2. METHODOLOGY
2.1 Materials, reagents, suppliers, and lot/batch documentation
All the consumables and reagents were ordered through traceable suppliers and utilized within the mentioned shelf-life and storage conditions. The culture mediums of TM3 were recorded at the bottle level, such as supplier, catalog number, receipt date, temperature of storage, date of opening, and expiration. Media and buffers included DMEM/F-12 (Gibco, 11320033) and phosphate-buffered saline without calcium, magnesium, or phenol red (Gibco, 10010023). Serum supplements were documented under each lot and consisted of horse serum (Gibco, 16050122) and qualified fetal bovine serum (Gibco, 26140079). When supplementing with antibiotics as a routine maintenance, penicillin–streptomycin was recorded (Gibco, 15140122). Lots of tissue-culture plastics were written down, such as T-75 treated flasks (Thermo Scientific Nunc EasYFlask, 156499) and 96-well flat-bottom plates (Corning, 3595). Lot and batch number of each material used were entered into a locked study log at the point of use and compared to certificates of analysis or product labels in order to achieve full provenance of reagents. 
2.2 Biological Model Justification
The TM3 mouse Leydig cell line, derived from the testis of immature BALB/c mice, serves as a robust, well- established and validated in vitro model for investigating male reproductive toxicology and endocrine disruption (Mather, 1980). TM3 cells are particularly valued for their ability to maintain essential steroidogenic characteristics, allowing researchers to study the expression of key regulatory proteins like beta-hydroxysteroid dehydrogenase (3 β-HSD), as well as the signaling pathways ( Nrf2) that mediate cellular responses to oxidative stress (Lui et al., 2024, Shi et al., 2022). Furthermore, the high conservation of these core steroidogenic pathways across species and developmental stages justifies using this immature murine line as a reliable mechanistic proxy for studying reproductive toxicity (Huang et al., 2023). 
Previous studies have successfully utilized TM3 cells to predict nanoplastics-induced reproductive toxicity that was subsequently mirrored in adult in vivo models, confirming the line's predictive value in hazard identification (Alaraby et al., 2025, Sui et al., 2023). Additionally, TM3 cells provide a reliable platform for validating the bioactivity of natural flavonoids like tangeretin, which has been shown to modulate the Keap1 /Nrf2 signaling pathway to restore redox homeostasis and preserve cellular integrity under toxicological challenge (Shi et al., 2022).  Consequently, the use of TM3 cells in this study allows for a refined mechanistic resolution of PSNP-induced Leydig cell injury and provides an essential biological framework to validate target engagement identified through molecular docking.
2.3 Dose Selection and Mechanistic Rationale
2.3.1 PSNP exposure concentration
Relating in vitro concentrations to human exposure remains a challenge in nanotoxicology; however, the dose selected for this study was guided by a triangulation of ecological relevance, mechanistic sensitivity and toxicokinetic probability. While environmental concentrations in aqueous matrices vary significantly, the transition from external exposure to internal tissue burden remains a critical factor in risk assessment. Consequently, we selected 50 µg/mL as our working concentration, as it reflects a conservative upper-bound concentration intended to simulate cumulative localized tissue burden. This selection is supported by three primary considerations:
1. Bioaccumulation Logic: Unlike soluble chemicals, nanoplastics are characterized by high bio- persistence, bioaccumulation and long biological half-lives. While acute daily intake may be lower, the high surface-area-to-volume ratio of PSNPs facilitates their translocation across biological barriers and subsequent sequestration within the lipid-rich interstitial space of the testes. Thus, 50 µg/mL serves as a "stress-test" surrogate for the long-term, cumulative internal dose reaching the Leydig cells (Prata et al., 2020; Senathirajah et al., 2021) which is a standard approach for establishing biological plausibility in hazard identification.
2. Mechanistic Sensitivity (LOEL): In accordance with multiple prior in vitro frequently employed dose in peer-reviewed PSNP studies (Banerjee et al., 2021,  Sun et al., 2023), 50 µg/mL represents the Lowest Observed Effect Level (LOEL) at which robust pathway perturbations—specifically NOX4-mediated oxidative stress and steroidogenic enzyme inhibition—consistently manifest in TM3 models without inducing non-specific, overwhelming cytotoxicity.
