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ABSTRACT: Previous studies have suggested that polystyrene nanoplastics (PS-NPs) preferentially accumulate in 

the kidneys, posing a new threat to people with diabetic nephropathy. However, the adverse effect of chronic exposure 

of PS-NPs on diabetic kidney and underlying mechanisms remain largely unknown. Diabetic mice were orally 

administered PS-NPs (80 nm) at different doses (1, 10, and 50 mg/kg/day) for 60 days. PS-NPs was found mainly 

accumulated in the renal tubules rather than the glomeruli and caused tubular-specific damage as indicated by both 

pathological changes and increased levels of KIM-1/creatinine and NAG/creatinine in the urine. Mechanistically, the 

RNA-seq analysis of the kidney tissues of diabetic mice treated with PS-NPs revealed significant changes in 

mitochondrial-related genes. Co-localization of PS-NPs and mitochondria was detected in PS-NPs treated HK-2 cells, 

along with an increase in mtROS levels and a decrease in Sirt1 expression based on the experimental results from 

diabetic mice and HK-2 cells. Using the endocytosis inhibitor EIPA to inhibit the uptake of PS-NPs by HK-2 cells 

significantly reduced the mtROS levels within the cells. Furthermore, renal tubular senescence manifested by an 

increase in SA-β-galactosidase activity was further detected in both PS-NPs treated mice and HK-2 cells and that 

could be partially attenuated by the ROS inhibitor NAC. Overall, our study shows that PS-NPs mainly accumulate in 

the renal tubules rather than the glomeruli and can mediate the senescence of HK-2 cells by regulating the 

mtROS/Sirt1 axis.  
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1. Introduction 

With the widespread application of plastic products in food packaging processes, the slow 

decomposition of plastics resulting in microplastics (MPs) and nanoplastics (NPs) has become an emerging 

foodborne risk factor[1].The average abundance of MPs detected in the 110 common solid foods and 36 

common beverages was 639 items per kilogram[2]. The content of MPs in infant milk powder and milk 

bottles even reached 5 ± 3 per 100 grams and 65 ± 18 per liter[3]. Based on the average abundance of MPs in 

the takeout containers and the ordering frequency of high-risk groups (white-collar workers), the estimated 

weekly intake of MPs by people who order takeout 4-7 times a week was 12-203 pieces of MPs[4]. 
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According to the standards of the European Union, MPs refer to plastic particles or fragments with a size 

less than 5 millimeters. MPs with a size less than 0.0001 millimeters are considered NPs[5]. Accumulating 

evidence indicates that[6] the fragmentation of plastic polymers does not stop at the micrometer level but 

further degrades and forms NPs, with the expected quantity being several orders of magnitude higher. 

Notably, due to their smaller particle size, NPs are more likely to pass through the intestinal barrier and enter 

the bloodstream, accumulating in organs and tissues over a long period of time[7]. Among the common types 

of plastic materials, polystyrene (PS) is an important thermoplastic. It is widely used in food and cosmetic 

packaging, and thus is more likely to be mixed into food and absorbed by the human body. Studies show 

that[8] the order of the amount of Micro-nano plastics (MNPs) released by heat treatment is as follows: PS > 

polypropylene > polyethylene terephthalate > polylactic acid. The health impacts of chronic exposure to 

PS-NPs at dietary-relevant concentrations are attracting great attention.  

Diabetic nephropathy (DN) has become the leading cause of end-stage renal disease (ESRD) 

worldwide[9]. Approximately 50% of patients with Type 2 diabetes mellitus (T2DM) and 33.3% of patients 

with Type 1 diabetes mellitus (T1DM) will progress to DN[10]. Foodborne risk factors such as heavy metals, 

endocrine disruptors, and food additives have been shown to exert harmful effects on the kidney and 

aggravate DN[11, 12]. Accumulating evidence suggests that kidneys serve as the main organ for the 

accumulation and excretion of NPs[13, 14]. Studies have shown that[15, 16] the intestinal barrier of diabetic 

patients is damaged, and the risk of NPs accumulating in the body through the intestinal barrier increases. 

Therefore, compared to the general population, exposure to NPs in the diet may pose a greater threat to 

people with diabetes, and it may even increase the risk of DN for diabetic patients. However, the detrimental 

effect of chronic exposure to PS-NPs on the kidney under diabetic states has not been clearly investigated.  

