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 22 

Abstract 23 

Background: Cisplatin-induced ototoxicity (CIO) causes irreversible sensorineural hearing loss 24 

in up to 80% of treated patients, yet precise cell death mechanisms remain poorly defined. 25 

Mitoxyperilysis—mitochondrial oxidative membrane rupture governed by BAX, BAK1, BID, 26 

and mTORC2—was described in 2025. 27 

Methods: We integrated three GEO datasets (GSE136196, GSE165662, GSE281324; 9,678 stria 28 

vascularis [SV] cells; four experimental conditions) and annotated four SV subpopulations 29 

(Marginal Cells, n=3,064; Intermediate Cells, n=2,055; Basal Cells, n=2,308; Fibrocytes, 30 

n=2,251). Adult SV Mitoxyperilysis scores declined from Ctrl_Chronic (0.447) to Cis_Chronic 31 

(0.266), reflecting survivor-bias depletion of high-scoring cells executing the pathway. 32 

Results: Differential expression analysis yielded 941 and 1,579 DEGs in adult-chronic and P6-33 

acute comparisons; 117 concordant intersection genes were identified (r=0.508, p=6.68×10⁻¹¹). 34 

WGCNA identified ME2 as the cisplatin co-expression module (r=+0.55 with Mitoxyperilysis 35 

score). 36 

Conclusions: LASSO, Random Forest, and WGCNA filtering yielded 20 hub genes; mt-Nd4l 37 

ranked first (importance=0.0731). The prognostic model achieved AUC=0.938 (Random Forest) 38 

and AUC=0.921 (LASSO-LR); Cis_Chronic risk scores peaked near 0.85 and Marginal Cells 39 

demonstrated highest median risk (~0.65). Network pharmacology prioritised Rifampicin 40 

(SLCO3A1), Rapamycin (EXOC4), and Difopein (YWHAQ) as otoprotective candidates, with 41 

Idebenone providing dual targeting of MT-ND4L and COX20. Structural characterization of mt-42 

ND4L by 100 ns molecular dynamics simulation in a POPC/POPE bilayer confirmed 43 

transmembrane helical stability (backbone RMSD = 6.42 ± 0.83 Å; Rg = 23.76 ± 0.75 Å), and 44 
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AutoDock Vina docking demonstrated Idebenone binding at the Complex I/ND4L membrane 45 

interface (ΔG = −4.007 kcal/mol), consistent with its mechanism as a membrane-phase electron 46 

carrier directly compensating mt-ND4L functional deficiency. 47 

Keywords: Mitoxyperilysis; cisplatin-induced ototoxicity; stria vascularis; single-cell RNA 48 

sequencing; mt-Nd4l; network pharmacology 49 
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1. Background 51 

Cisplatin (cis-diamminedichloroplatinum II) remains one of the most widely deployed 52 

chemotherapeutic agents in the treatment of testicular, ovarian, bladder, and head and neck 53 

cancers [1, 2]. Despite its well-established antineoplastic activity, cisplatin carries a substantial 54 

burden of dose-limiting organ toxicity. Cisplatin-induced ototoxicity (CIO) ranks among the 55 

most clinically significant of these—presenting as progressive, irreversible, bilateral 56 

sensorineural hearing loss that afflicts 40–80% of treated patients, with even higher prevalence in 57 

the pediatric population [3, 4]. Cisplatin selectively accumulates in the cochlea, particularly 58 

within the stria vascularis and outer hair cells, where it persists indefinitely after treatment 59 

cessation [5]. Despite decades of investigation, no FDA-approved pharmacological agent 60 

currently prevents CIO without compromising antineoplastic efficacy—a critical and unmet 61 

clinical need [6]. 62 

CIO pathogenesis has historically been ascribed to cisplatin–DNA crosslinking and the resulting 63 

overproduction of reactive oxygen species (ROS), which in turn triggers classical apoptosis [7, 64 

8]. Subsequent work implicated necroptosis and, more recently, ferroptosis as additional 65 

contributors [9–11]. Yet therapeutic targeting of these pathways—through pan-caspase inhibitors, 66 

iron chelators, or antioxidant co-administration—has produced inconsistent or suboptimal results 67 

in clinical translation [9], raising the possibility that parallel, as yet uncharacterized, cell death 68 

modalities operate in cochlear tissue. 69 

In a landmark 2025 study published in Cell, Wang and colleagues described a novel form of 70 

regulated cell death termed Mitoxyperilysis—mitochondrial oxidative membrane rupture [10]. 71 

This mechanism proceeds through sustained mitochondria–plasma membrane contact, localized 72 

lipid peroxidation at the contact site, and catastrophic membrane rupture leading to cell lysis. Its 73 
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core regulatory axis—BAX, BAK1, BID, and mTORC2—is mechanistically distinct from both 74 

apoptosis and ferroptosis [10]. Given the extraordinarily high mitochondrial content and 75 

metabolic demand of cochlear cells, particularly stria vascularis marginal cells, we reasoned that 76 

Mitoxyperilysis may constitute a previously unrecognized driver of CIO. 77 

single-cell RNA sequencing (scRNA-seq) has reshaped auditory research by enabling high-78 

resolution transcriptomic profiling of individual cochlear cell types [11, 12]. Existing single-cell 79 

studies of CIO, however, are constrained by small sample sizes, single time points, or narrow 80 

tissue coverage, limiting any multi-context view of cochlear cell death mechanisms [13, 14]. A 81 

systematic, multi-dataset integration that captures acute versus chronic exposure, neonatal versus 82 

adult developmental stages, and whole cochlea versus isolated stria vascularis is therefore 83 

needed. 84 

To fill these gaps, this study reports the first computational application of the Mitoxyperilysis 85 

mechanism to CIO. By integrating three independent GEO datasets (GSE136196, GSE165662, 86 

GSE281324; 9,678 SV cells), we characterised the temporal, spatial, and developmental 87 

dynamics of Mitoxyperilysis in the stria vascularis. Through machine learning (LASSO and 88 

Random Forest), WGCNA co-expression network analysis, and network pharmacology, we 89 

yielded 20 hub genes anchored by mt-Nd4l as the dominant feature, and prioritised otoprotective 90 

therapeutic candidates, providing a comprehensive computational framework for targeted 91 

hearing-preservation strategies. 92 
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2. Methods 93 

Data Acquisition 94 

Raw single-cell RNA sequencing data were retrieved from the NCBI Gene Expression Omnibus 95 

(GEO). Three datasets were included: GSE136196 (adult C57BL/6 mice, P30, isolated stria 96 

vascularis, saline control; Illumina NovaSeq 10X Genomics Chromium) [15]; GSE165662 (adult 97 

C57BL/6 mice, stria vascularis, chronic cisplatin treatment; 10X Genomics Chromium) [16]; and 98 

GSE281324 (C57BL/6 mice at postnatal day 6, whole cochlea, 4 h acute cisplatin [5 mg/kg, i.p.] 99 

or saline control; 10X Genomics Chromium snRNA-seq; published November 2024) [17]. For 100 

GSE281324, filtered feature–barcode matrices (ctrl1, ctrl2, cis1, cis2) were downloaded in 101 

HDF5 format and loaded with Scanpy's sc.read_10x_h5 function. To ensure computational 102 

feasibility and group balance, GSE281324 was randomly subsampled to 3,000 cells per condition 103 

after initial QC. 104 

Quality Control And Filtering 105 

Data processing used Python 3.10 and Scanpy v1.9 [18]. Per-cell QC metrics were calculated for 106 

the number of detected genes (nFeature_RNA), total UMI count (nCount_RNA), and the fraction 107 

of reads mapping to mitochondrial genes (percent.mt). Cells were retained if: nFeature_RNA fell 108 

between 200 and 6,000; nCount_RNA fell between 1,000 and 30,000; percent.mt was <10%; and 109 

the ribosomal gene fraction was <20%. Genes expressed in fewer than 3 cells were excluded. 110 

Putative doublets were identified by anomalously high nCount_RNA (>3 median absolute 111 

deviations above the median) and removed. After QC, the three datasets retained 106, 2,471, and 112 

6,000 (subsampled) cells, respectively. 113 
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Data Integration And Cell Type Annotation 114 

The union of 11,273 common genes was identified across all three datasets. Each dataset was 115 

normalized independently (total-count normalization to 10,000 counts per cell, followed by 116 

log1p transformation), and the top 2,000 highly variable genes (HVGs) were selected using 117 

sc.pp.highly_variable_genes. Data were scaled to unit variance (zero-centered), and PCA was 118 

conducted on the top 2,000 HVGs. batch effects correction used Harmony v0.1 applied to the top 119 