3. Pathway Interrogation: To move beyond descriptive toxicity, a concentration must be sufficient to trigger measurable changes in the Nrf2 pathway. Pilot viability assays were conducted to ensure this dose resides within a mechanistic "window"—high enough to activate signaling cascades for Adverse Outcome Pathway (AOP) mapping, yet low enough to avoid the supra-physiological artifacts associated with necrotic cell death.
By positioning the dose as an upper-bound cumulative burden, this study ensures high mechanistic resolution while maintaining biological plausibility for chronic exposure scenarios i.e. to guarantee robust, reproducible downstream activation of oxidative stress and steroidogenic impairment.
2.3.2 Tangeretin Dose Gradient
The selection of Tangeretin (TAN) concentrations was designed to encompass a "mechanistic window" that spans from the threshold of antioxidant signaling activation to the upper limits of non-cytotoxic pharmacological efficacy. Based on pilot viability assays and established pharmacokinetic profiles of polymethoxylated flavones (PMFs), we selected a dose-response gradient of 10, 20, and 40 µM (GV et al., 2023). This range is robustly justified by the following toxicological principles:
1. Establishment of a Pharmacological Gradient: By utilizing a doubling dose sequence (10 →20 →40 µM), we aim to define the dose-response relationship of TAN-mediated protection. This range is consistent with established protocols for evaluating the dose-dependent ameliorative effects of citrus flavonoids on cellular redox systems and steroidogenic enzymes in reproductive models (LV et al., 2023). This allows for the identification of a quantitative potency gradient, moving the study from a qualitative observation "presence of effect" to a statistically rigorous "strength-of-effect" analysis.
2. Avoidance of the Cytostatic Threshold: While flavonoids are cytoprotective at lower doses, they can exhibit pro-oxidant or cytostatic effects at supra-physiological levels. Literature indicates that in murine cell models, the cytotoxic threshold for TAN typically begins to manifest at concentrations exceeding 50 µM. Thus, our highest dose of 40 µM represents the "maximal effective concentration" that remains safely below the point of overt cellular stress, mitochondrial interference, or metabolic toxicity observed at higher ranges (GV et al., 2023).
3. Target-Ligand Saturation: The low-to-mid range (10–20 µM) is strategically aligned with the reported binding affinities and effective concentrations required for TAN to modulate the Nrf2 pathway and its associated antioxidant response elements (ARE) (GV et al., 2023). The inclusion of 40 µM ensures that we interrogate the system under conditions of target saturation, confirming whether TAN's ability to restore signaling homeostasis remains linear or reaches a plateau at higher concentrations.
4. Lipophilicity and Intracellular Accumulation: Unlike common hydroxylated flavonoids, TAN’s unique pentamethoxy scaffold significantly enhances its lipophilicity (log P), promoting passive diffusion through the lipid-rich environment of Leydig cell membranes (Walle, 2007). This structural advantage ensures that at 10–40 µM, sufficient intracellular bioavailability is achieved to provide a robust counter-response to the high PSNP challenge (50 µg/ml), facilitating direct interaction with the cytoplasmic signaling cascades that drive steroidogenesis.
This hierarchical dosing strategy enables the assessment of both the sensitivity of the TM3 model to TAN and the reproducibility of its protective effects across a broad therapeutic window.
2.4 Study Design and Experimental Workflow
The in vitro experiment was performed with the mouse Leydig cell line (TM3) to simulate cellular stress, which occurs in the presence of nanoplastics to identify possible countermeasures in tangeretin. Cells were cloned to a logarithmic growth, seeded at density-congruent formats to each endpoint of interest downstream, and left to attach overnight prior to exposure. The dispersed polystyrene nanoplastics were used at constant working concentration, which was corresponding with the finalized proposal, tangeretin was used at specified working constant concentrations and co-incubated with same working conditions during 24, 48, and 72 hours. A pre-dose cytotoxicity screening assay was also done to ascertain that the planned doses were tolerated under the precise laboratory conditions taken. All the endpoints of analysis were accomplished on three independent biological experiments on different days, and within each biological experiment, technical replicate wells in each condition were used to encourage sound estimation of within-assay variance. The data were brought to internal controls that were platform-specific and all raw instrument exports, calibration records and batch identifiers were stored together and at the same time in order to maintain traceability.