Previous studies have already detected MPs in the renal tubular epithelial cells of mice[17]. Considering 

that the upper limit size of the glomerular filtration barrier (GFB) is 10 nanometers[18], the degree of damage 

to the glomeruli and renal tubules may not be the same due to the excretion of NPs. The characteristics of 

kidney damage after chronic exposure to NPs need to be further deciphered. Recent studies have also 

reported that NPs can be taken up by multiple types of cells such as SH-SY5Y cells and intestinal epithelial 

cells, accumulating in the mitochondria and causing mitochondrial swelling and changes in membrane 

potential[19, 20]. Mitochondria are one of the main organelles responsible for reactive oxygen species (ROS) 

generation in cells which are intimately linked to the cell function and fate[21]. Disturbed ROS triggered 

premature senescence of endothelial cells and spermatogenic cells after chronic exposure to PS-NPs has 

been recently reported[22, 23]. The distribution of PS-NPs in the kidney, the most susceptible cell types, and 

whether PS-NPs exposure could result in kidney cell senescence, thereby inducing kidney damage, are 

largely unknown. 

In this study, we hypothesized that mitochondrial reactive oxygen species (mtROS)-mediated cell 

senescence is critical to the renal tubular injury in diabetic mice exacerbated by PS-NPs exposure. First, 

histopathological and functional changes of kidney were detected in the diabetic mouse model orally 
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administered PS-NPs. Then, fluorescent-labeled PS-NPs were used to trace the location of NPs in the kidney 

of diabetic mouse model and track their distribution in the HK-2 cell according to transcriptomics findings. 

Lastly, the key role of mtROS/Sirt1 axis in mediating renal tubular injury induced by exposure to PS-NPs 

was further revealed using biomolecular techniques.  

2. Materials and methods 

2.1 Materials 

Ethylisopropylamilorde (EIPA) was purchased from Ye Yuan (Shanghai, China). N-acetyl-L-cysteine 

(NAC) was obtained from Aladdin (Shanghai, China). The PS-NPs with a size of 80 nm and a concentration 

of 2.5% w/v, as well as the red fluorescent labeled PS-NPs with a size of 80 nm and a concentration of 1% 

w/v, were purchased from BaseLine Chromtech Research Centre (Tianjin, China). The in-depth 

characterization of PS-NPs is shown in Fig.S1. The β-actin rabbit monoclonal antibody (HA722023) was 

purchased from Huabio (Hangzhou, China), the Sirt1 rabbit monoclonal antibody (bs-0921R) and 

horseradish peroxidase-labeled goat anti-rabbit IgG (H+L) (bs-0295G-HRP) were purchased from Bioss 

(Beijing, China). The mouse frozen section ROS detection kit (HR9069) was purchased from Baiao Leibo 

(Beijing, China). Mitochondrial Superoxide Assay Kit (MitoSOX Red) (S0061S) was purchased from 

Beyotime (Shanghai, China). DAPI staining solution and Hoechst 33342 were purchased from Thermo 

(Shanghai, China) and Yeasen (Shanghai, China), respectively. 

2.2 Animals and treatments  

Eight-week-old male C57BL/6 mice were purchased from Vital River (Beijing, China). Under the 

standard 12-hour light-dark cycle pattern, the mice were raised in an indoor environment with controlled 

temperature (22 ± 2°C) and humidity (50-60%). Unlimited food and water were provided to the mice, and 

they were raised in a sterile environment free of pathogens. A diabetic mouse model was established through 

a four-week high-fat diet followed by intraperitoneal injection of streptozotocin (STZ; 50 mg/kg/day for 

three consecutive days). Diabetes was confirmed by measuring random blood glucose (RBG), and an RBG 

level ≥ 11.1 mM on two consecutive measurements was considered indicative of successful model 

establishment[24, 25] (Fig.S2). It is estimated that the daily intake for humans (~60 kg) is approximately 

0.04-11.7 mg/kg. Based on body surface area and using the dose factor method for conversion from human 

to mouse doses, the equivalent dose for mice is approximately 0.5-144 mg/kg[26]. We selected the 

intervention doses for mice within the environmental-related concentration range as follows: 1, 10 and 50 

mg/kg/day. The mice were randomly divided into the control group (Con group), the diabetic model group 

(DM group), the 1 mg/kg/day NPs intervention group (DM+1 NPs group), the 10 mg/kg/day NPs 

intervention group (DM+10 NPs group), and the 50 mg/kg/day NPs intervention group (DM+50 NPs 

group). The mice were given oral gavage every day between 9 a.m. and 12 p.m. for 60 days. All animal 

procedures strictly followed the guidelines of the Animal Ethics Committee of Wuhan University 

