sis by PSNPs, we examined the late apoptosis/necropto-
sis of RAW 264.7 cells using Annexin V-FITC/PI staining
(Fig. 3B). As expected, we observed that PSNPs time-
dependently increased the percentage of late apoptotic/
necroptotic cells. Moreover, PSNPs treatment led to a
rapid elevation of P-MLKL, P-RIP1 and P-RIP3 in RAW
264.7 cells (Fig. 3C), which was significantly disrupted by
co-treatment with the necroptosis inhibitor Nec-1. Taken
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together, these results suggest that PSNPs directly induce
necroptosis in macrophages.

PSNPs induce necroptosis by augmenting mitochondrial
ROS generation

ROS and TNF-a are both pivotal mechanisms that drive
necroptosis in cells [20]. We found that PSNPs rapidly
increased the production of ROS in RAW 264.7 cells
but did not increase the production of TNF-a even after
24 h of exposure (Fig. 4A, B). These findings suggest that
ROS, rather than TNF-a, may be the primary driver of
necroptosis in PSNPs-treated macrophages. To further
investigate the role of ROS in PSNPs-induced necropto-
sis, we examined a series of oxidative stress-related redox
indicators, including superoxide dismutase (SOD), total
mercapto (-SH), glutathione (GSH), and malondialde-
hyde (MDA), in RAW 264.7 cells after PSNPs exposure.
We found that PSNPs significantly downregulated the
activities of antioxidant SOD, -SH and GSH, while sig-
nificantly upregulating the levels of the oxidation product
MDA in a dose-dependent manner (S. Figure 4). Fur-
thermore, we used a ROS scavenger N-acety-L-cysteine
(NAC) and a mitochondrial targeting antioxidant (Mito-
TEMPO) to distinguish the source of ROS and to iden-
tify the ROS-dependent mechanisms by which PSNPs
promote necroptosis in RAW 264.7 cells. Both NAC
and Mito-TEMPO reduced the increase of intracellular
ROS and mtROS in PSNPs-treated RAW 264.7 cells, and
also downregulated the percentage of necroptotic cells
(Fig. 4C, D). These results suggest that PSNPs promote
macrophage necroptosis by triggering the generation of
mtROS.

PSNPs are internalized by macrophages and accumulate in
mitochondria

The internalization efficiency and subcellular distribution
of PSNPs may account for their cytotoxicity. To investi-
gate this, we exposed RAW 264.7 cells to FITC-labeled
PSNPs (fPSNPs) for up to 4 h, and evaluated their inter-
nalization by LSCM and flow cytometry assays. We found
that fPSNPs could be internalized into RAW 264.7 cells
in a time-dependent manner, as indicated by the stronger
fluorescence intensity with increasing incubation time as
detected by confocal images (Fig. 5A) and flow cytometry
(S. Figure 5). We also compared the subcellular localiza-
tion of fPSNPs in RAW 264.7 cells treated with the same
concentration of PSNPs for 4 h. We observed a signifi-
cant overlap of fPSNPs with MitoBright LT Red (mito-
chondria) and ER-Tracker Red (endoplasmic reticulum),
but far less overlap with Dil (cell membrane) and lyso-
Tracker Red (lysosome) (Fig. 5B). The Pearson correlation
coefficient (Rr) was calculated to quantify the subcellular
organelle colocalization [21], and the Rr values of fPSNPs
with mitochondria, endoplasmic reticulum, lysosome,



Fan et al. Particle and Fibre Toxicology (2024) 21:20 Page 5 of 19

Noc-1 GsK'8a3 NSA Mcceso
- 150+ 150+ 150+
- . = — o — - — .
£ £ £ £ £
100 100+ 100 == o 100-|
z . z ] ¥ g ——— & £
£ —— £ — £ £ £
= 50+ = 504 < 504 Z so- z
S i S 3 3 3
o . I
o- T T o T T 0~ T T 0-
M Nect  PS PS+Necel M GSK'B43 PS PS+GSK'843 M NSA  PS PS+NSA M MCC950 PS PS+MCC950 M Wort PS PS+Wort
3-MA Fer-1 DFO Z-VAD-FMK
150 150 150+ 150
g | — g | == g | —— s
Z 100 = 1001 100 =
i i
Z s 2 so Z s0- z
3 ] 3 3
3 5] 8 S

L) 3-MA PS PS+3-MA M

Fer-1

PS  PStFerd M

W
=
8!

C

A\

& & & < Q&\\o z""\
D DB K o &~ kbDa
@ < QG.’ R kDa XY Q7%

102 10% 10¢ 105 108 107
102 10% 0! w0 1wt 1w’

0!

%!
3
3
e
=
3
B

001 102 64 108 1088

S T
2n ) P-MLKL 54

RIP1

P-MLKL_ 54

-78

w2 wd st s 10f 107

w02 10! 10t 10% 1t 107

- AR~ (R

1007
1t

3
&
3

RIP3 l----- -|'57

20 P-RIP3I‘----‘|-57

P-RIPS | S W S |

Pl

102 0% 0% 1% 108 107

GAPDH| - Gun Gus eme == |-36 GAPDH ‘-- "3‘5

Annexin-V+ Pl (%)

