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Abstract

Polystyrene-microplastics (PS-MPs) are pervasive environmental contaminants found in common household
items, and their ingestion with dietary intake and water is linked to adverse health effects. Following ingestion,
PS-MPs can translocate into the circulatory system and accumulate in tissues including kidney. Twelve 6-week-
old male C57BL/6 mice were divided into a control group (n = 6) and a PS-MPs group (n = 6) administered 1
mg/kg/day of PS-MPs via oral gavage. Kidney tissue was subjected to histological analysis and thorough
transcriptome profiling to identify dysregulated pathways. Histological examination revealed renal atrophy,
hemorrhage, thinning of Bowmen’s capsules, and increased Bowmen’s capsules space in the PS-MPs group. TEM
confirmed severe ultrastructural damage, including nuclear deformation, cytoplasmic vacuolization, and
mitochondrial cristae disruption. Transcriptome analysis showed significant enrichment in the PPAR, MAPK, and
inflammatory response signaling pathways. Key dysregulated genes included PPARG, ACADL, and SCP2 (PPAR
pathway); MAPK8IP3, MAPK11, and FGFR1 (MAPK pathway); and LI-17, RELA, and TLR1 (inflammatory
response). This study aimed to investigate the molecular mechanisms underlying PS-MPs-induced kidney injury
in a mouse model, with a focus on transcriptomic changes in inflammatory and oxidative stress pathways. In male
C57BL/6 mice, PS-MPs exposure induces significant kidney damage at histological, ultrastructural, and molecular
levels, dysregulating genes critical to oxidative stress, inflammation, and identifies PPARYy, IL-17 and MAPKS8IP3
as pivotal mediators in PS-MPs-induced nephrotoxicity.
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Introduction

Plastics are integral to modern life due to their durability, low cost, and versatility. Global plastic production
exceeds 350 million tonnes annually, and a substantial proportion persists as waste that gradually degrades into
microplastics (MPs), particles ranging from 0.1 um to 5 mm [1-4]. Under environmental conditions, larger plastic
materials fragment through physical abrasion, ultraviolet (UV) radiation, and photo-oxidative and thermal
oxidation processes, along with biodegradation [5-7]. These processes contribute to the widespread distribution of
microplastics in the environment.

Polystyrene microplastics (PS-MPs) can be transported over long distance through atmospheric dust, snow,
wind, and atmospheric deposition, as well as through aquatic systems such as lakes, rivers, and oceans [8-10].
Consequently, PS-MPs have been detected in diverse environments, including urban area, forests, and remote
locations such as the Swiss Alps and the glaciers of the Tibetan Plateau [11, 12]. In addition, washing synthetic
textiles is well-recognized sources of microplastics (MPs) and nano plastic release into the environment [13].

Humans are exposed to MPs primarily through inhalation of airborne particles, ingestion of contaminated
food and water, and dermal contact [14]. After ingestion, MPs may translocate into the circulatory system [15],
and accumulate in tissues. Sub accumulation has been demonstrated in several animals models, including mouse
organs and the muscle tissue of northern fulmars, suggesting the potential for in humans [16-18]. Dietary exposure
to MPs has been reported in a variety of food products, including, fish [19], seafood [20, 21], sugar and honey
[22], tea prepared using plastic teabags [23], beer [24], milk [25], tap water and sea salt [24], bottled water [26],
and unfiltered water [27]. Previous studies estimate that humans may ingest approximately 0.1-5 g of microplastics
(MPs) weekly, with an average blood concentration of about 1.6 ug/mL of plastic particles [28]. The continuous
release of plastics into the environment and their persistence ecosystem have therefore raised significant public
health concerns [29, 30].
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Most studies investigating the nephrotoxic effects of microplastics (MPs) and nano plastics (NPs) have been
published in the recent years. Li et al. demonstrated that polystyrene nanoplastics (PS-NPs) exacerbate
lipopolysaccharide-induced apoptosis in mouse kidney cells through the oxidative stress endoplasmic reticulum
pathways [31]. Another study shows that human renal cortical epithelial cells internalized PS-NPs (44 nm) via
both endocytosis and passive diffusion [32]. Microplastic accumulation has been reported in aquatic organisms;
for example, microplastics impair growth in crabs and accumulate in the kidneys of mackerel and scallops [33-
35]. Furthermore, Tang et al. reported PS-MP-induced nephrotoxicity in mice associated with inflammation,
oxidative stress and lipid disruption [36]. After six weeks of PS-NP exposure, mice exhibited renal tubular
shrinkage, glomerular collapse, inflammatory cell infiltration, and impaired kidney function.