2.5 Tm3 Mouse Leydig Cell Line Authentication and Quality Control
An authenticated repository source of TM3 cells, ATCC CRL-1714, was grown in repository recommended conditions. When cells were thawed in a new working vial, a quality-control gate was performed, which consisted of morphology assessment by a phase-contrast microscope, consistency assessment of growth curves, and contamination assessment. Mycoplasma monitoring was at set intervals and before any definitive exposure experiment was done using a validated biochemical method or PCR-based method, as recommended in ATCC authentication and contamination-control guidelines. 
2.6 Tm3 Cell Culture Conditions and Routine Maintenance
TM3 cells were grown as adherent monocultures at 37 °C in a humidified environment containing 5% CO₂. The entire growth medium was made as a 1:1 combination of Ham’s F-12 and DMEM with 5% horse serum and 2.5% fetal bovine serum, which corresponded to the repository advice on the TM3 maintenance. Subculture of cells was done prior to the onset of over-confluence to minimize drift related to stress and the split ratios were manipulated to maintain exponential growth with minimal passage-related fluctuations. Prior to use, media were equilibrated to temperature and CO₂-buffered conditions and all manipulations were done as aseptic in a certified biosafety cabinet
2.7 Preparation, Dispersion, And Handling of Polystyrene Nanoplastics (PSNP)
To retain size-dependent behavior and prevent the artifacts of dosing introduced by aggregation, the nanoplastics of polystyrene were manipulated as colloidal suspensions. Within the 20–50 nm size range in the proposal, polystyrene microspheres at 0.05 µm nominal diameter (Polysciences Polybead® Microspheres, 08691-10) were chosen as a defined nanoparticle stock. An aliquot was prepared then equilibrated at room temperature and gently swirled prior to each experiment followed by a controlled sonication to disperse to reduce agglomeration. Immediately preceding dosing, working suspensions were made in serum-free or low-serum medium to minimize variability of protein corona between runs, and dosing solutions were added using low-retention tips to minimize adsorption losses. All the steps in the preparation of nanoparticles such as dispersion time, temperature, and container were standard and documented in the batch log to facilitate a reproducible process. 
2.8 Physicochemical Characterization of PSNP by SEM Imaging for Size
To verify the size by the scanning electron microscopy, PSNP suspensions were diluted using ultrapure water to result in a well-separated particle on the substrate. The quantity of the fixed volume was put on a clean silicon wafer or conductive carbon tape on an aluminium stub and dried under dust-free conditions. In order to enhance charge dissipation of polymeric particles, samples were sputter-coated with a thin conductive layer on the sputter coater by using a rotary-pumped sputter coater with controlled sputter conditions. A field emission SEM platform that could be introduced to low-kV polymer imaging was imaged, and acquisition parameters were chosen so as to trade-off between surface resolution and beam damage. Calibrated images of particle images were quantified on similar thresholding criteria and at least several hundred particles were quantified in various fields to produce a strong size distribution. The micrographs of representative SEM as a size record were made as obligatory figure evidence to the manuscript and auxiliary files. 
2.9 Hydrodynamic Size and Dispersity Index (PDI) Assessment of PSNP by DLS
Dynamic light scattering was used to measure hydrodynamic diameter and dispersity of nanoparticles at controlled temperature with a Zeta sizer-class instrument and with different clean cuvettes to measure nanoparticle size. Measures of suspensions were made at an adequately concentrated dilution in filtered and dust-free diluent, then equilibrated to 25 °C to bring it to equilibrium. Technical replicates were also measured as repeat per sample and the cumulants generated Z-average and PDI were reported and indicated that monodisperse behavior was observed rather than aggregation. The performance of the instruments was checked with standard samples recommended by the manufacturers and recorded in the run log. Acceptance criteria demanded that data-quality should be stable correlograms and consistent replicate agreement, and that any sample with indications of multimodal aggregation was again dispersed and re-measured under comparable discretionary conditions. 
