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Abstract
Background  Micro/nanoplastics (MNPs), as emerging environmental pollutants, are widely present in environments 
that are essential for human survival. They exist in vast quantities and possess stable properties, making them 
challenging to manage. Some reports indicated that there is a positive correlation between the production of MNPs 
and the incidence of obesity. The liver serves as both the central hub for lipid metabolism and a prime target for MNPs 
toxicity. These studies revealed that MNPs can lead to increased hepatic lipid accumulation, suggesting that they may 
be potential obesogens. However, the specific metabolic changes and possible mechanisms involved remain to be 
elucidated.

Methods  This study focuses on the impact of nanoplastics (NPs) on liver lipid metabolism, using C57BL/6J mice 
(hereinafter referred to as C57 mice) as the research subjects, and exposing them to 100 nm NPs at 1000 µg/L 
continuously for 12 weeks.

Results  The study revealed that (1) NPs led to nondietary weight gain together with an increase in fat volume and 
mass in mice. (2) NPs significantly increased serum total cholesterol (TC) and low-density lipoprotein cholesterol 
(LDL-C) levels, with notable differences between groups. Notably, NPs exposure induced opposing effects on serum 
lipid profiles, elevating high-density lipoprotein cholesterol (HDL-C) concentrations while suppressing triglyceride 
(TG) levels, though intergroup differences failed to reach statistical significance. (3) NPs caused multiple inflammatory 
responses in the liver, with significant lipid deposition. (4) Untargeted metabolomics analysis indicated that NPs 
exposure led to significant alterations in various lipid metabolites, particularly glycerophospholipids. Additionally, 
transcriptomics reveals that differentially expressed genes (DEGs) triggered by NPs exposure are predominantly 
involved in metabolic routes including lipid metabolism and cytochrome P450 (CYP). Taken together, these findings 
suggested that alterations in lipid metabolism resulting from NPs exposure may involve arachidonic acid metabolism. 
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Introduction
Since the 1950s, plastic products have been widely used 
in various industries, such as manufacturing, agricul-
ture, and commerce. The unrestrained use of plastic 
products, indiscriminate social emissions, and high sta-
bility have led to increasingly severe plastic pollution in 
natural environments. Plastic products in the environ-
ment degrade into smaller plastic fragments through 
various physicochemical processes, collectively referred 
to as MNPs [1], which are further categorized by size: 
particles sized between 1  μm and 5  mm are considered 
microplastics (MPs), and those below 1 μm fall into the 
NPs [2–4]. Among physicochemical parameters, particu-
late size [5] has been identified as a primary determinant 
of MNP-associated risks. Generally, MNPs with particle 
sizes < 150  μm may pass through the intestinal barrier 
into the body and accumulate, thus MNPs with smaller 
particle sizes, especially NPs, may pose greater biological 
risks [6]. Currently, MNPs are widely distributed in dif-
ferent environmental matrixes from which humans can 
be exposed, such as oceans [7], fresh water [8], soil [9], 
and air [10]. They are also found in aquatic foods [11], 
bottled water, sugar, honey, vegetables, fruits, and other 
dietary items [12], as well as in daily necessities such as 
facial cleansers and toothpaste. These findings indicate 
that humans are highly exposed to MNPs.

Human exposure to MNPs occurs predominantly 
through aqueous food intake, airborne particle inha-
lation, and cutaneous absorption [13]. Among these 
routes, ingestion is the primary entry route. Once inside 
the body, MNPs accumulate in tissues or organs. Numer-
ous studies have indicated that the liver is particularly 
sensitive to MNPs exposure, which can lead to abnor-
malities in lipid metabolism within the liver [14, 15]. 
Previous studies [16] showed that exposure to NPs for 2 
weeks caused hepatic steatosis in C57 mice. Lipid meta-
bolic dysfunction refers to the disruption of lipids and 
their metabolites within the body [17, 18]. In contempo-
rary society, high-fat and high-energy diets can disrupt 
hepatic lipid homeostasis, and consequently result in 
the occurrence of metabolic syndrome (MS), metabolic 
dysfunction-associated fatty liver disease (MAFLD), 

hyperlipidemia, diabetes, and other chronic metabolic 
diseases. These chronic metabolic diseases not only have 
increasing prevalence and incidence rates year by year, 
but they are also risk factors for various complex critical 
conditions such as cirrhosis, liver cancer, cardiovascu-
lar and cerebrovascular diseases, and malignant tumors 
outside the liver [19] which seriously threaten people’s 
health and impose significant social and economic bur-
dens. MNPs, as emerging pollutants, may be new risk 
factors for abnormal lipid metabolism in the liver, a con-
cern that was first raised in marine organisms. Wang et 
al. [5] revealed through transcriptomics that polystyrene 
NPs disrupt endoplasmic reticulum protein homeostasis 
by inhibiting the expression of endoplasmic reticulum-
associated degradation genes, thereby inducing lipid 
metabolism dysfunction and lipid accumulation in the 
livers of tilapia. Jia et al. [20] elucidated the changes in 
oyster metabolic profiles, energy metabolism, and inflam-
matory reaction induced by exposure to polyethylene 
(PE) and polyethylene terephthalate (PET) MPs through 
metabolomics. Research [21] indicates that MNPs exhibit 
a phenomenon of biological magnification, accumulating 
more in higher organisms through the food chain, which 
has drawn greater attention from the medical community 
to the harm and mechanisms of MNPs on mammals. For 
example, Huang et al. [22] demonstrated through tran-
scriptomics that MPs significantly affect hepatic lipid 
metabolism of C57 mice by increasing the biosynthesis 
of unsaturated fatty acids. Moreover, Wang et al. [23] 
revealed via lipidomics and transcriptomics that MPs 
exposure leads to changes in hepatic lipid species of C57 
mice, with enriched DEGs significantly associated with 
altered lipid species and metabolic signalling. Although 
existing researches have mainly examined marine spe-
cies, MPs, or single-omics approaches, NPs - which 
accumulate more easily and are more hazardous than 
MPs - still have many unknowns regarding their effects 
on mammalian hepatic lipid metabolism and potential 
mechanisms.

