co m m u n i cati o n S B i o I ogy https://doi.org/10.1038/542003-026-09872-9
Article in Press

Polystyrene nanoplastics and benzo(a)pyrene
synergistically induce lung fibrosis and
inflammation via relaxin signalling in mice

Received: 11 July 2025 Yu Chen, Yingai Zhang, Yuting Zhang, Shuguo lv, Xu Zhang, Mohamed Mohsen, Xiaoshan
Accepted: 5 March 2026 Zhu, Kai Yin & Hailong Zhou

Cite this article as: Chen, Y., Zhang, Y. We are providing an unedited version of this manuscript to give early access to its
Zhang, Y. et al. Polystyre’ne, ' findings. Before final publication, the manuscript will undergo further editing. Please
nanoplastics and benzo(a)pyrene note there may be errors present which affect the content, and all legal disclaimers
synergistically induce lung fibrosis apply.

and inflammation via relaxin
signalling in mice. Commun Biol
(2026). https://doi.org/10.1038/
s42003-026-09872-9

If this paper is publishing under a Transparent Peer Review model then Peer
Review reports will publish with the final article.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not
have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.



Polystyrene nanoplastics and benzo(a)pyrene synergistically
Induce lung fibrosis and inflammation via relaxin signalling
In mice
Yu Chen', Yingai Zhang®, Yuting Zhang?®, Shuguo Iv*, Xu Zhang', Mohamed Mohsen®,

Xiaoshan Zhu®, Kai Yin'*, Hailong Zhou'*

1. School of Life and Health Sciences, Hainan Province Key Laboratory of One Health,
Collaborative Innovation Center of Life and Health, Hainan University, Haikou, Hainan 570228,

China.

2. Central Laboratory, Affiliated Haikou Hospital of Xiangya Medical College, Central South

University, Haikou City Key Laboratory of Clinical Medicine, Haikou, Hainan, 570208, China
3. Shanxi Medical University, Taiyuan, Shanxi 030607, China.

4. Hainan Academy of Environmental Science, Hainan International Blue Carbon Research Center,

Haikou 571126, China

5. Department of Fish Production, Faculty of Agriculture, Al-Azhar University, Nasr City, Cairo,

11884, Egypt
6. School of Ecology, Hainan University, Haikou, Hainan 570228, China.
# Co-first author

* To whom correspondence should be addressed:



Kai Yin

School of Life and Health Sciences, Hainan University, Haikou; 570228, China.

996523 @hainanu.edu.cn

Hailong Zhou

School of Life and Health Sciences, Hainan University, Haikou; 570228, China.

zhouhl@hainanu.edu.cn




Abstract

Micro- and nanoplastics (MNPs) are emerging pollutants that can carry harmful substances
like benzo(a)pyrene, posing potential health risks. While the harmful effects of nanoplastics on the
lungs are known, how they interact with benzo(a)pyrene to affect cellular communication remains
unclear. In our study, We explore this interplay using a 16-week mouse model exposed to
environmentally relevant doses of polystyrene nanoplastics, benzo(a)pyrene, or a combination of
both. We find that only the combined exposure leads to significant lung damage, characterized by
severe inflammation and tissue scarring, which are not seen with single exposures. This combined
exposure also increases oxidative stress and reduces antioxidant defenses in the lungs. Furthermore,
we notice increased levels of inflammation-related molecules and markers of lung tissue damage,
confirming a more severe toxic effect. Transcriptomic analysis highlights the involvement of the
Relaxin signaling pathway, which influences inflammatory and tissue damage processes through
PI3K-AKT and MAPK cascades; Relaxin4 activated PLC-IP3R, opening ER calcium channels
and raising cytosolic Ca*, which triggered macrophage extracellular trap (MET) formation.
Additionally, a macrophage-MLE-12 co-culture system confirmed that Mix-induced METs are
linked to the exacerbation of alveolar inflammation and the progression of pulmonary fibrosis. Our
findings reveal novel molecular connections that explain how these pollutants worsen lung health,
suggesting that targeting the identified signaling pathways could offer a potential approach to

mitigating these harmful effects.
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Introduction

Global plastic production has grown exponentially (from 2 million tonnes in 1950 to 348
million tonnes in 2017) and is expected to reach 1.2 billion tonnes in 2050 1. This large-scale
production and use have led to the accumulation of plastic waste in the environment, which
gradually degrades into microplastics (MPs; <5 mm in diameter) and nanoplastics (NPs; <100 nm
in diameter) through processes such as photo-degradation, thermal oxidation, and mechanical
abrasion!? 3], Due to their tiny particle size, wide distribution, and persistence, MPs and NPs have
been detected in water, soil, and atmosphere. These particles can enter the human body via the
food chain, drinking water, and inhalation 3. Particle tracking analysis of polystyrene (PS) has
shown that it takes about 56 days to form nanoplastic particles (NPs) [ 7], Studies on zebrafish
embryos have reported that NPs exposure can impair hatching and survival rates and inhibit

%11 "such as

embryonic growth!®, Moreover, MPs and NPs have been detected in the human body !
in the lungs, liver, blood, intestines, and spleen, suggesting their systematic bioaccumulation and
potential health risks >4, Furthermore, NPs can penetrate the intestinal and alveolar barriers and
accumulate in cardiac tissues, which induce pathological changes such as arrhythmia, pericardial
effusion, and myocardial fibrosis 3], A wide range of plastic particles have been observed in lung
tissue by infrared spectroscopy, where their exposure can trigger oxidative stress, inflammatory
response, and cellular translocation ['>!7]. Although the environmental behavior and ecotoxicity of
MNPs have attracted widespread attention, their long-term effects on human health, especially the

potential hazards to the respiratory system, remain poorly understood and demand further

investigation.



