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ARTICLE INFO ABSTRACT

Keywords: Objective: Plastic pollution has become a global pollution problem that cannot be ignored. As the main desti-
Polystyrene nanoplastics nation of human oral intake, the toxic effects of plastic on the digestive system represented by the intestine and
DHA-PS . liver are the focus of current research. Marine-derived DHA-PS has a variety of biological activities, mainly
Hepatotoxicity

focusing on improving brain function and regulating lipid metabolism. However, whether it has an improvement
effect on PS-NPs-induced hepato-intestinal injury and the underlying mechanism remain unclear.

Methods: A murine liver injury model was established by gavage of PS-NPs for six weeks. By integrating ap-
proaches from lipidomics, transcriptomics, and gut microbiota analysis, the molecular mechanism by which
DHA-PS alleviates PS-NPs-induced murine hepatotoxicity was explored through the “gut-liver axis”.

Results: Our findings reveal that prolonged exposure to PS-NPs results in significant murine liver damage and
dysfunction, characterized by increased oxidative stress and inflammation, along with exacerbated hepatic lipid
accumulation. Mechanistically, PS-NPs disrupt the hepatic SIRT1-AMPK pathway by suppressing the expression
of SIRT1, AMPKa, and PPAR«a, while enhancing the expression of SREBP-1c, ultimately leading to disordered
hepatic lipid metabolism. The sphingolipid and glycerophospholipid metabolic pathways were particularly
affected. Additionally, in agreement with transcriptomic analyses, PS-NPs activate the hepatic TLR4/NF-xB
pathway. At the same time, exposure to PS-NPs decreases the expression of ZO-1, occludin, and claudin-1, di-
minishes the relative abundance of beneficial gut bacteria (norank f Muribaculaceae, Akkermansia, and nor-
ank_f norank_o_Clostridia UCG-014), and increases the prevalence of pathogenic gut bacteria
(Coriobacteriaceae. UCG-002 and Desulfovibrio), exacerbating liver injury through the gut-liver axis. However,
administering DHA-PS (50 mg/kg) effectively alleviated these injuries.

Conclusion: This study was the first to employ multi-omics techniques to elucidate the potential mechanisms
underlying hepatotoxicity induced by PS-NPs, thereby supporting the use of DHA-PS as a dietary supplement to
mitigate the effects of nanoplastic pollutants.

Gut-liver axis
Multi-omics

1. Introduction

Plastics, now a widespread global polluter, can break down into
smaller fragments such as microplastics (MPs, <5 mm) and nanoplastics
(NPs, <100 nm) through processes like photooxidation, wave action,
and chemical reactions [1,2]. These particles, including MPs and NPs,
are ubiquitously dispersed in the environment and can be found in
varying concentrations in the air, drinking water, various seafood, fast
food takeout, and other foods packaged in plastic [3,4]. In daily life,
humans can intake MPs/NPs not only through consumption but also via
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breathing and skin contact [5,6]. Recently, researchers have shown that
MPs/NPs can cause various health issues, including gastrointestinal,
neurologic, hepatic, renal, developmental, and reproductive toxicity
[7,8]. Consequently, the adverse impacts of MPs/NPs on human health
and the development of strategies to mitigate these effects have emerged
as significant concerns.

The gastrointestinal tract serves as the primary exposure pathway for
MPs and NPs, whose ingestion has been proven to harm intestinal
epithelial cells, alter gut microbiota, and impair intestinal barrier
functions [9,10]. At this point, MPs/NPs distributed within the
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gastrointestinal tract can enter the liver via the portal vein, ultimately
leading to liver toxicity [11]. Recently, the focus on the “gut-liver axis”
has revealed significant insights into the relationship between the in-
testinal mucosal barrier, gut microbiota, metabolites, and their collec-
tive role in developing liver injury [12-14]. The disturbance of the “gut-
liver axis” is characterized by intestinal barrier dysfunction, bacterial
translocation and inflammation, and the activation of the toll-like re-
ceptor (TLR) pathway, all of which are crucial in the onset of various
liver diseases [15,16]. Therefore, understanding the dynamics of the
“gut-liver axis” provides a novel perspective for devising strategies to
repair hepatic and intestinal damage potentially caused by MPs/NPs.

With the rapid development of the marine food processing industry,
a large amount of by-products (heads, skins, viscera, bones, roes) are
discarded, causing not only economic losses but also serious environ-
mental pollution [17,18]. However, these by-products are rich in poly-
unsaturated fatty acids, proteins, etc., which can be converted into high-
value-added products through enzyme -catalysis or fermentation
[19,20]. Specifically, docosahexaenoic acid-enriched phosphatidylser-
ine (DHA-PS) can be synthesized from marine roes-derived DHA-
enriched phosphatidylcholine (DHA-PC) using recombinant phospholi-
pase D (PLD) [21]. Researchers have shown that DHA-PS possesses
various biological functions, including enhancing memory, protecting
liver and kidney health, regulating lipid metabolism, and improving gut
microbiota balance [21,22]. However, there is currently no report on
whether DHA-PS has a mitigating effect on murine liver injury induced
by NPs exposure. In this study, a murine liver injury model was estab-
lished by gavage of polystyrene nanoplastics (PS-NPs) for six weeks. By
integrating approaches from lipidomics, transcriptomics, and gut
microbiota analysis, we explored the molecular mechanism by which
DHA-PS alleviates PS-NPs-induced murine hepatotoxicity through the
“gut-liver axis”, offering novel insights into counteracting the toxic ef-
fects of PS-NPs.