Building upon the previously reported harmful impacts 
of NPs on lipid metabolism, the present study examined 
NP-induced alterations in murine lipid metabolism. A 

Phosphatidylcholine (PC) could be the key substance, and the CYP gene family (Cyp2c23, Cyp2c40) might be the 
critical genes regulating liver lipid metabolism during NPs exposure.

Conclusions  This study has demonstrated that NPs exposure induced obesity and hepatic lipid accumulation in male 
mice independently of food intake. The integrated omics data identified dysregulated PC metabolism and CYP gene 
family expression, suggesting their involvement in arachidonic acid-associated pathways. These findings provided 
preliminary mechanistic clues linking NP exposure to hepatic lipid metabolism dysregulation and helped to elucidate 
the adverse effects of NPs on liver lipid metabolism.

Keywords  Obesogenic factors, Lipid accumulation, Arachidonic acid/metabolism, Phosphatidylcholines, Cytochrome 
P-450 enzyme system
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comprehensive untargeted metabolomics approach was 
employed to profile hepatic metabolic changes follow-
ing NP exposure, coupled with transcriptomic analysis to 
elucidate potential mechanisms underlying NP-induced 
lipid metabolic dysregulation. The investigations iden-
tified PC as a pivotal dysregulated metabolite and the 
CYP gene family (Cyp2c23, Cyp2c40) as crucial genetic 
determinants, suggesting the arachidonic acid metabolic 
pathway may mediate these detrimental effects. This 
study employed untargeted metabolomics, an analytical 
platform integrating conventional metabolomics with 
lipidomics, which enables parallel extraction and reli-
able detection of both hydrophilic metabolites and lipid 
components to provide comprehensive metabolic char-
acterization. The specific identification of altered lipid 
metabolites among the metabolic profiles offers direct 
evidence for NPs’ effects on lipid metabolism. By com-
bining untargeted metabolomics with transcriptomics 
data, correlations were established between metabolic 
changes and gene expression patterns through pathway 
analysis, helping to elucidate previously unclear mecha-
nisms of NP-induced toxicity. The identification of key 
metabolic perturbations and their potential regulatory 
mechanisms provides new insights into NPs’ hepatotoxic 
effects on lipid metabolism in mammalian systems.

Materials and methods
Experimental animals
To control for the variable effects of endogenous estro-
gen on lipid metabolism [24, 25], all experiments used 
isogenic male C57 mice (n = 20) at 8 weeks postnatal age, 
maintained under pathogen-free (SPF) conditions with 
controlled body mass (18–22  g). They were purchased 
from Liaoning Changsheng Biotechnology Co., Ltd. 
(Experimental Animal Production Licence No. SCXK 
(Liao) 2020-0001) and housed at the Experimental Ani-
mal Center of Liaoning University of Traditional Chi-
nese Medicine (Animal Center Use Licence No. SYXK 
(Liao) 2019-0004). The environmental temperature of the 
animal centre was 22 ± 1  °C, with natural lighting and a 
humidity of 50 ± 5%. The Ethics Committee of Laboratory 
Animals at Liaoning University of Traditional Chinese 
Medicine approved the implementation of the experi-
ment. (Approval No. 21000042023008).

Experimental reagents
Polystyrene plastic microspheres (PS-NPs; Big Goose 
[Tianjin] Technology Co., Ltd., Tianjin, China; FL-PS-
R-001); High-fat chow (Xiaoshu Youtai [Beijing] Bio-
technology Co., Ltd., Beijing, China); TC (CH0103152), 
TG (CH0105151), LDL-C (CH0105162), and HDL-C 
(CH0105161) assay kits (Sichuan Maccura Biotechnology 
Co., Ltd., Chengdu, Sichuan, China); eosin (GC307021), 
haematoxylin (GC307020) and oil Red O staining kits 

(CR2312030) (Wuhan Servicebio Technology Co., 
Ltd., Wuhan, Hubei, China); Phosphatidylcholine (PC, 
YJ006201H) Kit (Shanghai Enzyme Linked Biotechnol-
ogy Co., Ltd., Shanghai, China).

The untargeted metabolomics and transcriptomics 
analyses were performed by Wuhan MetWare Biotech-
nology Co., Ltd., Wuhan, Hubei, China.

Grouping, modelling, and sampling
Following a 1-week acclimation period, twenty C57 mice 
were randomly and evenly divided into a normal control 
(NC) group and an NPs exposure (NPs) group. Based 
on literature research [26–28], the NPs group received 
drinking water containing 1000  µg/L NPs, which was 
refreshed daily to maintain exposure consistency. Mice 
had free access to food and water throughout the entire 
study period. Before sampling, the following model 
establishment, the weight, dietary intake, abdominal fat 
volume, and fat mass of the mice were measured for in 
vivo assessment. Following these measurements, the 
mice underwent a 12-hour fasting period during which 
water was provided ad libitum. Then anesthetizing the 
mice, orbital sinus blood samples were collected and 
subjected to 2-hour coagulation at room temperature 
prior to centrifugation (856 ×g, 30 min, 4 °C). Then, the 
supernatant was stored for future use. After humane 
euthanasia via cervical dislocation, liver specimens were 
surgically excised and processed, with half frozen at -80 
℃ and half fixed in 4% paraformaldehyde.

Observation indicators and methods
Characterization of NPs
The NPs dilution was prepared using pure water, with a 
dilution concentration of 1000 µg/L. The average particle 
size and dispersity of the NPs stock solution (10  mg/10 
mL), NPs dilution, and NPs dilution after 24 h were ana-
lyzed using dynamic light scattering (DLS) experiments 
conducted with the Malvern Zetasizer Nano ZS90 (Mal-
vern Panalytical Ltd., Malvern, UK). All measurements 
were conducted under controlled conditions (25  °C) 
using 633  nm excitation light with 90° detection geom-
etry, with triplicate acquisitions per sample.

Body weight and dietary uptake
Use the experimental animal body weight scale (ZK-DST, 
Henan Zhike Hongrun Environmental Protection Tech-
nology Co., Ltd., Zhengzhou, Henan, China) to measure 
the weight and dietary uptake of mice. The body weights 
of the experimental animals were measured every two 
weeks. The daily dietary quantity of mice was calculated 
as follows [16]. Each group of mice was provided 5 g of 
feed per mouse per day (50  g of feed per day for every 
10 mice). After 24  h, the remaining feed was weighed. 
The daily dietary quantity of mice was calculated as (50 g 
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- remaining feed)/10 mice. Measurements were taken 
every two weeks for three consecutive days and recorded 
as raw data.

