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ABSTRACT
Microplastic (MP) pollution has garnered attention due to its potential impact on living organisms. Among these, polyethylene 
terephthalate microplastics (PET- MPs) are frequently detected in both environmental samples and human tissues. Despite this, 
the effects of PET- MPs on liver damage and fibrosis in mammals remain insufficiently understood. This study demonstrated that 
oral exposure to PET- MPs at doses of 1 mg/day (with a diameter of 1 μm) over 42 days resulted in inhibited weight gain and altered 
organ coefficients in male mice, suggesting possible liver damage. Using HE and Masson staining revealed pathological changes 
in the livers of exposed mice, such as hepatocyte swelling, inflammatory cell infiltration, and collagen deposition. Liver function 
tests confirmed elevated serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST). Further, the 
elevated levels of oxidative stress markers, along with the enhanced expression of proteins related to the p38 MAPK/p65 NF- κB 
signaling pathway as revealed by western blot analysis, both of which are strongly associated with liver damage and fibrosis. To 
further elucidate these mechanisms, experiments involving N- acetylcysteine (NAC) to counteract oxidative stress and SB203580 
to inhibit p38 MAPK activation demonstrated that both interventions effectively mitigated liver fibrosis. Exposure to PET- MPs 
may trigger liver injury and fibrosis in mice. During this process, oxidative stress and the p38 MAPK/p65 NF- κB signaling path-
way may play significant mediating roles.

1   |   Introduction

With the advancement of the global economy, the environmen-
tal impact of plastic pollution has become increasingly severe. 
Large plastic fragments, under the influence of factors such as 
ultraviolet radiation, environmental weathering, air oxidation, 
and biodegradation, can break down into smaller particles with 
diameters of less than 5 mm, known as microplastics (MPs) (Li 
et al. 2021). The issue of MP pollution extends beyond the ocean; 

in fact, MP contamination on land is now proliferating at a faster 
rate than in marine environments (Horton et al. 2017). Humans 
inevitably ingest MPs through various sources such as drinking 
water, salt, honey, beer, and other foods (Pivokonsky et al. 2018; 
Waring et  al.  2018; Weinstein et  al.  2016). Polyethylene tere-
phthalate (PET) is among the most common polymers found 
in MPs, widely used in textiles, engineering plastics, and pack-
aging. More than half of plastic bottles and synthetic fibers 
are made from PET (Yoshida et al. 2016). Current studies have 
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identified MPs in human feces, with the highest concentra-
tions being polypropylene (PP) and PET (Schwabl et al. 2019). 
Moreover, PET was detected in four out of 34 whole blood sam-
ples (Diamantidou et al. 2022). Research has also demonstrated 
that oral administration of PET affects markers of liver, heart, 
and kidney function in mice, and adult zebrafish exposed to 
PET showed accumulation in their livers (Gusevac Stojanovic 
et al. 2024; Lee et al. 2024).

As MPs accumulate in animal organs and are detected in human 
tissues, researchers are increasingly focusing on their toxic ef-
fects and underlying mechanisms. The liver, a major detoxifica-
tion organ, is particularly vulnerable to the impact of MPs (Tan 
et  al.  2024). Studies have shown that ingestion of polyethylene 
microplastics (PE- MPs) at a dose of 100 μg/g can induce liver in-
flammation and metabolic disturbances in mice, potentially exac-
erbating liver fibrosis (Djouina et al. 2023). Similarly, inhalation 
of polystyrene nanoparticles (PS- NPs) has been reported to cause 
liver damage and fibrosis in mice (Ge et al. 2024). Oxidative stress 
plays a pivotal role in the development of liver injury and fibrosis, 
contributing to hepatocyte necrosis, apoptosis, and exacerbation of 
inflammatory responses (Elmorsy et al. 2024). Previous research 
indicated that polystyrene microplastics (PS- MPs) in drinking 
water can lead to reactive oxygen species (ROS) production, stim-
ulating Kupffer and inflammatory cells to produce profibrotic 
mediators, thereby activating hepatic stellate cells (HSCs) and 
triggering fibrosis (Wu et  al.  2022). Furthermore, the mitogen- 
activated protein kinase (MAPK) signaling pathway is considered 
a key mechanism in the activation of HSCs, as it is highly sensitive 
to redox changes and influenced by various growth factors (Chen 
et al.  2020). Exposure to the plasticizer dibutyl phthalate (DBP) 
has been shown to promote liver fibrosis in mice through activa-
tion of the p38 MAPK signaling pathway (Huo et al. 2023). Despite 
these findings, the precise mechanism by which PET exposure 
leads to liver fibrosis in mammals remains unclear.