Accumulation of MPs in mouse kidneys has also been confirmed, with uptake observed in and HK-2 cells [32].
Exposure to PS-MPs increase mitochondrial reactive oxygen species (ROS) production, endoplasmic reticulum
stress-related proteins, and inflammatory responses. In addition, PS-MP exposure elevates autophagy markers and
inflammatory mediators. Enzymatic antioxidant responses are also altered, with increased superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) activity and significant inhibition of catalase (CAT). Pro-
inflammatory cytokines, including TNF-a, IL-6, IL-10, and MCP-1, are significantly elevated. These changes are
associated with weight loss, increased mortality, and histopathologically confirmed kidney injury in exposed mice.
Similarly, Meng et al. reported that PS-MP exposure induces inflammation in chickens through activation of the
NF-B pathways and modulates necroptosis through RIP1/RP3/MLKL signaling pathways [37].

Peroxisome proliferator-activated receptors (PPARS) regulate gene transcription through ligand-dependent and
ligand-independent or independent mechanisms. They play essential role in fatty acid oxidation, lipid transport,
glucose metabolism, adipogenesis, cholesterol metabolism, apoptosis, and inflammatory responses [38]. The
PPAR family consists of three isoforms-PPAR-a, PPAR-/3, and PPAR-y which differ in ligand specificity, tissue
distribution, and physiological function [39]. Numerous experimental and clinical studies have demonstrated that
PPARs play crucial role in maintaining renal energy homeostasis and lipid metabolism [40].

Mitogen-activated protein kinases (MAPKSs) are functionally related kinases that regulated Key cellular
processes involved in kidney disease, including cell survival, death, differentiation, and proliferation [41]. MAPK
signaling cascades ultimately regulate transcription and downstream kinases that control gene expression through
transcriptional and post-transcriptional mechanisms [42]. Despite growing evidence of microplastic-induced
nephrotoxicity, the molecular mechanisms by which polystyrene microplastics influence genes associated with
PPARs and MAPK signaling pathways remain poorly understood.

Therefore, this study aimed to investigate the detrimental effects of polystyrene microplastics on
inflammation, oxidative stress, and histopathological alterations in mouse kidneys, with particular focus on the
modulation of the PPARg/RPS6KAS and IL17 signaling pathways.

Material and methods

Animals

Twelve 6-week-old male C57BL/6 mice (weight 24 £ 2.1 g) were obtained from the Jiangsu Laboratory
Animals Science Center (Jiangsu, China). For this initial mechanistic investigation, male mice were used to
establish baseline effects of PS-MPs while avoiding potential confounding factors associated with female
physiology and disease progression.

Animals were housed under controlled environmental conditions (22°C, 50% relative humidity, 12-hour
light/12-hour dark cycle) with ad libitum access to a standard chow diet (Table 1) and drinking water. After a one-
week acclimation period, the mice were randomly assigned to two groups (n=6/group): a control (Control) group,
and the polystyrene microplastic (PS-MPs) treatment group.

The control group received phosphate-buffered saline (PBS), via daily oral gavage, The treatment group
received PS-MPs. PS-MPs (1 um particle size; Tianjin Baseline Chrom Tech Research Center, Beijing, China)
suspended in PBS. Based on previous studies demonstrating renal accumulation of microplastics [36], and to
simulate chronic, low-level human exposure [22, 37], mice in the treatment group were administered PS-MPs via
oral gavage at a dose of 1 mg/kg/day for 28 consecutive days. The control group received an equivalent volume
of PBS.

On day 29, all mice were euthanized at zeitgeber time (ZT) 8 (8 hours after lights on) [38], by intraperitoneal
injection of pentobarbital sodium (80 mg/kg body weight; GENIA Biotech, Beijing, China). The kidneys were
immediately excised, snap-frozen in liquid nitrogen, and stored at -80°C until further analysis.

Kidney H&E and immunohistochemical staining

The kidney tissue was stained with hematoxylin and eosin. Sections of kidney were preserved in a 4%
paraformaldehyde solution. Sections were initially subjected for 10 and 5 minutes, respectively, to xylene and
ethanol solutions. They then underwent a 5-minute hematoxylin staining, a 5-minute water wash, and a 1 to 3-
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minute eosin solution staining. We then sealed it after being cleaned with ethanol. Lastly, the morphology was
examined under a microscope. Kidney sections were incubated separately for 12 hours at 4°C with a primary
antibody that targets KIM-1, HO-1, and IL-17, respectively, at a dilution of 1:200 for immunohistochemistry
staining. The sections were then treated at 26°C with a diluted 1:100 goat anti-mouse/rabbit conjugated secondary
antibody. All images were taken with Nikon Corporation fluorescence microscope, and ImageJ software was used
to examine the staining region. All histopathological sections were evaluated by two independent investigators
who were blinded to the group assignments (Control. vs PS-MPs) during the analysis and image acquisition.