Measurement of abdominal fat volume and total body fat 
mass
A small animal in vivo MicroCT scanner (QuantumGXII, 
PerkinElmer, Waltham, MA, USA) was used to measure 
the total abdominal fat volume below the diaphragm in 
the mice. Isoflurane was continuously administered to 
anesthetize the mice. The position of the mouse bed was 
adjusted to center the abdominal fat image within the CT 
field of view. Imaging parameters included 90 kV excita-
tion voltage, 80 µA beam current, and 36 μm voxel size, 
using High Resolution acquisition over 4 min. Abdominal 
fat images of the mice were obtained, and after secondary 
reconstruction, the total volumes of visceral and subcuta-
neous fat in the abdomen were analysed and calculated.

Total body fat content was measured using the 
EchoMRI-100  H system (EchoMRI LLC, Houston, TX, 
USA). First, the mouse was weighed and placed in a 
holder suitable for its weight. Next, the holder contain-
ing the mouse was completely inserted into the detection 
slot of the small animal body composition analyser. The 
EchoMRI software was used to perform the system test 
and measure the total body fat content of each mouse. 
The instrument automatically takes two measurements 
and calculates the average value.

Determination of mouse liver weights
After the mice were euthanized under anaesthesia, com-
plete hepatic excision was performed, with the organ 
subsequently placed on weighing paper, a balance was 
used to weigh it, and the weight was recorded.

Mouse blood lipid testing
An automatic biochemical analyser (7180, Hitachi High-
Tech Corporation, Tokyo, Japan) was employed to quan-
tify serum TC, TG, LDL-C, and HDL-C levels.

Histopathological examination of the mouse liver
Slices were prepared using an embedding machine (JB-
P5, Wuhan Junjie Electronics Co., Ltd., Wuhan, Hubei, 
China) and a pathological microtome (RM2016, Leica 
Biosystems (Shanghai) Co., Ltd., Shanghai, China), and 
photographed with a digital slide scanning imaging sys-
tem (Precipoint M8, Precipoint GmbH, Munich, Ger-
many). HE and Oil Red O staining were performed to 
examine pathological morphology and lipid deposition in 
liver tissues.

HE staining: Following fixation, liver tissues were 
dehydrated, cleared in xylene, paraffin-embedded, and 
sectioned (~ 5  μm). Take photos and observe after HE 
staining and covering slides. Oil Red O staining: the fixed 

liver tissue undergoes sucrose dehydration, OCT embed-
ding, preparation of frozen sections approximately 6 μm 
thick, immersion in 60% isopropanol, staining with Oil 
Red O solution for 10 min, followed by mounting, photo-
graphing, and observation.

Untargeted metabolomics analysis
Extraction method
Extraction method for hydrophilic substances  20 mg 
of liver tissue was homogenized and first centrifuged at 
1016 ×g, 4  °C for 30 s. Next, 400 µL of a 70% methanol 
solution containing the internal standard was added, and 
the suspension was vortexed for five minutes then incu-
bated on ice for fifteen. The sample was then subjected to 
high-speed centrifugation (16260 ×g, 4 °C, 10 min), after 
which 300 µL of the clear supernatant was harvested and 
placed at − 20 °C for half an hour. Following an additional 
3-minute spin under the same conditions, 200 µL of the 
upper phase was retrieved and set aside for downstream 
analysis.

Hydrophobic substance extraction methods
After homogenizing 20  mg of liver tissue, centrifuge at 
1016 (×g) for 30  s at 4  °C. 1 mL of lipid extraction sol-
vent containing the internal standard was introduced to 
the sample, and the mixture was agitated vigorously for 
15 min. Upon the addition of 200 µL of water, the sam-
ple was mixed vigorously for one minute and then cen-
trifuged (16,260 ×g, 4  °C, 10  min). 200 µL of the upper 
clear liquid was removed, and the mixture was evapo-
rated to dryness. 200 µL of lipid reconstitution solution 
was added, the mixture was vortexed for 3 min, the sam-
ple was subjected to a 3-minute, 16 260 × g spin, then the 
supernatant was removed for analysis.

Chromatography-mass spectrometry data acquisition
Ultra-performance liquid chromatography (UPLC) 
and tandem mass spectrometry (MS/MS) were used to 
acquire the metabolomics data.

Hydrophilic interaction liquid chromatography conditions
Chromatographic separation was carried out on a Waters 
ACQUITY UPLC HSS T3 C18 column (40  °C) at 0.4 
mL/min, using water (A) and acetonitrile (B). The gradi-
ent ran from 95:5 A/B at 0 min to 10:90 at 11.0 min, held 
through 12.0 min, returned to 95:5 by 12.1 min, and re-
equilibrated until 14.0 min. A 2 µL aliquot was injected.

Hydrophobic liquid chromatography conditions
Chromatographic separation was performed on a 
Thermo Accucore™ C30 column (2.1 × 100  mm, 2.6  μm) 
maintained at 45  °C. Mobile phase A consisted of ace-
tonitrile/water (60/40, v/v) with 0.1% formic acid and 10 
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mmol/L ammonium formate; phase B was acetonitrile/
isopropanol (10/90, v/v) containing the same additives. 
The flow rate was 0.35 mL/min and the injection volume 
2 µL. The gradient ran as follows (A:B):0  min, 80:20 → 
2 min, 70:30 → 4 min, 40:60 → 9 min, 15:85 → 14 min, 
10:90 → 15.5  min, 5:95 (held to 17.3  min) → 17.5  min, 
80:20 → 20 min, 80:20.

Mass spectrometry conditions for hydrophilic substances
The electrospray ionization (ESI) temperature of 500  °C 
was used, with + 5500  V/–4500  V spray voltages for 
positive and negative modes. The ion source gas I (GSI), 
ion source gas II (GSII), and ion source gas (CUR) were 
adjusted to 55, 60, and 25 psi. The collision-activated dis-
sociation (CAD) parameter was set to ‘high’, and the tri-
ple quadrupole (Qtrap) acquired each ion pair according 
to its optimized declustering potential (DP) and collision 
energy (CE).