The primary aim of this study is to elucidate the molecular 
mechanisms underlying PET- MPs–induced liver fibrosis in 
mice. First, we confirmed that PET- MPs  exposure results in 
liver injury, followed by an in- depth investigation into the roles 
of oxidative stress and the p38 MAPK/p65 NF- κB pathway in 
this process. Moreover, in  vivo experiments showed that N- 
acetylcysteine (NAC) effectively countered oxidative damage, 
while SB203580 inhibited p38MAPK activation, both of which 
significantly mitigated PET- MPs- induced liver fibrosis. These 
findings suggested that NAC and SB203580 have potential as 
therapeutic agents for preventing PET- MPs- induced liver fibro-
sis. Therefore, this study provided experimental and theoretical 
evidence that PET- MPs exposure induces liver fibrosis in mice 
via oxidative stress and the p38MAPK/p65 NF- κB pathway, of-
fering insights into potential strategies to reduce PET- MPs–re-
lated hepatotoxicity.

2   |   Materials and Methods

2.1   |   Characterization of PET- MPs

The PET- MPs used in this study, with a diameter of 1 μm, were 
procured (Shanghai Yang Li Electromechanical Technology 
Co.). The stock solution of PET- MPs was prepared by dissolving 

the particles in saline and subjecting the solution to ultrasonic 
vibration for 30 min. The 1- μm diameter was chosen as the stan-
dard threshold to differentiate MPs from nanoplastics (NPs) 
(Emenike et al. 2023). Previous studies have shown that PS- MPs 
with a similar diameter can induce liver fibrosis in mice (Wang 
et al. 2023), supporting the selection of 1- μm PET- MPs for this 
investigation.

2.2   |   Animal and Ethics Statement

Five- week- old SPF Balb/c mice (weighing 18–22 g) were ob-
tained from the Medical Department of Peking University 
(Beijing, China). The mice were housed in the Animal Facility 
of the School of Public Health at Baotou Medical College under 
standardized conditions: room temperature of 22°C ± 4°C, air 
humidity of 40% ± 5%, and a 12- h light–dark cycle. They had 
unrestricted access to sterile water and rodent feed (Keao Xieli 
Feed Co. Ltd., Beijing, China). All animal procedures were 
approved by the Medical Ethics Review Committee of Baotou 
Medical College (Approval No. 101, 2022).

2.3   |   Experimental Protocols

PET- MPs were selected for this study because PET is a common 
polymer found in environmental plastic particles, including 
those in human feces. The dose- by- factor method was used to 
convert the human equivalent dose to a mouse- equivalent dose 
based on body surface area, using the formula: Correction factor 
(Km) = Weight [kg]/body surface area [m2]. The average human 
weight is 60 kg, with an average body surface area of 1.62 m2, 
and the average mouse weight is 0.02 kg, with a body surface 
area of 0.007 m2. Thus, Km (human) = 60/1.62 = 37, and Km 
(mouse) = 0.02/0.007 = 3 (Nair and Jacob  2016). The estimated 
human intake of plastic particles ranges from 0.04 to 11.7 mg/
kg per day (Senathirajah et  al.  2021; Zuccarello et  al.  2019). 
Therefore, the mouse- equivalent dose was calculated as fol-
lows: Mouse equivalent dose (mg/kg) = 0.02 × [0.04 × 37/3, 
11.7 × 37/3] = [0.5, 144]. Accordingly, for a mouse weighing 
0.02 kg, the dose ranges from approximately 0.01 to 2.88 mg/day. 
This study utilized three equivalent doses: 0.01, 0.1, and 1 mg/
day.