o o

10

> “é° q,:e
Annexin & °

08 185

Fig. 3 Necroptosis detection in RAW 264.7 cells after 20 nm PSNPs treatment. (A) The viability of RAW 264.7 cells after PSNPs treatment alone or together
with necroptosis inhibitors Necrostatin-1 (Nec-1), GSK'843 and necrosulfonamide (NSA), pyroptosis inhibitors (MCC950), autophagy inhibitors (wortman-
nin (Wort) and 3-methyladenine (3-MA)), ferroptosis inhibitors (Ferrostatin-1 (Fer-1) and deferoxamine (DFO)) and apoptosis inhibitors (Z-VAD-FMK). (B)
Late apoptosis/necroptosis in PSNPs treated RAW 264.7 cells at the indicated time. (C) The activation of necroptosis specific proteins in PSNPs-treated RAW
264.7 cells at the indicated time or together with the necroptosis inhibitor Nec-1 for 45 min. The concentration of PSNPs was 50 pg/mL unless otherwise
indicated. The results are presented as the mean+S.D. n=3, N.S,, no significance. * P< 0.05, ** P< 0.01

and cell membrane in RAW 264.7 cells were 0.8710.02,
0.74+0.04, 0+0.28, and —0.05+0.32, respectively. To
further verify the mitochondrial location of PSNPs, we
treated J774A.1 cells with Nile Red-labeled PS. We con-
sistently observed that these particles also accumulated
in mitochondria as indicated by S. Figure 6. These results
suggest that PSNPs may preferentially accumulate in
the mitochondria and endoplasmic reticulum of RAW
264.7 cells. By using TEM, we also observed the struc-
tural changes of mitochondria in RAW264.7 cells After
PS treatment, the mitochondrial cristae were fuzzied and
the mitochondrial structure was fractured (S. Figure 7).

PSNPs promote mitochondrial dysfunction to induce
mtROS production

As PSNPs were found to accumulate in the mitochon-
dria of RAW 264.7 cells, we investigated whether they
induced mitochondrial dysfunction, leading to upregu-
lated mtROS generation and subsequent necroptosis. We
found that PSNPs increased the activity of complex I on
the electron transport chain but reduced the activity of
complex II and complex V (Fig. 6A). This was accompa-
nied with significantly downregulated intracellular ATP
levels (Fig. 6B) and a markedly increased mitochondrial
membrane potential (MMP) in RAW 264.7 cells (Fig. 6C).
These results suggest that PSNPs disrupt mitochondrial
homeostasis, thereby inhibiting ATP generation while
promoting ROS generation.
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PSNPs trigger hepatic necroptosis and induce hepatic
injuries in mice

To investigate whether the necroptotic cytotoxicity of
PSNPs is responsible for tissue injuries, BALB/c mice
were injected with PSNPs, and hepatic injuries were
assessed. The histopathological examination demon-
strated that PSNPs administration resulted in severe
hepatic injury, including cell swelling, disorganized
hepatic cord structure, and elevated infiltration of blood
cells (Fig. 7A, B). Moreover, the pathology of hepatic
damage caused by PSNPs was less pronounced by con-
comitant administration of Nec-1. Oil Red O (ORO)
staining of liver sections also confirmed that the presence
of hepatocyte steatosis, such as abnormally large lipid
droplets and higher lipid accumulation, was upregulated

post PSNPs treatment but reversed by Nec-1 (Fig. 7C).
Additionally, the activation of necroptosis-associated
signaling molecules, including P-MLKL, P-RIP1, and
P-RIP3, was profoundly enhanced by PSNPs administra-
tion (Fig. 7D). Moreover, Nec-1 reduced the upregulation
of P-MLKL, P-RIP1, and P-RIP3. In line with the histo-
pathological observations, the levels of serum ALT, AST,
LDH, and lipid peroxidation product MDA in the PSNP
group were significantly upregulated, while the antioxi-
dative stress index (SOD, -SH, and GSH) was downregu-
lated (Fig. 7E, S. Figure 8). These indicators that reflect
acute liver injury were significantly improved in the
PSNP and Nec-1 co-injected group. Taken together, our
results indicate that PSNPs induce necroptosis in live tis-
sues and thus promote acute liver injury.
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PSNPs promote liver injury by enhancing the crosstalk
between RAW 264.7 cells and AML-12 cells

The deleterious effects of nanoparticles on hepatocytes
have been well documented [13]. Surprisingly, our inves-
tigation revealed that murine AML-12 hepatocytes and
human Huh?7 hepatocarcinoma cells were impervious
to the toxic effects of PSNPs, thereby possibly excluding
any direct hepatotoxicity (Fig. 8A). Instead, we postu-
lated that PSNPs could promote liver injury by intensi-
fying intercellular crosstalk in hepatic cells. To explore
this possibility, RAW 264.7 cells and AML-12 cells were
co-cultured in transwell chambers (Fig. 8B). Treatment
of AML-12 cells with PSNPs alone in the chambers did
not elicit any cytotoxicity, nor did it result in hepatocyte
membrane rupture, LDH release, or ROS production.
However, PSNPs treatment induced a decline in AML-12

cell viability, membrane rupture, and an increase in
ROS generation when co-cultured with RAW 264.7 cells
(Fig. 8C, D, E). Concomitantly, the proportion of necrop-
totic AML-12 cells was significantly higher when exposed
to PSNPs in the presence of RAW 264.7 cells (Fig. 8F).