Mass spectrometry conditions for hydrophobic substances
Using ESI at 500 °C with spray voltages of + 5500 V (pos) 
and − 4500  V (neg), GS1, GS2 and CUR were fixed at 
45, 55 and 35 psi. CAD was Medium, and each ion-pair 
transition in the triple quadrupole (Qtrap) was detected 
under the optimized DP and CE.

Sample quality control
Three QC samples, created by blending individual sam-
ple extracts, were introduced at regular intervals during 
analysis to verify analytical repeatability. Data quality was 
evaluated by computing Pearson’s correlation among the 
QC injections; coefficients approaching ± 1 reflected a 
highly stable detection process and superior data quality.

Transcriptome sequencing analysis
RNA detection
Six samples were randomly selected from each of the 
NC groups and the NPs groups for RNA quality assess-
ment. RNA integrity and DNA contamination were ana-
lysed. RNA concentration was precisely determined with 
a Qubit 4.0 fluorometer/MD microplate reader. Ulti-
mately, five samples from the NC group and five samples 
from the NPs group were included in the transcriptome 
sequencing analysis.

Library construction and quality control
The total RNA pool was subjected to oligo (dT) mag-
netic-bead capture to isolate mRNA, which was then 
fragmented using fragmentation buffer. Using the frag-
mented RNAs as templates, a reverse transcriptase sys-
tem generated cDNA. The cDNA was subsequently 
cleaned and subjected to end repair, adenine overhang 
addition, adapter ligation, fragment size-fractionation, 
PCR amplification and final purification. Ultimately, the 

enriched library was obtained through PCR amplifica-
tion. Once library preparation was complete, an initial 
concentration measurement was carried out using the 
Qubit fluorescent dye assay. The library passed qual-
ity control when the effective concentration was greater 
than 2 nM. Upon passing quality checks, the prepared 
library was run on the Illumina sequencer.

Bioinformatics analysis
Differential gene expression between conditions was 
analyzed using DESeq2, resulting in the identification of 
a set of DEGs between the two biological conditions. In 
order to control the false discovery rate (FDR), P value 
underwent adjustment for multiple comparisons. Genes 
with|log2 fold change| ≥ 1 and FDR < 0.05 were consid-
ered differentially expressed. This DEG set was then 
subjected to clustering analysis, and a heatmap was gen-
erated to group genes or samples with similar expression 
patterns. Functional annotation of the DEGs was per-
formed using Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis.

RT-qPCR to verify the expression of differentially expressed 
gene mRNA in mouse liver tissue
Using real-time fluorescence quantitative polymerase 
chain reaction instrument (CFX Opus 96, Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA), water bath constant 
temperature shaker (SHZ-88, Haimen Kylin-Bell Lab 
Instruments Co., Ltd., Haimen, Jiangsu, China), and high-
precision analytical balance detected differential genes 
mRNA expression. From 20  mg of liver, total RNA was 
obtained, quantified, and used for cDNA synthesis via 
reverse transcription. Amplification conditions were set 
according to the kit manual. β-actin served as the inter-
nal reference to quantify the relative mRNA levels of dif-
ferential liver genes Cyp2c23 (Mus musculus cytochrome 
P450 family 2, subfamily c, polypeptide 23), Cyp2c40 
(Mus musculus CYP2C40), and Cyp2b9 (Mus musculus 
cytochrome P450 family 2, subfamily b, polypeptide 9). 
Relative quantification analysis was performed using the 
2^-ΔΔCt method. Primers were synthesized by Saiyi Bio-
technology Co., Ltd., Beijing, China (Table 1).

ELISA method to verify the PC levels in mouse liver
After letting the PC kit stand at ambient conditions for 
twenty minutes, samples were added per the protocol 
and then incubated at 37 °C, washed the plate, and added 
the reaction substrate, then measured the absorbance at 
450 nm, ploted the standard curve for linear regression, 
and calculated the PC levels in the mouse liver.

Statistical methods
Data analysis and visualization were performed utilizing 
GraphPad Prism 8 software, with sample sizes indicated 
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for each parameter. For inter-group comparisons, statis-
tical comparisons employed an independent t-test when 
normality assumptions were met, otherwise a Wilcoxon 
rank-sum test was used; P < 0.05 denoted significance.

Results
DLS assay
Dynamic light scattering (DLS) measurements indi-
cated that the Z-average of the NPs stock solution 
was 117.0  nm, with 80% of NPs having a particle size 
between 88.2 nm and 152 nm, a maximum particle size 
not exceeding 190 nm, and a PDI of 0.141; after dilution 
of the NPs solution, the Z-average was 115.5  nm, with 
80% of NPs having a particle size between 70.2 nm and 
132 nm, a maximum particle size not exceeding 190 nm, 
and a PDI of 0.292; after 24 h of dilution, the Z-average of 
the NPs solution was 133.3 nm, with 80% of NPs having 

a particle size between 86.5 nm and 158 nm, a maximum 
particle size not exceeding 220  nm, and a PDI of 0.263 
(Fig. 1).

Effects of NPs exposure on mouse body weight and daily 
food intake
The mice remained alive throughout the entire experi-
mental period. In comparison to the NC group, the 
mice’s weight in the NPs group increased with prolonged 
exposure to NPs. This change became evident from the 
6th week of NPs exposure and continued until the end of 
the experiment. At the 12-week mark, a notable distinc-
tion emerged when comparing the two groups (P < 0.05) 
(Fig.  2A). Daily food intake of the mice gradually 
decreased from the 8th week, and the difference between 
two groups at the 8th and 10th weeks was significant 
(P < 0.05) (Fig. 2B). The pattern of body weight increased 

Table 1  Primer sequence

Fig. 1  Characterization of polystyrene nanoplastics. A: DLS data of NPs stock solution (10 mg/10 mL); B: DLS data of 0 h-NPs dilution (1000 µg/L); C: DLS 
data of 24 h-NPs dilution (1000 µg/L)
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together with stable food intake, suggesting that the 
weight gain in the NPs group was not driven by diet.