(WP20240356). 
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2.3 The accumulation and distribution of PS-NPs in the kidneys of mice 

The detection of NPs tissue enrichment based on fluorescence signals refers to the research conducted 

by Xu et al.[14]. Preliminary experiments have confirmed that the fluorescent dyes do not leach out from the 

PS-NPs. The tissues were carefully arranged on trays and positioned on the platform of the in vivo imaging 

instrument (IVIS® Lumina Series III, PerkinElmer, MA, United States). The content of PS-NPs in the renal 

tissues was determined using the Cy5.5 channel in fluorescence mode. In addition, semi-quantitative 

analysis of the fluorescence of renal tissue was conducted using the Living Image software (PerkinElmer, 

MA, United States). The kidneys fixed in 4% formalin solution were extracted, embedded in paraffin, 

sectioned, stained with DAPI, and scanned using a single-color fluorescence scanner in the Cy5.5 channel to 

observe the distribution of PS-NPs in the kidney tissue. 

2.4 Biochemical analysis 

The urine of the mice was collected one day before the end of the experiment. In this study, the 

commercially available Kidney Injury Molecule 1 (KIM-1) and β-N-Acetylglucosaminidase (NAG) kits 

(Elabscience, Wuhan, China) were used to detect KIM-1 and NAG in urine. The biochemical kits 

(Elabscience, Wuhan, China) were used to measure the urine creatinine (Ucr), urine urea nitrogen (UUN) 

and microalbumin (Fig.S3) in the urine of mice. We followed the instructions provided by each kit for the 

processing. Specifically, the Ucr determination used the creatine oxidase method, and the UUN detection 

employed the urease method. All experimental procedures were carried out strictly in accordance with the 

manufacturer's guidelines. 

2.5 Histopathological evaluation 

The kidney tissue was fixed with a 4% paraformaldehyde solution. Then the tissue was dried, 

embedded in paraffin, and finally cut into 4 µm thick sections. The sections were stained using the 

hematoxylin-eosin (H&E) and Masson's trichrome (Masson) procedures. After the mounting medium 

solidified, the sections were scanned using a Nikon imaging system (Nikon, Tokyo, Japan). The 

morphological changes of renal tissue were observed using the Nikon Eclipse E100 optical microscope, and 

histopathological analysis was conducted. The degree of renal tubular injury was evaluated by observing 10 

fields of view for each slice. The glomeruli and renal tubules were examined under a magnification of 40 

times. The degree of renal tubular injury was evaluated by calculating the ratio of dilated/flat area of renal 

tubules, loss of brush border, formation of renal tubular cysts, renal tubular atrophy and vacuolation, and 

scoring was conducted[27]. The summary of the scoring system is as follows: 0 = not present, 1 = ≤ 10%, 2 = 

11-25%, 3 = 26-45%, 4 = 46-75%, 5 = ≥ 76%. The degree of renal tubulointerstitial fibrosis was evaluated 

using Masson staining. This was achieved by dividing the area of collagen by the total area and then 

multiplying the result by 100. 

2.6 RNA sequencing analysis 
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Transcriptome analysis was conducted by extracting RNA from kidney samples (3 mice in each group) 

and performing transcriptome sequencing on the Illumina platform. Principal component analysis (PCA) 

was used to visualize the gene expression profiles of different groups. The differential expression 

sequencing analysis (DESeq) method was used to conduct differential analysis of gene expression. The 

selection criteria for differentially expressed genes were the fold change in expression |log2FoldChange| > 1, 

and the significance P-value < 0.05, in order to identify the differentially expressed genes (DEGs). To 

identify the most significantly altered genes, a more stringent threshold was applied: |log2FoldChange| > 5 

and P-value < 0.05. 

2.7 Cell culture and treatment 

The human proximal tubular epithelial cells (HK-2) were cultured in Dulbecco's Modified Eagle 

Medium (DMEM) containing 10% FBS and were maintained at 37℃ with 5% CO₂. The culture medium 

was replaced every two days. To establish a hyperglycemic model, cells were stimulated with 25 mM high 

glucose[28]. Based on the results of the cell viability experiment (Fig.S4A), HK-2 cells were exposed to 

different concentrations (1, 10, and 50 μg/mL) of PS-NPs in a high-glucose environment for 24 hours. To 

investigate the involvement of mtROS in this process, HK-2 cells were pretreated with either 10 μg/mL 

EIPA or 5 mM NAC before PS-NPs treatment. 