To further validate the role of hepatic macrophages in
PSNPs-mediated liver injury, these cells were depleted in
mice via repeated CLL injection (Fig. 9A). A pronounced
decrease in F4/80 positive staining (a macrophage-spe-
cific marker) was detected in the liver tissues of mice
after CLL injection and PSNPs challenge, denoting a
widespread loss of hepatic macrophages (Fig. 9B). Fur-
thermore, serum levels of ALT and AST, indices of liver
injury, were considerably lower in macrophage-depleted
mice compared to control mice following PSNPs admin-
istration (Fig. 9C). Correspondingly, liver injury markers,



Fan et al. Particle and Fibre Toxicology (2024) 21:20

Complex I Activity

Complex II Activity

Page 8 of 19

Complex I Activity

400 20 o 15
b ] NS,
—  _1 =1
300 o 15 %
g g g
£ 200 £10 £
5
100 5
0 | T 0 T 0 T
M PS M PS M PS
Complex IV Activi
G it Complex V Activity ATP TMRM
250 NS 5 — 20000 — 2.0 e
1
—1_ —
290 4 15000 15
o 2
o 150 o3 = a
g § 2 10000 5 1.0
100 2 £ T
£
56 q 5000 05
G : 0 ; 0 . 0.0
M PS M PS M PS

E-
. ’
o w

Fig. 6 PSNPs disrupt the integrity and function of mitochondria in RAW 264.7 cells. (A) The activity of mitochondrial complexes I-V in RAW 264.7 cells
treated with or without PSNPs for 4 h. (B) ATP production in RAW 264.7 cells treated with PSNPs for 4 h. (C) Detection of the cell mitochondrial membrane
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including SOD, -SH, GSH, and MDA, were substantially
reversed in macrophage-depleted mice relative to control
mice (Fig. 9D). Together, our results suggest that PSNPs
may promote hepatic injury by enhancing the crosstalk
between macrophages and hepatocytes.

Discussion

It is evident that exposure to environmentally degraded
and synthetic PSNPs has become ubiquitous, activat-
ing multiple toxic pathways that promote cell death and
organ injury in living organisms [22]. Therefore, a com-
prehensive assessment of the harmful consequences of

PSNPs exposure and identification of the underlying
mechanisms is essential. The key finding of this study
underscores the hepatic toxic effect of acute exposure
to 20 nm synthetic PSNPs, inducing redox-sensitive
necroptosis in macrophages and upregulating the cross-
talk between macrophages and hepatocytes (Fig. 10).

The intrinsic toxicity of NPs depends largely on their
size and surface properties, which can dramatically affect
their uptake and distribution in mammalian cells [23].
Existing studies have compared plastic particles ranging
from tens to thousands of nanometers, demonstrating
that smaller particles are more likely to be internalized
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vivo respectively

by cells (e.g., epithelial cells and macrophages), accord-
ingly triggering cytotoxicity to a greater extent [5, 24].
Consistent with previous findings, our study found that
the viability of murine macrophages was significantly
suppressed by 20 nm PSNPs but not affected by 100 or
1000 nm PS particles, indicating the preferential uptake
and more severe toxicity of smaller PS (<100 nm) than
larger particles (=100 nm) in monocytes or macrophages
[18, 25, 26]. Surface chemistry also affects the toxic
behavior of PS particles. For example, RAW 264.7 cells
were shown to be tolerant to 60 nm plain PS while 60 nm
amidinated PS dramatically disrupted cell viability after
16 or 24 h incubation [18, 26]. Furthermore, positively
charged 20 nm PSNPs were more toxic than unmodified
and negatively charged PSNPs when treated in murine
splenocytes [18]. Our experiments yielded more severe
results that treatment with 20 nm plain PS obviously

triggered cytotoxicity by only 4 h treatment, highlighting
the augmented toxicity towards macrophages after acute
exposure to smaller PS particles. Of note, the toxic doses
of PSNPs (50 pg/ml) in our study seem higher than the
reported concentration of PSNPs (4.8 pg/mL) detected
in the blood of human volunteers [27]. Our experiments
yielded more severe results that treatment with 20 nm
plain PS obviously triggered cytotoxicity by only 4 h
treatment, highlighting the augmented toxicity towards
macrophages after acute exposure to smaller PS parti-
cles. Of note, PS is regarded as derived from plastic PSLT
materials while our study of another PSLT demonstrated
different results of size-or surface area-dependent toxic
effects [28]. This further suggest PSLT materials may aug-
ment their toxicity when becoming smaller enough to
possess much increased total dosed surface area. How-
ever, the nature of materials also matters as PSNPs are far
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or in vivo respectively

more toxic than TiO2 at the same size and dose. There-
fore, our findings are meaningful by implicating that
environmental or synthetic NP materials may become
hazardous when the particles are small enough, irrespec-
tive of their different physicochemical properties [29].
The toxicity of nanomaterials is closely linked to their
dosage. In our study, we employed an acute and high-
dose exposure pattern of polystyrene nanoparticles
(PSNPs) in both cellular (50 pg/ml) and animal (60 mg/
kg) experiments to mimic the conditions of enhanced
environmental exposure. These doses were also compa-
rable to those used in previous published work [30-32].
Of note, recent studies considered a measurable con-
centration of 40 ug/ml NP in the aquatic environment.
We thus suggest the use of 50 pg/ml PSNPs as an envi-
ronment-related dose in cellular experiments [31]. To
further establish their environmental or occupational
relevance, we mathematically converted a typical 1
mm?® microplastics (MPs) into NPs using a previously
established method [33]. This calculation yielded an
estimated 2.4x10' items/m® of 20 nm PSNPs for each