To delve deeper into the critical roles of oxidative stress and p38 
signaling pathway activation in PET- MPs–induced mouse liver 
fibrosis, we employed the antioxidant NAC (MedChemExpress, 
NJ, USA) to mitigate oxidative damage and utilized SB203580 
(MedChemExpress, NJ, USA) to selectively inhibit the p38 sig-
naling pathway. Notably, NAC, as a precursor of glutathione 
(GSH), demonstrated efficacy in alleviating lung injury caused 
by APS- NPs at a dosage of 100 mg/kg/day (Wu et  al.  2023). 
Concurrently, SB203580, leveraging its specific capability to 
block the p38 signaling pathway, effectively inhibited the p38 
MAPK signaling pathway at a dosage of 5 mg/kg/day, resulting 
in significant improvement of reproductive damage in mice (Li, 
Bian, et al. 2024; Xie et al. 2020).

After a 1- week acclimation period, 48 male Balb/c mice were 
randomly divided into eight groups of six mice each: (1) con-
trol group (saline); (2) low- dose group (0.01 mg/day PET- MPs); 
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(3) medium- dose group (0.1 mg/day PET- MPs); (4) high- 
dose group (1 mg/day PET- MPs); (5) NAC treatment group 
(100 mg/kg/day NAC); (6) NAC intervention group (1 mg/day 
PET- MPs + NAC); (7) SB203580 treatment group (5 mg/kg/
day SB203580); (8) SB203580 intervention group (1 mg/day 
PET- MPs + SB203580).

The control group received 0.25 mL of sterile saline daily via 
gavage. Mice in Groups (2), (3), and (4) were administered 
0.25 mL of PET- MPs solution daily at the specified concen-
trations. Similarly, mice in Groups (6) and (8) received daily 
gavage of 0.25- mL PET- MPs solution at different concentra-
tions. Mice in Group (5) and Group (6) received intraperitoneal 
injections of 100 mg/kg NAC daily, while mice in Group (7) 
and Group (8) received intraperitoneal injections of SB203580 
(5 mg/kg) every 4 days. Following 42 days of exposure, the ef-
fects of PET- MPs exposure on the liver were evaluated. The 
grouping and treatment of experimental animals, mice, are 
shown in Figure S1.

2.4   |   Animal Sampling

Upon completion of the animal experiments, mice were admin-
istered a 0.3% sodium pentobarbital solution intravenously at 
a dosage of 50 mg/kg to facilitate blood collection. Following 
this, cervical dislocation was employed to euthanize the mice. 
Initially, the mice were weighed, after which the liver was 
promptly excised and weighed to determine the liver coefficient, 
defined as the ratio of liver weight to body weight (g/g). The left 
lobe of the liver from three mice per group was submerged in a 
4% formaldehyde solution for preservation, whereas liver tissues 
from an additional three mice per group were frozen at −80°C.

2.5   |   Liver Histopathology and Assessment 
of Liver Fibrosis Severity

The pathological changes in liver tissue were identified through 
hematoxylin–eosin (HE), and the extent of fibrosis in the mouse 
liver was evaluated using Masson's trichrome. First, liver tis-
sues were fixed with 4% paraformaldehyde, followed by xylene 
dewaxing and gradient ethanol hydration. Subsequently, the 
treated tissues were embedded in paraffin and cut into sec-
tions with a thickness of 4 μm. Then the sections were stained 
with HE and Masson's trichrome. After staining, the sections 
were dehydrated again with ethanol of different concentrations, 
cleared with xylene, and finally mounted with neutral resin. 
Three random fields of view were selected for each section and 
observed with an optical microscope (BX43, Olympus, Japan) 
and imaging system (UC90, Olympus, Japan) to evaluate the 
morphological changes of the liver and the deposition areas of 
collagen.

2.6   |   Biochemical Indicators of Mouse Liver 
Function

The serum was obtained from mouse blood centrifuged at 
4000 rpm for 10 min and at 4°C. Then, the activities of alanine 
aminotransferase (ALT) and aspartate aminotransferase (AST) 

within the mouse serum were measured using a colorimetric 
method, following the guidelines specified in the kit's (Solarbio 
Science and Technology Co. Ltd., Beijing, China) accompanying 
instructions.

