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[Abstract] Objective To investigate whether exposure pathways influence the distribution pattern and toxicity of
polystyrene nanoplastics (PSNPs) in hepatic cells. Methods ~ Male C57BL/6] wild-type healthy mice aged 6 to 8 weeks
old and weighed 18 to 22 g were administered with PSNPs via gavage or tail vein injection. Then, we tracked PSNPs
distribution in the major organs of mice via an in vivo imaging system (IVIS). After that, we analyzed the cellular

accumulation patterns in hepatic cell subpopulations (hepatocytes and Kupffer cells) using immunofluorescence and
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transmission electron microscopy (TEM). 300 nm PSNPs were administered via gastric gavage or tail vein injection, and
70 nm PSNPs were injected via the portal vein. The cellular localization of PSNPs in the liver was analyzed using
immunofluorescence. Subsequently, using AML-12 cells, a normal mouse liver cell line, as the parenchymal hepatocyte
model, the uptake of PSNPs in AML-12 cells was analyzed by confocal laser scanning microscope (CLSM). Flow
cytometry was performed to observe and quantify PSNPs uptake, and to analyze the underlying endocytosis mechanisms.
IVIS was used to analyze PSNPs uptake features in vivo. Finally, using mouse macrophage line RAW?264.7 as a Kupffer cell
model and AML-12 cells as a parenchymal hepatocyte model, the cell-type-specific toxic effects induced by 100 pg/ml
PSNPs were examined through transcriptomics and metabolomics analyses. Results IVIS revealed predominant hepatic
accumulation of PSNPs regardless of exposure pathways via intragastric gavage or tail vein injection. Immunofluorescence/
TEM demonstrated exposure pathway-dependent cellular distribution: intragastric PSNPs were localized mainly in
hepatocytes, while intravenous PSNPs were accumulated in Kupffer cells. Changes in particle size (300 nm vs. 70 nm) did
not alter the cellular distribution pattern, while 70 nm PSNPs injected via the portal vein accumulated in Kupffer cells,
which suggested that the cell-type-specific distribution of PSNPs in the liver was independent of PSNPs size and might be
related to the transport of PSNPs in the gastrointestinal tract. Flow cytometry showed that PSNPs uptake by AML-12 was
time-dependent and that the underlying endocytosis mechanism involved pathways mediated by clathrin (P < 0.0001),
macropinocytosis (P = 0.0026), and lipid rafts (P < 0.0001). Findings on PSNPs distribution in blood revealed that the
uptake of PSNPs by hepatocytes exhibited a rate saturation phenomenon. Multi-omics analysis identified distinct toxicity
patterns: PSNPs disrupted lipid metabolism and neurotransmitter homeostasis in AML-12 cells and induced

inflammation and oxidative stress in Kupffer cells. Conclusion Exposure pathways mediate the hepatic cell-type-specific
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distribution of PSNPs, thereby altering the downstream toxicological consequences induced by exposure to PSNPs.
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VLA, CAEZ T IR S NS e A b H M
¥88} (microplastics/nanoplastics, MNPs) "™, 5| % 1t 245 7t
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JHRRAE S e R SRS B, DR 2R A 2 7,
FENBHIE ORI A3 h . AR, SN I 2z | B I RN 43
il LA R 2 B A, LD BE Y S 2 1 58t AR K- F
SRS S54 b, JHIE B JHSE B4 (£960% ~ 80% )
FEE S BT AL (2920% ~ 40%) ZH k. AR 52 BT 2n A £ 15 6
YA T2 N B2 40 (liver sinusoidal endothelial cells,
LSECs) (£450% ), 2% f 4fi Jfl (Kupffer cells, KCs) (%
20%), WKL A (2925% ), I ADIR A (hepatic stellate
cells, HSCs) (£1% ~ 8% ) FIJHIE 4 il (£95%) ", JHFSE 5
20 M2 R B T O A, ST 25 AT, IR
WEIAE A" KCs F- 2L i . AW R BT s ks
T AN D RE Y S B, AN [R)SE BLA F40 M S PSNPs i
AT REIFS A R S R RSO

AIFFTIALL IR AT S (polystyrene nanoplastics,
PSNPs) A, Sl et d L1 I i (transmission
electron microscopy, TEM) . Z 42 REFTMNPsZE A
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Cytotoxicity
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A 7 B ( scanning electron microscopy,
SEM) 4 € [E Thermo Fisher Scientific)” i, OGRS R
Y& [E MalvernZA w77 i, /NEIYITEAR LS F 5t 4y 55 [E] Perkin
Elmer /A w) 7 i, VKRV BN &R LeicaZy |7 i, TEM
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1.2 PSNPsHI& R K FRAE