MP. Considering the estimated individual inhalation
rate of MPs at 170 per day (equivalent to 4.08x10'® of
20 nm nanoparticles), we determined that the appropri-
ate experimental exposure dose for mice was 5.8x10'3
nanoparticles [34] due to the 704-fold difference in spe-
cific surface area between human lungs and experimental
mice. Therefore, we used 60 mg/kg as the experimental
exposure dose in vivo, which equates to 27x10" total
nanoparticles (volume X concentration X number of 1 mg
nanoparticles), approximately 5 times the actual esti-
mated exposure dose. Since the human burden of MPs or
NPs could be significantly increased under certain condi-
tions, research on acute and high doses of NP exposure
is thus of great significance. It should be noted that the
toxic doses of PSNPs (50 pg/ml) in our study were still
higher than the reported concentration of PSNPs (4.8 pg/
mL) detected in the blood of human volunteers [27].
However, our study focused on much smaller particles
(20 nm) than their beads (700 nm), which can increase in
amount by degrading from larger particles. In addition,
circulatory NPs are likely to dramatically increase upon
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enhanced environmental exposure to plastic particles by
activity intensity and behavioral types, such as seafood
consumption, exposure by inhalation, dust/soil ingestion
and occupational exposure to microplastic or nanoplastic
dust with 100 times higher than ambient air quality stan-
dards [35, 36]. Furthermore, NPs may potentially accu-
mulate in major organs such as the heart, lung, liver, and
spleen, leading to elevated tissue concentrations that may
exceed the threshold of inducing cytotoxicity. Indeed, it
is reported that 30-99% of nanoparticles accumulate and
sequester in the liver after administration into the body
[33]. Moreover, a recent study by Yang et al. found that
MP counts in cardiac tissue samples were at least 10
times higher than those in blood samples from the same
subjects, raising concerns of potential organ accumula-
tion [37].

Environmental chemicals and pollutants and synthetic
nanomaterials can influence different routes of cell des-
tiny, such as apoptosis, necroptosis, pyroptosis, ferropto-
sis, and autophagic cell death, depending largely on the
exact cell context and types of stimuli [38—40]. However,
data derived from viability experiments regarding cyto-
toxicity cannot distinguish the specific mode of cell death
[39, 41]. In our study, we demonstrated that PSNPs trig-
gered lytic cell death in murine macrophages through
morphology observation and LDH release detection.
Furthermore, we verified that PSNPs selectively induced
necroptosis rather than other forms of lytic cell death

in macrophages by conducting screening experiments
with different cell death inhibitors and direct detec-
tion of necroptosis-specific pathways. To the best of our
knowledge, our study was the first to reveal that 20 nm
PSNPs independently and rapidly induce necroptosis
in macrophages, although previous studies have impli-
cated the induction of apoptosis [42, 43] or autophagic
cell death [18] by PSNPs in macrophages or monocytes.
The discrepancies are likely attributed to the relatively
larger (40-60 nm) and modified (amidation) particles
used in the reported studies. Furthermore, these studies
did not actually exclude the existence of necroptosis by
only detecting the common indicators rather than those
that distinguish a specific form of cell death. Interest-
ingly, we also observed that PSNPs-induced cytotoxicity
was augmented when apoptosis was inhibited, highlight-
ing a concomitant effect of necroptosis induction and the
transition from apoptosis to necroptosis that augments
the necroptotic cell death. Given the preferential uptake
of nanoplastics by macrophages and the significance of
macrophage necroptosis in inducing tissue injury, our
findings are meaningful as they implicate a potential det-
rimental effect of necroptotic death induction after expo-
sure to nanoplastics.

The molecular machinery mediated by tumor necro-
sis factor receptor 1 (TNFR1) remains one of the best-
characterized controlling components through which
nanoparticles induce necroptosis [40]. Our study has
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shown that PSNPs do not increase a significant TNF-a
production. Additionally, it is worth noting that TNF-a
typically induces necroptosis in macrophages at a final
concentration of 30 ng/ml, which is considerably higher
than the amount produced by PSNPs stimulation in our
study (<100 pg/ml) [44]. Thus, we suggested that TNF-a
production may not depend directly on the master ini-
tiator of TNF or TNFR1 ligation to induce necroptosis.
Accumulating evidence indicates that cellular exposure
to nanoparticles generates ROS, which serves as another
important inducer of necroptosis [45]. Our results have
clearly demonstrated that PSNPs significantly disrupt
the redox balance and upregulate ROS in macrophages,
which essentially mediates the initiation of necropto-
sis. Although it is known that PS particles induce ROS
generation in macrophages, the source of ROS has not
been clearly clarified in these studies [18, 46]. In the cur-
rent study, we have identified that mitochondrial ROS
are mainly increased in PSNPs-exposed macrophages.
Moreover, we have found that macrophage necroptosis
is markedly inhibited when mtROS production is inter-
rupted. It has become apparent that the generation of
mtROS plays a critical role in the induction of necrop-
tosis, including promoting RIP1 autophosphorylation
[20], facilitating necrosome formation [45] and priming
the switch from apoptosis to necroptosis [47]. However,
there are no existing data that have either reported the
upregulation of mtROS or demonstrated the involve-
ment of mtROS in necroptosis induction upon PSNPs
exposure in macrophages. In this regard, our results may
suggest a potential new regulatory loop between PSNPs
exposure, mtROS generation, and necroptosis induction.