MNPs also act as vectors for other pollutants, especially typical persistent organic pollutants
(POPs), such as Polycyclic aromatic hydrocarbons (PAHs) 81, Their unique physicochemical

properties ! 2! and high hydrophobicity enhance their ability to adsorb and transport such

[21 [22]

pollutants 1. Consequently, MNPs often act as carriers to translocate pollutants to organisms!?2),
Benzo(a)pyrene (BaP), a typical representative substance of PAHs, has significant teratogenicity
and carcinogenicity!?®!. BaP induces DNA damage, mitochondrial dysfunction, oxidative stress,
and other mechanisms that lead to cellular damage **. Also, BaP is able to promote Ca**-
dependent lysophosphatidylcholine (LPC) production by modulating phospholipase A2 activity in

alveolar cells, thus triggering lung tissue injury %1,

As the core organ of the human respiratory system, the lungs maintain key physiological
functions such as gas exchange, immune defense, and metabolic homeostasis. Studies have shown
that MNPs can disrupt lung homeostasis through multiple pathways, including the generation of
reactive oxygen species (ROS), leading to an imbalance in the oxidative-antioxidant system. Also,
they induce the overexpression of pro-inflammatory factors through the modulation of key
signaling pathways, such as NF-kB. Furthermore, they interfere with the process of cellular
autophagy, affecting the clearance of damaged organelles !> 2% 271 For instance, PS-NPs
significantly elevate ROS levels in lung epithelial cells, leading to decreased mitochondrial
membrane potential and DNA damage, triggering programmed death pathways such as apoptosis

28, 29

and necrotic apoptosis! 1. Similarly, BaP exposure alters fatty acid synthesis, suppresses

immunity, and induces oxidative stress, contributing to acute lung injury B¢,

Pulmonary fibrosis is a progressive pathological change manifested by abnormal



accumulation and remodeling of collagen and extracellular matrix (ECM) !, Macrophages, as
important immune cells in lung tissues, perform a variety of functions in the lung, including
immune defense, inflammation regulation, tissue repair, and fibrosis regulation!*.. Exposure to
MPs activates a variety of immune cells (e.g., lymphocytes, macrophages, and NK cells), promotes
the release of inflammatory factors (TNF-a, IL-6, IL-8, etc. ), and creates a pro-inflammatory

33,341 BaP exposure significantly up-regulates the expression of inflammatory

microenvironment !
markers in the larval model and promotes neutrophil recruitment to the site of injury, as well as
inducing skeletal deformities in zebrafish®> 3%, Macrohages extracellular traps (METs) are
networks of DNA, histones, and antimicrobial proteins released by macrophages to defend against
pathogen invasions®®”). Excessive METs act as inflammatory mediators inducing a
hyperinflammatory signaling cascade response leading to tissue damage and inflammation.
Macrophages release METs in a ROS-dependent manner, and cells crosstalk with each other to
produce pro-inflammatory effects from induced extracellular traps!®*®). METs can promote liver
injury through the classical fibrotic ROS/TGF-p/Smad2/3 signaling axis™®!. Studies of cellular
entrapment networks (ETs) mediating tissue injury under the stimulation of specific NPs and BaP

are still unknown. The current mechanism of action of METs on lung injury still needs to be further

explored.

It has been shown that the binding of MPs to BaP may have cumulative, synergistic, or

si*. MPs enhance the bioaccumulation and toxic effects of BaP in aquatic

antagonistic effect
organisms by forming a complex pollutant !, These pollutants act synergistically to promote

senescence through damage to mitochondria of Cryptococcus showyi nematodes and disruption of



oxidative homeostasis in vivo *?l. In earthworm cells, PS-NPs and BaP synergistically induced
oxidative stress with a significant elevation of ROS levels under combined exposure by affecting
the structure of Tyr 357, the active center of CAT enzyme, they inhibit H-O. catabolism and
exacerbate oxidative damage [*Y. This synergistic effect has been demonstrated in invertebrate

models, but the toxic effects in mammals remain to be investigated.

Relaxin, a peptide hormone initially linked to the reproductive system during pregnancy,
has since been found to participate in various physiological and pathological processes !, The
dual role of the Relaxin signaling pathway in the fibrotic process provides a new perspective for
[“lunderstanding pollutant-induced lung injury. While relaxin is widely recognized for its
antifibrotic effects via inhibition of TGFP1/Smad3 signaling!*! , emerging evidence indicates
that its role in fibrosis is highly context-dependent. In acute injury models, relaxin activates Gos-
cAMP/PKA pathways to suppress fibrosis [*% 47, However, under chronic oxidative stress or
environmental pollutant exposure, RXFP1 may undergo G protein switching or receptor
desensitization*®! [*1, diverting signaling toward PI3K-AKT and MAPK cascades that promote

(50511 "This functional plasticity suggests that relaxin

fibroblast activation and ECM deposition
signaling can be reprogrammed from anti-fibrotic to pro-fibrotic depending on the specific
pathological microenvironment!*?, Upregulation of the RXFP1 signaling pathway has been
reported to promote endothelial-mesenchymal transition (EndMT) and induce injury under
certain pathological conditions [°3]. Relaxin may exacerbate the fibrotic process by promoting

ECM deposition through activation of the PI3K-AKT and MAPK signaling pathways [%4-5],

However, the mechanism of relaxin-induced pulmonary fibrosis remains inconclusive.



Most previous studies have focused on acute or high-dose exposures to NPs and BaP, while
the chronic effects of environmentally relevant, low-dose exposures on lung health remain
largely unknown. The synergistic effects of these pollutants in inducing pulmonary fibrosis also
remain to be elucidated. In this study, we developed mouse models of exposure to environmental
concentrations of PS-NPs and BaP alone and in combination, an exposure condition that is more
consistent with real-life scenarios of human life. We attempted to characterize the release of
macrophage METs to investigate the possibility of METs inducing lung injury and to determine
the mechanisms of the relaxin signaling pathway in regulating lung fibrosis. A potential scientific
explanation for the chronic health risks triggered by the combined toxic effects of NPs-carried

BaP is provided.



Results
PS-NPs and BaP co-exposure induces lung inflammation and fibrosis

During the animal model construction process, the body weight and organ weights of the mice
were recorded every two weeks. As shown in Figure 1A, there was a significant increase in body
weight in the Mix exposure group between 6 weeks and 10 (p < 0.001), The organ coefficient of
mouse lung tissue showed an increasing trend in the PS-NPs exposure group at week 4 (p = 0.005);
meanwhile, the mixed exposure group only showed a slight increase at week 8 (p = 0.01). The
results showed that long-term exposure at low concentrations caused mild effects on the body
weight and organ coefficient of mice due to chronic toxicity(The same data presented in two

formats) (Figure 1B and Supplementary figure 1).

The results of the histological evaluation showed that the lung tissue structure of the control
group (Con) was normal, with no significant pathological changes; the Mix group presented
significant tissue damage, characterized by local alveolar structure atrophy with thickening of the
alveolar septa (black arrows), noticeable shedding of bronchial epithelial cells (yellow arrows),
accumulation of foam cells (green arrows), and a large number of inflammatory cells infiltration

(red arrows) (Figure 1 C), with the damage in the BaP and PS-NP groups being less severe.