2.10 Zeta Potential Measurement of PSNPs with Image/plot Documentation
Disposable folded capillary cells were used to determine the electrophoretic mobility and zeta potential of nanoparticles in solution to eliminate cross-contamination between the nanoparticle preparations and to maintain integrity of measurements where a charge-sensitive system was used. To be able to make comparisons across runs, samples were prepared in controlled ionic conditions, equilibrated thermally and analyzed under instrument software control in terms of the Smoluchowski approximation. All samples were triplicated and the average zeta potential with measures of dispersion were tabulated. Since documentation of the plot was necessary, the raw zeta potential distribution plots and the quality indicators generated by the instrument software were stored and formatted in manuscript-ready figure form. Additional checks were done periodically on manufacturer instructions of zeta potential standards to ensure that the system was operating correctly. 
2.11 Preparation and Handling of Tangeretin Stock Solutions and Working Dilutions
Tangeretin was treated as a light-sensitive small molecule and can be prepared as a stock solution in anhydrous DMSO so that it can be fully solubilized. The grade of purity available was chosen to be ≥95% (Sigma-Aldrich, T8951; CAS 481-53-8). Stocks were made at a concentration that can be accurately pipet and aliquoted to avoid freeze–thaw degradation and stored at −20 °C in the dark. Before dosing, working dilutions were prepared in fresh pre-warmed culture medium. Final DMSO level was maintained constant in all the groups including vehicle controls to avoid confounding due to solvent. 
2.12 Experimental Grouping, Treatment Schedule, and Exposure Conditions
The experimental groups were structured to be used to isolate the effects of PSNP exposure, tangeretin exposure, and a combination of both exposure over the exposure windows that had been pre-specified, 24, 48, and 72 hours. Cells were exposed to PSNPs at the working concentration of 50 µg/mL and co-treated with tangeretin at 10, 20, and 40 µM in parallel with a vehicle control. Overnight attachment was used to provide treatments after attaching the samples and minimize variability in early adhesion stress and incubate all groups under the same environmental conditions. The plates of culture were randomly moved around the incubator as well as moved amongst the shelves to reduce positional gradients in temperature or CO₂. Volume and timing of media handling was standardized in that the duration of exposure was the same in all groups, and everything that was not in accordance was recorded in the form of protocol notes in the study file.
2.13 Pre-dose Cytotoxicity Screening and Dose Selection by Cell Viability Assay
There was a pre-dose screening that was conducted prior to the actual experiments to ensure that planned PSNP and tangeretin dosing could be controlled in TM3 cells under the same laboratory conditions. Cell viability was measured through a WST-8 based colorimetric assay (Cell Counting Kit-8, Dojindo, CK04), as it was chosen on the basis of its water-soluble formazan production and was selected because of its routine dose-range finding. Assay was done by seeding cells to reach a logarithmic growth within the assay window, introducing candidate concentrations, and incubating with the WST-8 reagent at a controlled period and reading at 450 nm using a microplate reader. Dose acceptance entailed viability maintenance within a specific tolerance range with respect to vehicle control and lack of non-specific optical interference. This measure was in line with the necessity to carry out a viability test, prior to the administration of written doses since cell culture may be intolerant to the intended concentrations. 
2.14 Post-treatment Cell Viability Assessment Under Definitive Exposure Conditions
Viability after conclusive exposure to the PSNPs and tangeretin was re-evaluated after 24, 48, and 72 hours in order to measure the treatment-related cytotoxicity according to the final protocol. The MTT reduction test was carried out on thiazolyl blue tetrazolium bromide (Sigma-Aldrich, M5655), which was dissolved in phenol red-free diluent to prevent interference by absorbance. Incubation of MTT was followed by solubilization of insoluble formazan in a suitable organic solvent and an absorbance was recorded with a plate reader at the wavelength suggested as an endpoint of MTT. Background correction was done by using cell-free wells where the same treatment was done in terms of reagents and viability was in comparison to that of the corresponding vehicle control at that time point. 