It is known that nanoparticles are preferentially inter-
nalized by professional phagocytes, such as macrophages
[48]. Previous data have apparently suggested that 20 nm
PSNPs are taken up more rapidly and extensively than
larger particles in macrophages [48, 49]. Our results have
confirmed these findings by illustrating a time-dependent
uptake of PSNPs, which was initiated as quickly as 10 min
of incubation and became evident by 1 h post-treatment.
Importantly, such rapid uptake of PSNPs was in accor-
dance with the rapid inhibition of cell viability, poten-
tially explaining their acute cytotoxicity in macrophages.
Of note, the density of PSNPs is 1.05 g/cm? according to
literal data [50] and the physicochemical property data
of PSNPs used in our study, which is equal to the densi-
ties of blood or other body fluids [51]. Thus, PSNPs can
access and contact with macrophages rather than buoy-
ant on the surface. This may further support the uptake
of PSNPs in macrophages. The subcellular distribution
of PSNPs in major organelles may critically decide the
fate of particles and affect their cytotoxic effect [52, 53].
PSNPs typically accumulate in the lysosomes of macro-
phages and other parenchyma cells after cellular uptake,
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where they may disrupt lysosomal membranes and
release lysosomal content that affects the integrity and
function of other organelles [30]. Nonetheless, it is not
clear whether PSNPs can subsequently invade other sub-
cellular compartments before causing organelle damage
and cell death. By using the fluorescence colocalization
technique and TEM, we have demonstrated that 20 nm
plain PSNPs are distributed in mitochondria rather than
lysosomes after 4 h of treatment, and cause mitochondria
with fractured and fuzzy cristae. This may also explain
why PSNPs induce the generation of mtROS and thus
promote necroptosis with a mitochondrial origin.

According to current literature reports, the possible
mechanisms of their mitochondrial localization may be
as follows. Firstly, PSNPs may enter mitochondria due to
lysosomal destruction. It has been found that internalized
PSNPs can be released by promoting lysosomes swell-
ing and rupture in intestinal epithelial cells [2]. Wang et
al. have also verified this process using a time-resolved
method [53]. They have demonstrated that 50 nm PSNPs
accumulate in lysosomes of 3—6 h post-exposure, leading
to lysosomal swelling and rupture. This promotes PSNPs
release into the cytoplasm and causes mitochondrial
damage. Secondly, PSNPs may competitively bind with
structural molecules of mitochondrial complex. Through
molecular docking and molecular dynamics simulation,
Huang et al. have found that compared with other types
of nanoplastics, such as polypropylene (PP), polyethyl-
ene (PE), and polyvinyl chloride (PVC), the affinity score
between PSNPs and the mitochondrial complex is the
highest [54]. Competitive binding of PSNPs at the active
site inhibits electron transfer, resulting in changes in the
three-dimensional structure of the coenzyme Q10 bind-
ing domain, which directly affects mitochondrial oxida-
tive phosphorylation (OXPHOS) and leads to reduced
ATP synthesis. While these findings strongly support
the hypothesis that PSNPs can enter mitochondria and
inhibit mitochondrial complex, further experimen-
tal studies are needed to conclusively establish a direct
cause-and-effect relationship.

Mitochondria play a pivotal role in cellular func-
tions by oxidizing substrates and generating ATP, and
mitochondrial dysfunction results in decreased oxygen
consumption, impaired ATP synthesis, and increased
electron leakage that generates mitochondrial reactive
oxygen species (mtROS) [55]. In this study, we observed
that increased mitochondrial accumulation led to severe
mitochondrial dysfunction, including perturbed activa-
tion of complex I on the electron transport chain, mem-
brane hyperpolarization, and abrupt ATP generation,
which eventually favored the upregulation of mtROS to
trigger necroptosis. Previous results have indicated that
polystyrene nanoparticles (PSNPs) disrupt the integrity
of lysosomes [26, 53], and it is reasonable to assume that
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PSNPs may be leaked from lysosomes and then enriched
in mitochondria where they initiate necroptosis. How-
ever, other direct or indirect routes or mechanisms of
PSNPs mitochondrial accumulation cannot be excluded.
For example, we also observed the distribution of PSNPs
in the endoplasmic reticulum, which warrants future
research to determine whether PSNPs can also conquer
mitochondria or otherwise trigger cell death via ER-
dependent mechanisms. Nevertheless, our study may still
suggest a direct mitochondrial contact mechanism by
which PSNPs induce mitochondrial damage and mtROS
generation that eventually promote necroptosis.

The liver serves as the primary metabolic site for the
clearance of PSNPs, and frequent interactions with PS
particles can lead to many detrimental effects, includ-
ing excessive inflammation, cell death, and aberrant
lipid metabolism [56]. In our study, the doses of PSNPs
were set at 60 mg/kg. bw (equivalent to 3.6 g for an adult
weighing 60 kg), aiming to assess the acute toxicity to
humans with high NP exposure [57, 58]. We found that
acute exposure to 20 nm PSNPs significantly aggravated
liver injury in mice, along with the disruption of redox
balance in hepatic tissues. Similar findings have been
reported by Ding et al. [30], Fan et al. [59], Deng et al.
[60] and Choi et al. [32], but future studies are needed
to comprehensively characterize the toxicity of 20 nm
PSNPs at the molecular level.

