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[bookmark: BM_SM1][bookmark: OLE_LINK1]Supplementary Methods S1. Preparation of Nanoscale Tire Wear Particles
The raw tire-derived particle material used in this study was supplied by Dujiangyan Huayi Rubber Co., Ltd. End-of-life tires were mechanically crushed by the supplier, and the resulting particles were preliminarily classified using sieves with different mesh sizes. The sieved tire-derived particles were used as the starting material for the preparation of nanoscale tire-derived particles, referred to here as nanoscale TWPs. Upon receipt, the raw particles were immersed in anhydrous ethanol and magnetically stirred at room temperature for 48 h to remove loosely attached contaminants and soluble impurities. The particles were then rinsed repeatedly with ultrapure water until the washing solution became clear, followed by drying in an oven at 60 °C for 24 h. The dried particles were precooled with liquid nitrogen and subjected to cryogenic grinding. The ground particles were further refined by ball milling at 800 rpm for 6 h. Ball milling was performed intermittently to minimize heat accumulation and preserve particle surface properties.
After ball milling, the particles were dispersed in ultrapure water and sonicated in an ice bath for 30 min at 300 W. The resulting suspension was subjected to differential centrifugation to enrich the nanoscale fraction. Briefly, the suspension was first centrifuged at 3000 × g for 15 min to remove insufficiently fragmented large particles and coarse aggregates, and the supernatant was collected. The supernatant was then centrifuged at 10,000 × g for 30 min to further remove larger microscale particles. Finally, the resulting supernatant was ultracentrifuged at 100,000 × g for 60 min, and the pellet was collected as nanoscale TWPs.
To reduce potential interference, the nanoscale TWP pellet was resuspended in ultrapure water, sonicated in an ice bath for 30 min, and collected again by ultracentrifugation at 100,000 × g for 60 min. This washing procedure was repeated five times. The purified nanoscale TWPs were then lyophilized or dried at 60 °C for 24 h, weighed, transferred into sealed amber glass bottles, and stored at −20 °C until further use.
Before each experiment, fresh nanoscale TWP working suspensions were prepared on the day of use. The dried particles were dispersed in ultrapure water at the required experimental concentration, thoroughly vortexed, and sonicated in an ice bath for 30 min. The suspension was briefly vortexed again immediately before administration or cell exposure to ensure homogeneous dispersion. Unused working suspensions were discarded and were not reused in subsequent experiments.