Effects of NPs exposure on abdominal fat volume and total 
body fat mass in mice
Relative to the NC group, after 12 weeks of NPs exposure, 
the visceral fat and total fat volume below the thorax in 
the NPs group showed a substantial increase (P < 0.05). 
There was a trend towards increased subcutaneous fat 
volume, but no statistically meaningful variation was 
detected among the groups (P > 0.05) (Fig. 3A-C). More-
over, compared with the NC group, 12 weeks of NPs 
exposure significantly increased the whole-body fat 
content and the total body fat percentage in the mice 
(P < 0.05) (Fig. 3D-F). The findings indicate that the mice’s 
weight gain is attributable to increased fat accumulation.

Effects of NPs exposure on serum lipids, liver 
histopathology, and lipid deposition in mice
The results indicated that NPs altered mice serum 
lipid profiles. Specifically, no significant differences in 
HDL-C or TG were found between the groups (P > 0.05) 
(Fig. 4A and B), whereas the NPs group showed a marked 
increase in LDL-C and TC relative to the NC group 
(P < 0.05) (Fig.  4C and D). The study also focused on 
changes in liver weight and hepatosomatic index (HSI) in 
mice. A trend toward increased liver weight and HSI was 
observed in the NPs group; however, the differences did 
not reach statistical significance (P > 0.05) (Fig. 4E and F).

H&E staining revealed that in the NC group, the 
boundaries of hepatic lobules in the mice were distinct, 
with hepatocytes arranged orderly and densely. The cyto-
plasm was abundant, and cellular morphology appeared 
normal. There were no significant abnormalities in the 
portal areas between adjacent hepatic lobules, and no 
apparent signs of inflammation were detected. Upon 
completion of the 12-week NPs exposure period, the 
hepatic lobules in the mice appeared morphologically 

normal, and the hepatocyte structure did not significantly 
change, but the arrangement of hepatocytes was slightly 
sparser. Inflammatory cell infiltration was observed in 
several areas (yellow arrows) (Fig. 4G). Oil Red O stain-
ing revealed no obvious lipid droplets in the livers of 
the mice in the NC group, whereas significant red lipid 
deposits were present in the livers of the mice exposed 
to NPs for 12 weeks (Fig. 4H). The changes in serum lipid 
levels, liver weight, and lipid deposition under NPs expo-
sure indicate that NPs provoke disorders of lipid homeo-
stasis within the liver.

Untargeted metabolomics analysis of the mouse liver 
following NPs exposure
Sample quality control analysis
To evaluate equipment stability and assess the data qual-
ity of test samples, three quality control samples (QC) 
were inserted during the testing process, and QC evalu-
ation relied on the Pearson correlation coefficient. As 
the absolute value of the correlation coefficient (|r|) 
approaches 1, the linear association between the vari-
ables grows stronger. In this study,|r| was all greater than 
0.9, indicating good instrument stability and data repro-
ducibility in this experiment (Fig. 5A).

Screening and analysis of differentially abundant 
metabolites
The impact of NPs on lipid accumulation in mouse 
liver was investigated using untargeted metabolomics. 
Metabolites with fold change>2 and P value<0.05 were 
preliminarily selected as differentially abundant metabo-
lites between groups. Among the 69 metabolites with 
changed abundance, 30 exhibited upregulation and 39 
exhibited downregulation. On the basis of the primary 
classification of substances, these differentially abundant 
metabolites can be divided into 12 categories, with glyc-
erophospholipids being the most abundant (Fig. 5B-D).

Fig. 2  Changes in body weight and daily food consumption in mice after 12 weeks of NP exposure. A: Trend in body weight of mice, t-test, n = 10; B: Trend 
in daily food intake of mice, n = 3. t-test, * P < 0.05, ** P < 0.01
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KEGG enrichment analysis of differentially abundant 
metabolites
Metabolites can interact with one another, creating meta-
bolic pathways that play important roles in living organ-
isms. Using the KEGG database (Kanehisa et al., 2000) 
to analyse differentially enriched metabolic pathways, a 
total of 127 pathways were found to be enriched in the 
differentially abundant metabolites (Fig.  5E). The five 
metabolic pathways were collectively enriched 11 differ-
entially abundant metabolites, including 7 glycerophos-
pholipid metabolites and 2 glyceride metabolites. Among 
the 11 metabolites, 6 were downregulated and 5 were 
upregulated. The differentially abundant metabolites and 
the aforementioned five significantly enriched metabolic 
pathways are shown in Table 2.

Transcriptomic analysis of mouse livers after NPs exposure
Screening and analysis of DEGs
Transcriptomic analysis was performed on mouse liver 
samples, and DESeq2 was employed to evaluate differ-
ential expression between the various sample groups. 

The selection criteria for identifying differentially 
expressed genes were established as|log2Fold Change| ≥ 
1 and P < 0.05. Analysis revealed 327 DEGs, including 222 
upregulated genes and 105 downregulated genes (Fig. 6A 
and B).

KEGG enrichment analysis of differentially expressed genes
KEGG pathway analysis revealed a total of 194 enriched 
pathways. Among these pathways, 16 enriched pathways 
were associated (P < 0.05). The DEGs and the 16 signifi-
cantly enriched pathways are shown in Figs. 6C-E.

Integrated analysis of untargeted metabolomics and 
transcriptomics
To investigate the mechanism by which NPs affect 
metabolites and genes in the mouse liver, untargeted 
metabolomics and transcriptomics analyses were com-
bined. Based on the KEGG pathway enrichment in the 
untargeted metabolomics and transcriptomics, two iden-
tical KEGG pathways from the two omics studies were 
selected for mapping, totaling 80 pathways. A bubble 

Fig. 3  Changes in fat volume below the rib cage and total body fat mass in mice exposed to NPs for 12 weeks. A: Visceral fat volume, t-test, n = 6; B: 
Subcutaneous fat volume, t-test, n = 6; C: Total fat volume below the rib cage, t-test, n = 6; D: Total body fat mass in mice, t-test, n = 10; E: Percentage of 
total body fat in mice: fat mass/weight, Wilcoxon rank-sum test, n = 10; F: MicroCT imaging of fat below the rib cage in mice. ns indicates P > 0.05,* P < 0.05 
and ** P < 0.01
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chart displays the top 25 pathways ranked by P value 
(Fig. 7A). Analysis of these pathways revealed that glyc-
erophospholipid metabolism, linoleic acid metabolism, 
and arachidonic acid metabolism have a strong associa-
tion with lipid metabolic functions in the liver. Compre-
hensive analysis of these three key pathways revealed 17 
differentially abundant metabolites, including 1 diglyc-
eride (DG), 5 phosphatidylcholines (PCs), 3 phospha-
tidylglycerols (PGs), 3 phosphatidylserines (PSs), and 5 
lysophosphatidylcholines (LPCs). Among these metabo-
lites, 16 were downregulated, and 1 was upregulated. 
Additionally, 6 DEGs were identified, namely, Cyp2c23, 
Cyp2c40, Cyp2c70, Cyp2b9, Etnppl, and Phospho1, with 4 
genes downregulated and 2 upregulated (Table 3).