2. Materials and methods
2.1. Materials and reagents

DHA-PS was prepared by our research group as previously described
[23]. The content of PS in the final product was 60.51%, and DHA and
EPA in the total fatty acids were 34.1% and 12.2%, respectively. PS-NPs
(100 nm) were provided by Zhongke Leiming (Beijing, China). Reagent
kits for alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total cholesterol (TC), triglyceride (TG), non-esterified fatty acid
(NEFA), malondialdehyde (MDA), superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px) and total antioxidant capacity
(T-AOC) were purchased from Jiancheng (Nanjing, China). The ELISA
kits of interleukin (IL)-1p, IL-6, IL-10, and tumor necrosis factor-o (TNF-
a) were purchased from Elabscience Biotechnology (Wuhan, China) or
Solarbio (Beijing, China). Hematoxylin-eosin (H&E) staining kit and Oil
Red O staining kit were purchased from Beyotime Biotechnology
(Shanghai, China). The lipopolysaccharides (LPS) kit was provided by
Xiamen Bioendo Technology (Xiamen, China) for the assessment of LPS
levels. Primary antibodies against SIRT1, AMPKa, PPARa, SREBP-1c,
Claudin-1, Occludin, and ZO-1 were supplied by Proteintech Group
(Wuhan, China).

2.2. Animal treatments

Animal experiments were approved by the Animal Ethics Committee
of Zhejiang Ocean University (NO. 2022021) and conducted in SPF-
grade animal facilities. Before the experiment, the DHA-PS solution
and PS-NPs were sonicated for 30 min. After one week of adaptation
feeding, male C57BL/6J mice (n = 18, 6 weeks old, 15 — 17 g) were
randomly divided into CON group, MOD group, and DHA-PS group (n =
6 per group). Mice in the CON group were orally gavaged with Milli-Q
water, while those in the MOD and DHA-PS groups were administered
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25 mg/kg PS-NPs in an equal volume [21]. Additionally, mice in the
DHA-PS group were orally gavaged with 50 mg/kg DHA-PS 30 min after
PS-NPs administration daily for 6 weeks (Fig. 1A). On the last day of
dosing, all mice were fasted for 12 h but allowed free access to water,
and feces were collected under sterile conditions for gut microbiota
analysis. Blood was collected by eyeball extraction, and mice were
euthanized by cervical dislocation. Liver and jejunum tissues were
dissected, frozen, and stored at —80 °C. The murine liver index was
calculated as follows: liver index (%) = liver weight (g) / body weight
(g) x 100%.

2.3. Determination of biochemical indicators

The levels of LPS, ALT, and AST in serum were determined using
respective assay kits. The frozen liver tissues were homogenized in
physiological saline at a ratio of 1:9 (m/v), and the supernatant obtained
after centrifugation was used to measure the LPS, TC, TG, NEFA, IL-14,
IL-6, IL-10, TNF-a, MDA content, as well as the CAT, SOD, GSH-Px, and
T-AOC activities in liver tissue homogenates.

2.4. Histopathological and immunohistochemical analysis

After fixation in 4% paraformaldehyde, the fresh liver, and jejunum
tissues were embedded in paraffin and sectioned. H&E and Oil Red O
staining procedures were performed as previously described [24].
Additionally, liver sections were incubated with primary antibodies
(SIRT1, AMPKa, SREBP-1c, PPARq), and jejunum sections were incu-
bated with other primary antibodies (Claudin-1, Occludin, and ZO-1),
followed by color development with DAB staining solution. Staining
intensity was observed under a CX31 optical microscope and analyzed
using Image J 1.52i software.

2.5. Western blotting

The expression levels of relevant proteins in the NF-kB pathway in
mouse liver were assessed, and the primary antibodies were as follows:
TLR4, p65, p-P65, IkBa, and p-IkBa. The target protein bands after
visualization were subjected to semi-quantitative analysis using Alpha
View software.

2.6. Lipidomic analysis

The fresh liver tissue samples (50 mg) were added with 280 pL of
extract liquid (methanol : water = 2:5) and 400 pL methyl tert-butyl
ether (MTBE), then frozen and ground for 6 min. The samples were
extracted by ultrasound at low temperature for 30 min and then
centrifuged at high speed (13,000 g, 4 °C) for 15 min. Then, 350 L of
supernatant was removed, dried under nitrogen gas, and redissolved by
adding 100 pL of compound solution (isopropanol : acetonitrile = 1:1).
After vortexing and mixing, the mixture was sonicated and centrifuged
for 10 min, and the supernatant was removed for LC-MS/MS analysis.
Metabolite information was obtained by matching with the database.
The data were analyzed through the free online platform of Majorbio
cloud platform (cloud.majorbio.com). The PCA and OPLS-DA were
performed using the R package ropls (version 1.6.2). Permutation tests
were conducted to evaluate the stability of the model. Lipid metabolites
showing intergroup differences were selected based on the criteria of
VIP > 1 and P < 0.05, and key metabolic pathways were screened using
the KEGG database.

2.7. Transcriptomic analysis

Transcriptomic analysis was performed by Majorbio (Shanghai,
China). The fresh liver tissue (50 mg) was ground in liquid nitrogen and
then mixed with 1 mL of Trizol at room temperature for 5 min. The
supernatant was centrifuged (4 °C, 13,000 g, 5 min), and 200 pL of
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Fig. 1. Effect of DHA-PS on liver damage and lipid deposition induced by PS-NPs exposure in mice (n = 6). (A) Experimental design; (B) Liver index; (C) Serum ALT;
(D) Serum AST; (E) Liver TC; (F) Liver TG; (G) Liver NEFA; (H) Liver H&E staining (200x; scale bar 100 pm). Disarrangement of hepatic cords (red triangles),
vacuolar lesions (yellow arrows); (I) Liver Oil red O staining (200x; scale bar 100 pm). The English letters a, b, ¢ represent the statistical results respectively, and
different letters indicate significant differences between groups (P < 0.05). The same letter indicated no statistical difference between groups (P > 0.05). Unless

otherwise stated, the same applies below.

precooled chloroform was added. The mixture was shaken and placed at
room temperature for 5 min. 400 pL of the supernatant was centrifuged
again, and an equal volume of precooled isopropanol was added and left
for 10 min at room temperature. The supernatant was discarded by

centrifugation and the RNA precipitate was washed by adding 1 mL of
precooled 75% ethanol. Finally, the supernatant was removed by
centrifugation, the RNA precipitate was allowed to dry at room tem-
perature for 3-5 min, and dissolved by adding 20-50 pL of sterilized
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0.1% DEPC water. The Illumina platform was used for library
sequencing and bioinformatics analysis. Differential expression analysis
was performed using DESeq2, with criteria set at P < 0.05 and |log2 FC|
> 1 to identify intergroup differentially expressed genes (DEGs). Sub-
sequent biological function and pathway enrichment analyses of DEGs
were performed using the GO database and the KEGG database,
respectively.