2.8 Cellular internalization and distribution of PS-NPs 

After being cultured and pre-treated as described above, the cells were stimulated with high glucose 

and then treated with 80 nm red fluorescent PS-NPs at concentrations of 1, 10, and 50 μg/mL for 24 hours. 

The cells were washed 3 times with serum-free medium and then stained with 100 nM MitoTracker Green 

(Servicebio, Wuhan, China) for 30 minutes. Finally, they were washed 2-3 times with serum-free medium to 

remove the unbound probe. After fixation and permeabilization, the cell nucleus was stained blue for 10 

minutes using 0.2 μg/mL DAPI staining solution. The co-localization of fluorescent PS-NPs with 

mitochondria and cell nucleus was captured under a fluorescence microscope. 

2.9 Mitochondrial membrane potential detection 

Cells were cultured and treated as described in the previous section. After adding the mitochondrial 

membrane potential fluorescent probe JC-1 (Elabscience, Wuhan, China) to the wells, the cells were 

incubated at 37°C in the dark for 20 minutes, washed twice, and observed under a fluorescence microscope 

to assess the changes in mitochondrial membrane potential.  

2.10 ROS detection 

According to the instructions of the Mouse Tissue Slice ROS Detection Kit and Mitochondria 

Superoxide Assay Kit, DHE probe and MitoROS probe were used to detect the ROS levels in mouse kidney 

tissue and HK-2 cell mitochondria, respectively. DAPI staining solution and Hoechst 33342 were employed 

for nuclear staining of mouse kidney tissue and HK-2 cells, respectively. The samples were observed under 

a fluorescence microscope, and quantitative analysis was performed using ImageJ software. 
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2.11 Senescence-associated β-galactosidase (SA-β-gal) staining 

The SA-β-gal staining procedure was carried out according to the protocol provided by the commercial 

staining kit from Beyotime Biotechnology (Shanghai, China). The senescence of kidney tissues and HK-2 

cells was examined, and images of the cells stained with the dye were captured using a microscope for 

observation[29].  

2.12 Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was extracted using TRIeasy reagent (Yeasen, Shanghai, China) in accordance with the 

instructions provided by the manufacturer. cDNA was synthesized using the reverse transcription kit 

(Vazyme, Nanjing, China). For the qRT-PCR analysis, the qPCR kit (Vazyme, Nanjing, China) was used. 

The quantitative method (2-ΔΔCt) was employed to calculate and process the results of the target gene. β-actin 

(the housekeeping gene) was used for normalization. The primer sequences for P21, P53, Rb, β-actin, and 

Sirt1 were supplied by Shanghai Bioengineering Corporation (Shanghai, China). The primer sequences used 

were as follows: p21: forward(F)-ctgtcttgtacccttgtgcctc, reverse(R)-tggagtggtagaaatctgtcatgct; p53: 

F-acctatggaaactacttcctgaaa, R-tccggggacagcatcaaatc; Rb: F-acttctactcgaacacgaatgc, R-cagtgtccaccaaggtcctg; 

β-actin: F-gagaaaatctggcaccacacc, R-ggatagcacagcctggatagcaa; Sirt1: F-tcctggacaattccagccat, 

R-tttggattcccgcaacctgt. 

2.13 Western blot  

The kidney tissue was lysed using the radioimmunoprecipitation assay (RIPA) lysis buffer, which was 

supplemented with 1% (w/v) phenylmethylsulfonyl fluoride (PMSF) as a protease inhibitor (Epizyme 

Biotech, Shanghai, China). The protein concentration was determined using the BCA protein assay kit 

(Elabscience, Wuhan, China). Equal amounts of protein were mixed with SDS loading buffer and subjected 

to electrophoresis. The proteins were then transferred onto a PVDF membrane, which was subsequently 

incubated with the designated primary antibody at 4°C overnight, followed by incubation with the 

corresponding secondary antibody at room temperature for 1 hour. The proteins on the membrane were 

detected using the electrochemiluminescence (ECL) method. Finally, the intensity of the target protein bands 

was measured using the ImageJ software. The HK-2 cells under a high-glucose environment were treated 

with PS-NPs, then washed with PBS. They were lysed in the lysis buffer for 30 minutes, and the subsequent 

western blotting steps were identical to those described for kidney tissues. 

2.14 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (GraphPad Software Inc, San Diego, 

CA, USA). Data were presented as mean ± SEM. The differences among the groups were evaluated using 

one-way analysis of variance (ANOVA), and then multiple comparisons were conducted using the Dunnett 

test. The concept of statistical significance was achieved by setting the threshold for P-value to be less than 

0.05. 