A Pearson correlation analysis of the aforementioned 
differentially metabolites and genes was conducted, 

considering an absolute correlation value greater than 0.8 
as indicative of a correlation for the two variables, and 
P < 0.05 as indicative of a significant correlation. Cyp2c23 
was positively correlated with one PC, three PGs, two 
PSs, and two PEs, and negatively correlated with one 
DG. Etnppl was positively correlated with three types of 
PCs, two types of PSs, and one type of PE. Cyp2c40 was 
positively correlated with one type of PC. Phospho1 was 
positively correlated with one type of PS and two types 
of PEs. Cyp2b9 was negatively correlated with three types 
of PCs, three types of PGs, two types of PSs, and three 
types of PEs. Finally, Cyp2c70 showed no obvious corre-
lation with any of the differentially abundant metabolites 
(Fig.  7B). Further analysis of these correlations revealed 
that four types of PCs—PC (14:0_20:4), PC (15:0_20:4), 
PC (18:0_14:1), and PC (22:5_14:1)—are key metabolites 

Fig. 4  Impact of NPs on lipid metabolism in the mouse liver. A-D: Changes in blood lipid levels, n = 6; E: Variation in liver tissue mass, t-test, n = 6; F: 
Changes in hepatosomatic index (HSI), HSI (%)=(Liver weight (g)/Body weight (g))×100, Wilcoxon rank-sum test, n = 6; G: Changes in the pathological 
morphology of mouse liver (HE, 200×); H: Lipid deposition in hepatic tissue of mice (Oil Red O, 400×). ns indicates P > 0.05,* P < 0.05 and ** P < 0.01
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that are linked with these genes and that these genes are 
downregulated after NPs exposure. Moreover, pathways 
associated with glycerophospholipid metabolism, ara-
chidonic acid metabolism, and linoleic acid metabolism 
pathways were enriched in CYP gene family members 
(Cyp2c23, Cyp2c40 and Cyp2b9). Therefore, these genes 
may be crucial regulators of liver lipid metabolism in 
response to NPs (Fig. 8).

Verification of differential metabolites and gene levels by 
ELISA and RT-qPCR
PC concentrations in the NPs group were markedly 
reduced relative to the NC group, consistent with the 
omics results. The mRNA expression of Cyp2c23 and 
Cyp2c40 in the NPs group was significantly decreased 
compared to that in the NC group, consistent with the 
omics results; however, the intergroup difference in 
the mRNA expression level of Cyp2b9 is not significant 
(Fig. 9).

Discussion
MNPs, as an emerging environmental pollutant, possess 
stable properties, degrade slowly, and have lasting and 
inevitable impacts on humans. Researchers have succes-
sively detected MNPs in human faeces [29], sputum [30], 
breast milk [31, 32], blood [33, 34], and other bodily flu-
ids, as well as in organs such as the lungs [35] and pla-
centa [36]. Earlier investigations [37] have shown that 
MNPs can persistently deposit in the body throughout 
an individual’s lifetime. This calls attention to the neces-
sity of scrutinizing the negative influences of MNPs on 
physiological systems and the root causes behind these 
changes. The liver is the core organ for detoxifying exog-
enous chemicals and a major target organ for MNPs 
[15, 38, 39], is also crucial for lipid metabolism in the 
human body. Thanks to their small size, NPs can more 
easily lodge in bodily tissues and trigger damage. In this 
research, we analyzed how NP exposure affects the regu-
latory circuits of liver lipid metabolism.

In this study, the particle size and dispersion (poly-
dispersity) of NPs were first measured using DLS 

Fig. 5  Untargeted metabolomics analysis of mouse livers after NPs exposure. A: QC sample correlation analysis chart; B: Volcano plot of differentially 
abundant metabolites; C: Heatmap of differentially abundant metabolites between two groups; D: Primary classification of differentially abundant me-
tabolites; E: KEGG pathway enrichment bubble chart between two groups, showing the top 20 pathways ranked by P value; n = 6
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technology. The polydispersity index (PDI) is commonly 
used to assess the uniformity of particle distribution in a 
sample. It is generally considered that PDI in the range 
of 0.05–0.7 is the commonly referenced range in experi-
ments [40], with PDI < 0.3 indicating monodisperse par-
ticles with good dispersibility [41]. Using DLS detection, 
this study found that the PDI of the NPs stock solution, 
diluted NPs solution, and NPs solution diluted after 
standing for 24 h were all less than 0.3, confirming their 
good dispersibility. After standing for 24  h, the average 
particle size and maximum particle size of the 1000 µg/L 
NPs solution both slightly increased, suggesting potential 
aggregation of NPs. In this study, mouse drinking water 
was replaced daily to ensure their exposure to 100  nm 
NPs.