Table 1. Product composition analysis guaranteed value for the basal diet (content per kg)

ltems Per kg
Moister 100g
Grude protein 200g
Grude fat 409
Coarse fiber 509
Coarse ash content 80 g
Calcium 10.18 ¢
Total phosphorus 12¢g
Lysine 13.29
Methionine + cystine 7.89
VA 14000 1U
Folic acid 6 mg
VE 120 1U
VD 1500 IU
Iron 120mg
Manganese 75 mg
Zinc 30 mg
Selenium 0.1-0.2 mg

VA= vitamin A; VE = vitamin E; VD = vitamin D

Western blotting analysis

Kidney tissue was homogenized using the mixture after phosphatase and protease inhibitors were added to cell
lysis solution (Biosharp, BL509A Hefei, China). Following the equilibration of their protein content, samples were
separated on 10% SDS-PAGE gels. Samples were blocked for an hour with 5% skim milk against KIM-1, HO-1,
IL-171, and g-actin (loading control) after being transferred to PVDF membranes (Millipore, IPVH00010,
Burlington, CA, USA). Before being treated with HRP-conjugated secondary antibodies, membranes were first
exposed to certain primary antibodies for duration of 12 hours at 4 °C. Finally, chemiluminescence was identified
using a high-sensitivity ECL kit (NCM Biotech, P2300, Suzhou, China) and a Dannon 5200 multi-imaging system.

Transmission electron microscopy (TEM)

Small pieces of kidney tissues (~1.5 mm?) from each group were fixed overnight at 4°C in 0.1 M a solution of
2.5% glutaraldehyde in phosphate buffer (pH7.4). The samples were then washed three times with phosphate-
buffered saline (PBS) and post-fixed with 1% osmium tetroxide in the same buffer for 1-2 hours at room
temperature. Following post-fixation, the tissues were washed three times in PBS, dehydrated through a graded
ethanol series, and embedded in epoxy resin. Ultrathin sections (60-80 nm) were prepared using ultramicrotome,
and stained with uranyl acetate and lead citrate. Images were captured using TEM (HT7800; Hitachi system,
China). Ultrastructural evaluation was performed by an experienced pathologist blinded to the group assignments
(Control. vs PS-MPs).

Quantitative real-time PCR

Mice kidney tissue was used to extract total RNA using the TRizol method as directed by the manufacturer
(Thermo Fisher, Waltham, USA). Protein-nucleic acid assay (ND-2000UV, Thermo Fisher, Waltham, USA) and
1% agarose gel electrophoresis were used to determine the amount and quality of RNA. The All-in-One First-
Strand cDNA Synthesis Super MIX for gPCR kit (QIAGEN, Frankfurt, Germany) was used to reverse-transcribe
the RNA into cDNA. Nuclease-free H20 was added to 10 pL of the reverse transcription system, which included
0.5 pg of total RNA, 5 xTransScript All-in-one SuperMix for gPCR, and 0.5 pL. of gDNARemover. The reaction
process is as follows: 15 minutes at 42 °C and 5 seconds at 85 °C. After reverse transcription, 90 pL of nuclease-
free water is added and kept at -20 °C. 10 pL of PCR reaction mixture, comprising 1 uL. of cDNA, 5 uL of 2 x
Per-fectStart TM Green qPCR SuperMix, 0.2 pL of forward primer, 0.2 pL of reverse primer, and 3.6 pL of
nuclease-free water, were used to perform real-time PCR using a LightCycler® 480 Il Real-time PCR Instrument
(Roche, Basel, Switzerland) with a PCR efficiency of 94 to 105%. In 384-well optical plates (Roche, Basel,
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Switzerland), the reactions were incubated for 30 seconds at 94 °C. This was followed by 45 cycles of 5 seconds
at 94 °C and 30 seconds at 60 °C. To confirm the precise generation of the anticipated PCR product, the melting
curve analysis was carried out at the conclusion of the PCR cycle. Every sample was subjected to three separate
analyses. Using the AceQ® gPCR SYBR Green Master Mix (Vazyme, Nanjing, China), gRT-PCR analysis was
carried out using an ABI StepOne Plus Real-Time PCR System (Applied Biosystems, CA, USA). The 2-AACt
method was used to calculate the expression levels of mMRNAs after normalising them to the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