2.8. 16S rRNA sequencing

Mouse fecal sample DNA was extracted and amplified using primers
338F and 806R for PCR. Sequencing was performed using the Illumina
MiSeq platform, and subsequent quality control and filtering were
applied to the sequences. The o and p diversity analyses were conducted
at the OTU level, and microbial community composition was analyzed at
the phylum and genus levels. Kruskal-Wallis rank-sum test was
employed to select significantly different microbial communities be-
tween groups. Differential species at various levels were identified using
LEfSe analysis, and the effect size of differences in species abundance
was evaluated using LDA values.

2.9. Statistical analysis

The experimental data were analyzed using one-way analysis of
variance (ANOVA) and LSD post hoc test in SPSS 27.0 software. Results
are presented as mean + standard deviation (X + SD), with P < 0.05
indicating significant differences between groups.

3. Results

3.1. DHA-PS alleviates liver injury and lipid deposition induced by PS-
NPs

As illustrated in Fig. 1B, exposure to PS-NPs resulted in a notable
elevation of the liver index compared to the CON (3.92 + 0.15vs 3.71 +
0.11 mg/g, P < 0.05). After supplementing with DHA-PS, the liver index
of mice notably decreased (3.64 + 0.12 vs 3.92 + 0.15 mg/g, P < 0.05).
As important indicators for evaluating the degree of liver damage, the
serum levels of ALT and AST significantly increased in the MOD (ALT:
23.72 £ 1.62 vs 13.89 + 1.88 U/L, AST: 32.81 + 1.30 vs 24.99 + 0.51
U/L, P < 0.05, Fig. 1 C-D), and significantly decreased in the DHA-PS
group (ALT: 16.39 + 1.21 vs 23.72 £+ 1.62 U/L, AST: 25.60 + 1.34 vs
32.81 + 1.30 U/L, P < 0.05), indicating that DHA-PS can improve the
abnormal liver function induced by PS-NPs.

Meanwhile, in the MOD, the hepatic TC (0.56 + 0.03 vs 0.22 + 0.03
mmol/g prot, P < 0.05), TG (0.80 + 0.05 vs 0.20 + 0.01 mmol/g prot, P
< 0.05), and NEFA (0.06 + 0.01 vs 0.02 £ 0.00 mmol/g prot, P < 0.05)
levels were notably enhanced compared to the CON (Fig. 1E-G). In the
DHA-PS group, the above lipid levels were notably decreased (TC: 0.44
+ 0.03 vs 0.56 + 0.03 mmol/g prot, TG: 0.29 + 0.04 vs 0.80 + 0.05
mmol/g prot, NEFA: 0.03 + 0.00 vs 0.06 & 0.01 mmol/g prot, P < 0.05).
The H&E staining results (Fig. 1H) exhibited that in the CON, the liver
structure was intact with clear radial arrangement of hepatic cords and
no hepatocyte necrosis. PS-NPs caused severe damage to the liver
structure, with the disordered arrangement of hepatic cords and the
appearance of vacuolar degeneration. Nevertheless, treatment with
DHA-PS notably ameliorated the pathological alterations in liver tissue,
restoring the organization of hepatic cords and diminishing vacuolar
degeneration. Additionally, the Oil Red O staining results (Fig. 1I)
indicated that PS-NPs intake promoted lipid droplet accumulation in the
liver, and DHA-PS treatment could significantly alleviate this
phenomenon.
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3.2. DHA-PS alleviates inflammation and oxidative stress induced by PS-
NPs

When intestinal barrier function is impaired, LPS is released into the
bloodstream and reaches the liver via the portal vein, triggering sys-
temic or local inflammatory responses [25]. Compared to the CON, the
LPS levels in the serum and liver, as well as hepatic IL-6, IL-1f, and TNF-
o levels, were notably increased in the MOD, while the IL-10 level was
notably decreased (P < 0.05, Table 1). However, the above indicators
were notably reversed after DHA-PS treatment. Meanwhile, PS-NPs
notably inhibited the activity of hepatic CAT, SOD, GSH-Px, and T-
AOC, reducing them by 25.07%, 26.55%, 54.96%, 33.33%, respectively,
and notably increased the MDA content (P < 0.05, Table 1). Supple-
menting with DHA-PS enhanced the activity of antioxidant enzymes and
down-regulated the MDA levels. The changes in the above indicators
suggest that DHA-PS can regulate cytokine secretion and enhance anti-
oxidant capacity, thereby alleviating liver inflammation and oxidative
stress.

3.3. Hepatic lipidomics analysis

Lipidomics was employed to investigate the potential mechanisms of
DHA-PS in alleviating liver injury, and the metabolic characteristics of
each group are shown in Fig. 2. The PCA score plot showed a certain
degree of separation among the CON, MOD, and DHA-PS groups in both
positive and negative ion modes, suggesting that exposure to PS-NPs and
supplementation with DHA-PS affected the liver lipid profile in mice
(Fig. 2A, D). Further validation of inter-group lipid metabolites was
conducted using OPLS-DA analysis, and the stability of the model was
assessed through permutation tests (n = 200). As shown in Fig. 2B,C and
E,F, significant dispersion was observed in the MOD vs CON and DHA-PS
vs MOD comparison groups in both positive and negative ion modes. The
R2Y values of the model parameters for each group were close to 1, and
Q2 > 0.5 (Supplementary Fig. S1), indicating good predictive capability
of the model without overfitting. Additionally, differential lipid me-
tabolites in the liver were screened based on selection criteria (VIP > 1
and P < 0.05), and the changes in different metabolites were visually
displayed through volcano plots (Fig. 2G, H). A total of 454 differentially
metabolites were identified in the MOD vs CON comparison group,
including 276 up-regulated metabolites and 178 down-regulated me-
tabolites; while 174 differentially metabolites were detected in the DHA-
PS vs MOD comparison group, including 80 upregulated metabolites and
94 downregulated metabolites. Moreover, Venn diagram was used to
show the difference and overlap of lipid metabolites in different align-
ment groups (Fig. 2I).