2.15 Intracellular Reactive Oxygen Species (ROS) Quantification
The intracellular ROS were measured by the DCFDA based fluorometric workflow chosen to offer sensitive measurements of oxidative burst in live cells. It was stained in a complete kit format (Abcam DCFDA / H2DCFDA Cellular ROS Assay Kit, ab113851) and the staining conditions were adjusted to preserve the integrity of the cell, and to trigger minimal dye auto-oxidation. Following treatment, the cells were washed using buffered solution and loaded with DCFDA in assay buffer in light-protected conditions, which was then incubated allowing intracellular de-esterification and oxidation through ROS action. A microplate reader with excitation/emission set at the spectral profile of the DCF was used to measure fluorescence and correct background fluorescence and normalize the result to viable cell content so as to minimize background confounding of the cytotoxicity. 
2.16 Lipid peroxidation assessment (MDA/TBARS)
A standardized TBARS method was used to measure the amount of malondialdehyde equivalents in the treatment to measure lipid peroxidation. The commercial TBARS assay kit was utilized (Cayman Chemical, TBARS Assay Kit, 10009055) to guarantee similar composition of reagents and calibration in every run. Cell lysates were made at cold conditions and recombination with thiobarbituric acid reagent reacts under controlled heating to form chromogenic adducts and followed by cooling then measuring it. The absorbance data were recorded at the wavelength range specified in the kit and then the MDA equivalents were determined using the standards provided and per total protein data in each group to overcome cell density variation. 
2.17 Antioxidant Defense Evaluation (SOD, CAT, GPx, and GSH)
The inter-assay comparability of the enzymatic and non-enzymatic antioxidant defenses was done by using the same standardized lysate inputs. Activity of Catalase, Glutathione peroxidase, Superoxide dismutase and total glutathione were measured using Cayman Chemical Catalase Assay Kit (707002), Cayman Chemical Glutathione Peroxidase Assay Kit (703102), Cayman Chemical Superoxide Dismutase Assay Kit (706002) and Cayman Chemical Glutathione Assay Kit (703002) respectively. All assays were performed with kit-standard curves and internal controls and the output was normalized to total protein content of the corresponding matched lysates. Appropriate absorbance settings as required by each kit were used to read plates, and inter-plate drift was detected using shared control lysates on each plate. 
2.18 Steroidogenic Function Assessment; Testosterone Quantification 
The steroidogenic production was determined by the concentration of testosterone on the conditioned culture media at each of the exposure durations. The sensitivity of the competitive enzyme immunoassay in low-volume samples and ability to work with cell culture matrices were chosen to use Cayman Chemical Testosterone EIA Kit (582701). The media samples were centrifuged in order to eliminate debris, frozen at −80 °C to avoid degradation and thawed once to conduct batch analysis to reduce variability. Dilutions were done as necessary to bring the samples within the linear range of the standard curve and the concentrations were determined with the calibration standards and curve-fitting method in the kit. The results were equated to viable cell content or total protein equivalent of comparable wells in order to equalize the difference in cell numbers in the groups. 
2.19 Steroidogenesis-Related Gene/Protein Expression Analysis (Star, Cyp11A1, Cyp17A1, 3β-HSD)
The regulation of the steroidogenesis pathway was evaluated by the technique of aligned transcript and protein quantification of the main enzymes and regulators. To express proteins, the stimulations were immunoblotting against StAR with a validated StAR antibody (Abcam, ab3343), CYP11A1 with a CYP11A1 antibody (Abcam, ab175408), CYP17A1 with a CYP17A1 antibody (Abcam, ab125022), and 3β-HSD with an HSD3B1 antibody (Proteintech, 32642-1-AP). To express transcripts, RT-qPCR assays were developed based on exon-spanning primers when feasible to minimise genomic DNA confounding and were normalised to stable housekeeping genes which had been validated in the TM3 cells as far as the exposure conditions applied. Correlation between transcriptional and protein change was viewed as an indication of pathway response as opposed to single regulatory noise. 