[bookmark: BM_SM2]Supplementary Methods S2. Preparation of Nile Red-Labeled Nanoscale TWPs
To visualize the cellular uptake of nanoscale TWPs, the particles were fluorescently labeled with Nile Red. Briefly, nanoscale TWPs were mixed with Nile Red solution in a clean glass container to obtain a final nanoscale TWP concentration of 5 mg/mL. The mixture was thoroughly vortexed and incubated at 70 °C for 3 h in the dark to facilitate the adsorption of Nile Red onto the surface of nanoscale TWPs.
After labeling, the suspension was centrifuged to collect Nile Red-labeled nanoscale TWPs. The labeled particles were washed repeatedly with ultrapure water to remove unbound free dye. The washing step was repeated three to five times until the supernatant showed minimal fluorescence background. The resulting Nile Red-labeled nanoscale TWPs were stored temporarily at 4 °C in the dark. Before use, the labeled particles were vortexed and sonicated to ensure adequate redispersion.
[bookmark: BM_SM3]Supplementary Methods S3. Untargeted Metabolomics Analysis
After collection, cell pellets were resuspended in 200 μL of precooled H₂O, rapidly frozen in liquid nitrogen, and disrupted by ultrasonication at 4 °C. The lysates were centrifuged at 13,000 rpm for 15 min at 4 °C, and 20 μL of the supernatant was collected for protein quantification using a BCA assay. The remaining lysate was mixed with 720 μL of ice-cold methanol/acetonitrile solution (1:1, v/v), vortexed thoroughly, and incubated at −20 °C for 1 h to precipitate proteins. After centrifugation at 13,000 rpm for 15 min at 4 °C, the supernatant was collected, concentrated at 4 °C, and reconstituted according to the measured protein content to ensure protein-normalized metabolite loading. Equal aliquots from all samples were pooled to generate quality control (QC) samples, which were used to monitor analytical stability and reproducibility throughout the LC-MS sequence.
Chromatographic separation was performed on a Thermo Vanquish Flex UPLC system using an ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm; Waters). The mobile phases consisted of solvent A, water containing 5 mmol/L ammonium acetate and 5 mmol/L acetic acid, and solvent B, acetonitrile. The gradient elution program was as follows: 0–1 min, 1% B; 1–9 min, 1–99% B; 9–9.1 min, 99–1% B; and 9.1–12 min, 1% B. The flow rate was maintained at 0.35 mL/min, the injection volume was 2 μL, and the column temperature was set at 40 °C.
Mass spectrometric detection was carried out on a Thermo Orbitrap Exploris 120 mass spectrometer equipped with an electrospray ionization source. Data were acquired in both positive and negative ionization modes. The ion source temperature was set to 320 °C, and the spray voltage was +3.5 kV in positive mode and −2.5 kV in negative mode. The sweep gas, auxiliary gas, and sheath gas flow rates were set to 0, 10, and 45 Arb, respectively. Study samples were analyzed in polarity-switching full-scan mode, whereas QC samples were additionally acquired using full-scan MS combined with segmented data-dependent acquisition (DDA) to support MS/MS-based metabolite annotation. Full-scan MS spectra were acquired over an m/z range of 70–1050 at a resolution of 60,000, with the automatic gain control (AGC) set to standard and a maximum injection time of 100 ms. For MS/MS acquisition, the top four precursor ions with intensities greater than 5,000 were selected for fragmentation. MS/MS spectra were acquired at a resolution of 15,000, with the AGC set to standard, a maximum injection time of 30 ms, and a dynamic exclusion time of 6 s. QC samples were injected intermittently throughout the analytical sequence to evaluate instrument stability, signal reproducibility, and data quality.
Raw LC-MS data were processed for peak extraction, peak alignment, missing-value imputation, and normalization prior to statistical analysis. Principal component analysis (PCA) was performed to evaluate sample clustering and QC reproducibility. Metabolite annotation was conducted by matching accurate mass, retention time, and MS/MS fragmentation patterns against metabolite databases. Differentially abundant metabolites were identified according to predefined statistical criteria and subsequently subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Heatmaps, volcano plots, and pathway enrichment plots were generated to visualize metabolic alterations and the associated biological pathways.
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[bookmark: BM_FS1][bookmark: OLE_LINK3]Figure S1. Characterization of TWPs. (A) Scanning electron microscopy (SEM) images of TWPs. Scale bars: 100 nm. (B) Transmission electron microscopy (TEM) images of TWPs. Scale bars: 100 nm. (C) Hydrodynamic size distribution of TWPs measured by dynamic light scattering (DLS). (D) Fourier-transform infrared (FTIR) spectra of TWPs. (E) Energy-dispersive X-ray spectroscopy (EDS) spectrum. (F) Zeta potential of TWPs.
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[bookmark: BM_FS2]Figure S2. Quantification of protein expression and fluorescence intensity corresponding to Figure 2. (A,B) Quantification of ferroptosis-related proteins in GC-2 cells. (C) Quantification of tight-junction proteins in GC-2 cells. (D) Quantification of the green-to-red fluorescence intensity ratio in GC-2 cells. (E,F) Quantification of ferroptosis-related proteins in TM4 cells. (G) Quantification of tight-junction proteins in TM4 cells. (H) Quantification of the green-to-red fluorescence intensity ratio in TM4 cells. (I,J) Quantification of ferroptosis-related proteins in mouse testicular tissues. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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[bookmark: BM_FS3]Figure S3. Quantification of Fer-1-mediated attenuation of TWPs-induced lipid peroxidation, labile Fe²⁺ accumulation, and junctional damage. (A-H) Densitometric quantification of ferroptosis-associated and junction-associated proteins in GC-2 cells. (I) Mean FerroOrange fluorescence intensity, reflecting intracellular labile Fe²⁺ levels, in GC-2 cells. (J) Mean ZO-1 fluorescence intensity in GC-2 cells. (K) Green-to-red fluorescence intensity ratio of C11-BODIPY staining, reflecting lipid peroxidation, in GC-2 cells. (L-S) Densitometric quantification of ferroptosis-associated and junction-associated proteins in TM4 cells. (T) Mean FerroOrange fluorescence intensity, reflecting intracellular labile Fe²⁺ levels, in TM4 cells. (U) Mean ZO-1 fluorescence intensity in TM4 cells. (V) Green-to-red fluorescence intensity ratio of C11-BODIPY staining, reflecting lipid peroxidation, in TM4 cells. Data are presented as mean ± SD from three independent biological replicates. *P < 0.05 versus the control group; #P < 0.05 versus the TWPs group. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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[bookmark: BM_FS4][bookmark: _Hlk231381152][bookmark: OLE_LINK8][bookmark: OLE_LINK38]Figure S4. Quantitative analysis of the protective effects of NAC against TWPs-induced oxidative stress, mitochondrial dysfunction, and ferroptosis-associated protein alterations. (A-C) Quantification of HO-1 and NQO1 protein levels in GC-2 cells (A), mouse testis (B), and TM4 cells (C). (D-F) Quantification of intracellular ROS levels (D), mitochondrial membrane potential (E), and mitochondrial superoxide levels (F) in GC-2 cells. (G-I) Quantification of ferroptosis-associated and antioxidant defense proteins in GC-2 cells. (J-L) Quantification of intracellular ROS levels (J), mitochondrial membrane potential (K), and mitochondrial superoxide levels (L) in TM4 cells. (M-O) Quantification of ferroptosis-associated and antioxidant defense proteins in TM4 cells. Data are presented as mean ± SD from three independent experiments. *P < 0.05 versus the control group; #P < 0.05 versus the TWPs group. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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[bookmark: BM_FS5][bookmark: OLE_LINK4][bookmark: OLE_LINK9]Figure S5. Quantification of autophagy- and ferroptosis-associated protein changes shown in Figure 5. (A-I) Densitometric analysis of GPX4, ACSL4, SLC7A11, ferritin, NCOA4, HO-1, NQO1, p62, and the LC3B-II/LC3B-I ratio in GC-2 cells. (J-L) Quantification of p62 abundance and the LC3B-II/LC3B-I ratio in mouse testicular tissues, GC-2 cells, and TM4 cells following TWPs exposure. (M-U) Densitometric analysis of GPX4, SLC7A11, ACSL4, NCOA4, ferritin, HO-1, NQO1, the LC3B-II/LC3B-I ratio, and p62 in TM4 cells. Data are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, not significant.
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[bookmark: BM_FS6][bookmark: OLE_LINK10]Figure S6. Quantification of testicular protein expression after Fer-1 and NAC intervention. (A-C) Relative protein abundance of GPX4, ACSL4, and SLC7A11. (D,E) Relative protein abundance of NCOA4 and ferritin. (F,H) Relative protein abundance of NQO1 and HO-1. (G) Relative protein abundance of DDX4. (I-K) Relative protein abundance of ZO-1, N-cadherin, and occludin. Data are shown as mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, not significant.
[image: ]
[bookmark: BM_FS7]Figure S7. Cell viability, ultrastructural abnormalities, and validation of NCOA4 knockdown in GC-2 and TM4 cells. (A) Viability of GC-2 and TM4 cells after exposure to increasing concentrations of tire wear particles (TWPs, 0–800 μg/mL) for 24 h, determined using the CCK-8 assay. TWPs caused a concentration-dependent loss of viability, with evident cytotoxicity at high exposure levels. (B) Representative transmission electron microscopy images of GC-2 and TM4 cells under control conditions or after TWPs treatment. TWPs-exposed cells showed intracellular electron-dense deposits and disrupted subcellular morphology, including vesicular alterations and membrane-associated structural damage. Black arrowheads indicate electron-dense particle-like deposits; red arrowheads indicate damaged or vacuolated cellular structures. Scale bars: 1 μm. (C,D) Western blot verification of NCOA4 silencing in GC-2 (C) and TM4 (D) cells transfected with si-NCOA4 or negative-control siRNA (si-NC). Actin was used as the loading control, and densitometric quantification confirmed efficient reduction of NCOA4 protein abundance. Data are shown as mean ± SD (n = 3).