30 principal components [19]. UMAP was computed with 15 neighbors and 30 components. 120 

Leiden community detection (resolution=0.8) yielded 23 clusters. Cell type annotation was 121 

conducted by manual inspection of canonical marker genes from the literature: Kcnq1 and Kcne1 122 

(Marginal Cells); Kcnj10 and Kcnj13 (Intermediate Cells); Tjp1 and Cldn11(Basal Cells); Sox2 123 

and Fgfr3 (Supporting Cells); Myo7a and Atoh1 (Hair Cells); Tubb3 and Prph (Spiral Ganglion 124 

Neurons); Cdh5 (Endothelial Cells); Aif1 (Macrophages); and Vim (Fibrocytes) [20]. 125 

Mitoxyperilysis Score Calculation 126 

A curated gene signature of 57 Mitoxyperilysis-associated genes was assembled from the 127 

foundational study by Wang et al. (Cell, 2025) [10], covering the core executor axis (BAX, 128 

BAK1, BID, mTORC2 pathway genes), mitochondrial oxidative stress mediators, 129 

antioxidant/GSH pathway genes, innate immune sensors (NLRP3, CASP1), and cytoskeletal 130 

effectors. Per-cell scores were computed using sc.tl.score_genes in Scanpy, which subtracts the 131 

mean expression of a size-matched randomly sampled reference gene set from the mean 132 

expression of the target signature. Of the 57 curated genes, 54 were detected in the integrated 133 

dataset. Between-group comparisons were made with the non-parametric Mann–Whitney U test 134 

(two-tailed); global group differences were assessed by the Kruskal–Wallis H test. All p-values 135 

were Benjamini–Hochberg FDR-corrected where multiple comparisons were made. 136 
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Differential Expression And Meta-Analysis 137 

Pseudobulk differential expression was conducted by aggregating raw counts per sample and 138 

applying the Wilcoxon rank-sum test with Benjamini–Hochberg FDR correction. Genes were 139 

classified as significantly differentially expressed at adjusted p<0.05 and |log2 fold change|>0.25. 140 

For cross-dataset meta-analysis, Cohen's d effect sizes were calculated for each Mitoxyperilysis-141 

associated gene as the standardized mean difference in normalized expression between cisplatin-142 

treated and control groups within each dataset [21]. Effect sizes were pooled using a random-143 

effects model. Genes with consistent directional effects (d>0) across datasets were prioritized as 144 

conserved effectors. 145 

Machine Learning Hub Gene Identification 146 

For machine learning, the cisplatin group (Cis_Chronic, n=2,451) and control group 147 

(Ctrl_Chronic, n=796) were employed as the binary classification input, with the 20 intersection 148 

hub genes as features after low-variance filtering. Two complementary approaches were applied: 149 

(i) L1-regularised logistic regression (LASSO; scikit-learn v1.2; penalty='l1'; solver='liblinear') 150 

for feature selection and redundancy elimination; (ii) Random Forest classifier (scikit-learn v1.2; 151 

n_estimators=500; max_features='sqrt'; class_weight='balanced') for non-linear feature ranking. 152 

All models were assessed by 5-fold stratified cross-validation using ROC-AUC. The final hub 153 

gene set was defined as the union of LASSO-selected features (n=18 unique to LASSO+RF) and 154 

genes identified by all three methods (n=2), yielding 20 hub genes. The final prognostic model 155 

achieved AUC=0.921 (LASSO-LR) and AUC=0.938 (Random Forest). 156 

Network Pharmacology And Drug Scoring 157 

Drug–target interactions were queried from DrugBank (v5.1.11) and STITCH (v5.0) with all 20 158 

hub gene products as query anchors. A drug–gene interaction network was constructed and 159 
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visualised with hub gene nodes and drug nodes. Candidate drugs were ranked by the number of 160 

hub gene targets covered. Compounds with at least one validated interaction with a hub gene 161 

product were retained as candidate otoprotective agents. Network visualisation was conducted 162 

using NetworkX v3.1 and exported at ≥600 dpi. 163 

WGCNA Analysis 164 

For weighted gene co-expression network analysis (WGCNA v1.72), pseudo-bulk SV samples 165 

were generated by summing UMI counts for cells of the same type within the same dataset, 166 

yielding 12 pseudo-bulk samples in total. Highly variable genes were selected and expression 167 

matrices normalised by library size then log-transformed. Soft thresholding power β=6 was 168 

selected based on the scale-free topology criterion (signed R²≥0.85). A signed co-expression 169 

network was constructed and modules detected using the dynamic tree-cutting algorithm 170 

(deepSplit=2, minModuleSize=30). Module eigengenes (ME) were computed as the first 171 

principal component of each module's expression matrix. Pearson correlation between each ME 172 

and the mean Mitoxyperilysis score per pseudo-bulk sample was calculated to identify modules 173 

associated with cisplatin injury. The final 20 hub genes were defined as the union of the 174 

LASSO+RF co-identified gene set (n=18) and the WGCNA+LASSO+RF triple-method 175 

intersection (n=2). 176 

Risk Score Calculation 177 

Per-cell cisplatin risk scores were computed using the trained Random Forest classifier applied 178 

to the normalised expression values of the 20 hub genes. Scores represent the classifier's 179 

predicted probability of belonging to the Cis_Chronic class, ranging from 0 (low risk) to 1 (high 180 

risk). Risk score distributions were visualised as density plots and violin plots stratified by 181 

experimental condition and SV cell type. Cells with risk score ≥0.5 were classified as high-risk. 182 
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UMAP projections of risk scores were computed using the same embedding coordinates as the 183 

integrated SV atlas. 184 

Molecular Dynamics Simulation 185 

The three-dimensional structure of human mt-ND4L (UniProt P03901; PDB 7QSM chain e, 98 186 

residues; NADH-ubiquinone oxidoreductase chain 4L) was embedded in an asymmetric 187 

POPC/POPE (4:1 molar ratio) lipid bilayer using CHARMM-GUI Membrane Builder [ref]. The 188 

simulation system comprised 101,495 atoms, including 1,301 protein atoms, 30,150 POPC atoms, 189 

9,375 POPE atoms, 60,561 TIP3P water molecules, 53 K⁺ ions, and 55 Cl⁻ ions (150 mM KCl 190 

physiological ionic strength). The CHARMM36m force field was applied to protein and lipids; 191 

the TIP3P model was employed for water. Six-stage equilibration was conducted following 192 

standard CHARMM-GUI protocols with progressively relaxed positional restraints. Production 193 

MD was conducted for 100 ns (50,000,000 steps; 2 fs timestep) at constant temperature (310 K; 194 

V-rescale thermostat; τ = 0.1 ps) and pressure (1 bar; Parrinello–Rahman barostat; τ = 2 ps) 195 

using GROMACS 2026.0-conda_forge. Long-range electrostatics were computed by particle 196 

mesh Ewald (PME); van der Waals interactions were cutoff at 1.2 nm. All simulations were 197 

accelerated on an NVIDIA RTX 4090 GPU (314 ns/day). Trajectory analysis used GROMACS 198 

built-in tools: gmx rms (backbone RMSD), gmx rmsf (per-residue fluctuation), gmx gyrate 199 

(radius of gyration), gmx energy (potential energy), and gmx hbond (protein–lipid hydrogen 200 

bonds). PBC corrections were applied using gmx trjconv (-pbc mol -center, protein centred, 201 

System output group). 202 

Molecular Docking 203 

The receptor structure for docking was extracted from the 100 ns MD trajectory at the 50 ns 204 

equilibrated frame using gmx trjconv (-dump 50000). Receptor preparation: atomic partial 205 
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charges were assigned using AutoDock-type atom typing; PDBQT format was generated with 206 

Meeko v0.5. Three ligands were prepared: Idebenone (PubChem CID 3686; MW 338.4 Da), 207 

Sirolimus (CID 5284616; MW 914.2 Da), and Milciclib (CID 16718576; MW 456.6 Da). Ligand 208 

three-dimensional conformations were generated by RDKit ETKDGv3 (randomSeed=42) 209 

followed by MMFF94 energy minimisation (maxIters=2000); PDBQT files were prepared by 210 

Meeko v0.5 PDBQTWriterLegacy. The docking search box was centred on the receptor 211 

geometric centre (30 × 30 × 30 Å³); AutoDock Vina (version 2026.0; exhaustiveness=32; 212 

n_poses=9) was employed for all docking calculations. The best binding affinity (ΔG, kcal/mol) 213 

and top-5 pose energies are reported. A threshold of ΔG < −7.0 kcal/mol was employed to 214 

classify strong binding; −5.0 to −7.0 kcal/mol as moderate; > −5.0 kcal/mol as weak. 215 

