Structural and Dynamic Insights into Antioxidant–Lens Membrane Interactions via Molecular Simulations
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The unique lipid composition of the lens membrane renders it highly susceptible to oxidative stress damage. Antioxidants, such as vitamin E and lutein, may protect membrane stability by inhibiting lipid peroxidation. Molecular dynamics (MD) simulations serve as a powerful tool to investigate membrane-molecule interactions, offering atomic-level insights into dynamic processes. Based on the structural and compositional features of the lens membrane, bilayer membrane models with varying lipid compositions—representing age-related and cataract-associated states—are constructed to simulate compositional changes during aging and pathological conditions [1]. 
Antioxidants are embedded into the membrane, and all-atom CHARMM force field simulations are performed in GROMACS software [2], starting with energy minimization followed by NVT equilibration and production-phase simulations to observe the stability and behavior of antioxidants within the membrane. Structural analyses (e.g., root mean square deviation (RMSD), radial distribution function (RDF)), dynamical analyses (e.g., diffusion coefficients), and membrane property evaluations (e.g., thickness, fluidity) are conducted to assess the impact of antioxidant insertion on membrane stability and function. Umbrella sampling method is used quantify free energy profiles of antioxidant-membrane interactions. These simulations elucidate the molecular mechanisms by which antioxidants stabilize the lens membrane under oxidative stress, providing a theoretical foundation for developing therapeutic strategies against cataracts [3]. 
Future studies may integrate multiscale simulations (e.g., coarse-grained models) to explore membrane behaviors at larger temporal and spatial scales, further bridging molecular-level insights with macroscopic physiological outcomes.
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