The clustering heatmap (Supplementary Fig. S2 and Table S1)

Table 1
Effect of DHA-PS on LPS levels, liver inflammation, and oxidative stress induced
by PS-NPs in mice.

Index CON MOD DHA-PS

Serum LPS (EU/mL) 0.73 +0.04° 1.14+0.01° 0.84 +0.10°

Liver LPS (EU/mL) 1.18 £ 0.02 ¢ 2.89 +0.02° 1.67 £0.14°

Liver IL-10 (ng/mL) 8.62 + 0.04 6.19 £ 0.34 ¢ 7.25 + 0.04 °

Liver IL-6 (ng/mL) 6.12 £ 0.05 © 9.29 +0.22° 7.65 + 0.43 °

Liver IL-1p (pg/mL) 767.09 +27.26  924.08 + 23.00  868.95 + 9.24 >
c a

Liver TNF- (pg/mL) 321.94 +£5.03¢  873.71 + 38.52

a

482.97 £+ 19.96
b

Liver MDA (nmol/mg 0.78 £0.01 ¢ 427 £0.10° 2.39 +0.03°
prot)

Liver CAT (U/mg prot) 33.42 +0.49° 25.04 + 0.47 ° 33.65 + 0.28 ¢

Liver SOD (U/mg prot) 6.29 £ 0.14° 4.62 £ 0.04 ¢ 5.86 + 0.18 °

Liver GSH-Px (U/mg 4172 +£1.29° 18.79 + 1.53 ¢ 33.39 +1.93"
prot)

Liver T-AOC (U/mg 0.06 £ 0.001 # 0.04 £ 0.001 ¢ 0.05 + 0.002 ®

prot)
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Fig. 2. The effect of DHA-PS on the metabolome profile of mice (n = 5). (A, D) PCA plot of positive ions and negative ions; (B, E) OPLS-DA plot of positive ions and
negative ions (MOD vs CON); (C, F) OPLS-DA plot of positive ions and negative ions (DHA-PS vs MOD); (G) Volcano plot of MOD vs CON; (H) Volcano plot of DHA-PS
vs MOD; (I) Venn diagram; (J, K) KEGG topological analysis of MOD vs CON comparison group and DHA-PS vs MOD comparison group.

displays 85 differential lipid metabolites shared between the MOD vs
CON and DHA-PS vs MOD comparison groups, predominantly consisting
of glycerolipids (GL), glycerophospholipids (GP), and sphingolipids
(SP). We speculate that these differential metabolites are potential
biomarkers for the dysregulation of hepatic lipid metabolism regulated
by DHA-PS. Therefore, we further compared the changes in the levels of
different lipids within GP, SP, and GL classes (Table. 2). Compared to the
CON, significant increases were found in the MOD group for GP-
associated lipids, such as PC (17:1/18:2), PC (19:0/18:2), PC (17:1/
22:6), PE (15:0/18:2), PE (19:0/22:6), and in SP-associated lipids, such
as Cer (d17:1/22:0), Cer (d18:2/22:2), Cer (d18:1/23:0), Cer (d18:1/
25:3), Cer (t18:0/25:3), SM (t18:1/22:5), and in GL-associated lipids,
such as DG (18:2e/20:4), TG (18:2/22:6/22:6) (P < 0.05), while a sig-
nificant decrease was noted in LPC (20:1e) levels (P < 0.05). Interest-
ingly, DHA-PS treatment reversed the aforementioned lipid level
disorders. Additionally, KEGG pathway analysis of the selected differ-
ential lipid metabolites exhibited that the primary metabolic pathways

affected in the MOD were sphingolipid metabolism and glycer-
ophospholipid metabolism, with pathway impact values > 0.1 (Fig. 2J).
The metabolic pathways affected by the DHA-PS group were also
sphingolipid metabolism and glycerophospholipid metabolism, among
which only sphingolipid metabolism had a pathway impact value > 0.1
(Fig. 2K). Therefore, we infer that DHA-PS could restore the lipid dis-
orders induced by PS-NPs through modulating sphingolipid metabolism
and glycerophosphatidylcholine metabolism in the liver, thereby regu-
lating the normal operation of hepatic lipid metabolism.

3.4. Hepatic transcriptomic analysis

To further investigate how DHA-PS mitigates liver damage, tran-
scriptomic studies were conducted to reveal differential gene expression
in the liver after PS-NPs and DHA-PS treatment. Genes with a fold
change > 2 and P < 0.05 were considered as DEGs. Visualization of the
changes in DEGs through volcano plots showed that compared to the
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Table 2

Expression of representative differential lipid metabolites.
Differential lipid CON MOD DHA-PS
metabolites
LPC (20:1e) (10.36 + 2.30) (5.64 £ 1.47) x (8.01 + 0.92) x

x 1072 107 107

PC (17:1/18:2) (73.54 £+ 6.36) (90.22 4 5.39) x (80.39 £ 2.28)

x 107¢ 107 @ x 107°

PC (19:0/18:2) (49.28 + 5.09) (77.93 £ 6.33) x  (62.74 + 7.29)
x 107¢ 107 2 x 107P