3. Results 
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3.1 PS-NPs accumulate in renal tubules and cause specific damage 

Biofluorescence imaging analysis revealed that PS-NPs accumulated significantly in the kidneys of 

diabetic mice treated with PS-NPs at dosage (Fig.1A). Compared with the fluorescence signal intensity of 

the kidneys in the diabetic model group, there was a statistically significant difference in the fluorescence 

intensity of the kidneys in the highest-dose intervention group (Fig.1B). The results of DAPI staining and 

single-color fluorescence scanning further confirmed that PS-NPs mainly accumulated in the renal tubules 

rather than the glomeruli in the kidneys (Fig.1C). 

KIM-1 and NAG are regarded as sensitive indicators for renal tubular damage[30-32]. By detecting 

KIM-1 and NAG in the urine of mice and correcting with urine creatinine, it was found that the levels of 

KIM-1/creatinine and NAG/creatinine in the urine of the mice in the highest-dose intervention group were 

significantly increased (Fig.1D,E), confirming that the accumulation of PS-NPs in the renal tubules of 

diabetic mice caused renal tubular-specific damage. 

In summary, the above results clearly indicate that PS-NPs mainly accumulate in the renal tubules, 

leading to specific functional damage in the renal tubules. 

 

 
Fig.1 PS-NPs accumulate in renal tubules and cause specific damage. (A) Accumulation of PS-NPs in the kidneys of 

diabetic mice. (B) Semi-quantitative analysis of fluorescence intensity. (C) Distribution of PS-NPs in the kidneys of diabetic 
mice (100 x). Scale bar = 100 μm. (D, E) The levels of KIM-1/creatinine and NAG/creatinine in the urine of mice. (n≥6 per 

group). *P < 0.05, #P < 0.001. 

3.2 PS-NPs mediate tubular pathological injury and fibrosis via the induction of tubular cell senescence 

Pathological changes in kidney tissue were observed by H&E and Masson staining. Compared with the 

DM group, the PS-NPs intervention groups exhibited renal tubular injury characterized by vacuolar 

degeneration of epithelial cells, tubular atrophy, reduced tubular volume, and narrowed lumens. These 

pathological changes were more pronounced in the DM+50 NPs group (Fig.2A). The renal tubule scores 
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also showed that compared with the DM group, the renal tubular damage in the DM+50 NPs group was 

significantly more severe (Fig.2B). The results of Masson staining further confirmed these changes. In 

diabetic mice exposed to PS-NPs, the blue color of the renal tubular collagen fibers was significantly 

enhanced (Fig.2C, D), indicating increased deposition of these fibers induced by PS-NPs. 

To further investigate the mechanism of PS-NP-induced renal tubular injury in diabetic mice, we 

assessed the activity of SA-β-gal, a key marker of cellular senescence[33] in renal tissue sections. We 

observed that SA-β-gal activity was elevated in the PS-NP-treated groups. Notably, the highest-dose group 

(DM+50 NPs) exhibited the most significant increase in enzymatic activity (Fig.2E, F). The staining results 

of SA-β-gal activity in HK-2 cells after PS-NPs intervention also confirmed these findings (Fig.2G, H).  

 
Fig.2 PS-NPs mediate tubular pathological injury and fibrosis via the induction of tubular cell senescence. (A) 

Representative image of H&E staining of kidney tissue (200 x). Scale bar = 50 μm. Light green arrow, narrowing of renal 
capsule; Yellow arrow, vacuolar degeneration of renal tubular epithelial cells; Black arrow, atrophy of renal tubules; Red 
arrow, infiltration of lymphocytes. (B) Renal tubule injury score. (C) Representative image of Masson staining of renal 

tissue (200 x). Scale bar = 50 μm. (D) Proportion of Masson-positive area. (E) Representative images of SA-β-gal staining 
of renal sections from each group (200 x). Scale bar = 50 μm. (F) Semi-quantitative analysis of renal SA-β-gal staining. (G) 
Representative images of SA-β-gal staining of HK-2 cells in each group (200 x). Scale bar = 50 μm. (H) Semi-quantitative 

analysis of SA-β-gal staining in HK-2 cells. (n≥3 per group). *P < 0.05, ***P < 0.005, #P < 0.001. 
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3.3 Mitochondria are revealed as the accumulation site of PS-NPs by transcriptomic assay and in HK-2 

cells 

Based on transcriptome data, we conducted differential analysis of gene expression using the DESeq 

software package in R language to explore the underlying mechanism of renal tubular senescence. The 

conditions for screening differentially expressed genes were the fold change in expression 

|log2FoldChange| > 1, and the significance P-value < 0.05. By comparing the gene expressions of the 