2.20 Protein Extraction and Quantification Procedures
The protein lysates were prepared in cold conditions with a complete disclosed ready-to-use RIPA formulation (Thermo Scientific RIPA Lysis and Extraction Buffer, 89900) complemented with the protease and phosphatase inhibitors added immediately before the experiment. Lysates were cleared using centrifugation and supernatants were harvested without stirring pellets. The quantification of total protein under a condition of compatibility with detergent was done by a colorimetric procedure to assure proper loading during immunoblotting by the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23225) and the bovine serum albumin standards. All samples were diluted with lysis buffer to achieve protein concentrations that were uniform in all samples and aliquots were stored at −80 °C to prevent recurring freeze–thaw effects. 
2.21 RNA Extraction, cDNA Synthesis, and RT-qPCR Conditions
The RNA was then subjected to silica-membrane chemistry spinning column to extract all the total RNA that could be used in the quantitative PCR of inhibitor-free RNA, the RNeasy Mini Kit (QIAGEN, 74104). The integrity and purity of RNAs was confirmed through spectrophotometric ratios and parity of amplification efficiencies in pilot reactions. iScript cDNA Synthesis Kit (Bio-Rad, 1708891) was used to prepare an initial strand of cDNA with the input amount of the RNA being standardized between samples. Quantitative PCR was done using a universal 2× SYBR formulation having features of carryover contamination control using PowerUp SYBR Green Master Mix (Applied Biosystems, A25742). Conditions of the cycling were adjusted to ensure that the melt curves were mono-peak and amplification efficiencies were reasonable, and all reactions were performed with no-template controls and no-reverse-transcriptase controls to verify specificity. 
2.22 RT-qPCR for HO-1 (Heme Oxygenase 1)
Total RNA was isolated from TM3 Leydig cells harvested per experimental group and timepoint using the RNeasy Mini Kit (QIAGEN, cat. 74104), with all reagents documented by lot and batch number at the time of use. RNA quantity and purity were verified by spectrophotometry, and equal RNA inputs from each biological replicate were reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, cat. 4368814) under the manufacturer’s conditions. HO-1 (Hmox1) transcript abundance was quantified using a predesigned TaqMan Gene Expression assay for mouse Hmox1 (Applied Biosystems assay ID Mm00516005_m1) with TaqMan Fast Advanced Master Mix (Applied Biosystems, cat. 4444557) on a real-time PCR platform (Applied Biosystems QuantStudio 5 system, cat. A28140). Amplification was performed in technical duplicates for each biological replicate, and no-template and no–reverse transcriptase controls were included to confirm assay specificity. Relative expression was calculated using the comparative Ct approach after normalization to a stable endogenous control measured in the same sample set and run configuration, with all thresholds and baseline settings held constant within each plate to avoid inter-plate bias. 
2.23 ELISA for Nrf2 and Total NOX4
Nrf2 activation was quantified using an ELISA-format DNA-binding assay (TransAM® Nrf2, Active Motif, cat. 50296) performed on nuclear extracts prepared from TM3 cells using a standardized nuclear extraction workflow (Active Motif Nuclear Extract Kit, cat. 40010), with extract concentrations normalized before loading to ensure equal nuclear protein input across wells. Color development was measured on a microplate reader at the kit-specified wavelength, and all samples were assayed in duplicate within each independent experiment while maintaining identical incubation times and wash cycles across plates to minimize procedural variability. Total NOX4 protein was quantified using a sandwich ELISA validated for mouse NOX4 (Mouse Nox4 ELISA Kit, Novus Biologicals, cat. NBP2-76791) following the manufacturer’s standard curve, sample volume, and incubation scheme; samples were prepared in the kit-recommended diluent, and readings were converted to concentration using a fitted standard curve generated on the same plate. Across both assays, plate maps, reagent lots, and kit lot/batch identifiers were recorded contemporaneously, and all readouts were expressed using the assay’s defined output basis (DNA-binding signal for Nrf2 and concentration units from the NOX4 standard curve) to maintain methodological traceability. 