PC (17:1/22:6) (3.50 £0.68) x  (6.25 + 0.55) x (4.63 + 0.82) x
107c 107 a 107b

PE (15:0/18:2) (1.00 £0.14) x  (1.36 + 0.15) x (1.07 + 0.22) x
1071) 107 a 107b

PE (19:0/22:6) (10.41 £ 0.59) (14.41 £1.57) x  (12.44 £ 1.79)
x 107¢ 107 # x 107"

Cer (d17:1/22:0) (60.31 + 7.32) (81.52 +9.52) x  (61.88 + 8.92)
x 107° 1072 x 107"

Cer (d18:2/22:2) (27.33 £ 2.73) (34.00 +£3.21) x  (29.51 + 2.78)
x 107° 107 @ x 107P

Cer (d18:1/23:0) (24.90 + 4.39) (36.13 £ 3.45) x  (28.29 + 3.79)
x 10%° 1082 x 10%°

Cer (d18:1/25:3) (26.14 + 4.48) (34.35+3.94) x  (26.67 + 3.08)
x 108" 1082 x 10%°

Cer (t18:0/25:3) (25.67 =+ 4.40) (33.71£3.87) x  (26.19 + 3.03)
x 108 1082 x 10%°

SM (t18:1/22:5) 0.80 £0.21) x  (1.17 + 0.23) x (0.71 + 0.23) x
107b 107 a 107b

DG (18:2e/20:4) (337 +£2.12) x  (7.21 +1.22) x (4.43 + 1.72) x
107b 107 a 107b

TG (18:2/22:6/22:6) (49.83 + 9.05) (73.35 £ 19.41) (53.00 + 4.52)
x 107° x 1072 x 107"

CON, there were 63 genes significantly up-regulated and 386 genes
significantly down-regulated in the MOD (Fig. 3A). In comparison with
the MOD, the DHA-PS group exhibited 90 genes notably up-regulated
and 40 genes notably down-regulated (Fig. 3B). GO enrichment anal-
ysis was conducted to better understand the biological functions of DEGs
among different comparison groups, including Biological Process (BP),
Molecular Function (MF), and Cellular Component (CC). In the MOD vs
CON comparison group, DEGs were mainly enriched in BP categories
such as lipid transport, positive regulation of protein phosphorylation,
and response to endogenous stimulus (Fig. 3C). DEGs in the DHA-PS vs
MOD comparison group were primarily enriched in BP categories, such
as myeloid leukocyte migration, leukocyte chemotaxis, inflammatory
response, and MF category Toll-like receptor 4 binding (Fig. 3D).

In addition, we performed KEGG pathway enrichment analysis on
the DEGs from different treatment groups. As shown in Fig. 3E and F, the
MOD vs CON comparison group was mainly enriched in pathways, such
as the PI3K-Akt, TGF-beta, NOD-like receptor, MAPK, and lipid and
atherosclerosis. On the other hand, the DHA-PS vs MOD comparison
group was predominantly enriched in pathways including the IL-17,
NOD-like receptor, TNF, lipid metabolism-related pathways associated
with atherosclerosis, NF-kB, TLR, and inflammation mediators regula-
tion of TRP channels. These findings suggest that the DEGs are pre-
dominantly linked to lipid metabolism processes and the the occurrence
of inflammation.

3.5. Effect of DHA-PS on the SIRT1-AMPK and TLR4/NF-xB pathways

Long-term exposure to PS-NPs notably decreased the expression
levels of SIRT1, AMPKa, and the lipolytic factor PPAR«a in the mouse
liver, while the expression level of the lipogenic factor SREBP-1c notably
increased (Fig. 4A, P < 0.05). However, DHA-PS intervention was able
to reverse the changes in these measures. Compared with the CON, the
levels of TLR4, p-P65/P65, and p-IkBa/IkBa in the MOD notably
increased (P < 0.05). After gavage with DHA-PS, the ratios of TLR4 level
(0.74 £ 0.02 vs 0.87 + 0.05), p-P65/P65 (0.59 + 0.01 vs 0.85 + 0.10),
and p-IkBo/IxkBa (0.97 + 0.19 vs 1.33 + 0.14) decreased notably
compared to the MOD (Fig. 4B, P < 0.05). Overall, DHA-PS can improve

International Immunopharmacology 142 (2024) 113154

lipid metabolism disorders and reduce inflammation by stimulating the
SIRT1-AMPK pathway, and suppressing the TLR4/NF-kB pathway.

3.6. DHA-PS enhances intestinal barrier function

To further explore the protective role of DHA-PS against intestinal
barrier damage induced by PS-NPs, we examined the morphological
alterations in mouse jejunum tissues using H&E staining. As illustrated
in Fig. 5A, the jejunum villi in the CON were well-preserved and tightly
organized, featuring intact epithelial cells. Conversely, the jejunum in
the MOD displayed structural disorganization, characterized by villous
atrophy and epithelial cell deterioration and loss, which resulted in a
reduced villus-to-crypt ratio. The administration of DHA-PS progres-
sively ameliorated the architecture of the mouse jejunum tissue. In
addition, the expression levels of ZO-1, Occludin, and Claudin-1 in the
MOD were significantly decreased compared to the CON (P < 0.05),
indicating that exposure to PS-NPs disrupts the integrity of the intestinal
mucosal barrier (Fig. 5B-E). In contrast, the expression levels of tight
junction proteins (TJs) in the DHA-PS treatment group were notably
enhanced (P < 0.05), suggesting that DHA-PS may enhance intestinal
barrier function by up-regulating the expression levels of jejunum TJs.