Importantly, the hepatotoxic effect and oxidative stress
due to PSNPs administration were abolished by con-
comitant treatment with Nec-1, a selective necroptosis
inhibitor. Our results thus confirm the hepatotoxic effect
of PSNPs while highlighting a new mechanism involving
the induction of hepatic necroptosis. Furthermore, liver
injury can be induced by either direct hepatotoxicity or
crosstalk between macrophages and hepatocytes [13].
However, it remains to be clarified how PSNPs promote
liver injury. We discovered that 20 nm plain PSNPs were
highly toxic in macrophages but did not affect the viabil-
ity of either murine (AML-12) or human (HuH7) hepato-
cytes. An early study similarly revealed that NH2-labeled
PS nanospheres demonstrated toxicity in RAW 264.7
cells rather than endothelial, hepatoma, or pheochro-
mocytoma cells [26]. Although PSNPs did not induce
cytotoxicity in hepatocytes directly, our results indicated
that PSNPs may upregulate ROS generation and trigger
cell death in AML-12 cells when cocultured with RAW
264.7 cells. The requirement of macrophage-dependent
intercellular crosstalk in mediating hepatocyte injury
in vitro was further confirmed by macrophage deple-
tion approaches in vivo, which indicates a previously
unknown mechanism by which hepatic macrophages
and their necroptosis essentially mediate liver injury due
to PSNPs administration. In a recent study, we similarly
observed that gold nanoparticles aggravated liver injury
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by amplifying ROS-mediated macrophage-hepatocyte
crosstalk [13]. Our findings may thus implicate an inter-
active mechanism between macrophages and hepato-
cytes that may universally exist to drive the hepatoxic
behaviors of nanoparticles.

Some limitations exist in this study and should be
noted. Firstly, we used acute and high-dose of PSNPs
to study their toxicity. Although we have explained the
rationale of this exposing pattern, humans are more
often exposed to low-dose MNPs repeatedly. Therefore,
a low-dose and long-term exposure should be also nec-
essary to better evaluate the harmful effects of PSNPs in
a more realistic manner. Secondly, published work has
always used synthetic NP beads without considering
their relevance with MNPs in environmental or occupa-
tional settings [61]. The inert nature of environmental
and synthetic NPs may be the same. However, synthetic
NPs are uniform while environmental MNPs are much
more complex in sizes, materials, and durations [62].
As it is particularly difficult to separate small-sized NPs
from environmental samples and quantify their amounts,
we have to use synthetic NPs currently. Another envi-
ronmental approach is to use aged particles. Although
we have found that fresh PSNPs are structurally identical
with aged PSNPs, the latter may exhibit stronger toxicity
(data not shown). Therefore, it is noteworthy that envi-
ronmental MNPs are far more complex in composition
and toxic behaviors than synthetic particles. Thirdly, we
only used fluorescence methods to trace the intracellular
localization of PSNPs in macrophages. Other label-free
methods are also encouraged to be employed which may
indicate its distribution more directly.

Conclusion

In summary, our investigation unveils the detrimen-
tal impact of acute exposure to 20 nm plain PSNPs on
liver health by inducing necroptosis in macrophages
and intensifying the interplay between macrophages and
hepatocytes. Our findings reveal that PSNPs are swiftly
internalized by macrophages and accumulate in mito-
chondria, causing mitochondrial harm and upregulating
mtROS generation. This process ultimately triggers mac-
rophage necroptosis, leading to intercellular crosstalk
and consequent hepatocyte damage. Our study sheds
light on the profound immunotoxicity of environmen-
tal PSNPs exposure and their associated hepatotoxic
effects through intercellular crosstalk in the hepatic
microenvironment.

Materials and methods

Characterizations of PSMPs/PSNPs

Polystyrene nanoparticles (PSNPs) with diameters of
20 and 100 nm, FITC-labeled PSNPs (fPSNPs, 20 nm),
Nile Red-labeled PSNPs (20 nm) and polystyrene
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microplastics (PS-MPs, 1 pum) were obtained from
XFNANO Materials Technology Co., Ltd. (Nanjing,
China). The operation steps refer to the literature, briefly,
the styrene is purified, and the styrene monomer emul-
sion is polymerized into polystyrene nanoplastics [63].
High-resolution images for the characterization of
PSNPs/PSMPs were captured using a transmission elec-
tron microscope (TEM, JEOL 1011, Japan). The particle
size distribution and zeta potential of PSNPs/PSMPs dis-
persed in deionized (DI) water and DMEM (Gibco, USA)
were determined using a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK).

Chemicals

Chemicals The following inhibitors and reagents were
purchased: Necrostatin-1 (Nec-1, 50 pM), GSK’843 (1
uM), necrosulfonamide (NSA, 1 uM), MCC950 (1 uM),
wortmannin (Wort, 100 nM), 3-methyladenine (3-MA, 5
mM), Z-VAD-FMK (40 uM), Ferrostatin-1 (Fer-1, 5 uM),
deferoxamine (DFO, 5 uM), mito-TEMPO (10 pM), and
NAC (400 pM) from MCE (NJ, USA) or Sigma Aldrich
(MO, USA). TiO2 (20 nm, 100 nm and 1 pm) were
obtained from XFNANO Materials Technology Co., Ltd.
(Nanjing, China). The 2 g TiO2 and 1 g sodium hexam-
etaphosphate (Aladdin °, Shanghai, China) were added to
double distilled water, mixed well and diluted to 100 ml,
ultrasonically oscillated at 4 °C for 15 min to prepare
20 pg/pl TiO2 dispersion. The TiO2 dispersion was steril-
ized by high pressure steam at 121 °C for 30 min.

Animals

Wild-type BALB/c mice (male, 6-8 weeks old) were
acquired from HFK Bioscience Co., Ltd. (Beijing, China).
Mice were housed in a specific pathogen-free (SPF) envi-
ronment, maintained at 22 °C with 50-60% humidity,
and provided with a standard diet. All animal experi-
ments were conducted in accordance with national and
institutional guidelines for animal care and use, and were
approved by the Institutional Animal Ethics Committee
of the Third Military Medical University.