The study revealed that NPs exposure affects the meta-
bolic profiles of mice. The results showed that NPs could 
cause nondietary weight gain in mice by promoting the 
accumulation of body fat. In 2021, Kannan et al. [42] ana-
lyzed official data from the WHO and CDC and found 
that worldwide plastic output and the global rate of over-
weight cases have both risen over the last four decades, 
indicating that MNPs could potentially act as obesogenic 
agents. This research offers fundamental empirical sup-
port for the big data findings of Kannan K et al. Moreover, 
similar conclusions were reached in studies exploring 

whether MNPs promote preclinical cardiovascular dis-
eases [43] and in research on risk factors for overweight 
and excess body weight in children and adolescents [44]. 
The research then studied NPs’ effects on liver lipid 
metabolism. Exposure to NPs can cause infiltration of 
inflammatory cells in liver, abnormal blood lipid lev-
els, and significant hepatic lipid deposition. Meanwhile, 
after NPs exposure, the liver weight and hepatosomatic 
index (HSI) of mice both exhibited an increasing trend, 
although there were no significant intergroup differ-
ences. However, the increase in HSI is a sensitive indica-
tor of early fatty liver and is directly related to the degree 
of hepatic lipid accumulation [45]. The induction of liver 
inflammation by NPs, as exogenous chemical substances, 
is inevitable and aligns with the findings of several 
researchers [46–48]. Notably, while the current study did 
not include the assessment of lipotoxicity markers result-
ing from hepatic lipid accumulation, subsequent research 
should evaluate markers including apoptosis and oxida-
tive stress to assess potential lipotoxicity resulting from 
NP-induced lipid deposition. The effects of MNPs on 
blood lipid levels exhibit significant variability across 
studies. For example, Lu et al. [26] observed a reduction 
in serum TC and TG levels in mice following 5 weeks of 
exposure to 1000  µg/L MNPs with sizes of 0.5  μm and 
5 μm. In contrast, Roh et al. [49] reported elevated serum 

Table 2  Differentially abundant metabolites and their statuses in significantly enriched pathways
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levels of TG, TC, and LDL-C in mice treated with 100 µg/
mL NPs by oral gavage for 9 weeks. In our previous study 
[16], mice were administered 100 nm NPs at 1000 µg/L 
for 4 weeks, resulting in a significant decrease in TG 

levels between groups, while increases in TC, HDL-C, 
and LDL-C levels were observed without statistically sig-
nificant differences. In this experimental work, mice were 
subjected to NPs at the same concentration for 12 weeks. 

Fig. 7  Integrated analysis of liver untargeted metabolomics and transcriptomics in mice exposed to NPs. A: KEGG enrichment bubble plot from inte-
grated untargeted metabolomics and transcriptomics analysis; B: Differential metabolite and differential gene correlation analysis diagram. n = 5

 

Fig. 6  Transcriptomic analysis of mouse livers after NPs exposure. A: Volcano plot of DEGs; B: Heatmap of DEGs; C: Bar chart of enriched KEGG pathways; 
D: Bubble chart of enriched KEGG pathways; E: Number and status of DEGs in significantly enriched KEGG pathways. n = 5
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Table 3  Information on differential metabolites and genes in focused pathways
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The results showed a significant increase in serum LDL-C 
and TC levels, while HDL-C and TG levels showed no 
significant differences between groups, although upward 
and downward trends were observed for HDL-C and TG 

levels, respectively. These findings are consistent with our 
earlier observations. The reasons for the differences in 
blood lipid levels caused by MNPs remain unknown. Fur-
ther investigations are necessary to determine whether 

Fig. 9  Verification of differential metabolites and differential gene levels by ELISA and RT-qPCR methods. A: ELISA method to verify PC levels, t-test, n = 5; 
B-D: RT-qPCR method to verify the mRNA expression of Cyp2c23, Cyp2c40, and Cyp2b9, t-test, n = 5.ns indicates P > 0.05,* P < 0.05 and ** P < 0.01

 

Fig. 8  Analysis of the impact of NPs exposure on lipid metabolism pathways in the liver. In the figure, boxes with solid borders represent differentially 
abundant metabolites, and boxes without borders represent differential genes. Red arrows indicate metabolites with increased abundance, whereas 
green arrows indicate metabolites with decreased abundance. The borderless blue boxes indicate genes showing both upregulation and downregula-
tion, while the borderless green boxes denote genes exclusively downregulated
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these differences are associated with the particle size of 
the MNPs, exposure duration, dose, and other factors. 
Nevertheless, the hepatic lipid accumulation induced by 
NPs aligns with the results reported in many previous 
studies [50–52].

NPs impact lipid metabolism in the body through a 
complex toxicological process that remains not fully 
understood, as current studies are still in the early 
stages. Untargeted metabolomics, as an iterative prod-
uct of metabolomics, is a combination of traditional 
metabolomics and lipidomics, providing a comprehen-
sive quantitative detection technique for hydrophilic and 
hydrophobic metabolites. In this study, high-throughput 
untargeted metabolomics combined with transcrip-
tomics was applied to comprehensively evaluate the 
impact and potential mechanisms of NPs on mouse liver 
metabolism, with lipid metabolites and their pathways 
being screened, suggesting that hepatic lipid metabolism 
is one of the key disruption pathways of NPs exposure.

In the untargeted metabolomics analysis, multiple 
lipid metabolites exhibited significant changes, with GPs 
showing the most pronounced alterations, accounting for 
33.33% of the differentially abundant metabolites. Except 
for PE (O-16:0_22:3) and PE (P-17:0_20:3), all other GP 
metabolites were downregulated. KEGG enrichment 
analysis revealed that five metabolic pathways were sig-
nificantly enriched in 11 differentially abundant metab-
olites, seven of which were GP metabolites. All these 
metabolites were PEs and belonged to the ether lipid 
metabolism pathway. Consistent with the differentially 
abundant metabolite analysis results, except for that of 
PE (O-16:0_22:3) and PE (P-17:0_20:3), the abundance 
of the other differential GP metabolites included in the 
KEGG analysis was decreased. Consistent with this study, 
Liu et al. [53] used lipidomics and reported that in the 
liver, the lipid subclasses most affected after exposure 
to MPs were PCs and PEs. Further analysis revealed that 
after 42 days of low-dose MPs exposure, the abundance 
of multiple metabolites in the PC and PE subclasses was 
significantly decreased. GPs are widely distributed in cell 
membranes and participate in various important physi-
ological functions. They can be further divided into PCs, 
PEs, PSs, PGs, and lysophosphatidylcholines (LPCs), 
among others [54]. Among these phospholipids, PCs are 
the most abundant phospholipid within cells, account-
ing for 45–55% of the total phospholipids in cells [55, 56]. 
As a fundamental substance of life, PCs possess various 
biological properties. Owing to their amphipathic nature, 
with both lipophilic nonpolar groups and hydrophilic 
polar groups, PCs are known as natural emulsifiers. They 
can emulsify cholesterol, thereby reducing cholesterol 
levels [57, 58], and promote the assembly of very low-
density lipoprotein (VLDL) [59], which increases lipid 
export and subsequently alleviates liver lipid deposition. 