2.24 Ethical and biosafety considerations for in vitro work
No human subjects or live animals were used in any way, all experimentation work was done in vitro using a commercial cell line. The proper biosafety precautions in the culture of continuous mammalian cell cultures were observed, such as working in a certified biosafety cabinet, wearing proper personal protective gear, and disinfectant procedures of surfaces and waste lines. The primary importance of cell line provenance and contamination control was achieved by regularly screening mycoplasma and following the recommended set of authentications. Chemical and biological wastes were separated and deposited as per the institutional biosafety and chemical safety-related regulations and any deviations in the incidents were recorded in the laboratory log.
2.25 Molecular Docking and Ligand Preparation
Molecular docking was performed to investigate the interaction between tangeretin and related proteins including: Keap1/Nrf2 (PDB ID: 2DYH), NOX4 (UniProt: Q9NPH5), StAR (PDB ID: 3P0L), CYP11A1 (Uniprot: P05108) and 3β-HSD (Uniprot: P26439). For StAR protein docking, the simulation was done based on the prediction of the ligand-accessible hydrophobic zone related to cholesterol binding and not enzyme inhibition. The three-dimensional structure of tangeretin (PubChem CID: 68077) was obtained from PubChem. Ligand structures were prepared using Open Babel and RDKit. Docking simulations were performed using AutoDock Vina (Trott et al., 2010) with an exhaustiveness value of 8. Grid boxes (30 × 30 × 30 Å) were centered on the predicted active sites. The top-ranked poses were selected based on binding affinity and structural consistency.
2.26 Interaction and Structural Analysis
Hydrogen bonding interactions were identified based on distance criteria (≤3.5 Å). Per-residue contact analysis was conducted to determine key interacting residues within 4.0 Å of the ligand. Structural similarity among docking poses was evaluated using RMSD matrices, followed by visualization through heatmaps and hierarchical clustering (dendrograms) to identify dominant conformational clusters. Three-dimensional visualization of docking results was performed using UCSF ChimeraX (Meng et al., 2023).
2.27 Data handling, normalization strategy, and statistical analysis plan
Raw data were also automatically exported without any manual data manipulation and stored in form of timestamps and run numbers. Plate based assays were controlled by blank correction followed by standard curve fitting as per manufacturer guidelines and results normalized to total protein, viable cell content or matched internal controls as per the endpoint. In the case of RT-qPCR, housekeeping genes were used to process Ct values, and in instances where efficiency was required, efficiency-aware calculation of relative expression was performed. To carry out immunoblotting, densitometry values were normalized to loading controls and where necessary values were given as a ratio to the vehicle control. The statistical analysis was based on a pre-determined plan based on the factorial structure of treatment and time, and the normality and variance conditions were evaluated and then a choice of tests was determined between parametric and non-parametric tests. The inference unit was a biological replicate, which is an independent experiment on a different day, whereas the technical replicates were to stabilize the measurement error within a biological replicate.
2.28 [bookmark: _GoBack]Statistical analysis
The biological replicate (an independent experiment done on a different day) was used as the unit of inference to analyze all of the quantitative results and the technical replicates within each experiment were averaged to stabilize within-assay measurement error prior to statistical testing. Raw instrument exports were stored without any manual modification and endpoint-specific pre-processing was performed according to the manufacturers’ instructions (e.g., blank subtraction and standard-curve routines when assessment is plate-based, normalization to total protein or viable cell content where indicated, ΔΔCt-based relative expression in RT-qPCR using known housekeeping genes and densitometry normalization to loading standards in immunoblotting). Approximate normality and homogeneity of variance assumptions were assessed before testing hypotheses: the appropriate comparisons according to the structure of the study design were used, one-way ANOVA on the between-run SEM size consistency, dose-range viability tests in each timepoint, two-condition physicochemical comparisons, which are Welch’s two-sample t-test, and two-way ANOVA to test definitive biological endpoints across the factorial geometry of Group and Time with a focus on Group×Time interaction. Where necessary, Welch t-tests with Holm multiplicity adjustment were used to test predefined contrasts, statistical significance was established at p<0.05 (two-sided) and effects were measured by ANOVA models using η² or partial η² and by pair-wise contrasts using Hedges’ g; the results are reported as mean±SD (and 95% CIs where appropriate).
 
3