PAZR 206 R ik, SDS R ZLALH, s s k5 | & 711,
FIHFL B AL 45 PSNPs . 70 nm PSNPsHYA i: 43
SUBECHI . K BA, IARAL 52 mLAR Z M F1150 pLiE-+o75
Bt KA 520 mLEB4lK F120 mg SDS. SDSIEfR)G, 1
A% 2250 mLIEECBER H, FESEFE T 10 AR g i m A
KA o B IR B B T IhIE T, A 80 mgidd B R4,
72 CRIW12 ~ 16 he RNVESH G, WA PSNPs 2 {F L%
Mragrh, EMraifk3 ~ 7 d. 300 nm PSNPsHIA N
SDSHY FHEIE /> %51 mg, 1B EH 1Y) FH 5 84 5520 mg, H
bR AVE R RG . % FF I BARIC A9 2 SEPSNPs Y A Al : K
8 mg% FHUIBI R /KA, HABHRAERIAT . i1 SEMWL
ZEPSNPsITE A, LA LG 2 PSNPs 7K A R4 &
HAEKH BzetarL i o
1.3 Kz

HEVEC57BL/6) B A BB /N (6 ~ 8J7, 18 ~ 22 g) T
FILIREEAE 2GR AE YR A0 A7 FRAA |, shiF vl e
HSCXK(J11)2020-0034, /]y B FE T TCHFE i I AR A i
T, 5 E PR IR (2240.5) °C, JBE H50%, 2AE12 h
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FHBEHLEL 2 o6 /N BUBEAL 4, He BOR TR A 5T B 1Y
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AGHT e BTS20 4 75 B 45T R IRl g b B, FiF
PASZEG R R, A 4 C L S0 S it B o x|
PRAE N GUR AT Y, SEge s AR R A2 il /N BRUAG BRI K
BB OB RN R . AR s 2534 200
NIKAFBRY S50 BIZS B3 2L (G5 Gwll2023076)
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E | 1%ITS. 1% 55 R - 558 2 F140 ng/mLHLFEAAL )
HEFFEE TR, RAW264. 741 fIfTEDMEMSE @ K BE 2 3L (5%
10%JI6 4 IMLVE F11% 7 5 R 58 R ) HAERFRE IR
1.5 INEHYDTE R 15 5t PSNPsHIRE 28 53 70

NERFEA R B TE R AR T PSNPsHIIERS /31, #4512 H/h
SRLBEHL AT A T IR 2 (1G-H,041) . 7 B 41 (IG-PSNPs
2H) . Rk SR BRZH (TV-H,O4H ) 1R i kv S 41 (TV -
PSNPs4 ), RF413 H (A4 R A SOk 3R B 0 2 ) o
IG-PSNPsZH FITV-PSNPsH /N B4 51V B A i ik i S
50 mg/kgéHPSNPs(70 nm) (LT 7K ) o Xt HRZH /MR
R A 4 5 15 7 S sl 2 e I e 6 0 R AR R A HL O . 3 b,

/N IRBE, WU MRS, (T NS TR AR R R 52
S MRS HPSNPs ) 4347
1.6 BEHEASESHPSNPTEFNRIEES
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PN A1 R7) Bl Y 1 R =53l OO 11121 2l 52 Lo B 1 N
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FIF4/80(1 @ 250)Pilhk, 4 CWE LR . K HIEDUE, L
PBSUEYI A 31K, il CoraLite 488{MIK AT 111 T felgG
(H+L)(1 : 500) —41, IR E2 h/5, W P, LAPBSTE
VA A 3UK, 814, 6- 3 -2 FE 05|k (4',6-diamidino-
2-phenylindole, DAPD) XJ 4l AZ #EA T4 (4, 45 il A
J& , i1 CLSMWLEZ T 57 PSNPs 15 T 52 0t 40 g B Kupffer 4l
JL A A3 A

MR FE PSN P s 42 XF PSNPs 4 il 23 A (14 52 i, LA
50 mg/kg”< ;PSNPs(300 nm) i 5 5l FEf bk /N B (B
203, MR A SCHR S 3R ) o 3 Wi, e SRAE/ I
B, BRSSO YL 6 1 S T I 8L 5 PSNPs
(300 nm) (R4 L 5347
1.7 TEM%HTPSNPsTERT KR4 5 70

Rtk WL N R KR S PSNPSTEJH P Y
YRS, K12 2/ NERBERL ST AIG-H, 04 . 1G-PSNPs4 |
IV-H,O41 ATV -PSNPs41, 45413 H (R4 REA: SRk &2 “3R”
U 7€ ) o 1G-PSNPsZH# H 50 mg/kgIE %< EPSNPs
(70 nm), IG-H,OZH #E B X WARFRAY 7K ; TV-PSNPsZH FE it
JikTE 550 mg/kgdEZZEPSNPs (70 nm), IV-H,O41 B ##fik
FESTXT BRI IK o 3 hiE, & ARFE/NRR, DRl 88 2 i
R NHFHL T2.5% 8 — 1 e b . 38 TEMWES L
SEAEDE YEPSNPs 78 1152 0 41 i Al Kupffer 40 it 9534 .
1.8 BFIERKES