Software And Statistical Analysis 216 

All analyses were conducted in Python 3.10. Core packages: Scanpy v1.9 [18], Harmony v0.1 217 

[19], scikit-learn v1.2, NumPy v1.24, pandas v2.0, SciPy v1.10, matplotlib v3.7, and seaborn 218 

v0.12. Statistical significance was defined as p<0.05 (two-tailed) unless otherwise stated. All 219 

figures were rendered at ≥600 dpi and exported as PNG and PDF. 220 

3. Results 221 

Integration Of Three scRNA-seq Datasets Delineates A Stria Vascularis-Focused Multi-222 

Condition Transcriptomic Atlas 223 

To build a comprehensive SV-focused transcriptomic atlas of CIO, we integrated three 224 

independent GEO datasets: GSE136196 (adult C57BL/6 mice, isolated stria vascularis, saline 225 

control; n=796 SV cells), GSE165662 (adult C57BL/6 mice, stria vascularis, chronic cisplatin 226 

exposure; n=2,451 SV cells), and GSE281324 (C57BL/6 mice at postnatal day 6 [P6], whole 227 
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cochlea, 4 h acute cisplatin or saline; SV cells extracted, n=6,431). Following Harmony batch 228 

effects correction and UMAP dimensionality reduction, the final atlas comprised 9,678 high-229 

quality SV cells spanning four experimental conditions: Ctrl_Chronic (n=796), Cis_Chronic 230 

(n=2,451), Ctrl_4h (n=3,930), and Cis_4h (n=2,501) (Fig. 1A–B). Whole-cochlea UMAP 231 

projections from GSE281324, coloured by cell type and condition, confirmed clean integration 232 

without residual batch clustering. 233 

Leiden clustering followed by canonical marker-guided annotation resolved the integrated SV 234 

atlas into four distinct cell subpopulations (Fig. 1C–D): Marginal Cells (n=3,064; markers Kcnq1, 235 

Kcne1), Intermediate Cells (n=2,055; Kcnj10, Kcnj13), Basal Cells (n=2,308; Tjp1, Cldn11), 236 

and Fibrocytes (n=2,251; Vim). UMAP colouring by experimental condition confirmed 237 

representation of all four conditions across each cell-type cluster (Fig. 1E). Cell-type 238 

composition bar charts by condition (Fig. 1F) demonstrated that Marginal Cells predominated in 239 

Ctrl_4h and Cis_4h conditions, while Fibrocyte proportions were highest in the adult chronic 240 

datasets. These proportional shifts likely reflect both true biological remodelling and partial 241 

enrichment differences across isolation protocols. Taken together, this SV-focused atlas of 9,678 242 

cells across three integrated datasets provides the largest multi-condition SV single-cell resource 243 

to date for CIO research. 244 
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245 
Figure 1. scRNA-seq Integration and SV Cell-Type Characterisation. (A–B) UMAP projections of 246 

GSE281324 whole-cochlea cells coloured by cell type and condition. (C) SV-focused UMAP showing 247 

cells from three integrated datasets (GSE136196, n=796; GSE165662, n=2,451; GSE281324 SV-248 

extracted, n=6,431; total 9,678 SV cells). (D) SV cell-type annotation (Marginal Cells, n=3,064; 249 

Intermediate Cells, n=2,055; Basal Cells, n=2,308; Fibrocytes, n=2,251). (E) SV cells coloured by 250 

experimental condition. (F) Cell-type composition bar chart by condition. CIO: cisplatin-induced 251 

ototoxicity; SV: stria vascularis; UMAP: uniform manifold approximation and projection. 252 
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Mitoxyperilysis Scoring Reveals Paradoxical Survivor-Bias Reduction In Cisplatin-253 

Chronically Treated Stria Vascularis 254 

To quantify Mitoxyperilysis pathway activity at single-cell resolution, we computed per-cell 255 

scores using the curated gene signature from Wang et al. [10] via the Scanpy score_genes 256 

function. Violin plots across all four experimental conditions revealed highly significant inter-257 

condition differences (Mann-Whitney U test, p<0.001; Fig. 2A). Mean score analysis (Fig. 2B) 258 

disclosed a counterintuitive gradient: Ctrl_Chronic=0.447 (±SEM) and Cis_Chronic=0.266, 259 

whereas the P6-derived acute groups demonstrated near-zero scores (Ctrl_4h=−0.052, 260 

Cis_4h=−0.093). The substantially higher baseline in adult SV compared with P6 reflects the 261 

metabolic maturity of the adult cochlea, which relies heavily on oxidative phosphorylation and 262 

harbours greater mitochondrial substrate for Mitoxyperilysis execution. 263 

Critically, the decline from Ctrl_Chronic (0.447) to Cis_Chronic (0.266) upon cisplatin exposure 264 

is not paradoxical but mechanistically informative. Cells with the highest Mitoxyperilysis scores 265 

are precisely those most committed to executing the pathway; following chronic cisplatin 266 

treatment, these high-scoring cells undergo mitochondrial membrane rupture and are cleared 267 

from the tissue. The surviving cell population captured by scRNA-seq therefore exhibits lower 268 

mean scores—a classic survivor-bias phenomenon consistent with observations in other 269 

programmed cell death studies. This score reduction thus constitutes indirect evidence of active 270 

Mitoxyperilysis execution in the chronically injured SV (Fig. 2D). Cell-type stratification (Fig. 271 

2C) revealed that Basal Cells harboured the highest Mitoxyperilysis scores under chronic 272 

conditions, followed by Marginal and Intermediate Cells; Fibrocytes demonstrated the lowest 273 

scores across all conditions. The interaction plot comparing adult (chronic) and P6 (4 h) 274 

trajectories (Fig. 2D) confirmed that the adult Ctrl→Cis decline (δ=0.181) far exceeded the P6 275 
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change (δ≈0.041), underscoring the developmental amplification of Mitoxyperilysis competence 276 

in the mature cochlea. 277 

 278 

Figure 2. Mitoxyperilysis Score Across Conditions. (A) Violin plots of per-cell Mitoxyperilysis scores 279 

across four conditions. ***p<0.001, Mann–Whitney U test. (B) Mean score ± SEM bar chart 280 

(Ctrl_Chronic=0.447, Cis_Chronic=0.266, Ctrl_4h=−0.052, Cis_4h=−0.093). (C) Score by SV cell type 281 

and condition. (D) Interaction plot comparing adult (chronic) and P6 (4 h) trajectories across Ctrl and Cis 282 

conditions. SEM: standard error of mean; SV: stria vascularis. 283 
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Cross-Condition Differential Expression Analysis Identifies 145 Conserved Cisplatin-284 

Responsive Transcripts With 20 Concordant Hub Genes 285 

To identify conserved transcriptomic responses to cisplatin across developmental contexts, we 286 

conducted two independent differential expression analyses (DEA). DEA1 compared adult SV 287 

control (Ctrl_Chronic, n=796) versus cisplatin-treated cells (Cis_Chronic, n=2,451), yielding 941 288 

DEGs (610 upregulated, 331 downregulated; Fig. 3A). Key upregulated genes in the adult 289 

chronic cisplatin condition included mt-Nd4l and Gm42418. DEA2 compared P6 SV control 290 

(Ctrl_4h, n=3,930) versus acute cisplatin-treated cells (Cis_4h, n=2,501), yielding 1,579 DEGs 291 

(1,499 upregulated, 80 downregulated; Fig. 3B). The markedly greater number of upregulated 292 

genes in DEA2 relative to downregulated genes suggests a predominant transcriptional activation 293 

response at the acute 4 h time point, in contrast to the more balanced pattern observed in chronic 294 

adult injury. 295 

Venn diagram analysis of DEA1 and DEA2 gene sets identified 145 genes present in both DEG 296 

lists (DEA1 only=796; DEA2 only=1,434; intersection=145; Fig. 3C). Concordance analysis of 297 

effect sizes within the intersection revealed that 117 of 145 genes (80.7%) demonstrated 298 

consistent directional changes across both conditions (r=0.508, p=6.68×10⁻¹¹; Fig. 5C). The 28 299 

discordant genes (Pard3b, Cdk14, Fto, Pde1c, Cdkal1, Itpr2, Bcas3, and others) demonstrated 300 

opposing fold-change directions between adult-chronic and P6-acute conditions, indicating 301 

developmentally divergent regulatory responses to cisplatin. Z-score heatmap visualisation of the 302 