2.7   |   Oxidative Stress Level Detection

Liver tissues were retrieved from a −80°C freezer and subse-
quently homogenized in PBS at a ratio of 1:9 (Liver tissue: PBS). 
The levels of reduced GSH, malondialdehyde (MDA), and super-
oxide dismutase (SOD) within the liver tissue samples were then 
quantified using a colorimetric assay kit (Elabscience, Wuhan, 
China), following the guidelines provided by the manufacturer.

2.8   |   Western Bolt

Liver tissue lysates were prepared using RIPA lysis buffer 
(Solarbio, Beijing, China). The protein concentration in the 
lysates was determined using a BCA assay kit (Elabscience, 
Wuhan, China). Equal amounts of protein samples were sep-
arated by SDS- PAGE and transferred onto PVDF membranes. 
The membranes were then blocked with blocking solution 
and incubated with primary antibodies overnight at 4°C. 
The following antibodies were used: TGF- β (1:1000, AF1027, 
Affinity), α- SMA (1:1200, GB111364, Servicebio), P38 (1:1000, 
AB170099, Abcam), P- P38 antibody (1:1000, BS- 2210R, Bioss), 
β- actin (1:3000, AF7018, Affinity), p65 (1:2000, YP- mAb- 01907, 
Upingbio), and p- p65 (1:2000, YP- mAb- 01272, Upingbio). 
Subsequently, the membranes undergoed a 2- h incubation 
with the secondary antibody (1:10,000, ZB2301, ZenBio) at 
ambient temperature. Finally, the protein bands were made 
visible through a chemiluminescent reaction (Elabscience 
Biotechnology, Wuhan, China).

2.9   |   Statistical Analysis

For this experiment, all datasets were analyzed and visualized 
using GraphPad Prism 8 software for the creation of statistical 
graphs, while SPSS 27.0 software was employed to assess data 
normality. Initially, one- way analysis of variance (ANOVA) was 
conducted to determine whether there were statistically signif-
icant differences among the means of three or more indepen-
dent groups. If the ANOVA results indicated a significant overall 
effect (p < 0.05), Tukey's honestly significant difference (HSD) 
post hoc test was applied to perform pairwise comparisons be-
tween all groups. A p value less than 0.05 was considered statis-
tically significant and indicated with *p < 0.05, **p < 0.01, and 
***p < 0.001.

3   |   Results

3.1   |   Exposure to PET- MPs Resulted in Liver 
Damage in Mice

In this study, mice were treated with varying doses of PET- 
MPs for 42 days to assess their impact on the liver. Compared 
with the control group, no significant difference in body weight 
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FIGURE 1    |    Exposure to PET- MPs resulted in liver damage in mice. (A) Body weight and liver coefficient (liver/body weight) of mice after 42 days 
of poisoning. (B) HE staining of mouse liver, black arrows indicate inflammatory cell infiltration. Scale: 50 μm. (C) ALT content in mouse serum. (D) 
AST content in mouse serum. n = 5 for all groups. *p < 0.05, **p < 0.01, ***p < 0.001 (compared with control).