25 R ARPSNPs B e HE A B 1738, 76 15 1 i
S, CRFT TR AL o PRIk, HoAAR o e dz 2o R ] A g
SRR r: B W IE R o RO TR KR 4y o et B
[ JEF I TR S PSNPs, 3BT LA S (4 4 53 A, PR
5¥ PSNPsHE T ik v (1876 32 2oF T2 6T PSNPs 7 I Ay 448
W53 A0 s o DL E T R B /NBRIE S B A S, 9t
WA BRI /IN B, B /N BRI, T, FHTERG A BRI IX
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BV 0D I 0 P 5 3 S 2 S R B N e
50 mg/kgZ¢ .PSNPs(70 nm) (L #HIKTE 550 mg/kg?é

JEPSNPs /N S Ao B, 45413 2, AR R SCHR & “3R”

JEIEf ) o TEGTSEUE FFIR I, 48 G/ BRUER, 15 2L
R AL b, DR N B S R IR AR T 5. 1h
Je b /NS SR A, WO P, 4% IR 3R Gl e e a7 ik
SISO PSN P 4T A 43 #i
1.9 fR4M53 4 BT SE R4 B X PSNPsHY R BY

B AML-1240 3R T 15 mm B 40 5 2 L,
37 CHIFRAR . K H 7 285 3R MM 58 e KRG 3R 3L, DU
TG I35 35 77 PR 20 M — K, 1) e rbofin AT i 3 4 5 i
P B¢ Y6 PSNPs (70 nm) ( TAE T & & M 100 pug/mL) o
6 hJi, F 2R FR LN PSNPs, L4 PBS L 7k 74 41 g —
W, IMARFR R 4% 2 5 RS, &3 8 10 minJ5 77 %
[ 5 WK, APBSUER: =K. i HIDAPIY: A 40 g #%, LA
CLSMWZLH-1C s AML- 1221 it Xt PSNPs 45

AL AML-1240 L X PSNPs 1R, K AML-12411 i
AT 12900, 37 CHREFREANMM A EZ70% ~
80%. F+ 2 fLAR P 5E A KRG IR I, LATC I v B 97
VA A ML — YR, 1) T A TG I R R AR R 1 Sk
PSNPs(70 nm) ( T-AEBT ¥ B 4100 pg/mL), I & AR
(0, 0.5, 1,2 h)J5 W AE40 A, R FH 0 =X 40 A 4SO )
PSNPsPHYEANHE E 43 L

it — 5T AML- 1240 i 5 BUPSNPs (1 AL, K-
AML- 2403 FPF 12FLAR N, 37 CHEFR E ARG 2
70% ~ 80%. 3+ EALR N A TE AR EEFR L, 00 T4 AL
PIIIA 52 4 55 5 SRR B N A4 o - Eh AR (9 (T AR
iR EE N 10 pg/mL, I A% A SN EFERD
BT K 3% ) T AR 3 4 100 wmol/L, 4] K . 4 A
S D (AR 2.5 ug/mL, MHIALEE ARG
T -G (T AR ik 3 2.5 mg/mL, #HIIRES) . 37 °C
3 hia, 7 R AUAR I IR, DL I3 Ry 7R Ak vk
VRAIAR— R, LRI TG L3 5537 56 B2 . PSNPs
(70 nm) (CTAEFRE MR EE N 100 pg/mL), 4KSE0FEH 1 he Y&
LEAN, SRR A A SRS U PSNPs BH M 200 i 5 43 L
1.10 KM 53 #7 BT SE R4 B X PSNPs IR EX

AR A 53T I B 20 R A PSNPS U ARAE, 15 5/
SUBEHL 7 R34 : XF B8 (Control) 4l . %% 3 (Capacity) 41l
TR (Rate) 21, AF2H 5 H R3ERE A SCRk B 3RV JR I, 25648
AT BRI E ) o CapacityZH/N R AEHE B 100 mg/kg
HEDEIEPSNPs(70 nm) (FH T AIFSL R4 A 254 ), Control
20 N RateZ1/NRIIUSGHE B ARNAAFAUH, O, 3 h(PSNPsif
T J5 7 T I 53 A5 DA XF 1V A 5 8] £5) J=, Control4 J