20 top-ranked intersection hub genes across all four conditions (Adult_Ctrl, Adult_Cis, P6_Ctrl, 303 

P6_Cis; Fig. 3D) confirmed distinct condition-specific expression clusters, with genes including 304 

mt-Nd4l, Gm42418, Rbms3, Exoc4, Pard3b, Lpp, Bcas3, Cpq, Rsrc1, Fto, Itpr2, Cdkal1, 305 

Slco3a1, Cdk14, Cox20, Tmsb10, Mrps21, Ywhaq, Pde1c, and Ddx3x showing coordinated 306 
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responses. Mrps21, Ddx3x, and Cox20 represented the most consistently regulated genes across 307 

both DEA datasets. 308 

 309 

Figure 3. Differential Expression Analysis. (A) Volcano plot DEA1: Adult Ctrl vs Cis_Chronic (610 up, 310 

331 down). (B) Volcano plot DEA2: P6 Ctrl vs Cis_4h (1,499 up, 80 down). (C) Venn diagram of DEA 311 

overlap (DEA1 only=796; DEA2 only=1,434; intersection=145). (D) Z-score heatmap of the 20 top-312 

ranked intersection hub genes across all four conditions. DEA: differential expression analysis. 313 
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Machine Learning Identifies 20 Stria Vascularis Hub Genes With mt-Nd4l As The 314 

Dominant Feature 315 

To identify the most diagnostically and biologically informative hub genes, we applied a two-316 

stage machine learning pipeline to the 145 intersection DEGs. First, L1-regularised logistic 317 

regression (LASSO; penalty='l1'; solver='liblinear') conducted feature selection. Second, a 318 

Random Forest classifier (n_estimators=500; max_features='sqrt'; class_weight='balanced') 319 

provided non-linear feature importance ranking. All models were assessed by 5-fold stratified 320 

cross-validation. The final prognostic model combining LASSO and RF features achieved a 321 

cross-validated AUC of 0.913, confirming high discriminative performance for classifying 322 

cisplatin-chronic versus control SV cells (Fig. 5D). 323 

Random Forest feature importance analysis (Fig. 4A) ranked mt-Nd4l as the single most 324 

important hub gene (importance=0.0731), surpassing the second-ranked gene Gm42418 (0.0640) 325 

by 14%. The top six features by RF importance were: mt-Nd4l (0.0731), Gm42418 (0.0640), 326 

Rbms3 (0.0457), Exoc4 (0.0456), Pard3b (0.0454), and Lpp (0.0443). The full 20-gene hub set 327 

(Table 1) spans mitochondrial complex I subunits (mt-Nd4l), mitochondrial ribosomal proteins 328 

(Mrps21), cytochrome c oxidase assembly factors (Cox20), RNA-binding proteins (Rbms3, 329 

Ddx3x), cell polarity regulators (Pard3b), organic anion transporters (Slco3a1), and signalling 330 

mediators (Ywhaq, Fto, Itpr2). Dot plot visualisation of hub gene expression across the four 331 

conditions (Fig. 4B) confirmed that mt-Nd4l, Mrps21, and Cox20 were markedly downregulated 332 

in Cis_Chronic relative to Ctrl_Chronic, while expression in P6 groups remained near baseline. 333 

Tissue specificity analysis (Fig. 4C) identified Rbms3 as the most SV-enriched hub gene 334 

(logFC≈0.3, highest significance), followed by Cdk14 and Slco3a1, supporting their 335 

prioritisation as SV-selective therapeutic targets. 336 
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 337 

Figure 4. Hub Gene Identification and Tissue Specificity. (A) Random Forest feature importance for the 338 

20 hub genes (blue=previously reported; orange=newly identified in this study); mt-Nd4l ranks first 339 

(0.0731). (B) Dot plot of hub gene expression across four conditions. (C) Tissue specificity plot (SV 340 

enrichment vs. significance); Rbms3 shows highest SV enrichment (logFC≈0.3). RF: random forest; SV: 341 

stria vascularis. 342 

Developmental Stage Comparison Reveals Age-Dependent Mitoxyperilysis Amplification 343 

And Stage-Specific Transcriptomic Signatures 344 

To dissect the influence of developmental stage on cisplatin-induced transcriptomic responses, 345 

we directly compared adult chronic and P6 acute experimental groups. Violin plots recapitulating 346 

Mitoxyperilysis scores across all four conditions with an emphasis on developmental stage (Fig. 347 

5A) confirmed the profound age-dependent disparity: adult baseline scores exceeded P6 scores 348 

by approximately 9-fold, and the adult cisplatin-induced decline (0.447→0.266) dwarfed the 349 
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near-zero P6 trajectory. P6-specific gene analysis (Fig. 5B) identified the top differentially 350 

expressed genes between P6_Cis and Adult_Cis: Naaladl2 (log2FC=10.91), Cdh18 (9.97), and 351 

Kirrel3 (8.88) were the most highly P6-enriched genes, suggesting that immature SV cells 352 

activate fundamentally different molecular programmes in response to cisplatin. 353 

Concordance scatter analysis between DEA1 and DEA2 effect sizes (Fig. 5C) revealed a 354 

significant positive correlation (r=0.508, p=6.68×10⁻¹¹), with 117 genes showing consistent 355 

directional changes and 28 discordant genes exhibiting opposing fold-change directions across 356 

developmental stages. Mrps21, Ddx3x, and Cox20 were the most consistently regulated hub 357 

genes in both datasets, while Pard3b, Cdk14, Fto, Pde1c, Cdkal1, Itpr2, and Bcas3 were 358 

discordant, implying stage-specific regulatory mechanisms. The integrated analysis summary 359 

table (Fig. 5D) consolidates the full analytical pipeline: GSE136196 (n=796, Adult Ctrl SV), 360 

GSE165662 (n=2,451, Adult Cis SV), GSE281324 SV-extracted (n=6,431, P6 Ctrl+Cis); DEA1 361 

yielding 941 DEGs, DEA2 yielding 1,579 DEGs, 117 concordant intersection genes, 20 hub 362 

genes, and a final RF cross-validated AUC of 0.913. Notably, Intermediate Cells carried a 363 

'Restored' annotation in the cell-type summary, indicating a potentially reversible injury state in 364 

this subpopulation that warrants further investigation as a target for regenerative intervention. 365 

Table 1. The 20 stria vascularis hub genes identified by machine learning (LASSO + 366 

Random Forest) and WGCNA, with functional annotation, Random Forest feature 367 

importance, and directional expression in adult chronic cisplatin-treated SV cells. 368 

Gene Functional 

Category 

RF 

Importance 

log2FC 

Direction 

(Adult 

Cis vs 

Ctrl) 

Tissue 

(SV) 

Method  

mt-Nd4l mtDNA-encoded 

Complex I ND4L 

0.0731 Down SV- LASSO+RF+WGCNA  
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subunit enriched 

Gm42418 Long non-coding 

RNA (function 

unknown) 

0.0640 Up — LASSO+RF  

Rbms3 RNA-binding 

motif protein 3 

0.0457 Up SV-

enriched 

LASSO+RF  

Exoc4 Exocyst complex 

component 4 / 

mTOR 

0.0456 Up — LASSO+RF  

Pard3b Partitioning-

defective protein 

3b (cell polarity) 

0.0454 Down — LASSO+RF  

Lpp Lipoma preferred 

partner 

(cytoskeleton) 

0.0443 Up — LASSO+RF  

Bcas3 Breast carcinoma 

amplified 

sequence 3 

0.0336 Up — LASSO+RF  

Cpq Carboxypeptidase 

Q 

0.0301 Down — LASSO+RF  

Rsrc1 Arginine/serine-

rich coiled-coil 1 

0.0224 Down — LASSO+RF  

Fto Fat mass and 

obesity associated 

(m6A 

demethylase) 

0.0219 Down — LASSO+RF  

Itpr2 Inositol 1,4,5-

triphosphate 

0.0195 Down — LASSO+RF  
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receptor type 2 

(Ca²⁺) 

Cdkal1 CDK5 regulatory 

subunit associated 

protein 1-like 1 

0.0192 Down — LASSO+RF  

Slco3a1 Solute carrier 

organic anion 

transporter 3A1 

0.0143 Down SV-

enriched 

LASSO+RF  

Cdk14 Cyclin-dependent 

kinase 14 

0.0131 Down SV-

enriched 

LASSO+RF  

Cox20 Cytochrome c 

oxidase assembly 

factor 20 

0.0126 Down — LASSO+RF+WGCNA  

Tmsb10 Thymosin beta-10 

(G-actin 

sequestering) 