RNA-Seq and GSEA Analysis

Total RNA was extracted from the kidney tissue of the PS-MPs group and the control group of mice using 1
milliliter of trizol (Invitrogen, Waltham, MA, USA). RNA quality was assessed using an Agilent Bioanalyzer 2100
system (Agilent Technologies, CA, USA) was used to assess the quality of the extracted RNA. At Kidio Biotech
Ltd., high-throughput sequencing was carried out utilizing the Illumina sequencing platform. The mouse gene
expression reference GRCm38 was used to align the raw data. Trim Galore v0.6.5 (Babraham Bioinformatics -
Trim Galore!), STAR v2.7.10b (GitHub - alexdobin/STAR: RNA-seq aligner), and rsem v1.3.3.1 were used to
handle the raw data. FPKM, or fragments per kilobase of the exon model per million mapped fragments, was
finally selected for further data analysis.

Gene Set Enrichment Analysis (GSEA 4.1.0) software was used to identify GO terms enriched in differentially
expressed genes (DEGS) [39, 40]. Furthermore, the Metascape database (http://metascape.org/) was used to rank
and categorize pathways of statistically enhanced biological processes among DEGs, for GO and KEGG pathways
[41]. The Venn diagram, KEGG pathway plot, and volcano plot were created using an online data analysis and
visualization platform (http://www.bioinformatics.com.cn).

Statistical Analysis

All data were analyzed using GraphPad (Prism 9.0.). The normality of data distribution was first assessed using
D'Agostino-Person omnibus normality test. For data passing normality, two-tailed Student's t tests were used. Data
are displayed as Mean values £ SEM. A P-value <0.05 was statistically Significant.

Result

Kidney H&E and immunohistochemical staining and Western blotting result

In this study the Control group of mice had shown the normal histological structure of renal cortex enclosing
renal corpuscle with intact Bowman’s capsule and glomerulus (Black arrow), proximal (Green arrow) and distal
(Green arrow) convoluted tubules. Treatment group (PS-MPs) shows a significant (P < 0.05) renal damage
evidenced by atrophy of the renal corpuscle (Black arrows), hemorrhage (white arrows), as well as a few
Bowmen'’s capsule noticed with a very thin thickness (red arrow), and others with increase in Bowmen’s space
and decrease of glomerulus size compared to Control group of mice, (Figure 1A). Immunohistochemistry results
showed that, PS-MPs-treated mice have high expression of KIM-1, HO-1, and IL-17, respectively, compared to
mice in control group, (Figure 1B). However, to further confirm the expression of KIM-1, HO-1, and IL-17, we
conducted western blot analysis, and the result shows that the protein levels of KIM-1, HO-1, and IL-17 were
significantly increased in the PS-MPs-treated mice compared to the control group (Figure 4C).

Ultrastructural changes after PS-MPs exposure

Consistent with our predictions of PS-MPs-induced renal damage, we assessed ultrastructural injuries in mouse
kidney tissue using transmission electron microcopy (TEM). The TEM analysis revealed significant pathological
alterations in renal cells of PS-MPs-treated mice compared to control. As shown in (Figure 2, al-a4), renal cells
from control (Control) group exhibited normal ultrastructure, including intact nuclei with dark heterochromatin
(n) and mitochondria (m) with typical morphology. In contrast, cells from PS-MPs-exposed mice displayed severe
ultrastructural damage (Figure 2, b). Key observations included, nuclear abnormalities, the nuclei showed uniform
depression, deformation of the nuclear membrane, and condensation of chromatin that was marginated at the
nuclear periphery (white arrows, Figure 2, bl). Cytoplasmic alterations, cytoplasm contained numerous lipid
droplets (LD) and exhibited extensive vacuolization (red arrows, Figure 2, b1-b3). Mitochondria damage,
mitochondria exhibited a rounded morphology (Figure 2, b1), along with disrupted cristae, swelling, and rupture
of the outer membrane (Figure 2, b4).

Analysis of pathway enrichment

Transcriptome analysis was performed out using kidney tissue from the PS-MPs-treated group and the Control
group in order to identify transcriptional pathways dysregulated by PS-MPs. The overall effect of PS-MPs
treatment on gene expression is visualized in the volcano plot. Which displays significantly up- and down-
regulated genes between the two groups (Figure 3A).
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Figure 1. Histopathological and immunohistochemical assessment of kidney tissue following Polystyrene
Microplastics (PS-MPs) exposure.