3.7. Intestinal microbiota analysis

We assessed the effects of PS-NPs exposure and DHA-PS supple-
mentation on the intestinal microbiota, observing that the rarefaction
curve plateaued at higher sequencing depths, suggesting adequate
sequencing coverage (Fig. 6A). The Venn diagram illustrated the com-
mon or unique OTUs among different groups (Fig. 6B), with 44, 57, and
105 unique OTUs in the CON, MOD, and DHA-PS groups, respectively,
and a total of 454 OTUs shared among the three groups. We utilized o
diversity analysis to evaluate the diversity and richness of the intestinal
microbial community (Fig. 6D-G). Compared to the CON, the Shannon,
Ace, and Chao indices decreased, while the Simpson index increased in
the MOD. However, supplementation with DHA-PS restored these
indices, indicating that DHA-PS can improve the decreased diversity and
richness of the intestinal microbial community caused by PS-NPs. B di-
versity reflected overall structural changes in the microbial communities
among groups, as revealed by principal coordinate analysis (PCoA)
(Fig. 6C). There was evident separation among the CON, MOD, and
DHA-PS groups, showing significant changes in the intestinal microbiota
structure after different treatments. Moreover, the projection distance of
the DHA-PS group along the horizontal axis was closer to the CON,
indicating that DHA-PS partially regulated the changes in the microbial
community structure.

To further determine the effects of PS-NPs and DHA-PS treatments on
the gut microbiota, the composition of the microbial community was
examined at the phylum and genus levels. At the phylum level, the
predominant phyla detected included Bacteroidota, Firmicutes, Verruco-
microbiota, and Actinobacteriota, with Bacteroidota and Firmicutes being
the most abundant (Fig. 6H). Compared to the CON, PS-NPs exposure
increased the relative abundance of Firmicutes and Actinobacteriota while
decreasing the relative abundance of Bacteroidota and Verrucomicrobiota,
leading to a significant increase in the Firmicutes/Bacteroidota (F/B) ratio
(1.19 £ 0.11 vs 0.83 + 0.16, P < 0.05). However, supplementation with
DHA-PS restored the changes in microbial abundance induced by PS-
NPs, with the relative abundance of Bacteroidota increasing to 59.36
%, Firmicutes decreasing to 35.12 %, and the F/B ratio decreasing to 0.59
+ 0.11 (Fig. 6J). At the genus level, primarily detected were nor-
ank f_Muribaculaceae, Lactobacillus, —Akkermansia, norank_f_nor-
ank_o_Clostridia UCG-014, and Lachnospiraceae. NK4A136 group. The
relative abundances of norank f_Muribaculaceae, Akkermansia, and nor-
ank _f_norank_o_Clostridia UCG-014 were decreased in the MOD
compared to the CON, while Lactobacillus and Lachnospir-
aceae NK4A136_group showed increased relative abundances (Fig. 6I).
However, DHA-PS reversed the changes in relative abundances of the
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Fig. 3. The effect of DHA-PS on differential gene expression in mouse liver. (A, B) Volcano plots of DEGs in the MOD vs CON comparison group and the DHA-PS vs
MOD comparison group. (C, D) Bubble plots of GO enrichment analysis for DEGs in the MOD vs CON comparison group and the DHA-PS vs MOD comparison group.
(E, F) Bubble plots of KEGG pathway enrichment analysis for DEGs in the MOD vs CON comparison group and the DHA-PS vs MOD comparison group.

above genera. Furthermore, differential genera at the genus level were
analyzed using Kruskal-Wallis rank-sum tests. As shown in Fig. 6K, the
relative abundances of Akkermansia and Parasutterella decreased in the
MOD, while those of Coriobacteriaceae. UCG-002, Desulfovibrio, and
Eubacterium siraeum_group increased. Supplementation with DHA-PS
ameliorated the imbalance of these genera. As described above, DHA-
PS effectively modulates the gut microbiota imbalance induced by
exposure to PS-NPs at the phylum and genus levels.

The LEFSe analysis was employed to further identify microbial taxa
contributing significantly to inter-group differences (LDA > 3). As
illustrated in Fig. 6L and M, 10, 9, and 9 taxa were enriched in the CON,
MOD, and DHA-PS groups, respectively. In the CON, significantly
enriched taxa included Akkermansia, Parasutterella, and Sutterellaceae.
The predominant differential taxa in the MOD comprised Atopobiaceae,
Coriobacteriaceae UCG-002, Paludicola, and Desulfovibrio, while Pre-
votellaceae, Intestinimonas, Alloprevotella, and Bacteroides were predom-
inant in the DHA-PS group.

3.8. Correlation analysis
Spearman correlation coefficients were calculated with a threshold

of |r| > 0.8 and P < 0.05 to investigate the correlation among gut
microbiota, liver biochemical indices, and differentially expressed liver

lipid metabolites. The results, as shown in Fig. 7, indicate that Desulfo-
vibrio is positively correlated with liver IL-1p, TNF-a, and PE (15:0/
18:2). Both Desulfovibrio and Coriobacteriaceae UCG-002 are negatively
correlated with liver CAT. norank f_Muribaculaceae is positively corre-
lated with liver CAT but negatively correlated with PE (15:0/18:2).
Akkermansia and norank_f_norank_o_Clostridia UCG-014 are both posi-
tively correlated with liver GSH-Px but negatively correlated with liver
TNF-o and DG (18:2e/20:4). Furthermore, liver NEFA, LPS, IL-6, PE
(15:0/18:2), and Cer (d17:1/22:0) are all negatively correlated with
norank_f_norank_o_Clostridia UCG-014. These results suggest that the
improvement in liver biochemical indices after DHA-PS supplementa-
tion is related with changes in gut microbiota and liver lipid metabolites.

4. Discussion

Humans are almost constantly exposed to low concentrations of NPs
in the environment, and NPs can be ingested by humans through diet,
respiration, and skin contact, accumulating in multiple organs such as
the liver, kidneys, lungs, and intestines, thereby increasing health risks
[26,27]. This study focuses on PS-NPs (100 nm) to evaluate their toxic
effects on the liver and intestine. Consistent with previous studies
[28,29], after prolonged exposure to PS-NPs, the liver index of mice
significantly increased, and resulted in elevated serum transaminase
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Fig. 4. The effects of DHA-PS on the SIRT1-AMPK and TLR4/NF-kB pathways (n = 3). (A) Immunohistochemical analysis of SIRT1, AMPKa, PPARq, and SREBP-1c
(200x; scale bar: 100 pm); (B) Western blotting of TLR4/f-actin, p-P65/P65, p-IxkBo/IkBa proteins.

levels, accompanied by disordered hepatic cord arrangement and
vacuolar degeneration. This suggests that long-term exposure to PS-NPs
can cause liver damage. However, supplementation with DHA-PS not
only restored liver metabolic function but also improved the damage to
the morphology of liver tissue, suggesting that DHA-PS can effectively
ameliorate liver damage induced by PS-NPs in mice.