FIGURE 2    |    Exposure to PET- MPs resulted in liver fibrosis in mice. (A) Masson staining of mouse liver, yellow arrows indicate collagen deposi-
tion. Scale: 50 μm. (B) Percentage of collagen fibrosis. (C) Images of α- SMA protein expression in mouse liver. (D) Quantitative analysis of α- SMA 
protein expression in mouse liver. (E) Images of TGF- β protein expression in mouse liver. (F) Quantitative analysis of TGF- β protein expression in 
mouse liver. n = 5 for all groups. *p < 0.05, **p < 0.01, ***p < 0.001 (compared with control).
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FIGURE 3    |     Legend on next page.
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was observed in the low- dose group (p > 0.05), while mice in 
the medium- dose and high- dose groups exhibited significantly 
reduced body weight in a dose- dependent manner (p < 0.05). 
Similarly, the liver coefficient (liver weight/body weight) showed 
no significant change in the low- dose group (p > 0.05), whereas 
a significant decrease was observed in the medium- dose and 
high- dose groups (p < 0.01) (Figure 1A). HE staining indicated 
that the liver cell structure of control mice was intact, with well- 
organized hepatic cords and no vacuoles or binucleated cells. In 
contrast, mice exposed to PET- MPs exhibited varying degrees 
of hepatic cord disarray and inflammatory cell infiltration, with 
damage increasing in a dose- dependent manner (Figure  1B). 
Liver function tests revealed a dose- dependent increase in 
serum ALT and AST levels in the PET- MPs exposure groups 
(p < 0.05, p < 0.01) (Figure 1C,D). These findings suggested that 
PET- MPs exposure led to both structural and functional liver 
damage in mice.

3.2   |   Exposure to PET- MPs Resulted in Liver 
Fibrosis in Mice

Masson staining results revealed that, compared with the con-
trol group, there was no significant collagen fiber deposition 
in the low- dose group (p > 0.05). However, both medium- dose 
and high- dose groups showed significant collagen deposition 
(Figure  2A), with a marked increase in the proportion of col-
lagen fibers (p < 0.05) (Figure 2B). Furthermore, the expression 
levels of α- SMA and TGF- β proteins exhibited a dose- dependent 
increase across the PET- MPs exposure groups (p < 0.05, p < 0.01) 
(Figure 2C–F). These results demonstrated that PET- MPs expo-
sure can induce liver fibrosis in mice.

3.3   |   The Role of Oxidative Stress in Mouse Liver 
Fibrosis Induced by PET- MPs

Following exposure to PET- MPs, levels of SOD and GSH in 
mouse liver tissues decreased significantly in a dose- dependent 
manner (p < 0.01), while MDA levels increased significantly 
(p < 0.05) (Figure  3A–C). These findings suggested that PET- 
MPs exposure induced oxidative stress in mice. To verify the 
role of oxidative stress in PET- MPs–induced liver injury, NAC 
was used as an antioxidant (Tardiolo et al. 2018). In the NAC in-
tervention group, levels of SOD and GSH significantly increased 
(p < 0.01), while MDA levels significantly decreased (p < 0.01) 
(Figure  3D–F). Although HE staining showed no significant 
pathological changes in the NAC group compared with the con-
trol, the degree of liver damage was reduced compared with 
the PET- MPs exposure group after NAC treatment (Figure 3G). 

Additionally, Masson staining revealed a decrease in liver colla-
gen deposition following NAC intervention, compared with the 
PET- MPs exposure group (p < 0.01) (Figure  3H,I). Protein ex-
pression of α- SMA and TGF- β also significantly decreased after 
NAC treatment compared with the PET- MPs exposure group 
(p < 0.01) (Figure 3J–M). These results indicated that oxidative 
stress played a critical role in PET- MPs–induced liver fibrosis 
in mice.

3.4   |   The Role of the p38 MAPK Signaling Pathway 
in Mouse Liver Fibrosis Induced by PET- MPs

To investigate the effect of PET- MPs exposure on the p38 
MAPK signaling pathway, we used western blot to determine 
the phosphorylation level of p38. The findings indicated that as 
the concentration of PET- MPs exposure dose, there was a sig-
nificant increase in the phosphorylation level of p38 (p < 0.01) 
(Figure  4A–C). Following administration of the p38 MAPK- 
specific inhibitor SB203580, the phosphorylation level of p38 
MAPK was markedly diminished (p < 0.01) (Figure  4D,E). 
These data indicated that PET- MPs exposure can activate the 
p38 MAPK signaling pathway. To further elucidate the role 
of the p38 MAPK signaling pathway in PET- MPs–induced 
mouse liver fibrosis, we performed HE observations that re-
vealed liver tissue damage resulting from PET- MPs expo-
sure was mitigated following SB203580 inhibition (p < 0.01) 
(Figure  4G). Similarly, compared with the PET- MPs expo-
sure group, the proportion of liver collagen was significantly 
reduced after SB203580 blockade (p < 0.01) (Figure 4H,I). In 
addition, compared with the PET- MPs exposure group, the 
protein expression of α- SMA and TGF- β was also significantly 
decreased after SB203580 blockade (p < 0.01) (Figure 4J–M). 
In summary, the activation of the p38 MAPK signaling 
pathway played a key role in PET- MPs–induced mouse liver 
fibrosis.