Cell culture

Bone marrow-derived macrophages (BMDMs) and peri-
toneal macrophages were isolated from the hind femora,
tibias, or peritoneum of BALB/c mice and cultured as
previously described [64, 65]. The murine macrophage
cell line RAW 264.7, J774A.1, and the human hepatocar-
cinoma cell line (Huh7) were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS, Hyclone, UT,
USA). The murine normal hepatocyte cell line alpha
mouse liver 12 (AML-12) was cultured in DMEM/nutri-
ent mixture F-12 (DMEM-12, Gibco, USA) containing
1% ITS Liquid Media Supplement (Sigma), 10% FBS,
and 40 ng/ml dexamethasone (Sigma). THP-1 cells were
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cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco, USA) supplemented with 10% FBS.
AML-12 and J774A.1 cells were obtained from Procell
Life Science & Technology Co., Ltd. (Wuhan, China),
while RAW 264.7 and THP-1 cell lines were purchased
from the American Type Culture Collection (USA). Huh7
cells were kindly provided by Dr. Haojun Xiong, Depart-
ment of Hepatobiliary Surgery, Southwest Hospital,
Army Military Medical University, China. All cell lines
were maintained at a concentration of 1x10° to 1x10°
cells/ml in a humidified atmosphere of 5% CO2 at 37 °C.

Coculture experiments

RAW 264.7 cells and AML-12 cell monolayers were
separately seeded into the upper and lower compart-
ments of a Transwell chamber (Corning, China) with
a pore diameter of 3 pm before treatment with PSNPs.
During the experiment, AML-12 cells were treated with
PSNPs alone, or with supernatants from RAW 264.7
cells treated with PSNPs for 4 h, which were obtained via
cocultivation.

Cell internalization detection

The ability of cells to internalize fPSNPs was assessed by
flow cytometry (ACEA NovoCyte, USA) and Zeiss 780
laser scanning confocal microscopy (LSCM) (Zeiss, Ger-
many). Cells were treated with 50 pg/mL of fPSNPs for
0-4 h. After treatment, the cells were collected, centri-
fuged, and resuspended in Hank’s balanced salt solution
(HBSS, Sigma Aldrich). Intracellular fluorescence was
measured with excitation/emission spectra at 488/520
nm.

Detection of the subcellular distribution of PSNPs

To investigate the subcellular distribution of PSNPs,
RAW 264.7 cells (1x10° cells/mL) or J774A.1 cells
(1x10° cells/mL) were incubated with 50 pug/mL fPSNPs
or Neil-red PSNPs for 4 h, followed by co-incubation
with fluorescent dyes, such as MitoBright LT Red
(Dojindo Molecular Technologies, Japan), LysoTracker
Red, ER-Tracker Red, and 1,1’-dioctadecyl-3,3,3,3’-tet-
ramethylindocarbocyanine perchlorate (Dil) (Beyotime,
China) for 20 min. After washing with PBS, the cells
were then stained with 2-(4-amidinophenyl)-6-indole-
carbamidine dihydrochloride (DAPI) solution (Beyotime)
at room temperature for 10 min and subjected to confo-
cal microscopy to measure the fluorescence intensities.
Moreover, the localization and mitochondria ultrastruc-
ture change of PS in RAW264.7 cells and J774A.1 cells
were evaluated by TEM (JEOL 1011, Japan).

Assessment of cell viability using CCK-8 assay
Cell viability was evaluated using the cell counting kit
(CCK-8) assay (Dojindo) as previously described [66].
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RAW 264.7 cells were seeded on 96-well plates at a den-
sity of 1x 10° cells/well and exposed to a range of concen-
trations from 0 pg/mL to 100 pg/mL of PSNPs for 0-4 h
to perform the toxicity assessment.

LDH release assay for cell death detection

The LDH released into cell culture supernatants was
detected using an LDH assay kit (Beyotime). Indepen-
dently cultured AML-12 cells, RAW 264.7 cells, or a
coculture of AML-12 cells with RAW 264.7 cells in a
transwell system were treated with PSNPs for 4 h and
then processed according to the manufacturer’s instruc-
tions. The absorbance at 490 nm was detected with a Var-
ioskan flash multimode reader (ThermoFisher).

Quantification of ROS generation using flow cytometry
The intracellular generation of total ROS or the level
of mtROS were measured by flow cytometry (ACEA
NovoCyte, USA) using DCFH-DA (Sigma Aldrich) or
MitoSOX Red staining (Molecular Probes, OR, USA)
according to the manufacturers’ instructions.

Annexin V-FITC/PI staining analysis for apoptosis and
necrosis detection

The ratios of apoptotic and necrotic cells were quanti-
fied using the Annexin V-FITC/PI flow cytometry double
staining method, which enables the clear discrimina-
tion of viable cells (FITC-/PI-), early apoptotic cells with
intact cell membranes (FITC+/PI-), primary necrotic
cells (FITC-/PI+), and late apoptosis/necroptosis cells
(FITC+/PI+) [67, 68]. RAW 264.7 cells were treated with
PSNPs at the designated concentrations for 4 h. Then,
the cells were harvested, washed with PBS, stained with
an Annexin V-FITC/PI apoptosis detection kit (BD Bio-
sciences, CA, USA), and measured via flow cytometry
(ACEA NovoCyte, USA).