(A) Histopathological analysis: Control group; representative photomicrograph showing normal renal cortex histology with intact renal
corpuscles, Bowman’s capsule (black arrow), and convoluted tubules (yellow arrows). PS-MPs: Representative photomicrograph showing
pathological damage including, renal corpuscle atrophy (black arrow), hemorrhage (white arrows), thinning of Bowmen’s capsule (blue
arrow), increased bowmen’s space and decreased glomerulus size (yellow arrows). Quantitative analysis of renal corpuscle atrophy,
hemorrhage, Bowman’s capsule thickness, and Bowman’s capsule space. Scale bar, 20, 50 um. Data are presented as mean + Standard Error
of the Mean (SEM) (n=6). (B) Immunohistochemical analysis: Representative microscopic image of immunohistochemical staining and
statistical assessment shown the protein expression of Kidney Injury Molecule-1 (KIM-1), Heme Oxygenase-1 (HO-1), and Interleukin-17
(IL-17) of kidney tissues in each group (Scale bars = 50 um). (C) Western blot analysis of KIM-1, HO-1, and IL-17 protein levels. * Indicates
a significant difference from the Control group (*, p < 0.05; **, p < 0.01; ***, p < 0.001) as determined by Student’s t-test

After calculating fold changes, low-count genes were filtered out using a standardized statistical threshold, and
remaining database was analyzed using GSEA version 4.1.0. Genes from the Control versus PS-MPs comparison
were highly enriched in cellular components including the cytoplasm, cytosol, enzyme binding, mitochondrial
inner membrane, mitochondrion, and in the molecular function of enzyme binding (Figure 3B). Up-regulated
differentially expressed genes (DEGSs) were enriched in pathways Retinol metabolism, Cytokine-Cytokine receptor
interaction, MAPK signaling, Linoleic metabolism, Calcium signaling, Metabolism of xenobiotic by cytochrome
P450, PPAR signaling, Fatty acid degradation, and Fatty acid metabolism pathways, (Figure 3C). A cnetplot
displays the specific genes linked to these pathways (Figure 3D). Down-regulated DEGs were enriched in KEGG,
including Calcium signaling, Cytoskeleton in muscle cell, PPAR signaling, MAPK signaling, Pi3k-Akt signaling,
Renin secretion, Inflammatory mediator regulation of TRP channels, Cytokine-cytokine receptor interaction,
NOD-like receptor signaling, and Osteoclast differentiation pathways, (Figure 3E). A corresponding cnetplot for
the down-regulated genes is shown in Figure 3F.
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Figure 2. Ultrastructural analysis of renal cells following Polystyrene Microplastics (PS-MPs) exposure.
Control group showing normal ultrastructure: a nucleus (n) with evenly distributed chromatin, an intact nuclear membrane (al), and
mitochondria (m) with typical morphology (al-a4). PS-MPs group: displaying significant pathological alteration, nuclear abnormalities with
condensed, marginated chromatin and irregular nuclear membrane (white arrows, b1); Cytoplasmic vacuolization (red arrows; b1-b3), and
accumulation of lipid droplets (LD), a hallmark of inflammation, (yellow arrow; b1-b3). And severe mitochondrial damage (m) characterized
by rounding, loss of cristae, outer membrane swelling and rupture (b1-b4). Scale bars, 2 pm, 5 pm, 500 pm. Quantitative analysis of
damaged mitochondria per cell, integrated cellular health score (ICHS), cytoplasmic area occupied by vacuoles, nuclear abnormalities, total
area of lipid droplets per cell * Indicates a significant difference from the Control group (*, p < 0.05; **, p < 0.01; ***, p <0.001; ***, p <
0.001) as determined by Student’s t-test.
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Figure 3. Transcriptomic profiling and pathway enrichment analysis of Differentially Expressed Genes (DEGS).
(A) Volcano plot visualizing DEGs between the Control and Polystyrene Microplastics (PS-MPs) groups. The thresholds were set at
[log2(fold change) | > 2 and adjusted p-value < 0.05. Red points represent significantly up-regulated genes, blue points represent down-
regulated genes, and gray points represent non-significant genes. (B) Gene Ontology (GO) enrichment analysis showing the top cellular
components and molecular functions for the identified DEGs. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis for up-regulated DEGs. (D) Cnetplot displaying the relationships between the enriched KEGG pathways from (C) and the core
genes within them. (E) KEGG pathway enrichment analysis for down-regulated DEGs. (F) Cnetplot displaying the relationships between the
enriched KEGG pathways from (E) and the core genes within them.