3.5   |   PET- MPs Might Initiate the Activation 
of the p38 MAPK/p65 NF- κB Signaling Pathway in 
the Liver Tissues of Mice

The MAPK pathway participates in the regulation of inflam-
mation by modulating the downstream nuclear factor kappa 
B (NF- κB) pathway, while the activation of the MAPK path-
way has been proven to play a crucial role in the production of 
inflammatory mediators and the inflammatory response (Cai 
et  al.  2022; Zhang et  al.  2024). The expression level of NF- 
κB p- p65 was detected using western blot. The results showed 
that the expression of NF- κB p- p65 significantly increased 

FIGURE 3    |    The role of oxidative stress in mouse liver fibrosis induced by PET- MPs. (A) SOD activity in mouse liver tissue after PET- MPs expo-
sure. (B) GSH activity in mouse liver tissue after PET- MPs exposure. (C) MDA content in mouse liver tissue after PET- MPs exposure. (D) SOD activity 
in mouse liver tissue after NAC antagonism. (E) GSH activity in mouse liver tissue after NAC antagonism. (F) MDA content in mouse liver tissue 
after NAC antagonism. (G) HE staining of mouse liver after NAC antagonism, black arrows indicate inflammatory cell infiltration. Scale: 50 μm. (H) 
Masson staining of mouse liver after NAC antagonism, yellow arrows indicate collagen deposition. Scale: 50 μm. (I) Proportion of collagen fibrosis af-
ter NAC antagonism. (J) Images of α- SMA expression in mouse liver after NAC antagonism. (K) Quantitative analysis of α- SMA expression in mouse 
liver after NAC antagonism. (L) Images of TGF expression in mouse liver after NAC antagonism. (M) Quantitative analysis of TGF- β expression in 
mouse liver after NAC antagonism. n = 5 for all groups. *p < 0.05, **p < 0.01, ***p < 0.001 (compared with the corresponding intervention group).
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FIGURE 4    |     Legend on next page.
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with the rising concentration of PET- MPs exposure (p < 0.01) 
(Figure 5A–C); however, after treatment with SB203580, the 
expression of NF- κB p- p65 was significantly reduced (p < 0.05) 
(Figure 5D–F). To assess the effect of PET- MPs exposure on 
the inflammatory response in mice, we measured the serum 
levels of inflammatory markers IL- 1β and IL- 18 using ELISA. 
These results indicated that as the concentration of PET- MPs 
exposure increased, the levels of IL- 1β and IL- 18 significantly 
rose (p < 0.05) (Figure  5G,H). Furthermore, treatment with 
SB203580, a p38 MAPK inhibitor, significantly reduced IL- 1β 
and IL- 18 levels compared with the PET- MPs exposure group 
(p < 0.01) (Figure  5I,J). These findings indicated that PET- 
MPs might initiate the activation of the p38 MAPK/p65 NF- κB 
signaling pathway in the liver tissues of mice.

4   |   Discussion

Liver fibrosis is responsible for over one million deaths annu-
ally worldwide, affecting more than one hundred million people 
globally (Mokdad et al. 2014; Zadorozhna et al. 2020). It is a crit-
ical stage in the progression from chronic liver disease to cirrho-
sis (Masuzaki et al. 2020). Previous studies have demonstrated 
that exposure to various types of MPs, such as PE- MPs and PS- 
MPs, can induce liver fibrosis in mice (Djouina et al. 2023; Shen 
et al. 2022). However, the mechanisms underlying PET- MPs–in-
duced liver fibrosis remain unclear. Therefore, this study used 
a mouse model to investigate the effects of PET- MPs exposure 
on the liver, with a focus on elucidating potential molecular 
mechanisms.