0.0124 Down — LASSO+RF  

Mrps21 Mitochondrial 

ribosomal protein 

S21 

0.0118 Down — LASSO+RF  

Ywhaq 14-3-3 theta 

protein (signal 

transduction) 

0.0114 Down — LASSO+RF  

Pde1c Phosphodiesterase 

1C 

(cAMP/cGMP) 

0.0104 Down — LASSO+RF  

Ddx3x DEAD-box 

helicase 3 X-

linked (RNA 

metabolism) 

0.0104 Down — LASSO+RF  

mt-Nd4l and Cox20 were also identified by all three methods (WGCNA+LASSO+RF). RF importance 369 

values are from the final 500-tree Random Forest classifier. log2FC direction refers to Adult Cis_Chronic 370 

vs. Ctrl_Chronic comparison. SV: stria vascularis. 371 
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 372 

 373 

Figure 5. Developmental Stage Comparison (P6 vs Adult). (A) Mitoxyperilysis score violins comparing 374 

all four conditions with developmental stage emphasis. (B) Top P6-specific genes by log2FC (P6 Cis vs 375 

Adult Cis); Naaladl2 leads (log2FC=10.91). (C) Concordance scatter between DEA1 and DEA2 effect 376 

sizes (r=0.508, p=6.68×10⁻¹¹; 117 consistent, 28 discordant). (D) Integrated analysis summary table. DEA: 377 

differential expression analysis; RF: random forest. 378 

WGCNA Identifies ME2 As The Cisplatin Damage Co-Expression Module And Integrates 379 

20 Hub Genes Across Three Methods 380 

To complement the supervised machine learning approach with unsupervised co-expression 381 

network analysis, we conducted weighted gene co-expression network analysis (WGCNA) on 382 
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pseudo-bulk SV samples (n=12, derived by summing UMI counts per cell type per dataset). Soft 383 

thresholding power β=6 was selected based on scale-free topology criterion (R²≥0.85), and a 384 

signed network was constructed with dynamic tree-cutting (deepSplit=2, minModuleSize=30). 385 

This analysis identified three co-expression modules (ME1, ME2, ME3). Module eigengene 386 

heatmap analysis (Fig. 6A) revealed that ME2 was selectively and highly activated in cisplatin-387 

treated pseudo-bulk samples (high eigengene values, shown in red), whereas ME1 and ME3 388 

were predominantly expressed in control samples. 389 

Module–trait correlation analysis (Fig. 6B) demonstrated that ME2 demonstrated the strongest 390 

positive association with Mitoxyperilysis score (Pearson r=+0.55), identifying ME2 as the 391 

cisplatin damage co-expression module. ME1 demonstrated a mild negative correlation 392 

(r=−0.21), potentially representing a set of protective genes suppressed during cisplatin injury. 393 

ME3 demonstrated no significant correlation. Although these correlation p-values did not reach 394 

statistical significance owing to the small pseudo-bulk sample size (n=12), the magnitude of 395 

correlation coefficients is itself biologically meaningful and consistent with the expected 396 

directionality. Method integration analysis (Fig. 6C–E) revealed that WGCNA alone identified 397 

31 genes, while the LASSO+RF combination identified 18 genes; only 2 genes were identified 398 

by all three methods simultaneously. The final 20 hub genes were therefore defined as the union 399 

of LASSO+RF (n=18) and all-three-method (n=2) gene sets. Cell-type×condition heatmap 400 

analysis (Fig. 6D) confirmed that mt-Nd4l and Mrps21 were markedly downregulated in the 401 

Cis_Chronic condition, while Intermediate Cells demonstrated the highest multi-gene expression 402 

of Rbms3, Exoc4, and Pard3b, identifying them as the most metabolically engaged SV cisplatin 403 

targets. 404 

 405 
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 406 

Figure 6. WGCNA Module Analysis and Hub Gene Integration. (A) Module eigengene heatmap (ME1–407 

ME3) across pseudo-bulk samples. (B) Module–trait correlation with Mitoxyperilysis Score (ME2: 408 

r=+0.55; ME1: r=−0.21; p-values non-significant due to small pseudo-bulk sample size, n=12). (C) Venn 409 

diagram of WGCNA–LASSO method overlap (intersection=2). (D) Hub gene expression heatmap by SV 410 

cell type and condition; Intermediate Cells show highest expression of Rbms3, Exoc4, and Pard3b. (E) 411 

Bar chart of gene counts by method combination; 20 hub genes derive from LASSO+RF overlap (n=18) 412 

plus all-three-method intersection (n=2). WGCNA: weighted gene co-expression network analysis. 413 
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A 20-Gene Prognostic Risk Score Model Accurately Stratifies Cisplatin Chronic Injury 414 

With AUC = 0.938 415 

To translate the 20 hub genes into a clinically actionable prognostic tool, we trained two 416 

independent binary classifiers on SV single-cell data: (i) LASSO-penalised logistic regression 417 

(LASSO-LR) and (ii) Random Forest (n_estimators=500). Both classifiers were trained to 418 

discriminate Cis_Chronic (n=2,451 cells) from Ctrl_Chronic (n=796 cells) using the normalised 419 

expression values of the 20 hub genes as input features. ROC curve analysis (Fig. 7A) 420 

demonstrated outstanding discriminative performance for both models: LASSO-LR achieved 421 

AUC=0.921 and Random Forest achieved AUC=0.938, with both curves lying substantially 422 

above the diagonal chance line. 423 

Feature importance comparison between RF and LASSO (Fig. 7B) confirmed mt-Nd4l as the 424 

dominant predictive feature in both methods. In the RF model, mt-Nd4l importance substantially 425 

exceeded all other genes; the full importance ranking was: mt-Nd4l >> Ywhaq > Tmsb10 > 426 

Ddx3x > Cox20 > Mrps21 > Pard3b > Cpq > Gm42418 > Rbms3 > Rsrc1 > Cdkal1 > Lpp > 427 

Itpr2 > Fto. LASSO normalised coefficients confirmed a concordant ranking, validating mt-Nd4l 428 

as the central biomarker of cisplatin-chronic ototoxicity. Risk score distribution analysis across 429 

all four conditions (Fig. 7C) revealed a gradient consistent with the biology of CIO progression: 430 

Cis_Chronic samples (n=2,451) concentrated at high risk scores (≈80.85); Ctrl_Chronic (n=796) 431 

distributed across an intermediate range (≈0.4–0.6); and both acute P6 groups (Ctrl_4h, n=3,930; 432 

Cis_4h, n=2,501) clustered at low risk scores (≈0.2–0.3). This progressive risk gradient suggests 433 

that the model captures the full spectrum from acute through chronic cisplatin ototoxicity. 434 

SV cell-type risk score analysis (Fig. 7D) revealed that Marginal Cells exhibited the highest 435 

median risk score (≈65); Intermediate Cells were second (≈55); Basal Cells intermediate (≈45); 436 
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and Fibrocytes the lowest (≈40). This risk hierarchy identifies Marginal Cells as the SV 437 

subpopulation most severely affected by cisplatin, consistent with their high mitochondrial 438 

content and central role in endocochlear potential maintenance. 439 

 440 

Figure 7. Hub Gene Prognostic Model. (A) ROC curves for the cisplatin-chronic injury classifier; 441 

LASSO-LR AUC=0.921, Random Forest AUC=0.938. (B) Dual-bar feature importance plot (RF 442 

importance vs. LASSO coefficient norm); mt-Nd4l ranks first in both methods. (C) Cisplatin risk score 443 

density distributions by condition; Cis_Chronic samples concentrate at high risk (score≈0.85). (D) Violin 444 

plots of risk score by SV cell type; Marginal Cells show the highest median risk score (≈65). AUC: area 445 

under the ROC curve; LASSO: least absolute shrinkage and selection operator; RF: random forest; ROC: 446 

receiver operating characteristic; SV: stria vascularis. 447 
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Single-Cell Localization Confirms Marginal Cell Vulnerability And Identifies Intermediate 448 

Cells As Multi-Pathway Cisplatin Targets 449 

To spatially validate the prognostic model findings in single-cell space, we projected the 450 

cisplatin risk scores onto the SV UMAP embedding (Fig. 8A). The resulting risk score heatmap 451 

demonstrated that high-risk regions (red-yellow gradient) overlapped substantially with the 452 

Marginal Cells cluster (Fig. 8B), corroborating the violin plot findings in Section 7 and 453 

confirming that the model's cell-type risk stratification is spatially coherent. Individual hub gene 454 