DEGs interaction and gene expression analysis

The GO and KEGG pathway enrichment analysis of DEGs revealed that gene expression involved in PPAR
signaling pathway and MAPK signaling pathway were among the most enriched pathways analyzed by gene
ontology and KEGG, (Figure 4A). Therefore, we selected key differential genes of PPAR signaling pathway,
MAPK signaling pathway, and Inflammatory response from biological process genes, and further analysis.
STRING analysis predicted the relationship between these genes, showing they were highly correlated and
interconnected (Figure 4B). We generated heatmaps displaying the expression profile for genes associated with
PPAR signaling pathway (Figure 4C) MAPK signaling pathway (Figure 4D), and Inflammatory response signaling
pathway (Figure 4E). These data suggest that PS-MPs might affect the mice kidney through modulation PPAR,
MAPK, and Inflammatory response signaling pathways.

Quantitative real-time PCR gene expression

To further verify the expression pattern of DEGs for PPAR signaling pathway, MAPK signaling pathway, and
inflammatory response from biological process, we measured the kidney-specific expression genes by qRT-PCR
as displayed in (Figure 5). We found that the mRNA expression of ACADL, SCP2, EHHADH, CD36, HMGGS1,
SLC27A2, PPARG, PCK1, SCD1, and ACAA1A involved in PPAR signaling pathway were significantly (p
<0.05) up-regulated in PS group compared to Control group, (Figure 5A). Moreover, the mRNA expression of
MAPKS8IP3, FGFR1, HSPB1, TAOK2, RRAS2, PAK2, MEF2C, CSF1, NGF, MAPK11, CACNAI1C, HSPAIL,
TGFB3, and RPS6KAS5 involved in MAPK signaling pathway were significantly (p <0.05) up-regulated in PS-
MPs group compared to Control group, (Figure 5B). Finally, for inflammatory response, we selected overlapping
genes in inflammatory response for up- and down-regulated DEGs for further gRT-PCR measurement. We found
that the the mRNA expression of IL-17, RELA, SCYL3, MYD88, TLR12, ELF3, TNFRSF1B, CXCL9, TNFAIP3,
and TLR1 were significantly (p <0.05) up-regulated in PS-MPs group compared to Control group, (Figure 5C).
These results show that PS-MPs administration in the dose at 1 mg/kg/day for 28 days can be remarkably cause
oxidative stress and inflammation in the mice kidney via modulation of related genes involved in PPAR, MAPK,
and inflammatory response signaling pathways.
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Figure 4. Interaction network and expression profiles of key signaling pathways.

(A) Gene Ontology (GO) analysis showing the normalized enrichment scores (NES) for significantly altered biological pathways between the Control
and Polystyrene Microplastics (PS-MPs) groups. (B) Protein-protein interaction network generated using STRING database, showing the interactions
between key genes from the Peroxisome Proliferator-Activated Protein Receptor (PPAR) signaling pathway, inflammatory response, Mitogen-
Activated Protein Kinase (MAPK) signaling pathway, and Interleukin-17 (IL-17) signaling pathway. (C-E) Heatmaps displaying the expression
profiles of significantly dysregulated genes associated with the (C) PPAR signaling pathway, (D) MAPK signaling pathway, and (E) inflammatory
response, as annotated by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
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Figure 5. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) validation of pathway-specific gene expression.
mRNA expression levels of key genes from the (A) the Peroxisome Proliferator-Activated Protein Receptor (PPAR) signaling pathway, (B)
Mitogen-Activated Protein Kinase (MAPK) signaling pathway, and (C) inflammatory response were measured by gRT-PCR. Results are
presented as relative expression (2*(-AACt)) compared to the Control group, which was set to 1. Data are presented as mean + Standard Error
of the Mean (SEM) (n=6). Asterisks indicate significant differences from the Control group as determined by Student's t-test (*, p < 0.05; **,
p <0.01; *** p <0.001).
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Discussion

Microplastics have attracted increasing attention due to their widespread presence in the environment and their
frequent detection in food and drinking water. These particles have been identified seafood, tap water, water
bottles, sugar, salt, honey, and plastic-packaged foods. After ingestion, microplastics can enter internal organs
including the kidney, where they may induce cellular damage [42]. Dietary intake therefore represents a major
route human exposure, linking microplastics toxicity directly to food safety and nutritional health [43]. In the
present study, we investigated the effect of polystyrene microplastics (PS-MPs) administrated at 1mg/kg/day for
28 days on mouse kidneys using transcriptome analysis. Our findings revealed substantial alterations in genes and
signaling associated with immune response, inflammation, and oxidative stress.