In addition, PCs prevent inflammasomes from becoming 
active, resulting in decreased inflammatory cytokines like 
IL-1β and IL-18, which helps mitigate IL-1β-driven acute 
and chronic inflammation [60]. PEs are also an important 
type of GP and are involved in cell membrane construc-
tion. They are crucial intermediate metabolites in the 
arachidonic acid metabolism pathway [61], contributing 
significantly to the assembly and secretion of VLDL [62] 
and affecting hepatic lipid metabolism. Transcriptome 
analysis revealed that NPs exposure altered the hepatic 
transcriptome profile, with a total of 327 DEGs identified, 
including 222 upregulated and 105 downregulated genes. 
The heatmap of differential genes showed individual vari-
ations within the group, although the transcriptome data 
met al.l quality control requirements, possibly reflecting 
biological differences among individuals. Further KEGG 
enrichment analysis identified 16 significantly enriched 
pathways. Among these 16 pathways, more than half may 
be closely related to lipid metabolic activity in the liver. 
Numerous studies have examined MNPs’ impact on liver 
lipid metabolism using transcriptomics. By way of exam-
ple, Yu et al. [63] found that co-exposure to oxytetracy-
cline (OTC) and MNPs of varying sizes markedly alters 
steroid biosynthesis in zebrafish liver. Similarly, Chen et 
al. [64] demonstrated that polyvinyl chloride (PVC) MPs 
modify the spectrum of hepatic metabolites linked to fat 
metabolism and oxidative-stress defenses. Combined, the 
studies demonstrate that exposure to MNPs results in 
abnormalities in liver lipid metabolism.

To focus on the mechanisms by which NPs interfere 
with liver lipid metabolism, KEGG pathways jointly 
enriched by untargeted metabolomics and transcrip-
tomics were selected for integrated analysis. The results 
revealed that glycerophospholipid metabolism, linoleic 
acid metabolism, and arachidonic acid metabolism have a 
strong connection with lipid processing in the liver. Four 
types of PCs may be key substances connecting these 
three metabolic pathways, and the CYP gene series may 
be the crucial genes regulating liver lipid metabolism dur-
ing NPs exposure. In the combined analysis, four types of 
PCs were downregulated, aligning with Li Y et al.‘s find-
ings, which showed a decrease in PC levels following 
NPs exposure [50]. This could be associated with lipid 
accumulation in the liver. Moreover, in the joint analysis, 
changes in the CYP gene family were highlighted. CYP 
is a conserved protein superfamily present in the mem-
branes of animals, plants, and microorganisms [65]. CYP 
genes are highly expressed in the liver, where they are 
involved in processing a variety of internal and external 
substrates, such as environmental pollutants, drugs, ste-
roids, and fatty acids [66]. MNPs have been reported to 
cause changes in CYP enzymes or genes in multiple stud-
ies, such as the upregulation of Cyp2p8 expression upon 
exposure to MPs [67]. Moreover, MPs exacerbate the 
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inhibition of CYP enzyme activity [68], and the combi-
nation of nitrogen and phosphorus compounds and MPs 
can affect metabolism in organisms through the CYP 
pathway [69]. The differentially expressed genes induced 
by MPs in male genitalia have been found to be enriched 
mainly in the CYP pathway [70]. In this study, it was veri-
fied that the CYP series genes involved in lipid metabo-
lism are concentrated in the CYP2C family, specifically 
Cyp2c23 and Cyp2c40, both of which are significantly 
downregulated. The CYP2C family is an important P450 
subfamily involved in metabolism of endogenous arachi-
donic acid [71]. This study identified marked decreases 
in the expression of Cyp2c23 and Cyp2c40, which are 
typically highly expressed in mouse liver [72, 73]. In the 
past few decades, studies on Cyp2c23 have mainly con-
centrated on the pathways involved in hypertension and 
hypertensive nephropathy via arachidonic acid metabo-
lism or the mechanisms underlying drug efficacy [74–76]. 
However, its role in lipid metabolism has not been deter-
mined. Cyp2c40 has been found to metabolize arachi-
donic acid into hydroxyeicosatetraenoic acids (HETEs) 
and epoxyeicosatrienoic acids (EETs), with 16 (R)-HETE 
being the primary metabolite. This metabolite has been 
shown to act on the vasculature and can inhibit the adhe-
sion and aggregation of neutrophils [77]. Both are inti-
mately involved in arachidonic acid metabolism, which 
could represent a critical pathway through which NPs 
disrupt lipid metabolism.

Study strengths and limitations
This study utilized untargeted metabolomics combined 
with transcriptomics to explore how NPs exposure 
affects liver lipid metabolism in mice. The analysis iden-
tified PC as a key dysregulated metabolite and the CYP 
gene family (Cyp2c23, Cyp2c40) as critical genetic regu-
lators underlying NPs-induced metabolic disturbances. 
Furthermore, mechanistic analysis revealed these effects 
were potentially mediated through the arachidonic acid 
metabolic pathway. However, this study has several lim-
itations. First of all, male mice were exclusively used in 
this study in order to address potential confounding 
effects of female hormones, which restrict the applica-
bility of the conclusions. Future studies will incorporate 
female mice and ovariectomized groups to systematically 
evaluate hormonal and physiological influences on NP-
induced toxicity. Secondly, additional mechanistic studies 
are needed to (1) validate the precise pathways through 
which NPs interfere with lipid metabolism, and (2) inves-
tigate whether and how NPs may exacerbate pre-existing 
metabolic disorders.

Conclusions
In summary, this study demonstrates that NPs exposure 
can induce obesity and hepatic lipid accumulation in 
male mice. Untargeted metabolomics analysis identified 
lipid metabolites as the most prominently altered meta-
bolic class following NPs exposure. Integrated untargeted 
metabolomics and transcriptomics analysis suggests this 
phenomenon may be driven by combined effects on PC 
metabolism and CYP gene expression, which are closely 
associated with arachidonic acid metabolic pathways. 
This study preliminarily revealed the potential mecha-
nisms by which NPs exposure may induce hepatic lipid 
deposition in male mice through alterations in lipid 
metabolism, providing new insights into the hepatotoxic 
effects of NPs. These findings also offer a novel research 
direction for the prevention and control of related dis-
eases in highly exposed populations.
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