[bookmark: BM_TS1]Table S1. Primers used for transfection
	siRNA
	SOURCE

	[bookmark: _Hlk232085114]si-NC: 5’-UUCUCCGAACGUGUCACGUTT-3’    
(sense strand)
	GENERALBIOL

	si-NC: 5’-ACGUGACACGUUCGGAGAATT-3’
(antisense strand)
	GENERALBIOL

	[bookmark: OLE_LINK6][bookmark: OLE_LINK7]si-NCOA4: 5’- UUCGGGCUGAACAGCAAAUUATT -3’
(sense strand)
	GENERALBIOL

	si-NCOA4: 5’-UAAUUUGCUGUUCAGCCCGAATT-3’
(antisense strand)
	GENERALBIOL



[bookmark: BM_TS2]Table S2. Antibodies obtained from different vendors in this study.
	Target
	Vendor
	Catalog no.
	Usage (Dilution)

	β-actin
	Proteintech
	66009-1-Ig
	IB (1:10000)

	GPX4
	[bookmark: OLE_LINK46]Immunoway
	YM8430
	IB (1:1000)

	SLC7A11
	[bookmark: OLE_LINK47]Immunoway
	YM8243
	IB (1:1000)

	Ferritin
	[bookmark: OLE_LINK48]Immunoway
	YM9537
	IB (1:1000), IF (1:200)

	ACSL4
	[bookmark: OLE_LINK49]Immunoway
	YM8287
	IB (1:1000)

	NCOA4
	Immunoway
	YM8855
	IB (1:1000)

	HO-1
	Immunoway
	YM8337
	IB (1:1000)

	NQO1
	[bookmark: OLE_LINK50]Immunoway
	YM8039
	[bookmark: OLE_LINK53]IB (1:1000)

	[bookmark: _Hlk231504786]P62
	[bookmark: OLE_LINK51]Immunoway
	YM8025
	[bookmark: OLE_LINK54]IB (1:1000)

	LC3B
	HUABIO
	HA601532
	IB (1:2000), IF (1:200)

	ZO-1
	Servicebio
	GB115686
	IB (1:1000), IF (1:200)

	Occludin
	[bookmark: OLE_LINK59]Immunoway
	YM8316
	IB (1:1000)

	[bookmark: OLE_LINK58]N-Cadherin
	Immunoway
	YM8097
	IB (1:1000)

	DDX4
	Bioss
	bs-3597R
	IB (1:1000), IF (1:200)


Abbreviations used: IB, immunoblot; IF, immunofluorescence.
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