Western blot analysis for protein expression analysis

Homogenized animal tissues and treated cells were
lysed with RIPA lysis buffer (Roche, Basel, Switzerland)
containing protease inhibitors and phosphatase inhibi-
tors. BCA protein assay kit (Beyotime) was used to mea-
sure protein concentrations. Proteins were separated by
SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes, which were blocked for 1 h and
then blotted with specific primary antibodies against
actin, GAPDH, RIP1, RIP3, MLKL, phosphor (P)-RIP1,
P-RIP3, and P-MLKL (1:1000 dilution; Cell Signaling
Technology, MA, USA) overnight at 4°C. The membranes
were washed with TBS-T several times and further incu-
bated with the secondary antibodies (1:1000 dilution) at
37°C for 1 h. Finally, chemiluminescence images were
developed with a SuperSignal Sensitivity Substrate kit
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(Thermo Fisher Scientific, MA, USA) and detected using
a ChemiDoc XRS+imaging system (Bio-Rad, CA, USA).

ELISA for TNF-a detection
The concentration of TNF-a was measured with ELISA

kits according to the manufacturer’s instructions (Invit-
rogen, CA, USA).

Determination of oxidative stress levels

The enzymatic activities of GSH, SOD, -SH and MDA in
the cells and tissues were quantified using commercial
biochemical kits (Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instruc-
tions. Tissue enzyme activity was normalized to the pro-
tein content.

Mitochondrial function detection

A mitochondrial respiratory chain complex I-V activity
assay kit (Solarbio, Beijing, China) was used to detect the
inhibition of mitochondrial respiratory electron trans-
port chain activity in cells. The mitochondrial membrane
potential (MMP) was examined using TMRM reagent
(Invitrogen). ATP levels were detected using a luciferin
and luciferase bioluminescence assay kit (Beyotime). The
intensity of the chemiluminescent signal was measured
with a Varioskan flash multimode reader.

In vivo experiments on mice

BALB/c mice were intraperitoneally injected with
20 nm PSNPs (60 mg/kg) or normal saline (NS) for 24 h
(n=6 per group). The volume of one MPs is estlrr%ated

to be 1mm® [33]. According to the formula M

conversion, 1 MPs is deduced to be about 24510
items/m? of 20 nm PSNPs [69]. Due to the average inha-
lation of 170 MPs per person per day (equivalent to
4.08x10'® 20 nm nanoparticles), the difference between
the specific surface area of human lung (62.7 m? and
the specific surface area of experimental mice (body
weight of about 20 g) (0.089 m?) is 704 times, the appro-
priate experimental exposure of mice is 5.8x10'® items
nanoparticles [34]. However, in addition to inhaling MPs,
normal adults are estimated to ingest an additional 142
MPs per person per day. In studies related to human
consumption of MPs, seafood accounts for a large pro-
portion. Considering that the annual consumption of sea-
food varies greatly among many urbanized populations,
for example, the actual intake of American men aged
19-30 years is 125 g/week, while Japan’s seafood con-
sumption is the highest, estimated at 104.2 g/day, with a
difference of 5.8 times [70]. A study from New York Uni-
versity found that the MPs content in infant feces was 20
times higher than that in adults because infants tended to
crawl on the floor and chew plastic toys to increase their
contact with plastic. In addition, people are also exposed
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to higher concentrations of MPs in plastic-related work-
places, such as PVC production workshops, textile fac-
tory workshops, etc. [71]. Therefore, in vivo experimental
exposure dose 60 mg/kg (27x10'? items), is about 5 times
the actual estimated exposure dose, which is also possible
in real life.

In other in vivo experiments, BALB/c mice were pre-
injected with clodronate liposomes (CLLs) (Liposoma,
Amsterdam, The Netherlands) or control liposomes
for 3 consecutive days and then challenged with PSNPs
(60 mg/kg) for 24 h according to published papers (n=3
per group) [72]. Blood samples were collected by cardiac
puncture and the liver was eviscerated and sampled for
histological examination.

Histological examination of liver tissue sections

The liver tissue was embedded in 4% paraformaldehyde
to prepare 5-um paraffin sections and 10-um frozen sec-
tions for hematoxylin-eosin staining (H&E) and oil red
O staining (ORO) (Servicebio, Hubei, China), respec-
tively. The histological morphology of liver sections was
observed using a Nikon Eclipse E100 upright microscope
(Nikon, Japan).

Biochemical measurement

A biochemical blood analyzer (Labospect 008 AS, Japan)
was used for blood biochemical analysis, including ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST). Lactic dehydrogenase (LDH) assay kits (Maccura
Biotechnology Co., Ltd, Sichuan, China) were used for
serum LDH detection.

Immunofluorescence analysis

Frozen sections of liver tissue were prepared immediately
after sampling and then incubated with F4/80 (1:300,
CST, USA) antibodies at 4°C overnight. The sections
were incubated with Cy3-conjugated secondary antibod-
ies (1:300, Beyotime) and stained with DAPI (Beyotime).
Finally, a ZEISS 780 laser confocal microscope was used
to capture fluorescence images and analyze macrophage
clearance by immunofluorescence staining.

Statistical analysis

All data are presented as the meantstandard error of the
mean (SEM). Statistical analysis was performed using
unpaired Student’s t-test or one-way ANOVA followed
by Dunnett post hoc test in GraphPad Prism 8. Statistical
significance was defined as *P<0.05, **P<0.01.
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