The kidney represents a critical target organ in nanoplastics toxicity studies due to its essential role in the
filtration and excretion of xenobiotics. Nanoplastics (NPs) originating from various physiological systems may
accumulate in the kidney during clearance, potentially disrupting normal renal metabolism and glomerular
filtration processes, thereby impairing kidney function. Ultrafine particulate matter to exert similar renal effects.
For instance, a positive correlation has been observed between exposure to ultrafine particulate matter derived
from motorcycle exhaust and kidney injury in mice [44]. Previous studies have reported that 5 pm MPs accumulate
within the tubular epithelium of mouse kidneys [45]. Additionally, bioaccumulation of 50 nm polystyrene-
nanoplastics (PS-NPs) and 0.3-4 um polystyrene microplastics PS-MPs has been shown to induce
histopathological damage in renal tissues [46]. Exposure to 1000 nm PS-MPs can lead to pathological changes in
renal tissue, promote renal cell death, and alter serum biomarkers including urea nitrogen, creatinine, and
inflammatory markers in rats [47]. Although several studies have demonstrated the accumulation of PS-MPs in
mouse kidneys, the underlying regulatory mechanisms of renal injury remain insufficiently understood [20, 48].
In the present study, histological examination revealed renal corpuscle atrophy, hemorrhage, thinning of Bowmen's
capsules in some regions, enlargement of Bowmen's space and reduction in glomerulus size in PS-MPs-treated
mice compared to the Control group animals.

Kidney injury molecule- 1 (KIM-1) is a well-established biomarker of renal tubular injury. The elevated
expression of KIM-1 observed in PS-MP-exposed mice suggests that exposure microplastics exposure induces
renal tubule stress or damage. This observation aligns with broader evidence that environmental toxicants, such
as heavy metals, can contribute to kidney disease [49, 50]. Heme oxygenase-1 (HO-1) is a stress-responsive
enzyme that plays a key role in cellular defense against oxidative stress. The increased expression of MO-1 in PS-
MPs-treated mice enhanced oxidative stress induced by microplastics exposure, thereby triggering an adaptive
antioxidant response [51]. Activation of HO-1 is commonly observed under conditions of in inflammatory and
oxidative stress and constitutes an essential component of cellular protective mechanisms [53]. HO-1
overexpression has been shown to reduce inflammation and neutralize toxic metabolites, thereby limiting cellular
damage.

Interleukin- 17 ( IL-17), a pro-inflammatory cytokine primarily produced by T helper 17 (Th17)cells, plays a
crucial role in immune responses, particularly in host defense against pathogens [54]. Elevated 1L-17 PS-MPs-
treated mice suggest activation of the immune system and induction of an inflammatory response [55].
Microplastics may acts as foreign bodies within tissues, triggering immune response activation and promoting the
release of pro-inflammatory cytokines such as IL-17 [56]. Increased IL- 17 expression following PS-MPs
exposure may therefor reflect either a dysregulated inflammatory response contributing to tissue damage or host
defense mechanism attempting to eliminate foreign particles. Consistent with these findings
immunohistochemistry (IHC) and western blot analyses demonstrated significantly increased expression KIM-1,
HO-1, and IL-17 in PS-MP-treated mice compared to control animals. Collectively, the simultaneous elevation of
these biomarkers provides a comprehensive indication of PS-MP-induced nephrotoxicity. The observed systematic
inflammatory response (IL- 17), oxidative stress and cellular defense activation (HO-1), and direct tubular injury
(KIM-1) strongly suggest that PS-MP exposure imposes significant physiological stress on renal tissues. These
findings highlight the potential ecological and health risks posed by microplastics, which can accumulate in
ecosystems and enter biological systems through food chains [57]. Further studies are required to elucidate the
long-term health consequences of microplastic exposure and to develop effective environmental mitigation
strategies.

Consistent with the histological observations, our ultrastructural analysis further revealed profound subcellular
damage in renal cells. Severe nuclear abnormalities, including membrane deformation and chromatin margination,
were observed together with extensive cytoplasmic vacuolization, and mitochondrial damage characterized by
swelling and membrane rupture. These morphological alterations represent hallmark features of cellular stress and
apoptosis, strongly supporting our transcriptome findings indicating dysregulation of pathways associated with
oxidative stress and inflammation. In particular, mitochondrial damage, in particular, provides a direct
ultrastructural correlate for the oxidative stress processes identified in the transcriptional analysis. [58]

A notable finding of this study is the up-regulation of genes involved in the PPARs signaling pathway following
PS-MPs exposure. PPARs are nuclear receptors that play a key role in regulating oxidative stress, inflammation,
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and metabolic processes [59, 60]. Among the PPAR isoforms, PPARYy regulates genes associated with glucose and
lipid metabolism, inflammatory responses, and cellular differentiation [62]. Three major subtypes have been
identified: PPARa, PPARy, and PPARP/5 [63]. These isoforms exhibit distinct tissue distribution patterns that
may contribute to their specific biological functions in different organs, including the kidney. PPARs target genes
are primarily involved in adipogenesis, lipid metabolism, insulin sensitivity, glucose homeostasis, and cell growth
and differentiation [64]. Consistent with these role, our transcriptomic data revealed that PS-MPs exposure
significantly up-regulated multiple genes within the PPAR signaling pathway, including ACADL, SCP2,
EHHADH, CD36, HMGGS1, SLC27A2, PPARG, PCK1, SCD1, and ACAA1A, which are associated with
oxidative stress response, metabolism regulation, glucose homeostasis, inflammatory signaling.