Our findings indicated that PET- MPs exposure posed a risk 
of liver injury in mice. After 42 days of exposure, the mice ex-
hibited reduced body weight and organ coefficients of liver. 
Histopathological analysis revealed varying degrees of in-
flammatory cell infiltration in the livers of PET- MPs–exposed 
mice, consistent with previous studies on other types of MPs, 
such as 1- μm PS- MPs (Shi et al. 2022). The liver enzymes ALT 
and AST, which are key markers of liver function, increased 
in a dose- dependent manner following PET- MPs exposure. 
These findings were consistent with Elsheikh et al.'s results, 
which showed that PS- MPs exposure led to increased levels 
of ALT and AST in mice (Elsheikh et al. 2023). Collectively, 
these results suggested that PET- MPs can indeed cause liver 
injury in mice.

HSC activation is central to liver fibrosis (Huo et  al.  2023). 
α- SMA is recognized as a marker of HSC activation (Sui 
et  al.  2018). Studies by Huo et  al. demonstrated that dibu-
tyl phthalate (DBP) exposure significantly increased the 

expression of TGF- β and α- SMA proteins, promoting liver fi-
brosis in mice (Huo et al. 2023). Similarly, Ge et al. found that 
PS- NPs exposure elevated the expression of TGF- β, α- SMA, 
and collagen, resulting in liver fibrosis (Ge et al. 2024). In our 
study, Masson's trichrome staining revealed significant colla-
gen deposition, and PET- MPs exposure increased the relative 
expression levels of TGF- β and α- SMA proteins, indicating 
that PET- MPs can induce liver fibrosis.

The liver, a crucial metabolic organ responsible for detoxifi-
cation and fat metabolism, is particularly vulnerable to oxi-
dative stress due to its high metabolic activity and oxygen 
consumption. Oxidative stress occurs when ROS accumulate 
continuously, while antioxidants such as GSH and SOD in-
hibit lipid peroxidation (Fang et al. 2009). Because MDA is the 
final product of lipid peroxidation, its content is usually used 
as an indicator to measure the degree of lipid peroxidation. 
And the degree of lipid peroxidation is closely related to the 
level of ROS; therefore, the level of MDA can indirectly reflect 
the level of ROS (Yu et  al.  2018). Our findings showed that 
exposure to PET- MPs resulted in decreased levels of SOD and 
GSH and increased MDA levels, suggesting oxidative damage 
in the liver. Zou et al.'s study also found decreased SOD and 
GSH levels and increased MDA levels in the livers of mice ex-
posed to PS- MPs (Wang et al. 2023), supporting our results. To 
further investigate the role of oxidative stress in PET- MP–in-
duced liver fibrosis, we used NAC, an antioxidant that targets 
ROS. NAC treatment effectively reduced inflammatory cell 
infiltration, collagen deposition, and the expression of TGF- β 
and α- SMA proteins. Additionally, NAC increased SOD and 
GSH levels while decreasing MDA levels. Similar findings 
have been reported by Li et al., who demonstrated that NAC 
reduced inflammatory cell infiltration and collagen deposi-
tion induced by arsenic exposure in mice, along with reducing 
α- SMA protein expression (Li, Li, et  al.  2024). In summary, 
these results suggested that oxidative stress was a significant 
contributor to PET- MPs–induced liver fibrosis in mice (Wu 
et al. 2023; Yu et al. 2018).

Exposure to micro- PS induces oxidative stress, leading to the 
activation of the MAPK signaling pathway (Xie et al.  2020). 
The MAPK signaling pathway plays a crucial role in regulat-
ing cell proliferation, differentiation, and inflammatory re-
sponses (Xie et  al.  2020). Our study revealed that PET- MPs 
exposure led to increased phosphorylation of p38 protein in 
the liver, which promoted the recruitment of inflammatory 
cells, resulting in hepatocyte infiltration and necrosis. Zhao 
et  al. demonstrated that Di(2- ethylhexyl) phthalate (DEHP) 
significantly promoted hepatic fibrosis in rats by inducing ox-
idative stress and the production of inflammatory factors, a 