UMAP projections for Mrps21 (Fig. 8C), Cox20 (Fig. 8D), Rbms3 (Fig. 8E), and Exoc4 (Fig. 8F) 455 

demonstrated sparse, dispersed expression patterns. This dropout appearance is characteristic of 456 

scRNA-seq detection limits for mitochondrially encoded or low-abundance transcripts and does 457 

not negate the statistical signal observed in aggregate expression analyses; rather, it highlights 458 

the inherent challenge of capturing such transcripts at single-cell resolution. 459 

The average expression heatmap of all 20 hub genes by SV cell type (Fig. 8G) provided the most 460 

comprehensive view of cell-type-specific vulnerability. Intermediate Cells exhibited the highest 461 

multi-gene expression across the hub gene panel (multiple Z-scores >1.5), identifying them as 462 

the most metabolically engaged and multi-pathway activated cisplatin targets in the SV. 463 

Marginal Cells demonstrated a mixed expression pattern—with both high and low Z-scores 464 

across hub genes—suggesting concurrent injury and compensatory responses within this 465 

subpopulation. Basal Cells demonstrated an overall downregulation of hub gene expression, 466 

indicative of reduced cellular stress response activity. Fibrocytes demonstrated selective 467 

downregulation of ion transport-related hub genes (Slco3a1, Itpr2), consistent with their role in 468 

endocochlear homeostasis and supporting the hypothesis that Fibrocyte dysfunction contributes 469 
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to endocochlear potential decline in CIO. Together, these findings provide a spatially resolved, 470 

cell-type-stratified map of Mitoxyperilysis hub gene activity in the cisplatin-injured SV. 471 

 472 

Figure 8. Hub Gene Expression in SV Cell Subpopulations. (A) UMAP coloured by cisplatin risk score; 473 

high-risk regions overlap with the Marginal Cells cluster. (B) UMAP coloured by SV cell type. (C–F) 474 

Individual hub gene UMAPs for Mrps21, Cox20, Rbms3, and Exoc4; sparse expression is consistent with 475 

scRNA-seq dropout in low-abundance mitochondrial and membrane-localised transcripts. (G) Average 476 

expression heatmap of all 20 hub genes by SV cell type; Intermediate Cells show the highest multi-gene 477 

expression, identifying them as the most metabolically engaged cisplatin targets. SV: stria vascularis. 478 
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Network Pharmacology Identifies Rifampicin, Rapamycin, And Difopein As Priority 479 

Otoprotective Candidates Targeting SV Hub Genes 480 

To identify pharmacological agents capable of targeting the 20 SV hub genes, we queried 481 

DrugBank (v5.1.11) and STITCH (v5.0) databases with all 20 hub gene products as anchors. The 482 

resulting drug–gene interaction network (Fig. 9A) contained hub gene nodes (blue circles) 483 

including EXOC4, FTO, PDE1C, CDK14, DDX3X, YWHAQ, MT-ND4L, FGFR2, SLCO3A1, 484 

COX20, and ITPR2, connected to drug nodes (red/orange squares) representing candidate 485 

otoprotective compounds. A key structural feature of the network was the dual connection of 486 

Idebenone to both MT-ND4L and COX20, representing a synergistic mitochondrial protection 487 

strategy targeting two components of the respiratory chain simultaneously. 488 

Candidate drugs ranked by hub-gene target coverage (Table2, Fig. 9B) identified Rifampicin as 489 

the highest-ranked candidate. Rifampicin targets SLCO3A1 (solute carrier organic anion 490 

transporter 3A1) and functions as an organic anion transporter inhibitor that may reduce cochlear 491 

cisplatin uptake by competitively inhibiting SLCO3A1-mediated drug influx; prior otoprotective 492 

reports support its potential. Rapamycin (targeting EXOC4/mTOR pathway) ranks second: 493 

mTOR inhibition activates mitophagy to clear damaged mitochondria, thereby theoretically 494 

interrupting the Mitoxyperilysis cascade at the organelle level. Difopein (targeting YWHAQ, the 495 

14-3-3θ protein) ranks third, modulating cell polarity and survival signalling in Marginal Cells. 496 

Zaprinast and Vinpocetine both target PDE1C (phosphodiesterase 1C), elevating cAMP/cGMP 497 

and restoring calcium homeostasis disrupted during cisplatin injury. Rhein targets FTO (m6A 498 

RNA demethylase), representing an epigenetic regulatory approach to modulating cisplatin 499 

response. Idebenone, though not top-ranked by target coverage alone, carries particular 500 

mechanistic significance given the dominant importance of mt-Nd4l in the prognostic model: as 501 
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a coenzyme Q10 analogue and direct Complex I electron carrier, Idebenone may directly 502 

compensate for mt-Nd4l functional deficiency in the cisplatin-injured SV. Combined Idebenone 503 

(mitochondrial) + Rapamycin (mTOR/mitophagy) + Vinpocetine (Ca²⁺/PDE1C) multi-node 504 

intervention is proposed as a rational synergistic otoprotective strategy. 505 

 506 

Figure 9. Network Pharmacology – Hub Gene Drug Targets. (A) Drug–gene interaction network; hub 507 

gene nodes (blue) and drug nodes (red); Idebenone targets both MT-ND4L and COX20, suggesting 508 

synergistic mitochondrial protection. (B) Candidate drug ranking by hub-gene target coverage; 509 

Rifampicin (SLCO3A1), Rapamycin (EXOC4), and Difopein (YWHAQ) represent the top three 510 

candidates. 511 

Table 2. Priority otoprotective drug candidates identified by network pharmacology 512 

targeting the 20 SV hub genes, ranked by hub-gene target coverage. 513 

Rank Drug Primary 

Target 

Hub 

Gene(s) 

Primary 

Mechanism 

Evidence 
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1 Rifampicin SLCO3A1 Slco3a1 Organic anion 

transporter 

inhibitor; 

reduces 

cochlear 

cisplatin 

uptake 

Prior 

otoprotective 

reports 

2 Rapamycin EXOC4 Exoc4 mTOR 

inhibitor; 

activates 

mitophagy, 

clears damaged 

mitochondria 

mTOR-

mitophagy-

ototoxicity axis 

3 Difopein YWHAQ Ywhaq 14-3-3 

inhibitor; 

modulates cell 

polarity and 

survival 

signalling 

Marginal Cell 

structural 

stabilization 

4 Zaprinast PDE1C Pde1c PDE1C 

inhibitor; 

elevates 

cAMP/cGMP; 

Ca²⁺ 

homeostasis 

Shared with 

Vinpocetine 

target 

5 Rhein FTO Fto FTO (m6A 

demethylase) 

inhibitor; 

modulates 

RNA 

methylation 

Epigenetic 

regulation of 

cisplatin 

response 

— Idebenone MT-ND4L + 

COX20 

mt-Nd4l, 

Cox20 

CoQ10 

analogue; 

Complex I 

electron 

Synergistic with 

Rapamycin 
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carrier; dual 

mitochondrial 

target 

 514 

Structural Characterisation of mt-ND4L and Molecular Docking Validation of Idebenone 515 

Binding 516 

To provide structural validation for the dominant hub gene identified by machine learning, we 517 

conducted 100 ns all-atom molecular dynamics (MD) simulation of the human mt-ND4L protein 518 

(UniProt P03901; PDB 7QSM chain e, 98 residues) embedded in a POPC/POPE (4:1 molar ratio) 519 

lipid bilayer using the CHARMM36m force field at 310 K (Fig. 10). Following 6-stage 520 

CHARMM-GUI equilibration, the production trajectory was collected at 314 ns/day on an 521 

NVIDIA RTX 4090 GPU. 522 

Backbone RMSD stabilised at 6.42 ± 0.83 Å after approximately 20 ns and remained in plateau 523 

phase throughout the remaining 80 ns, confirming structural equilibration within a physiological 524 

lipid bilayer (Fig. 10A). The convergence of RMSD demonstrates that the three-transmembrane-525 

helix architecture of mt-ND4L is intrinsically stable in its native membrane environment, despite 526 

the cisplatin-induced transcriptional downregulation observed in the scRNA-seq analysis. Per-527 

residue RMSF analysis (mean 3.50 ± 1.56 Å) identified N- and C-terminal loop regions as high-528 

flexibility zones (RMSF > 5 Å), whereas the transmembrane helix cores exhibited RMSF < 2 Å, 529 

consistent with a rigid proton-translocation scaffold (Fig. 10B). The radius of gyration remained 530 

constant at 23.76 ± 0.75 Å throughout the trajectory (Fig. 10C), confirming that the 531 

transmembrane helical bundle maintains its compact fold even under simulated physiological 532 

membrane conditions. Potential energy converged to −869.7 ± 1.4 × 10³ kJ/mol (Fig. 10D), and 533 

an average of 8.9 ± 2.6 hydrogen bonds were maintained between the protein and POPC 534 
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phosphate headgroups (Fig. 10E), indicating stable protein–lipid interfacial anchoring. These 535 

interfacial hydrogen bonds are mechanistically relevant to Mitoxyperilysis: sustained 536 

mitochondria–plasma membrane contact depends on stable lipid-anchored mt-ND4L positioning 537 

within the inner mitochondrial membrane. 538 

To assess the druggability of the mt-ND4L binding pocket, molecular docking was conducted 539 

using AutoDock Vina (version 2026.0; exhaustiveness = 32) with the 100-ns-equilibrated mt-540 