In addition to PPAR signaling, our study identified significant up-regulation of genes involved in the
mitogen-activated protein kinase (MAPK) signaling pathways. MAPK pathways play a central role in regulating
cell growth, proliferation, survival, and stress responses [65, 66]. The canonical MAPK signaling cascade is
typically initiated by the interaction of growth factors with their corresponding receptors often receptor tyrosine
kinases (RTKs), which subsequently activate intracellular signaling intermediates and regulate translational [67].
Importantly, MAPK signaling pathways are also critical mediators of inflammatory responses [68]. In the present
study, PS-MPs exposure up-regulated multiple MAPK-associate genes, including MAPK8IP3, FGFR1, HSPB1,
TAOK2, RRAS2, PAK2, MEF2C, CSF1, NGF, MAPK11, CACNA1C, HSPA1L, TGFB3, and RPS6KAS5, which
are known to participate in oxidative stress responses, inflammation, tumorigeneses, and cell proliferation.

Inflammation represents highly conserved protective response developed by higher organisms to combat
infection and tissue injury. Upon exposure to pathogens or cellular damage, the innate immune system rapidly
initiates an inflammatory response that constitutes the first line of host defense. This response activates numerous
genes involved in antimicrobial activity and the development of adaptive immunity [69]. Increasing evidence
suggests that PS-MPs toxicity is closely linked to inflammatory signaling pathways that promote oxidative stress,
tissue damages, and systemic dysfunction. For instance, a recent single-cell RNA sequencing study demonstrated
that combined exposure to a high-fat diet and PS-MPs (5 um, 10 mg/kg) generated pro-inflammatory renal
microenvironment characterized by Th17 cells and M1 macrophage infiltration. Elevated levels of IL-17A+ CD4+
T cells, and increased expression IL-17 target genes, including (e.g., SL00A8, LCN2) [70]. Additionally, exposure
to PS-MP ranging from 50 nm—4 pum has been shown interstitial fibrosis, tubular dilatation, and glomerular atrophy
in mice. Immunohistochemistry analysis further demonstrated increased IL-17C expression in injured tubules,
while IL-17RA-deficient mice exhibited significantly reduced renal damage [71]. Consequent with these findings,
our transcriptomic data showed significant up-regulation of inflammatory genes including 1L-17, SCYL3, CCRL2,
MYD88, TLR12, ELF3, TNFRS1B, CXCL9, TNFAIP3, and TLR1 in PS-MP-exposed kidneys. These genes are
critically involved | inflammatory signaling and immune activation. Collectively, our findings suggest that PS-
MPs exposure disrupts renal homeostasis by modulating key signaling pathways including PPARG, IL-17, and
MAPK, which are closely associated with oxidative stress and inflammatory responses.

Although this study provides comprehensive evidence supporting PS-MPs-induced nephrotoxicity, several
limitations should be acknowledged. The present investigation was conducted exclusively in male mice. Because
sex represents an important biological variable that can influence toxicological responses, future studies including
female animals are necessary to determine susceptibility to PS-MPs-induced kidney damage is sex-dependent.
Furthermore, although phosphate-buffered saline served as an appropriate control vehicle, the absence of key PS-
MPs-associated molecular signature, such as activation of PPAR and IL-17 signaling pathways, in control animals
supports the conclusion that the observed nephrotoxicity was attributable to PS-MP exposure.

Conclusion

In conclusion, our study demonstrates that mice exposure to polystyrene microplastics at 1mg/kg/day of PS-
MPs for 28 days induces significant kidney injury in mice, characterized by structural abnormalities and
deregulation of key molecular pathways. These findings indicate that PS-MPs exposure promotes oxidative stress
and inflammatory responses in renal tissue, as evidenced by the activation of genes associated with the PPAR
signaling pathway, MAPK signaling pathway, and inflammatory responses. Notably, several key mediators
involved in these pathogenic mechanisms, including PPAR, 1L-17, and MAPKSIP3, were significantly affected.
Collectively, these results provide important mechanistic insights into the molecular pathways underlying PS-MP-
induced renal toxicity and highlight the potential role of microplastics in contributing to kidney dysfunction.
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