CapacityZH /) ERUE 5 50 mg/kgk Y:PSNPs(70 nm ), RateZH
/N H A 100 mg/kgAE DS PSNPs (] 55 4 JHF 4
X} % FEPSNPs 45 B ) F150 mg/kg9é JEPSNPsIIR A4 .
0.5 hIF & SRFEA /N, AT/ NSl R R 2 e o
JUE K il 375 HhaE SEPSNPs I 43 A o A it — 2D B T S 3R 10 A
R, ¥ RateZl 1 FE 2 YEPSNPsH & 32 5 £400 mg/kg,
HoAthAb 3 [ RateH /N .o
1.11 ERARRGHEBES S HTPSNPsHI MRS IE

H AML- 1241 s FTIRAW 264. 740 il 70 -6 FLHR, 37 °C
BSR4 = AR 2980%, 7 R AL N e 2R KB 3R 3,
PATC I35 45 5% SR U A — 1k, ) b in A TG i 5 5%
TS EPSNPs(70 nm) (T AR R 4100 pg/mL) .
BETT2 hi, 72 PSNPs, LIPBSER R VLS4 . FEFL
A1 mL PBS, {df FH 41 ) )30 25 4, IR o4 2 o
B, 2500xgiE 005 min, WA DTIE T B RNA$EE
F P 537 o

J AT AR AL 2= 8T, K AML- 1240 B FTIRAW 264.7
YU EZRD T 10 cm 21 ffl 35 37 ML, PSNPs Y &b 2 320 72 [+
Fo 2 hE, RIS AN, DAAR AR E SO T A i L
i, MR A R, BRI A 2 ) — T B LA N,
2 500%g#5.L>5min, WCEEANMIITTE, SR RAR (35 - B ik
I 4 A PRI
112 SitEAHE

¥ HlGraphPad Prism 4t T4 #4748 1% 704 . %L
LA x+ s Fm o MBI 2 B0 A6 Ry 22 5 R %
I, Z2 20 1] Lo AR FH B PR 3R 5 2243, 5 20 1) 25 5 Wl 35
K FiBonferroni?E #4725 5 46 96 LA He 48 22 24 5015 M B00E
ANBE [ o A AE AR A Rl 25 S MR, SR P Kruskal-
Wallis HKZ %, P<0.05 25 A G045 L.

2 #R

2.1 AREEEZERER, PSNPsHIAFSE R A S 7

i 3 SEMWLEE A i A PSNPs 78 K i BT S, 445 S8 4
EI1AF7R, PSNPskifes—, RN . shASGHURN 4
BT i 7R, PSNPsTE/K H A9-F- 1) HAZ 292470 nm (&[1B), °F-
YlzetaHi 298 —30 mV(JE1C) . PSNPsf &% B 431 4k
R, TS HE H = RIS, PR E PSNPsIRAERY
FEAVE (D), et 45 R BoR R FH KIS 1Y
PSNPs K it 731 7E Kupffer 4 i 1, {H25 1 4% AHYPSNPs 3
BP0 A5 (I1E . 1F) o FFERY TEM > Hrah
R E S T RPN S AR S 20 A, TR LGP,
FEXT BR 2 /N U (1G-H,OF1TV-H,0) H ok % PLPSNPs,
PSNPsi# 5 #/N B (IG-PSNPs ) {4 52 55 21 g i ¢ 51
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Fig 1 PSNPs characterization and distribution in the liver

IG: intragastric; IV: intravenous; ASGR1: asialoglycoprotein receptor 1. A-C, Scanning electron microscopy (SEM) image (A), size distribution (B), and zeta potential

distribution (C) of synthesized PSNPs. D, Fluorescent images showing PSNPs distribution in the major organs of mice with PSNPs treatment via intragastric gavage or

intravenous injection (n = 3). E, Representative image of PSNPs distribution in hepatocytes after intragastric exposure to PSNPs for 3 h (n = 3). F, Representative image of

PSNPs distribution in Kupffer cells after intravenous exposure to PSNPs for 3 h (n = 3). G, Representative transmission electron microscopy (TEM) image of PSNPs

distribution in hepatocytes and Kupffer cells. The arrows point to PSNPs.
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A7, HANZ PSNPSKIAZ R
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Fig 2 Larger PSNPs characterization and distribution in the liver

ASGRI: asialoglycoprotein receptor 1. A-C, SEM image (A), size distribution (B), and zeta potential distribution (C) of synthesized PSNPs with a diameter of 300 nm.

D, Representative image of PSNPs distribution in hepatocytes after orally exposed to larger PSNPs for 3 h (n = 3). E, Representative image of PSNPs distribution in Kupffer

cells after intravenous exposure to larger PSNPs for 3 h (n = 3). The arrows point to PSNPs.
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and RAW264.7 cells (D).
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