Furthermore, the protein levels of inflammation-related indicators IL-1p (P = 0.0001) and
TNF-a (p = 0.0006) were significantly higher than those in the Con group (Figure 1E and F).
Moreover, indicators related to oxidative stress in lung tissue were detected (Figure 1D). The data

showed a significant decrease in antioxidant indicators (GSH/GSSG, CAT, T-AOC, SOD) (p <



0.001), and a significant increase in oxidative damage indicators (MDA) (p < 0.001), indicating
that the treatments disrupted the antioxidant levels of lung tissue, causing oxidative stress.
Inflammation and oxidative stress, as key drivers of the fibrotic process, interact through a
complex signaling network, synergistically promoting the occurrence and progression of fibrosis.
The degree of lung tissue fibrosis was assessed using Masson's trichrome staining method. The
results showed. (Figure 1G). Combined with the analysis of protein expression related to lung
tissue fibrosis, the upregulation of SI00A9 (p < 0.0001) induced the expression of a-SMA (p =
0.01) and Collagen (P=0.0004) proteins, showing an upward trend compared to the control group
(Figure 1H). HYP levels were significantly elevated in all experimental groups, with the highest
levels observed in the MIX group, indicating the most pronounced collagen deposition (Figure
11).Overall, suggest that the observed pulmonary effects are associated with the test substance
rather than the operational process, FTIR reveals n-n stacking of BaP onto PS-NPs, prolonging
retention and C=O-driven ROS to amplify inflammation and fibrosis(Supplementary figure
2).these results suggest that combined exposure to PS-NPs and BaP can induce inflammatory and

fibrotic damage in lung tissue.

PS-NPs and BaP co-exposure induce the production of METSs

To further investigate the mechanism observed in vivo, in vitro experiments were performed
using the RAW264.7 macrophage cell line (Figures 2A—B). First, cells were exposed to a range of
concentrations of PS-NPs and BaP. Exposure to 100 ug/ml of either compound did not reduce cell
viability. However, exposure to PS-NPs at 200 ug/ml and BaP at 300 pug/ml and above reduced the

viability of macrophages (RAW264.7). Therefore, concentrations of 100 pg/ml PS-NPs, 100 pg/ml



BaP, and a mixture of 100 pg/ml PS-NPs + 100 pg/ml BaP were chosen for subsequent experiments.
Hochest staining showed that exposure to BaP, PS-NPs, and the mixed group induced the
formation of DNA-skeleton reticular structures in macrophages, with the mixed group showing
the most reticular structures. The positive control (LPS) further enhanced the formation of these

structures (Figure 2 C).

Furthermore, the DCFH-DA fluorescent probe was used to detect the level of intracellular
reactive oxygen species (ROS), and the results showed that the fluorescence intensity of
RAW264.7 cells increased in a dose-dependent manner with exposure concentration. The
fluorescence intensity of the mixed group was the highest (»p < 0.001). This indicates that under
exposure to pollutants, the mixed group had the most significant stimulation of macrophages,
causing oxidative stress in the cells (Figure 2 D). Immunofluorescence results showed that Cith3
(p = 0.005) and MPO (p = 0.02) proteins were highly expressed in the network structures induced
by the mixed group, indicating that these structures are METs. Therefore, the mixed group was

selected for subsequent mechanistic investigations (Figure 2E ).

METs mediate lung inflammation and fibrosis

To determine whether METs contribute to the lung inflammation and fibrosis induced by PS-NPs
and BaP, an in vitro co-culture model was established using mouse lung epithelial cells (MLE-12)
and macrophages (RAW264.7) (Figure 3A). RAW264.7 cells were added to the MLE-12 cells and
then treated with the combined PS-MPs + BaP exposure to induce the production of METs.

Assessment of cellular ROS levels revealed that the combined group treatment exhibited



significantly higher oxidative stress (p < 0.001) than that of MLE-12 cells and RAW264.7 cells
alone (Figure 3B). Under the combined exposure, METs in the co-culture system were detected,
and Cith3 (Figure 3C) and MMP9 (Supplementary figure 3B) proteins were detected by
immunofluorescence in the co-culture cell group. Meanwhile, the MLE-12 cell group produced
inflammatory factors IL1f3 (Supplementary figure 3 A). However, the expression of IL-1Bproteins
in the co-cultured RAW264.7 cells was significantly increased (p < 0.001), indicating that METs
amplify the inflammatory response. Notably, this increase could be reversed by Dnase I ,
demonstrating the functional role of extracellular DNA scaffolds in mediating inflammation. In
addition, immunofluorescence (IF) results showed that, compared with the MLE-12 Mix group,
the levels of fibrotic collagen I and TGF-f in the co-culture exposure group were significantly
increased, similar to the positive control (p <0.001) (Figure 3D). Collectively, these results suggest
that the production of METs plays an important mediating role in inducing inflammation and

fibrosis in lung tissue.

PS-NPs and BaP co-exposure activates the Relaxin signaling pathway

To further dissect the molecular mechanisms underlying lung injury induced by PS-NPs and
BaP co-exposure, we performed transcriptomic analysis (Supplementary figure 4).To explore
mechanisms of PS-NPs plus BaP lung injury, Venn analysis of DEGs revealed 12,090 co-
expressed genes across CON, BaP, PS and MIX, forming a common transcriptional backbone.
Treatment-specific signatures were small—138, 223 and 89—indicating limited unique
responses, useful for targeted validation. Gene ontology (GO) enrichment analysis on the

differentially expressed genes indicated that the biological processes were mainly enriched in



immune-related processes (Figure 4B). This is consistent with the central role of macrophages as
a core component of the immune system, playing a significant role in both innate and adaptive
immunity. Subsequently, a KEGG enrichment analysis of the differentially expressed genes in
lung tissue was conducted. The results revealed that the differentially expressed genes between
the control group and the combined group were enriched in the Relaxin signaling pathway
(Figure 4C), with gRT-PCR and Western blotting detection results showing consistent

outcomes . All primer sequences used for gPCR are listed in table 1, the expression of RXFP1,
RXFP3, and RXFP4 at both mRNA and protein levels was significantly increased (p < 0.001) at
PS-MPs group, BaP group, and Mix group, with the expression level in the Mix group exhibitibg
the most significant effect (Figures 4D, F). In summary, these results suggest that the Relaxin
signaling pathway in lung tissue is activated during the Mix exposure period, suggesting its

potential involvement in the development of inflammation and fibrosis.

Relaxin 4 signaling pathway promotes METs formation through endoplasmic

reticulum calcium release

As shown in Figures 4D and E, the Relaxin 4 pathway is activated in the Mix exposure group.
Therefore, we further examined the activation of PLC-IP3R in lung tissue. Compared with the Con
group, the expression levels of IP3R and PLC proteins in the Mix group were significantly
increased (p < 0.001) (Figure 5B). To assess changes in intracellular calcium dynamics,
immunofluorescence staining was performed (Figure SA). PMA (Phorbol 12-myristate 13-acetate,
100 nM, 4 hours) is often used as a positive control for maximal ROS generation and NET/MET

formation/®!l. After stimulation with the positive inducer PMA, the amount of calcium ion



generation significantly increased (P=0.01), and the endoplasmic reticulum calcium ion content in
the Mix group was higher than that in the Con group (p = 0.003). Consistent with calcium signaling
activation, the protein expression levels of METs-related markers MPO and Cith3 in the lung tissue
of the Mix group were significantly upregulated compared to the control (p < 0.001) (Figures 5C
and 5D). The experimental results indicate that the Mix exposure activates PLC-IP3R through

Relaxin to release calcium ions, and the release of calcium ions promotes the formation of METs.

