Ivermectin inhibits pancreatic ductal adenocarcinoma via a new mechanism-of-action
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Introduction. Current treatments of pancreatic ductal adenocarcinoma (PDAC) include surgery, radiation therapy, chemotherapy with cytotoxic drugs, and targeted treatment (e.g., with tyrosine kinase inhibitor). Ivermectin, an antiparasitic drug in veterinary medicine, has been approved to be safe for human use, e.g., to treat nematode infections.
Aim. This study aimed to validate drug repurposing of Ivermectin as potential drug for treatment of PDAC in respect of mechanism-of-action.
Methods. Methods included bioinformatics analyses (with functional enrichment analysis, AI/ML based prediction and in silico simulations) using PDAC-related proteomics datasets focusing on plasma membrane- and nerve-related proteins, as well as AI/ML-supported topological analysis of protein-protein interactions (PPI). Validations were performed in vitro using cells and organoids and in vivo using mouse models.
Results. Computational prediction showed that Ivermectin acted on 24 intermediated hub-proteins that are related to PDAC, including direct inhibitions on P2RX7 receptor (with catenin β1), ATP binding cassette subfamily B member 1 and P-glycoprotein along with direct activations on chemokine ligand 2 and C-X-C motif chemokine ligand 8. Link analysis showed the more targets acted, the more synergistic inhibitions or activations. AI/ML predicted potential specific targets among 1,975 PDAC-related proteins that exhibit negative correlation in PPI between degree and topological coefficient. Of note, glyceraldehyde 3-phosphate dehydrogenase and β-actin that are housekeeping gene-encoded proteins exhibited the highest degrees but low topological coefficients, whereas anoctamin 10 that manifests chloride channel activity (a known mechanism-of-action by Ivermectin) exhibited the highest topological coefficient but degree of 2. ClueGO enrichment analysis revealed Ivermectin-acted signalling pathways related to mTOR with mitogenic activation through the KRAS/MAPK cascade, axonal growth stimulation, adrenaline signalling through α2 adrenergic receptor, NADE modulates death signalling, and localization of PINCH-ILK-PARVIN complex. Molecular docking showed Ivermectin-binding affinities to proteins of ELF2A (-10.6 kcal/mol), GSH (-10.2 kcal/mol), HPCAL1 (a neuron-specific calcium-binding protein) (-9.5 kcal/mol), MYH14 (-9.8 kcal/mol), PACSIN2 (-9.6 kcal/mol), SERPINB6 (-9.7 kcal/mol) and SFXN2 (-9.7 kcal/mol) that are functionally related to neuronal or sensory system involvement. Validations confirmed the inhibitory effects of Ivermectin and mTOR inhibitors (rapamycin and RAD1001) in gemcitabine-resistant mouse PDAC cells and gemcitabine-resistant human PDAC organoids (in terms of growth) and in PDAC tumour-bearing immunocompetent mice (in terms of median survival from 26 to 90 days). Furthermore, nerve growth factor (NGF) signalling pathway was upregulated in PDAC mice in comparison with normal mice (z-score at 2.558, p=0.003). Ivermectin induced inhibition of NGF signalling pathway in PDAC mice in comparison with untreated PDAC mice (z-score at -1.667, p=0.017). NGF stimulated growth of human PDAC cells and organoids in time- and concentration-dependent manners. Ivermectin suppressed NGF- and PDAC cell conditioned medium-induced neurite outgrowth of PC12 cells (model of neuronal cells and Parkinson’s disease) in terms of density of projections and mRNA expression of GAP43 (the coded protein involved axonal regeneration) in time- and concentration-dependent manners.
Conclusion. Ivermectin inhibited PDAC through a mechanism of mTOR/KRAS/MAPK/NGF signalling pathway.