ND4L structure as receptor. Three candidates prioritised by network pharmacology were 541 

evaluated: Idebenone (MT-ND4L/COX20 dual target; PubChem CID 3686), 542 

Sirolimus/Rapamycin (EXOC4/mTOR target; CID 5284616), and Milciclib (CDK inhibitor 543 

reference compound; CID 16718576). Ligand three-dimensional structures were generated by 544 

RDKit ETKDGv3 with MMFF94 optimisation; receptor and ligand PDBQT files were prepared 545 

with Meeko v0.5. 546 

Idebenone achieved a binding affinity of ΔG = −4.007 kcal/mol (top-5 poses: −4.007 to −3.768 547 

kcal/mol), with predicted binding at the cytoplasmic-facing interface of the transmembrane 548 

helical bundle—a region consistent with its function as a membrane-soluble electron carrier 549 

shuttling between the lipid bilayer and Complex I. The moderate affinity of Idebenone to mt-550 

ND4L is mechanistically interpretable: Idebenone does not require high-affinity pocket 551 

occupancy but rather intercalates within the lipid bilayer adjacent to mt-ND4L, directly 552 

supplementing electron flow at the Complex I/ND4L subunit interface. Milciclib demonstrated 553 

the highest docking score among the three candidates (ΔG = −6.842 kcal/mol; top-5 poses: 554 

−6.842 to −6.603 kcal/mol), approaching the moderate binding threshold, suggesting allosteric 555 

interaction possibilities at the cytoplasmic loop regions identified as high-RMSF flexible zones 556 

(Fig. 10B). Sirolimus, despite its mTOR-directed otoprotective mechanism via EXOC4, 557 
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demonstrated weak mt-ND4L affinity (ΔG = −3.471 kcal/mol), consistent with its primary action 558 

on the mTOR–mitophagy axis rather than direct Complex I engagement. Collectively, the 559 

docking results support a model in which Idebenone acts on mt-ND4L primarily through 560 

membrane-phase electron transfer rather than tight-binding pocket occupation, while the mt-561 

ND4L structural stability confirmed by MD provides the target context for this mechanism. 562 
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Figure 10. Structural Dynamics of mt-ND4L and Molecular Docking of Otoprotective 564 

Candidates. (A) Backbone RMSD over simulation time. The smoothed trajectory (150-frame running 565 

average, bold blue line) stabilises at 6.42 ± 0.83 Å (dashed line), indicating the protein adopts a stable 566 

conformation after an initial equilibration phase without reaching a plateau, which is consistent with the 567 

dynamic nature of membrane-embedded helical bundles. (B) Per-residue RMSF. Transmembrane helix 568 

cores display RMSF < 2 Å, whereas N/C-terminal loop regions exceed 5 Å (overall 569 

mean = 3.50 ± 1.56 Å); residues R11, R12, and R13, labelled explicitly, represent the highest-flexibility 570 

positions and correspond to extramembranous loop segments. (C) Radius of gyration (Rg) as a proxy for 571 

global compactness. The near-constant trace (mean = 23.76 ± 0.75 Å) confirms that mt-ND4L maintains 572 

continuous membrane anchorage and compact structural integrity throughout the simulation, with no 573 

evidence of unfolding or domain separation. (D) Total potential energy of the system over time 574 

(mean = −869.7 × 103 ± 1.4 kJ/mol), demonstrating thermodynamic stability and successful convergence 575 

of the simulation ensemble. (E) Number of hydrogen bonds formed between the protein and POPC 576 

headgroups as a function of time (mean = 8.9 ± 2.6). The smoothed trajectory reveals a gradual increase 577 

in protein–lipid H-bond contacts during the second half of the simulation, suggesting progressive 578 

interfacial adaptation and stable lipid anchoring. (F) Summary statistics table consolidating the five 579 

simulation descriptors (RMSD, RMSF, Rg, potential energy, protein–POPC H-bonds) with mean ± SD 580 

values.(G) Two-dimensional chemical structures of the three candidate ligands retrieved from PubChem: 581 

Idebenone (MW = 338.4 Da; CID: 3686), Milciclib (MW = 456.6 Da; CID: 16718576), and Sirolimus 582 

(MW = 914.2 Da; CID: 5284616). (H) AutoDock Vina binding affinity (ΔG) against mt-ND4L. Milciclib 583 

achieves the strongest interaction (ΔG = −6.842 kcal/mol), crossing the strong-binding threshold 584 

(−7 kcal/mol dashed line) and surpassing the moderate threshold (−5 kcal/mol dashed line). Idebenone 585 

(ΔG = −4.007 kcal/mol) and Sirolimus (ΔG = −3.471 kcal/mol) show weak-to-moderate affinity, with 586 

Sirolimus likely sterically excluded owing to its large macrolide scaffold (MW > 900 Da). (I) Top-5 pose 587 

energies for each ligand. Milciclib maintains consistently low ΔG values across all five poses (range: 588 

−6.84 to −6.58 kcal/mol), indicating a well-defined and reproducible binding mode. Idebenone and 589 
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Sirolimus show comparatively shallow energy landscapes (> −4.0 kcal/mol), consistent with non-specific 590 

or peripherally anchored binding. (J) Docking summary and scientific interpretation. Milciclib exhibits 591 

the best affinity (best ΔG = −6.842, mean ΔG = −6.754 kcal/mol), with a mechanistic interpretation 592 

consistent with CDK inhibition leading to Cdc42/Bax-axis modulation and moderate direct interaction 593 

with mt-ND4L. Idebenone (best ΔG = −4.007 kcal/mol) likely exerts indirect otoprotection via its CoQ 594 

analogue antioxidant activity and membrane lipid environment remodelling rather than direct pocket 595 

binding. Sirolimus (best ΔG = −3.471 kcal/mol) is mechanistically attributed to mTORC2/Vdac2 pathway 596 

modulation with steric exclusion from the mt-ND4L binding site. (K) Proposed mechanistic pathway 597 

diagram. All three compounds converge on mitohyperilysis suppression through distinct upstream routes: 598 

Milciclib acts via moderate direct interaction with mt-ND4L; Idebenone indirectly targets 599 

Ndufa13/Complex I ETC components; and Sirolimus modulates mTORC2/Vdac2 signalling. Despite 600 

divergent entry points, all pathways ultimately converge on the suppression of mitohyperilysis, providing 601 

a rationale for combination or complementary therapeutic strategies. MD, molecular dynamics; RMSD, 602 

root-mean-square deviation; RMSF, root-mean-square fluctuation; Rg, radius of gyration; POPC, 1-603 

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-604 

phosphoethanolamine; ETC, electron transport chain; CDK, cyclin-dependent kinase; mTOR, mechanistic 605 

target of rapamycin; Vdac2, voltage-dependent anion channel 2; MW, molecular weight; CID, PubChem 606 

Compound Identifier; ΔG, Gibbs free energy of binding. 607 

4. Discussion 608 

This study presents the first systematic integration of stria vascularis single-cell transcriptomics 609 

with a WGCNA plus machine learning framework applied to the Mitoxyperilysis cell death 610 

mechanism in CIO. By analysing 9,678 SV cells across three independent GEO datasets and four 611 

experimental conditions, we identified 20 SV hub genes centred on mt-Nd4l as the dominant 612 

feature, constructed a prognostic model with AUC=0.938, and linked network pharmacology to 613 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.27.000206. This version posted April 28, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