DM+50 NPs group with those of the DM group, a total of 689 differentially expressed genes were identified 

(Fig.3A). We selected 22 genes with the most significant differences through expression fold changes 

|log2FoldChange| > 5 and significant P-value < 0.05 (Fig.3B). There are two genes that are clearly related to 

organelle function, namely Ucp1 and Cox8b, and both exhibit a strong connection with mitochondrial 

function[34] (Fig.3C). This suggests that PS-NPs may induce cellular senescence by accumulating in 

mitochondria and perturbing their function. 

To further validate the cellular location of PS-NPs, HK-2 cells were treated with fluorescent PS-NPs. It 

was found that the uptake of PS-NPs by HK-2 cells was dose-dependent under high glucose stimulation 

(Fig.3D, E). Mitochondria and nuclei were stained green and blue, respectively, for co-localization with the 

red fluorescent PS-NPs. Previous studies have shown that red fluorescence and green fluorescence overlap 

to form orange[35]. In Fig.3F, the red fluorescence of PS-NPs overlaps with the green fluorescence of 

mitochondria, resulting in an orange color. The results demonstrate that PS-NPs are primarily localized to 

mitochondria. In addition, some diffuse red signals were also observed in the cytoplasm, which may 

represent PS-NPs distributed in other cytoplasmic organelles. 
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Fig.3 Mitochondria are revealed as the accumulation site of PS-NPs by transcriptomic assay and in HK-2 cells. (A) 
Volcanic plot displaying differentially expressed genes in the kidneys between the DM+50 NPs and DM groups. (B) The 
heat map of the genes with the most significant difference. Each column represents data from a single mouse. The color 

intensity represents the Z-score. (C) Significant changes in mitochondrial function related genes. (D) Representative images 
showing PS-NP uptake (100 x). Scale bar = 100 μm. Actin-green represents the view of the cell skeleton, DAPI represents 
the view of the cell nucleus, PS-NPs represents the view of the fluorescent NPs and merge represents the combined view. 

(E) Quantitative results of the uptake of HK-2 cells by PS-NPs. (F) Distribution of PS-NPs in HK-2 cells (400 x). Scale bar 
= 25 μm. The Con group represents the control group using the ordinary culture medium, the HG group represents the 

model group using the high-glucose culture medium, the HG+1 NPs group represents the intervention group with 1 μg/mL 
PS-NPs, the HG+10 NPs group represents the intervention group with 10 μg/mL PS-NPs and the HG+50 NPs group 

represents the intervention group with 50 μg/mL PS-NPs. (n≥3 per group). #P < 0.001. 

3.4 PS-NPs induce changes in mitochondrial membrane potential and increase ROS levels both in vitro and 

in vivo 

The mitochondrion is a major site for maintaining redox homeostasis between ROS generation and 

scavenging[36]. We evaluated the mitochondrial membrane potential and mtROS levels of HK-2 cells 

exposed to high glucose stimulation after being in contact with different concentrations of PS-NPs. The 

results showed that exposure to PS-NPs led to depolarization of the mitochondrial membrane potential and 

an increase in mtROS levels in HK-2 cells (Fig.4A-D). To further investigate the biological effects of 

PS-NPs on renal tubules, we measured the ROS levels in renal tissue sections of diabetic mice. As shown in 

Fig.4E, F, compared with the kidneys of the DM group, the ROS levels in the kidneys of the DM+50 NPs 

group were significantly higher. Combined in vivo and in vitro ROS measurements demonstrated that 

PS-NPs exposure significantly elevated ROS levels in renal tubules, an effect predominantly attributed to a 

surge in mtROS. It is plausible that the elevation in mtROS mediates the renal tubular senescence triggered 

by PS-NPs. 
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Fig.4 PS-NPs induce changes in mitochondrial membrane potential and increase ROS levels both in vitro and in vivo. 

(A) Assessment of mitochondrial membrane potential in HK-2 cells using JC-1 staining (100 x). Scale bar = 100 μm. (B) 
Semi-quantitative analysis of mitochondrial membrane potential changes. (C) Detection of mtROS in HK-2 cells (100 x). 

Scale bar = 100 μm. (D) Semi-quantitative analysis of mtROS generation levels in HK-2 cells. (E) Detection of ROS in the 
kidneys (100 x). Scale bar = 100 μm. (F) Semi-quantitative analysis of ROS production levels in the kidneys. (n≥3 per 

group). #P < 0.001. 