Furthermore, the expression of MMP9 protein, a protein associated with both METosis and
fibrosis, was significantly elevated (p < 0.001), inducing the occurrence of fibrosis by the
production of METs. To further validate the role of calcium signaling, a calcium ion chelator was
added to block the generation of calcium ions. It can be seen that the amount of calcium ion
generation in the Nifedipine group was significantly reduced (Figure SE). Compared with the
control group, the expression level of IP3R protein in the Mix group was decreased (p = 0.003),
and the activity of PLC was almost unaffected (Figure SF). Overall, the expression levels of related
METs and fibrosis proteins in mouse lung tissue were upregulated, and the release of calcium ions
through the calcium ion channel was verified at the in vitro cell level. This indicates that
endoplasmic reticulum calcium ions can mediate the formation of METSs to promote the occurrence
of fibrosis, and the method of inducing METs release by calcium ions can be alleviated by
chelators.It is noteworthy that the effect disappeared after nifedipine treatment, suggesting that this
process is calcium-dependent. However, this study failed to distinguish the specific source of
calcium ions. Future studies should use specific endoplasmic reticulum calcium channel inhibitors

(such as xestospongin C or dantrolene) to further verify the role of endoplasmic reticulum calcium



release.

Relaxin 1 and Relaxin 3 signaling pathways regulate inflammation and fibrosis

through PI3K-AKT, MAPK

Evidence showed that Relaxin 1 and Relaxin 3 in the Relaxin signaling pathway were
activated under the Mix exposure group (Figure 4D). Western blot analysis revealed that the
phosphorylation level of P38 in the Mix group was significantly increased (p < 0.001), and the
phosphorylation levels of INK (p = 0.002) and ERK (p = 0.01) were also upregulated compared
to the control (Figure 6A). These protein-level findings were consistent with qRT-PCR results,
which showed significantly increased mRNA expression of P38, ERK, and JNK (p < 0.001),
verifying that the MAPK pathway was activated. The role of phosphorylated p38 MAPK
(phosphorylation at Thr180/Tyr182) in fibrotic progression was further supported by its
association with the upregulation of a-SMA expression (Supplementary figure 5 B) and increasing

collagen I secretion (Figure 1G and 3D).

As shown in Figure 6B, the total phosphorylation levels of PI3K (p = 0.02) and AKT (p =
0.009) in the Mix group increased by about 50% compared to the control group. Additionally, the
phosphorylation protein expression level of I-kB was significantly increased (p = 0.01). The
mRNA expression levels of PI3K (p < 0.001) and AKT (p = 0.003) were significantly elevated,
confirming that the PI3K-AKT and NF-kB signaling pathways had been activated (Figure 6C).
Also, qRT-PCR detection further confirmed that the mRNA expression of pro-inflammatory

factors (TNF-a and IL-1p) in the lung tissue of the Mix group significantly increased (p < 0.001)



(Figure 6D). The activation of the NF-kB signal and the PI3K-AKT signaling pathway was linked
to the regulation of MMP9 protein. Furthermore, immunofluorescence staining results of lung
epithelial cells (MLE-12) showed that the relative fluorescence intensity of fibrogenesis-related
markers MMP9 and a-SMA significantly increased compared with the control group (p << 0.001)
(Supplementary figure 5B). Additionally, the expression of E-cadherin decreased (p = 0.02)
(Figure 6E), indicating EMT deposition and myofibroblast activation, associated with fibrosis
progression. In summary, co-exposure to PS-NPs and BaP activates Relaxin 1 and Relaxin 3
signaling, which in turn, initiates PI3K-AKT and MAPK pathways. These cascades may contribute
to the inflammatory response and fibrosis through the induction of EMT, immune cell recruitment,

and ECM remodeling.



Discussion

PS-NPs and BaP are ubiquitous environmental, and their combined exposure poses risks to
respiratory health due to synergistic toxicity. PS-NPs can act as carriers!®?), adsorbing BaP and
facilitating its accumulation in lung tissue, thereby intensifying oxidative stress and inflammatory
responses'®’l. This phenomenon is often referred to as the "Trojan horse", which may be an
important mechanism of synergistic toxicity!?!). However, the comprehensive impact of PS-NPs
and BaP under environmentally relevant concentrations is not fully understood, especially
regarding their interaction with immune cells in the lungs. Here, we exposed mice to BaP and PS-
NPs, both individually and in combination, for a 16-week period. The results showed that the
combined exposure to BaP and NPs was associated with inflammatory responses, METs release,

and activation of the Relaxin pathway, which may contribute to lung fibrosis damage.

Upon exposure to external stimuli (such as pathogens, pollutants, or injuries), macrophages
play a crucial role in the lungs!®¥. To counter external stimuli, the mucous layer and cilia of the
lungs work together to capture and clear foreign particles, including PS-NPs and BaP, from the
respiratory tract. NPs and BaP activate alveolar macrophages and epithelial cells, releasing
inflammatory factors!®®l. These inflammatory factors recruit inflammatory cells, such as
neutrophils and macrophages, to the site of injury, exacerbating the inflammatory response.
Macrophages not only serve as the first line of defense in immune defense but are also key cells

66, 671 Macrophages release a

in regulating inflammatory responses, tissue repair, and fibrosis!
mesh-like structure with DNA as the backbone (METs) when stimulated by external factors, which

is similar to NETs and was initially discovered by Brinkmann et al. [*!: %3], METs can be released



upon stimulation by various pro-inflammatory factors and are capable of capturing and clearing
pathogens. In this study, we found that both PS-NPs and BaP, alone and in combination, resulted
in the formation of network structures, with the greatest increase increase in METs observed in the
combined exposure group. While METs are part of the innate immune response, their excessive
release can also lead to fibrotic damage!®®. We used immunofluorescence to detect the
upregulation of MPO and Cith3, confirming the release of METs, as well as the significant

increases in inflammatory markers such as IL-1B and TNF-o, and fibrotic markers like a-SMA 1,