Oxidative stress and inflammatory response are considered potential
mechanisms underlying the hepatotoxicity induced by PS-NPs [30]. PS-
NPs treatment could lead to a notable increase in ROS concentration and
Nrf2 expression in the mouse liver, accompanied by elevated levels of
inflammatory response proteins and inflammatory cytokines mRNA
[31]. In this study, PS-NPs inhibited the CAT, SOD, GSH-Px, and T-AOC
activities in the mouse liver and enhanced the MDA content, which was
similar to previous findings [32]. It has been reported that oxidative
stress can accelerate the development of inflammation by increasing the
accumulation of inflammatory cells and the expression of

proinflammatory cytokines in tissues [33]. Furthermore, liver inflam-
mation commonly accompanies chronic liver disease, frequently linked
with heightened liver exposure to LPS [34]. Our findings revealed that
PS-NPs substantially elevated the serum and hepatic LPS levels and
increased the levels of TNF-a, IL-6, and IL-1p in the liver while
decreasing IL-10 levels. This suggests that PS-NPs enhance the release of
pro-inflammatory cytokines triggered by LPS, thereby intensifying liver
inflammation. Conversely, supplementation with DHA-PS effectively
mitigated liver damage induced by PS-NPs by enhancing antioxidant
capabilities and suppressing inflammatory responses.

Previous research has shown that NPs deposited in the liver promote
lipid accumulation and accelerate the destruction of normal lipid
metabolism in the liver [35]. In this study, the lipid levels (TC, TG, and
NEFA) in the MOD were significantly elevated, with severe lipid droplet
accumulation. Additionally, SIRT1 and AMPK, as energy sensors within
cells, play important roles in coordinating metabolism and energy
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Fig. 5. The effect of DHA-PS on the morphology of mouse jejunum tissue and TJs. (A) Jejunum H&E staining (200x; scale bar 100 pm); (B) Immunohistochemical
analysis (200x; scale bar 100 pm); (C) AOD of ZO-1; (D) AOD of Occludin; (E) AOD of Claudin-1.

balance [36]. PPARa« is a key factor controlling fatty acid p-oxidation,
while SREBP1 is an important regulatory factor in lipid synthesis [37].
Previous research has found associations between exposure to MPs and
down-regulation of SIRT1, AMPK, and PPAR« expression, as well as
upregulation of SREBP-1 expression [38]. Lai et al. [38] found that PS-
NPs induced excessive lipid accumulation in the liver of Larimichthys
crocea by down-regulating the expression of PPARq, a protein related to
lipid catabolism, and inhibiting the AMPK-PPAR« signaling pathway.
Our study found similar results, the expression levels of SIRT1, AMPKa,
and PPAR« in the mouse liver notably decreased, while the expression
level of SREBP-1c notably increased after PS-NPs exposure. These results
collectively indicate that long-term exposure to PS-NPs inhibits the

SIRT1-AMPK pathway, exacerbating lipid accumulation in the liver and
affecting liver lipid metabolism. Following DHA-PS treatment, the
expression levels of the above factors and the accumulation of lipids
were significantly improved.

Lipid metabolism is a highly complex process, and lipid molecules
play crucial roles in keeping biological functions and cellular integrity,
as well as participating in the pathogenesis of diseases [39]. Here, we
conducted a lipidomic analysis of mouse liver to further elucidate the
lipid changes after PS-NPs exposure and the beneficial effects of DHA-
PS. It is noteworthy that sphingolipid metabolism and glycer-
ophospholipid metabolism are the most important pathways. Besides
their role in forming biological membranes, glycerophospholipids
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Fig. 6. The effects of DHA-PS on the gut microbiota of mice (n = 5). (A) Rarefaction curve; (B) Venn diagram; (C) PCoA analysis; (D) Shannon index; (E) Simpson
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participate in a range of physiological activities including inflammatory
responses, cellular metabolism, and signal transduction [40]. Among
them, PC and PE are the most abundant lipid classes in mammalian cells,
playing important roles in membrane repair and cellular homeostasis.
However, abnormally elevated levels of PC can promote TG synthesis,
leading to lipid accumulation [41]. Lysophosphatidylcholine (LPC) is a
hydrolyzed product of PC by the action of phospholipase A2, and its
downregulated levels can accelerate hepatic fatty acid oxidation, induce
hepatic oxidative stress, enhance inflammatory responses, and cause
cytotoxicity [42]. Our study showed that PS-NPs significantly enhanced
the levels of PC (17:1/18:2), PC (19:0/18:2), PC (17:1/22:6), PE (15:0/
18:2), and PE (19:0/22:6), as well as the content of DG (18:2e/20:4) and
TG (18:2/22:6/22:6), while significantly reducing the level of LPC
(20:1e). Additionally, ceramides (Cer) and sphingomyelins (SM) serve as
core products of sphingolipid metabolism and are the most abundant
sphingolipids in mammalian cells, capable of activating the TLR4/NF-xB
pathway, thereby increasing the secretion of pro-inflammatory cyto-
kines [43]. In our study, compared to the CON, the levels of Cer and SM
in the MOD were notably up-regulated. DHA-PS administration restored
the levels of various sphingolipids and glycerophospholipids to normal
levels, indicating that DHA-PS can improve PS-NPs-induced disruption
of lipid metabolism in mouse livers by regulating glycerophospholipid
metabolism and sphingolipid metabolism.