3.5 PS-NPs induce senescence in renal tissue and HK-2 cells by targeting the anti-senescence gene Sirt1  

The activation of the p53/p21 and Rb/p16 signaling pathways is a key molecular event marking the 

beginning of cellular senescence[37]. Previous studies have shown that Sirt1 is a member of the 

NAD+-dependent deacetylase family[38], which can inhibit cellular senescence by maintaining mitochondrial 

antioxidant function[39]. In this study, it was also observed that the mRNA expression levels of P53, P21, and 
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Rb increased, while the mRNA expression level of Sirt1 decreased in the HK-2 cells treated with PS-NPs 

(Fig.5A). Consistent with the changes in mRNA expression levels, the protein expression level of Sirt1 was 

found to be decreased after PS-NPs intervention both in vivo (Fig.5B, C) and in vitro (Fig.6C, D). These 

results suggest that PS-NPs exposure induces renal tubular senescence, with the anti-senescence gene Sirt1 

implicated as a potential mediator. 

 

 
Fig.5 PS-NPs induce senescence in renal tissue and HK-2 cells by targeting the anti-senescence gene Sirt1. (A) 

Relative expression levels of P53, P21, Rb and Sirt1 mRNA in vitro. (B) Representative images of western blot analysis in 
vivo. (C) Quantification of western blot band intensity in vivo. (n ≥ 3 per group). *P < 0.05, **P < 0.01, ***P < 0.005, #P < 

0.001. 

3.6 The mtROS/Sirt1 axis plays a pivotal role in the underlying mechanism of PS-NP-induced cellular 

senescence in HK-2 cells 

Based on the known role of ROS in inducing senescence[40], we propose that PS-NPs induce HK-2 cell 

senescence through the mtROS/Sirt1 pathway. In order to further verify that the mtROS/Sirt1 axis plays a 

crucial role in the acceleration of HK-2 cell senescence by PS-NPs, we employed the endocytosis inhibitor 

EIPA and the antioxidant NAC in HG-stimulated HK-2 cells treated with PS-NPs. Based on CCK-8 viability 

assays (Fig.S4B, C), we employed non-cytotoxic concentrations of EIPA and NAC, which alone exerted no 

detectable toxicity on HK-2 cells. The suppression of intracellular endocytosis by EIPA significantly blunted 

mtROS generation in high glucose-stimulated HK-2 cells (Fig.6A, B). The expression level of Sirt1 protein 

after NAC intervention is shown in Fig.6C. Compared with the HG+50 NPs group, the expression level of 

Sirt1 protein in the NAC intervention group was significantly increased (Fig.6D), while SA-β-gal enzyme 
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activity was significantly inhibited (Fig.6E, F). The above results confirm that the mtROS/Sirt1 axis plays a 

crucial role in the exacerbation of diabetic renal tubular senescence by PS-NPs. 

 
Fig.6 The mtROS/Sirt1 axis plays a pivotal role in the underlying mechanism of PS-NP-induced cellular senescence 

in HK-2 cells. (A) The generation of mtROS after EIPA intervention in HK-2 cells (100 x). Scale bar = 100 μm. (B) 
Semi-quantitative analysis of mtROS generation levels after EIPA intervention in HK-2 cells. (C) Representative image of 

western blot in vitro. (D) Quantification of western blot band intensity in vitro. (E) Representative images of SA-β-gal 
staining between groups after NAC intervention in HK-2 cells (200 x). Scale bar = 50 μm. (F) Semi-quantitative analysis of 

SA-β-gal staining after NAC intervention in HK-2 cells. (n≥3 per group). *P < 0.05, **P < 0.01, ***P < 0.005, #P < 0.001. 

4. Discussion 

In this study, we established a diabetic mouse model. Previous literature and internal functional 

markers verification have shown that compared with normal mice, the diabetic mice alone did not show 

significant kidney damage[9]. Our study confirms that PS-NPs are mainly distributed in the renal tubules of 
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the kidney, causing specific damage to the tubules. Through transcriptomic analysis and organelle 

localization, it was found that PS-NPs were mainly distributed in mitochondria and caused an increase in 

mtROS after internalization by cells. This evidence further confirms that the mtROS/Sirt1 axis constitutes a 

key mechanism whereby PS-NPs exacerbate high glucose-induced senescence in HK-2 cells. This study is 

significant in elucidating the detrimental effects of chronic oral exposure to PS-NPs on the kidneys of 

diabetic mice.  