The formation mechanism of METs includes both ROS-dependent and independent pathways.
In the ROS-dependent pathway, external stimuli-induced respiratory burst that promotes the
massive production of METs, which induces hepatitis’®®. Studies have shown that
diphenyleneiodonium (DPI) treatment did not significantly inhibit the release of METs from goat
monocyte-derived macrophages!®. In the ROS-independent pathway, such as the Relaxin4
signaling pathway, MET formation is triggered by intracellular calcium release from the
endoplasmic reticulum. Mechanistically, PLC catalyzes the hydrolysis of PIP2 to produce DAG
and IP3R, both of which act as second messengers to regulate cellular processes. DAG remains on
the membrane, while IP3R is released into the cytoplasm and diffuses to the endoplasmic reticulum,
binding to IP3R receptors (IP3R) to activate calcium channels, resulting in an increase in
cytoplasmic calcium concentration!””. During the formation of METs, the cytoplasmic Ca*"
concentration increases, activating peptidylarginine deiminase 4 (PAD4), which catalyzes histone
citrullination, thereby inducing chromatin decondensation. The application of calcium chelators

effectively suppressed calcium release and significantly reduced MET structures, These findings



confirm the pivotal role of calcium signaling in MET induction. Our results demonstrate that the
combined exposure group activates the PLC-IP3R pathway via Relaxin, facilitating calcium ion
release and thereby regulating MET formation. This was further supported by inhibition
experiments using calcium chelators. METs can act as inflammatory mediators, functioning in
other cells. For example, METs released by macrophages exacerbated oxidative stress and liver
ischemia/reperfusion (I/R) injury in AMLI2 hepatocytes [7!. Similarly, MET-induced
inflammation has been implicated in brain endothelial dysfunction "], In this study, the co-culture
of RAW264.7 macrophages with MLE-12 lung epithelial cells revealed that METs induced by PS-
NPs and BaP upregulated inflammatory and EMT-related genes, which verified the damage
mediated by METs. Under the stimulation of PS-NPs and BaP, upregulation of pro-inflammatory
responses and genes related to pro-EMT in co-cultured RAW264.7 and MLE-12 lung cells was
observed through IF, and this cascade of reactions was reduced by DNase 1. These results suggest

that METs may play a key role in lung fibrosis induced by environmental pollutants.

Studies have shown that the invasion of exogenous substances leads to oxidative stress, and
excessive production of ROS is considered one of the factors causing damage to organisms 3],
PS-MPs can induce the formation of ROS in BEAS-2B cells, causing cytotoxicity and

st Further, Jong et

inflammatory effects, disrupting the lung barrier, and triggering lung disease
al. found that mitochondrial damage is mediated through the production of ROS and the infiltration
of inflammatory cells, inducing lung inflammation through the NF-xB pathway!’*. In this study,

mice exposed to PS-NPs and BaP exhibited significant alterations of oxidative stress markers, such

as T-AOC, SOD, MDA, etc., through the detection of antioxidant enzymes and oxidative damage,



triggering oxidative stress and promoting inflammatory responses. Inflammatory cells (such as
macrophages, neutrophils) produce a large amount of ROS through respiratory bursts, further

st At the cellular level, the increase in oxidative stress and

aggravating oxidative stres
inflammation levels may directly affect the degree of fibrosis levels. ROS is associated with
activation of NF-kB and MAPK signaling pathways and inflammatory factor expression and the
infiltration of inflammatory cells!’). Furthermore, specific regulators such as FOXM1 and MKP1
have been implicated in fibrosis through modulation of these pathways. For instance, the deletion
of FOXM1 (myFoxml-/-) in macrophages. FOXMI1 inactivation promotes lung injury by
inhibiting DUSP1 expression and activating p38 MAPK signaling!””). Also, MKP1 promotes the
dedifferentiation of lung myofibroblasts and restores apoptosis sensitivity through
dephosphorylation of p38a MAPK, and the specific deletion of MKPI in fibroblasts inhibits the
regression of bleomycin-induced fibrosis!’®l. Similar results were obtained by qRT-PCR and
Western blotting determinations in this study, with NPs and BaP exposure enhancing the
phosphorylation levels of NF-kB and MAPK, further promoting the upregulation of IL-1p, TNF-

o, which has been confirmed to regulate the classical regulatory pathway of inflammation!”’,

This study found that co-exposure to PS-NPs and BaP can significantly activate the relaxin
signaling pathway, although the direct role of relaxin in promoting fibrosis remains to be studied.
Our data suggest that Relaxinl may promote fibrotic signaling through MAPK activation.,
Specifically, phosphorylation of p38 MAPK (Thr180/Tyr182) increased a-SMA expression and
collagen I secretion, promoting pulmonary fibrosis. The PI3K-AKT pathway also appears to play

a central role in Relaxin-mediated effects, which is closely related to the RXFP3 pathway. Studies



by Qi et al. have shown that TUG1 knockout suppresses inflammation, EMT, activates autophagy,
and blocks the expression of the PI3K/Akt pathway, alleviating pulmonary fibrosis®> 8%,
Additionally, LPS promotes the synthesis of collagen in lung fibroblasts by upregulating the
expression of proteins in this pathway through aerobic glycolysis®®). Mechanistically, PI3K
catalyzes the conversion of PIP2 to PIP3R, recruiting AKT to the cell membrane and
phosphorylating it for activation. The activated PI3K-AKT pathway promotes the degradation of

IkBa and the nuclear translocation of NF-«B. Subsequently, NF-kB upregulates the expression of

inflammatory factors (such as TNF-a, IL-6, IL-1B), worsening the inflammatory response.

There is also a relatively complex interaction between PI3K-AKT and MAPK, which
together regulate the process of fibrosis!®!!. Our results showed that the protein levels of Relaxin4
pathway-related proteins PLC and IP3R are upregulated, which is associated with increased
calcium ion content and extracellular trap release, factors that may contribute to lung injury.
Collectively, the Relaxin signaling pathway, through the activation of Relaxinl, Relaxin3, and
Relaxin4, the upregulation of the MAPK and PI3K-AKT phosphorylation signaling network, and
the increase in calcium ion content, promotes the expression of downstream MMP9 protein and
the release of METs. Furthermore, the downregulation of E-cadherin indicates the loss of adhesion
properties of epithelial cells and the upregulation of a-SMA, indicating the synthesis of the
extracellular matrix, thereby promoting the activation of fibroblasts and abnormal deposition of
ECM .Although hydroxyproline quantification was not performed, Masson staining, o-
SMA/Collal expression, and immunofluorescence results consistently show a significant increase

in collagen deposition, sufficient to support the diagnosis of fibrosis. In future studies,



hydroxyproline measurement will be supplemented in new batches of samples for further absolute
quantification. Thus, we elucidated the relationship between the Relaxin signaling pathway and
METs. Elaxin4 may be associated with PLCy activation via the AKT-mTORCI1 axis pathway,
which may contribute to IP3R generation and calcium release from the endoplasmic reticulum,
factors associated with MET production. Meanwhile, p38 MAPK can activate the NOX2 complex,
promoting the burst of ROS, which can activate histone citrullination mediated by PADA4,
promoting chromatin decondensation and the release of METs. METs further aggravate lung
injury!®. Our study uncovers a novel mechanistic link between the Relaxin signaling pathway and
METs in promoting pulmonary fibrosis, highlighting their potential as targets for future
investigations. Consistent with recent studies '®3% our IP3R--PLC inhibition experiment
demonstrates that Relaxinl/3—PI3K-AKT/MAPK and Relaxin4—PLC-IP3R-Ca**—>METs

operate in parallel, jointly amplifying lung inflammation and subsequent fibrosis (¢ 87],