The noteworthy observation from the transcriptomic sequencing
results is that the DEGs between the DHA-PS and MOD comparison
groups mainly involve inflammatory pathways, such as the TLR pathway
and NF-xB pathway. This precisely indicates the close relationship be-
tween lipid metabolism disorders and inflammatory responses. TLRs
participate in the non-specific immune response of the body [44]. TLR4,
as one of the family members of toll-like receptors, can effectively
regulate the transcription, translation, and expression of apoptotic
proteins to regulate the inflammatory process [45]. NF-kB is the
downstream target gene of TLR4, which can enter the nucleus once
activated and participate in the regulation of pro-inflammatory and
immune responses [46]. Chen et al. [47] showed that oral administration
of PS-NPs activated the TLR4/NF-kB/NLRP3/GSDMD pathway, causing
intestinal and liver inflammation and hepatocyte pyroptosis. Zhang
et al. [48] found that PS-MPs exposure significantly increased the
expression of TLR4 pathway-related factors in carp. Similar to their re-
sults, in this study, PS-NPs exposure significantly up-regulated the
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expression of TLR4 and activated the downstream NF-xB pathway,
thereby inducing inflammation in the mouse liver. DHA-PS can inhibit
the TLR4/NF-xB pathway by down-regulating the expression of TLR4
and the ratio of p-IxBa/IxkBa and p-P65/P65.

The intestine is a complex barrier exchange system and the most
important pathway for nutrients and toxic substances to enter the body
[49]. Animal experiments indicate that orally ingested NPs first aggre-
gate in the intestine, then pass through the intestinal barrier to be
transported to the mesenteric blood vessels, ultimately entering the
bloodstream [50]. Moreover, increasing evidence suggests that the
continuous accumulation of NPs in the intestine can cause varying de-
grees of intestinal toxicity [51]. Histopathological examination also
found that PS-NPs caused villous atrophy and epithelial cell shedding in
the jejunum. TJs are the main adhesion molecules between intestinal
mucosal epithelial cells, crucial for maintaining intestinal epithelial
barrier function and absorption of nutrients [52]. Li et al. [53] demon-
strated that exposure to PS-NPs reduced the expression of TJs in intes-
tinal tissue. Consistent with our findings, immunohistochemistry of the
jejunum exhibited a notable decrease in the expression levels of TJs in
the MOD. Following DHA-PS intervention, these indicators were all
reversed, suggesting that DHA-PS can alleviate intestinal barrier damage
caused by PS-NPs.

The gut microbiota plays critical roles in digestion, absorption, im-
mune responses, and intestinal barrier function, closely linked to host
health [54,55]. Reports suggest that upon entering the intestine, NPs
first interact with the gut microbiota, influencing its composition and
function [56]. When the dynamic equilibrium between beneficial and
harmful bacteria in the gut microbiota is disturbed, it can result in in-
fections and various liver disorders [57,58]. Our results indicate that PS-
NPs reduce the relative abundance of beneficial gut bacteria nor-
ank f_Muribaculaceae, Akkermansia, and norank_f norank_o_Clos-
tridia UCG-014, while increasing the relative abundance of pathogenic
gut bacteria Coriobacteriaceae. UCG-002 and Desulfovibrio. According to
reports, norank_f Muribaculaceae is a symbiotic bacterium in the intes-
tine, known to promote the production of SCFAs and improve intestinal
inflammatory responses and damage [59]. Norank_f norank_o_Clos-
tridia UCG-014 can regulate lipid metabolism disorder and has been
shown to decrease in mice with colitis induced by dextran sulfate so-
dium (DSS) [60]. Additionally, the lack or decreased abundance of
Akkermansia is related with various diseases such as obesity, hepatic



Y. Zhang et al.

steatosis, and inflammatory bowel disease [61]. Bian et al. [40] found
that gavage with Akkermansia in a DSS-induced colitis mouse model
could alleviate mucosal inflammation, protect the intestinal barrier, and
decrease the level of inflammatory factors in the intestine. Therefore, we
speculate that the relative decrease in the abundance of norank_f_Mur-
ibaculaceae, norank_f_norank_o_Clostridia UCG-014, and Akkermansia in
MOD group mice is one of the important factors leading to intestinal
barrier dysfunction. Research indicates that Desulfovibrio has the ability
to reduce sulfate, and the hydrogen sulfide it produces can damage in-
testinal epithelial cells and promote intestinal inflammation [62]. This is
highly similar to the increase in inflammatory factor levels and the
relative abundance of Desulfovibrio observed in this study. Additionally,
Coriobacteriaceae. UCG-002 belongs to the Coriobacteriaceae family, and
its production of phenol and cresol is cytotoxic and can reduce intestinal
barrier function [63]. Yu et al [64] also confirmed in their study that the
increase in the abundance of Coriobacteriaceae UCG-002 and Desulfovi-
brio promotes intestinal inflammation and epithelial permeability.
Overall, DHA-PS regulates intestinal dysbiosis by up-regulating the
abundance of beneficial bacteria and down-regulating the abundance of
pathogenic bacteria, thereby improving hepatotoxicity induced by PS-
NPs through the “gut-liver axis”.

5. Conclusion

In conclusion, exposure to PS-NPs can induce murine hepatotoxicity,
and supplementation of DHA-PS ameliorates this damage, primarily by
reducing liver lipid accumulation, inflammatory responses, and oxida-
tive stress. It also modulates pathways related to sphingoid metabolism,
glycerophospholipid metabolism, and the SIRT1/AMPK and TLR4/NF-
kB. Furthermore, DHA-PS enhances the intestinal mucosal barrier
function and modulates the gut microbiota, thereby improving PS-NPs-
induced murine intestinal injury. This study comprehensively examines
the beneficial effects and underlying mechanisms of DHA-PS on PS-NPs-
induced hepatotoxicity in mice, providing a scientific rationale for the
potential use of DHA-PS as a dietary supplement.
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