Previous studies have confirmed that MNPs can accumulate in the kidneys[17]. How MNPs distribute 

within the kidney and inflict cell-specific damage is not yet fully understood. Through fluorescence 

co-localization, for the first time we confirmed that the renal tubules are the main accumulation site of NPs 

in the kidneys and the specific indicators of renal tubule damage, KIM-1 and NAG, were used to confirm the 

specific damage of renal tubules. Regarding the reasons for the differences in the distribution of 

nano-plastics in the kidneys, based on previous research reports, we hypothesized that 80nm PS NPs cannot 

pass through the glomerular filtration barrier and accumulate in the glomeruli. Instead, they are absorbed by 

the epithelial cells of the proximal tubules and excreted into the renal tubular lumen through the renal 

tubular secretion system, and then expelled through urine[41]. Therefore, PS-NPs mainly accumulate in the 

renal tubules rather than the glomeruli. The study results further confirm that during the excretion process of 

nano-plastics, the damage to the renal tubules may be much greater than that to the glomeruli. 

The differentially expressed genes identified through transcriptomics analysis of kidney tissue, namely 

Ucp1[42] and Cox8b[43], are closely related to mitochondrial function. We used fluorescence co-localization 

to track the subcellular localization of PS-NPs in HK-2 cells, which confirmed that PS-NPs were mainly 

distributed in mitochondria after being taken up by HK-2 cells, resulting in depolarization of the 

mitochondrial membrane potential and an increase in mtROS levels. Consistent with our research results, a 

recent study of renal injury induced by inhalation exposure to airborne NPs also observed the presence of 

NPs in the mitochondria of HK-2 cells[5], which led to depolarization of the mitochondrial membrane 

potential and an increase in the total ROS level within the cells. Building on this finding, we conducted 

further exploration and ultimately confirmed that mitochondria are the main organelle for the distribution of 

PS-NPs and the increase in mtROS levels. 

Multiple studies have shown that ROS is an important inducer of senescence[40]. Previous studies have 

confirmed that NPs can cause senescence in various cells, including cardiomyocytes[44], skeletal muscle 

progenitor cells[45], esophageal epithelial cells[46], gastric epithelial cells[47], and bone marrow hematopoietic 

cells[48], most of which were mediated by oxidative stress. The study by Lu[49] confirmed that NPs induce 

oxidative stress in pig kidney cells, leading to the accumulation of ROS in mitochondria and ultimately 

triggering the senescence of kidney cells, providing new evidence for the nephrotoxicity of NPs. These 

results suggest that cellular senescence mediated by mtROS is a key pathogenic mechanism underlying 

PS-NP-induced renal tubular injury. Stress induced senescence of renal tubular cells is an early pathological 

change[50]. This phenotype is characterized by the upregulation of KIM-1[51], as confirmed by our data. 
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Several in vivo and in vitro experiments have shown that renal tubular cell senescence plays an important 

role in DN progression[52-54], and activation of anti-senescence gene Sirt1 can alleviate renal interstitial 

damage in diabetes[55]. In this study, the enhanced SA-β-gal activity in vitro and in vivo, as well as the 

increased mRNA expression levels of senescence signaling molecules P53, P21, and Rb, suggest that 

PS-NPs may induce senescence of renal tubular cells. Our study demonstrates for the first time that PS-NP 

exposure mediates HK-2 cell senescence via the mtROS/Sirt1 axis. This finding provides a novel 

mechanistic insight into how PS-NPs exacerbate renal tubular injury in diabetes and suggests a potential 

target for the prevention and treatment of DN. 

5. Conclusion 

In conclusion, our study confirmed that PS-NPs exposure aggravated renal damage in diabetic mice in a 

dose-dependent manner, and the damage mechanism involves that PS-NPs were mainly distributed in renal 

tubules, causing specific damage to renal tubules. We further tracked the subcellular localization of PS-NPs 

after internalization by HK-2 cells and found that PS-NPs were mainly distributed in mitochondria, causing 

an increase in mtROS. Our study establishes the mtROS/Sirt1 axis as a key mechanism in PS-NP-induced 

renal tubular cell senescence. A limitation of this study is that although we have elucidated the molecular 

mechanism of PS-NP-induced renal tubular senescence, this pathway was not directly validated in our 

animal model. Future studies should also integrate population-based epidemiological evidence to quantify 

the disease burden and attributable risk of PS-NPs exposure in diabetic kidney injury, thereby clarifying the 

role of this foodborne risk factor in the progression of DN.  
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