This study used intratracheal instillation to simulate respiratory exposure. Although this
method cannot replicate the dynamics of natural human inhalation exposure (such as intermittency
and concentration fluctuations), it is a commonly used approach for simulating cumulative
respiratory exposure to micro- and nanoplastics [**!. The '10 years of human exposure' mentioned
in the study was calculated using an 'environmental concentration—respiratory volume—cumulative
equivalence' model: based on micro- and nanoplastic concentrations in the air, combined with the
daily adult respiratory volume (approximately 11.3 m?*/day) to convert to daily exposure, the total
exposure over 10 years was then converted to a mouse dosing regimen using the OECD body

(86

weight adjustment formula %, However, in real environmental conditions, the continuity and
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concentration variability of human exposure differ from the experimental model
subsequent inhalation exposure experiments are needed to verify the real-world environmental

significance of this dosage.

In summary, this study reveals a novel association between chronic co-exposure to PS-NPs
and BaP and pulmonary fibrosis, mediated through the Relaxin signaling pathway. Our findings
demonstrate that combined exposure activates Relaxin signaling via dual mechanisms: Relaxin1/3-
mediated PI3K-AKT/MAPK activation correlates with increased inflammation and ECM
deposition, while Relaxin4-dependent PLC-IP3R signaling is linked to elevated ER calcium levels
and MET formation. These parallel cascades appear to contribute to the amplification of lung
inflammation and fibrotic progression, suggesting environment-dependent plasticity of relaxin
signaling under chronic pollutant exposure. This work elucidates molecular circuits linking
environmentally relevant nanoplastic-PAH co-exposure to pulmonary fibrosis and identifies the

Relaxin-Ca?"-MET axis as a potential candidate for further investigation as an intervention target.

Methods
Preparation of the Polystyrene Nanoplastics and Benzo[a]pyrene

Polystyrene NPs ( PS-NPs, 2.5% w/v, 10 mL; 100 nm diameter ) were purchased from
Tianjin Besler Chromatography Technology Development Centre and BaP was obtained from
Sigma Company.

Animals and experimental design

Five-week-old male Kunming mice (20 £ 2 g) were purchased from Guangdong Laboratory



Animal Centre (Guangzhou, China) and acclimatized for 7 days. Mice were randomly assigned
to four groups ( n = 40 per group, 5 per cage ): (1) Control group (treated with pure water), (2)
PS-NPs group (1 mg/kg), (3) BaP group (252 pg/kg), and (4) PS-NPs + BaP combined exposure
group (Mix group). All substances were administered via airway intubation and sonicated for 30
min before each day's administration to ensure uniform dispersion of PS in water. Intratracheal
instillation was performed every 72 hours for 16 weeks (a total of 37 times)°”!. Each dose
contained 12 ug of PS-NPs and 0.3 pg of BaP, dissolved in 50 pL of saline. The cumulative lung
burden corresponds to the upper-end exposure level of humans over 10 years in heavily polluted
cities (PM2.5 concentration 150 pg/m?; BaP concentration 15 ng/m?)1*%%%, During the
experiment, behavioral observations, respiratory function, appearance of feces, and
environmental monitoring were conducted at different frequencies (Supplementary table 1) .
Humane endpoints were set according to national standards and AAALAC guidelines. All data
were double-checked by two people and backed up twice in Excel for traceable verification.
After 16 weeks of exposure, Mice were deeply anesthetized with isoflurane (5% in O:) and blood
was collected via cardiac puncture, followed by immediate collection of lung tissue for
histological and molecular analysis . Lung tissues were collected and either fixed in 4%
paraformaldehyde (PFA) or stored in liquid nitrogen for backup. All experimental procedures
were approved by the Animal Care Committee of Haikou People's Hospital, approval number:

SC20230241.
Hematoxylin and eosin (H&E) staining

Lung tissues were fixed in 4% paraformaldehyde solution and prepared into wax blocks.



The wax blocks were cut into 5 pum thick sections using a slicer, dewaxed and washed, and
stained with hematoxylin and eosin (HE)( Beyotime, C0105S ). Finally, sections were observed

under a light microscope.

Collagen fiber staining

Tissue samples were sectioned after paraffin embedding, fixed in 4% paraformaldehyde for
10-15 minutes, and rinsed in PBS. The samples were dehydrated sequentially with different
concentration gradients of ethanol for 2-3 min. per step. After xylene treatment for transparency
for 5 min., samples were stained with drops of Masson's stain (G1340, Solarbio) for 10-15 min.
PBS or distilled water was used to wash away the residual stain, dehydrating again with ethanol,
xylene transparency, and finally sealing the slices with neutral gum, to the light microscope for

observation of the collected images.

Transcriptomic analysis

After 16 weeks of exposure to airway intubation, lung tissues from each group were subjected
to transcriptome sequencing. First, RNA was extracted using the Trizol method, purified,
quantified, and subjected to transcriptome sequencing (Beijing Novogene Technology Co., Ltd).
Gene function annotation was performed using 7 databases (e.g., NR, SwissProt, KOG, etc.) with
tools such as Blast2GO and HMMER, using E-value thresholds set at 1e-5 to 1e-6, to ensure the

accuracy of the data.

Antioxidant biochemical assay

According to a weight (g) to volume (mL) ratio of 1:9, add nine times the volume of saline,



prepare a 10% homogenate under ice-water bath conditions, centrifuge at 2500 rpm for 10 minutes,
and collect the supernatant for testing. Commercial kits were used to assess Glutathione (GSH),
total antioxidant capacity (T-AOC), total superoxide dismutase (T-SOD), malondialdehyde (MDA),

and catalase (CAT) activities (Nanjing Jiancheng Bioengineering Institute).
Culture and passage of macrophages culture

RAW264.7 (ATCC TIB-71) and MLE-12 (ATCC CRL-2110) were both purchased from
ATCC and have undergone STR authentication and mycoplasma testing. Cell were cultured in
high-glucose DMEM medium containing 10% fetal bovine serum and 1% penicillin-streptomycin

(Biosharp) in an incubator at 37.5°C, 5% CO2, and passaging was performed every 2 days.