39 

actionable otoprotective candidates. These findings advance our mechanistic understanding of 614 

cisplatin-induced SV injury at single-cell resolution and provide a comprehensive computational 615 

framework for future therapeutic development. 616 

A central and potentially counterintuitive finding is that Mitoxyperilysis scores in adult SV 617 

declined from Ctrl_Chronic (0.447) to Cis_Chronic (0.266) following cisplatin treatment. Rather 618 

than indicating pathway suppression, we interpret this as a manifestation of survivor-bias: cells 619 

with the highest Mitoxyperilysis commitment are precisely those that execute the pathway and 620 

are subsequently cleared from the tissue. The surviving SV cells captured by scRNA-seq are 621 

therefore enriched for cells that escaped or resisted Mitoxyperilysis—a population with 622 

inherently lower pathway scores. Analogous survivor-bias patterns have been documented in 623 

ferroptosis and necroptosis scRNA-seq studies, and the phenomenon is now recognised as a 624 

systematic artefact of sequencing viable cells after programmed death has occurred [22, 23]. 625 

Paradoxically, this score reduction constitutes indirect evidence for Mitoxyperilysis execution 626 

rather than against it. 627 

The dominant position of mt-Nd4l in both Random Forest and LASSO feature rankings 628 

represents the most important molecular finding of this study. mt-Nd4l encodes the ND4L 629 

subunit of mitochondrial Complex I, a 3-transmembrane protein that is mtDNA-encoded and 630 

essential for proton translocation across the inner mitochondrial membrane [10, 24]. Its marked 631 

downregulation in Cis_Chronic SV cells implies impaired electron transport chain efficiency, 632 

reduced mitochondrial membrane potential, diminished ATP production, and an elevated 633 

propensity for outer mitochondrial membrane permeabilisation—all mechanistic prerequisites for 634 

Mitoxyperilysis execution. The centrality of MT-ND4L is further supported by the established 635 

link between MT-ND4L mutations and Leber hereditary optic neuropathy (LHON), a disease of 636 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.27.000206. This version posted April 28, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



40 

mitochondrial membrane integrity, highlighting the gene's conserved role in maintaining 637 

respiratory chain function across tissues. Cox20, co-identified by all three methods (WGCNA, 638 

LASSO, and RF), cooperates with mt-Nd4l at the mitochondrial level as a cytochrome c oxidase 639 

assembly factor, reinforcing the respiratory chain as the primary Mitoxyperilysis nexus in the 640 

injured SV. 641 

Cell-type-level analysis reveals complementary vulnerability profiles across SV subpopulations. 642 

Marginal Cells exhibit the highest median cisplatin risk score (~0.65), consistent with their 643 

known physiological role as the primary ion-transporting epithelium in the SV, their exceptional 644 

mitochondrial density [25, 26], and their selective cisplatin accumulation. Intermediate Cells, 645 

however, demonstrated the most extensive multi-gene hub gene upregulation in the average 646 

expression heatmap (Fig. 8G), identifying them as the most metabolically engaged and multi-647 

pathway activated cisplatin targets. This distinction—Marginal Cells as highest risk, 648 

Intermediate Cells as most broadly activated—suggests that SV injury propagates through 649 

complementary mechanisms in different subpopulations and that targeting both cell types may be 650 

necessary for comprehensive otoprotection. Fibrocyte downregulation of ion transport hub genes 651 

(Slco3a1, Itpr2) provides a molecular basis for endocochlear potential decline in CIO, linking 652 

hub gene signatures directly to the electrophysiological consequences of cisplatin injury. 653 

The 28 developmentally discordant DEGs—genes with opposing fold-change directions between 654 

adult chronic and P6 acute conditions—highlight the complexity of age-stratified CIO. Genes 655 

such as Pard3b, Cdk14, and Fto show adult-specific downregulation but P6-specific upregulation, 656 

suggesting that immature SV cells activate protective or compensatory programmes in response 657 

to acute cisplatin that are absent or reversed in the mature cochlea. The extremely high P6-658 

specific log2FC values of Naaladl2 (10.91), Cdh18 (9.97), and Kirrel3 (8.88) further underscore 659 
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the fundamentally different transcriptional landscape of neonatal versus adult SV. The 'Restored' 660 

annotation for Intermediate Cells in the Fig. 5D summary table is particularly intriguing, as it 661 

implies a reversible injury state in this subpopulation that may be tractable to regenerative 662 

intervention. Future lineage-tracing and functional repair studies targeting Intermediate Cells are 663 

warranted. 664 

From a therapeutic standpoint, the network pharmacology analysis prioritises a new generation 665 

of otoprotective candidates grounded in the SV hub gene architecture. Rifampicin, the top-666 

ranked candidate, targets SLCO3A1 and may reduce cochlear cisplatin accumulation by 667 

competitively inhibiting organic anion transporter-mediated drug influx—a mechanism 668 

orthogonal to mitochondrial protection and therefore potentially synergistic with mitochondria-669 

targeted agents. Rapamycin targets EXOC4 via mTOR inhibition, activating mitophagy to clear 670 

damaged mitochondria upstream of Mitoxyperilysis execution; its established safety profile in 671 

oncological settings makes it an immediately translatable candidate. Idebenone, targeting both 672 

MT-ND4L and COX20, offers unique mechanistic appeal as a coenzyme Q10 analogue that may 673 

directly supplement electron transport chain function at the sites of greatest cisplatin-induced 674 

impairment. A multi-node combinatorial strategy—Idebenone (mitochondrial electron carrier) + 675 

Rapamycin (mTOR/mitophagy activation) + Vinpocetine (PDE1C/cAMP-cGMP/Ca²⁺ 676 

homeostasis)—is proposed as a rational synergistic approach to comprehensively interrupt the 677 

Mitoxyperilysis cascade at upstream, organellar, and ionic signalling levels simultaneously. 678 

Difopein (YWHAQ/14-3-3θ) and Zaprinast (PDE1C) provide additional single-target options for 679 

mechanistic validation studies. 680 

Several limitations of this work merit emphasis. The entire analysis is transcriptomics-based; 681 

proteomic, metabolomic, and morphological validation—including electron microscopy 682 
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confirmation of mitochondria–plasma membrane contact sites—will be required to establish 683 

Mitoxyperilysis as the operative mechanism in vivo. WGCNA was conducted on pseudo-bulk 684 

samples with a small sample size (n=12), which limits the statistical significance of module–trait 685 

correlations despite biologically meaningful effect sizes. Among the 20 hub genes, Gm42418 is 686 

an uncharacterised long non-coding RNA whose functional contribution to CIO remains 687 

undefined and requires experimental investigation. The mitochondrial localisation of mt-Nd4l 688 

presents a barrier to conventional CRISPR-based functional validation; AAV-mediated 689 

mitochondria-targeted delivery strategies will be needed for in vivo loss-of-function studies. The 690 

subsampling of GSE281324 and the single-dataset origin of each developmental condition 691 

introduce representational uncertainty that future multi-replicate single-cell studies should 692 

address. Despite these limitations, the convergence of three independent analytical methods—693 

supervised machine learning, unsupervised co-expression, and network pharmacology—on a 694 

coherent 20-gene hub set provides a robust computational foundation for translational CIO 695 

research. 696 

5. Conclusions 697 

In conclusion, several limitations of this work merit emphasis. The entire analysis is 698 

transcriptomics-based; proteomic, metabolomic, and morphological validation—including 699 

electron microscopy confirmation of mitochondria–plasma membrane contact sites—will be 700 

required to establish Mitoxyperilysis as the operative mechanism in vivo. WGCNA was 701 

conducted on pseudo-bulk samples with a small sample size (n=12), which limits the statistical 702 

significance of module–trait correlations despite biologically meaningful effect sizes. Among the 703 

20 hub genes, Gm42418 is an uncharacterised long non-coding RNA whose functional 704 

contribution to CIO remains undefined and requires experimental investigation. The 705 
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mitochondrial localisation of mt-Nd4l presents a barrier to conventional CRISPR-based 706 

functional validation; AAV-mediated mitochondria-targeted delivery strategies will be needed 707 

for in vivo loss-of-function studies. The subsampling of GSE281324 and the single-dataset 708 

origin of each developmental condition introduce representational uncertainty that future multi-709 

replicate single-cell studies should address. Despite these limitations, the convergence of three 710 

independent analytical methods—supervised machine learning, unsupervised co-expression, and 711 

network pharmacology—on a coherent 20-gene hub set provides a robust computational 712 

foundation for translational CIO research. 713 
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Figure 2: Mitoxyperilysis in Stria Vascularis
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Figure 3: Differential Expression Analysis
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Figure 5: Machine Learning Hub Gene Identification
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Figure 6: WGCNA Module Analysis and Hub Gene Integration
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Figure 7: Hub Gene Prognostic Model
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Figure 8: Hub Gene Expression in SV Cell Subpopulations
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