FIGURE 4    |    The role of the p38 MAPK signaling pathway in mouse liver fibrosis induced by PET- MPs. (A) Images of p38 and p- p38 expression in 
mouse liver tissue. (B) Quantification of p38 levels. (C) Quantification of p- p38 levels. (D) Images of p38 and p- p38 expression in mouse liver tissue 
after SB203580 blockade. (E) Quantification of p38 levels after SB203580 blockade. (F) Quantification of p- p38 levels after SB203580 blockade. (G) HE 
staining of mouse liver after SB203580 blockade, black arrows indicate inflammatory cell infiltration. Scale: 50 μm. (H) Masson staining of mouse liv-
er after SB203580 blockade, yellow arrows indicate collagen deposition. Scale: 50 μm. (I) Proportion of collagen fibrosis after SB203580 blockade. (J) 
Images of α- SMA expression in mouse liver after SB203580 blockade. (K) Quantitative analysis of α- SMA expression in mouse liver after SB203580 
blockade. (L) Images of TGF- β expression in mouse liver after SB203580 blockade. (M) Quantitative analysis of TGF- β expression in mouse liver after 
SB203580 blockade. n = 5 for all groups. *p < 0.05, **p < 0.01, ***p < 0.001 (compared with the corresponding intervention group).
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process associated with the activation of the p38 MAPK/NF- 
κB signaling pathway (Zhao et al. 2019). Similarly, Cai et al. 
observed that knockout of p38MAPK reduced the expression 
of NF- κB protein (Cai et al. 2022). Consistent with these find-
ings, our study also revealed treatment with SB203580 signifi-
cantly reduced the expression of NF- κB p- p65. The levels of 
inflammatory factors IL- 1β and IL- 18 were elevated in mouse 
serum, consistent with Mu et al.'s findings regarding PS- MPs 
exposure (Sui et al. 2018). To further elucidate the role of the 
p38MAPK pathway in PET- induced liver fibrosis, we used 
SB203580, a specific inhibitor of p38MAPK (Qiu et al. 2016). 
The results demonstrated that blocking p38MAPK with 
SB203580 significantly reduced the phosphorylation of p38, as 
well as the levels of IL- 1β and IL- 18. Additionally, SB203580 
mitigated inflammatory cell infiltration and collagen depo-
sition and decreased the expression of TGF- β and α- SMA 

proteins in mice. These findings were consistent with previ-
ous studies showing that SB203580 can inhibit the expression 
of p- p38 induced by micro- PS and reduce IL- 1β levels in he-
patic cell (Huo et al. 2023; Xie et al. 2020). Thus, our results 
suggested that PET- MPs may induce liver fibrosis by activat-
ing the p38MAPK/p65 NF- κB signaling pathway.

In summary, our study revealed that exposure to PET- MPs can 
lead to liver injury and fibrosis in mice. Oxidative stress and the 
p38MAPK/p65 NF- κB signaling pathway may play important 
roles in PET- MPs–induced hepatic fibrosis in mice, thus contrib-
uting essential data to inform public protection strategies and 
advance mechanistic research. However, this study had several 
limitations, including the use of only male mice, a single particle 
size of PET- MPs, and a limited exposure duration, which need to 
be further explored in future studies.

FIGURE 5    |    PET- MPs might initiate the activation of the p38 MAPK/p65 NF- κB signaling pathway in the liver tissues of mice. (A) Images of p65 
and p- p65 expression in mouse liver tissue. (B) Quantification of p65 levels. (C) Quantification of p- p65 levels. (D) Images of p65 and p- p65 expres-
sion in mouse liver tissue after SB203580 blockade. (E) Quantification of p65 levels after SB203580 blockade. (F) Quantification of p- p65 levels after 
SB203580 blockade. (G) Serum IL- 1β levels in mice. (H) Serum IL- 18 levels in mice. (I) Serum IL- 1β levels in mice after SB203580 blockade. (J) Serum 
IL- 18 levels in mice after SB203580 blockade. n = 5 for all groups. *p < 0.05, **p < 0.01, ***p < 0.001 (compared with the corresponding intervention 
group).
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