Cell viability assay(cck8)

Macrophages were inoculated for 24 h and treated with different concentrations of PS-NPs
(0, 25, 50, 100, 200, 300, 400 png/ml) or BaP (0, 25, 50, 100, 300, 500, 700 ug/ml). Thereafter,
cells were washed with PBS 3 times, and CCK-8 reagent (DOJINDO) was added. The cells were

incubated for 2 hours and cell viability was measured using an enzyme marker.

METosis formation observation

Macrophages were inoculated for 24 h and treated with different concentrations of PS-NPs
and BaP. Lipopolysaccharide (LPS, Solarbio; 0.5 png/ml) was used as a positive inducer of METs.
After treatment, cells were washed three times with PBS, stained for 30 min by adding 5 pg/ml
Hoechst 33258 (Solarbio), washed with PBS, and observed under a microscope. DNase I (Solarbio;

5 mg/ml) was added to the medium to eliminate METs.



Reactive oxygen species (ROS) detection

Macrophages were inoculated for 24 h and treated with different concentrations of PS-NPs
and BaP. After treatment, the cells were washed 3 times with PBS, and incubated with DCFH-DA
(Solarbio) for 30 min, and the ROS levels were observed under a fluorescence microscope after

PBS washing.
Co-culture of RAW264.7 and MLE-12 cells

To establish an in vitro alveolar barrier model, we used a co-culture system of MLE-12 and
RAW?264.7 cells. The cells were seeded in a 4:1 ratio in six-well plates: first, 3.0 x 10° MLE-12
cells were pre-plated per well and cultured for 4 hours, then 7.5 x 10* RAW264.7 cells were added
(total of 3.75 x 10° cells per well). After co-culturing for 24 hours and ensuring adequate cell
adhesion, drug interventions were carried out. After three washes with PBS, the cells were fixed
in 4% paraformaldehyde. Immunofluorescence was used to detect inflammation and fibrosis

markers.

Hydroxyproline assay

The HYP content in lung tissue homogenates was determined using a hydroxyproline assay
kit. The procedure strictly followed the kit instructions (Nanjing Jiancheng Bioengineering
Institute), with absorbance values measured at 550 nm using a microplate reader. HYP quantitative

analysis: to enhance the reliability of this new test, the sample size is set at n=6 per group.
Endoplasmic reticulum calcium ion fluorescence staining

After 24 h of treatment with PS-NPs and BaP, the cells were washed three times with PBS



and stained with Hank's Balanced Salt Solution (HBSS/Ca/Mg) containing Ca?**, Mg**, diluted
with 1 uM ER-Tracker Red (BODIPY® TR Glibenclamide) and Fluo-4 AM (Aladdin) working
solution. The cells were incubated for 30 min at 37 °C, washed with PBS, and observed under a

fluorescence microscope.
Use of inhibitors

Nifedipine (0.2 uM; Yeasen) was used as a calcium channel inhibitor.
Fluorescent immunostaining

Cells treated with PS-NPs and BaP for 24 h were washed twice with PBS and fixed with 4%
paraformaldehyde for 30 min. After washing with PBS, the cells were treated with 0.5% Triton X-
100 for 8 min at room temperature, washed twice with PBS, and incubated with goat serum sealant
at 37 °C for 40 min. The cells were then stained with a primary antibody against il-1p (Nifedipine),
which was used as a calcium channel inhibitor. Primary antibodies (Abways, China) il-1, TNF-
a, MMP9, H3, MPO, a-SMA, E-cadherin, E-cadherin, Collagen 1, etc., were incubated at 4°C
overnight then washed with PBS, added with direct standard secondary antibody, and incubated at
37°C for 1 h. After washing with PBS, the nuclei were stained by Hoechst for 10 min avoiding

light, blocked with 10% glycerol, and visualized by fluorescence microscope.
Quantitative real-time PCR (real-time quantitative PCR)

RNA was extracted by adding 1 mL of TRIzol to 50 mg of lung tissue, reverse transcribed to
cDNA using a commercial kit (AG11728, ACCURATE BIOTECHNOLOGY (HUNAN) CO.,

LTD, Changsha, China), and stored at -80°C. Primer sequences were designed online (Sangon



Biotech) and mRNA expression levels were detected. f-actin was used as an internal reference

gene, and the data were normalized to 244,

Western blotting

Lung tissues and cultured cells were lysed in pre-cooled RIPA lysate containing protease
inhibitor (100:1), ground, and centrifuged for supernatant. Proteins were denatured, separated
using SDS-PAGE gels, and transferred to PVDF membranes. After blocking with BSA for 2 hours,
membranes were washed 3 times with TBST, and incubated with primary antibodies overnight at
4°C. incubated with secondary antibodies for 1 h. After incubation, they were washed three times
with TBST, developed for 1 min with ultrasensitive developer , photographed with a gel imaging
system, and quantified using Image J quantitative grey scale values. Primary antibodies used in
this study are listed in Supplementary Table 2, and the replicated Western blot results are provided

in Supplementary Figure 6
Statistical analysis

Data analysis was performed using GraphPad Prism 9. Comparisons between groups were
based on the sample sizes set in each experiment, with data obtained from at least three
independent experiments and expressed as mean + standard deviation. Differences between groups
were assessed using one-way ANOVA, and p < 0.05 was considered statistically significant.

Abbreviations used in this study are defined in table 2.
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Figure Legend

Figure 1. PS-MPs and BaP co-exposure induce lung inflammation and fibrosis damage. A: Body
weight changes in mice over 16 weeks. B: Changes in lung organ coefficients over 16 weeks. Con:
Control group; PS-NPs: Polystyrene nanoparticle treatment group; BaP: Benzo[a]pyrene treatment
group; Mix: Co-exposure group (n=5). C: H&E staining of lung tissue. Scale bar: 50 pm. D:
Results of antioxidant function detection in lung tissues of control and treatment groups. E and F:
Levels of inflammation-related proteins in lung tissues (IL-1B, TNF-a). G: Masson's trichrome
staining to detect lung tissue fibrosis (a. Con b. BaP c. PS-NPs d. Mix), 200X. H: Levels of fibrosis-
related proteins in lung tissues (Collagen I, a-SMA, S100A9). (n=3) . [.LExpression levels of HYP

(n=6). Results are expressed as mean + SD. * P <0.05, ** P <0.01, *** P <0.001.

Figure 2. PS-MPs and BaP induce the production of METs. A and B: Cell viability after exposure
to different concentrations of PS-NPs and BaP measured by CCK8 assay (n=5). C:
Lipopolysaccharide as a positive inducer, nuclei stained with Hochest, detecting the formation of
METs. D: ROS levels detected using DCFH-DA fluorescent probe. E: Relative protein expression
levels of Cith3 in RAW264.7 cells treated with BaP or PS-MPs alone and in combination, using
immunofluorescence detection (N = 3), with lipopolysaccharide as a positive inducer. Results are

expressed as mean = SD. Scale bars: 100 or 50 um. * P <0.05, ** P <0.01, *** P <0.001.

Figure 3. Inflammation and fibrosis in lung cells induced by METs from co-exposure to PS-MPs



and BaP. A: Co-culture system of macrophages (Raw264.7) and lung epithelial cells (MLE-12). B:
Detection of ROS levels in MLE-12 and RAW263.7 cells after exposure to PS-MPs, BaP, and Mix
groups using DCFH-DA fluorescent probe for reactive oxygen species, with Rosup as the positive
reagent. C: Immunofluorescence of Cith3 in the co-culture system of RAW264.7 cells and CLE-
12 cells after different treatments, with Dnase I as the nuclear structure inhibitor. D: Relative
protein expression levels of Collagen I in the immunofluorescence detection of co-culture systems
of RAW264.7 and CLE-12 cells treated with BaP or PS-MPs alone and in combination. Results

are presented as mean = SD. * P < (.05, ** P <0.01, *** P<0.001.

Figure 4 PS-MPs and BaP co-exposure activates the Relaxin signaling pathway A: Functional
enrichment analysis of differentially expressed genes in the Mix group based on the GO database;
B: Venn diagram analysis of the distribution of differentially expressed genes among groups; C:
KEGG pathway enrichment analysis of the Con, BaP, and Mix groups. D-E: Protein levels related
to the relaxin pathway (RXFP1, RXFP3, RXFP4). F: Relative mRNA expression levels of relaxin
signaling pathway-related genes (RXFP1, RXFP3, RXFP4) (N = 3). Results are presented as mean

+SD. * P<0.05, ** P<0.01, *** P <0.001.

Figure 5: The Relaxin 4 signaling pathway mediates METs formation via endoplasmic reticulum
calcium ions. A: Fluorescence imaging of endoplasmic reticulum calcium ions in macrophages

(red: endoplasmic reticulum; green: calcium ions; n=3; scale bar: 100 pm); B: Changes in protein



expression of key molecules PLC and IP3R in the endoplasmic reticulum calcium ion release
pathway. C and D: Detection of marker proteins for METs in lung tissue (Cith3, MPO, MMP9). E:
Endoplasmic reticulum calcium ion fluorescence images of the Mix group and Con group, with
Nifedipine as a calcium ion chelator. (Scale bar: 100 pm). F: Changes in protein expression of key
molecules PLC and IP3R in the endoplasmic reticulum calcium ion release pathway after the
addition of a calcium ion chelator. Results are presented as mean + SD. * P < 0.05, ** P < (.01,

*ak P <0.001.

Figure 6. Relaxin 1 and Relaxin 3 pathways regulate inflammation and fibrosis via PI3K-AKT,
MAPK. A: Relative protein expression levels (PP38/P38, P-JNK/JNK, P-ERK/ERK) of Relaxin3
(MAPK signaling pathway) in lung tissues of Con and Mix exposed mice (N = 3). B and C:
Relative protein expression levels (PPI3K/PI3K, P-AKT/AKT, P-«B/I-kB) of Relaxinl (PI3K-
AKT pathway/NF-«kB signaling pathway) in lung tissues of Con and Mix exposed mice (N = 3).
D: Relative mRNA expression levels of inflammation and PI3K-AKT, MAPK-related pathways
(N=3). E: Relative protein expression levels (E-cadherin) of fibrosis in lung tissues of control and
Mix exposed mice (N = 3). Results are presented as mean £ SD. * P <0.05, ** P <0.01, *** P <

0.001.

Table 1 Gene special primers used in the real-time quantitative reverse transcription PCR

Gene Primer Sequence (5’ —3")
Relaxinl Forward: AGGCAGAAACTTCCGAATGCT
Reverse: ACAGCTCGTAAATTGGCTTCATC
Relaxin4 Forward: ATGCCAGCACCTTCCTAATCA

Reverse: CCCCACAACTCAACTTCAGC
Relaxin3 Forward: GCGCAAATCCTCCATCAACC



il-1 8

TNF-«a

NF-x B

PI3K

AKT

P38

INK

ERK

Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:

Reverse:

TTCTCCACAGCCCAAAAGGG
TTCAGGCAGGCAGTATCACTC
GAAGGTCCACGGGAAAGACAC
CTGAACTTCGGGGTGATCGG
GGCTTGTCACTCGAATTTTGAGA
AGAGGGGATTTCGATTCCGC
CCTGTGGGTAGGATTTCTTGTTC
CGGAGAACCTATTGCGAGGG
TGCTTGACTTCGCCGTCTAC
CCTCAAGAACGATGGCACCT
TGCAGGCAGCGGATGATAAA
TTGCTTTCTCTCCCGCACAAA
CATTATTGCCTTGCCCCAGC
TTGCTTTCTCTCCCGCACAAA
AGAGCCTGTTCAACTTCAATCC
ACAAGCGGTGCCATGAGTTCG
CGCAGTGGTCGCAGAAGGTG

Table 2 List of abbreviations and their full definitions

Abbreviation Full term (definition)
MDA malondialdehyde
T-AOC total antioxidant capacity
GSH reduced glutathione
GSSG oxidized glutathione
SOD superoxide dismutase
CAT catalase
IL-1B interleukin-1 beta
TNF-a tumour necrosis factor-alpha
Collagen1 collagen type |
LPS lipopolysaccharide
PMA phorbol 12-myristate 13-acetate
CITH3 citrullinated histone H3
MPO myeloperoxidase




Abbreviation Full term (definition)
ROS reactive oxygen species
S100A9 S100 calcium-binding protein A9
a-SMA alpha-smooth muscle actin
MMP9 matrix metalloproteinase-9
METs macrophage extracellular traps
RELAXIN relaxin family peptide hormone
RXFP1-3 relaxin family peptide receptors 1-3
IP3-PLC inositol 1,4,5-trisphosphate—phospholipase C pathway
MAPK mitogen-activated protein kinase (JNK, ERK, p38)
PI3K-AKT phosphatidylinositol-3-kinase—protein kinase B pathway
HYP hydroxyproline
E-cadherin epithelial cadherin

Editor’s Summary

Co-exposure to polystyrene nanoplastics and benzo(a)pyrene exacerbates lung inflammation
and fibrosis via Relaxin-Ca?*~MET signalling, unveiling potential therapeutic targets.
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