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Introduction: Neuraminidase in humans is studied to see how well repurposed oseltamivir works for treating Alzheimer’s disease (AD) using methods like molecular docking, molecular dynamic (MD) simulation, and gene expression analysis. Gene enrichment analysis was also studied to understand the behaviour of neuraminidases in humans.Methods: Molecular docking was done using oseltamivir and the neuraminidase proteins with the PyRx tool, and the results were analysed using BIOVIA Discovery Studio. MD simulation (50 ns) of the oseltamivir and neuraminidase complex was performed using GROMACS tools. The gene expression analysis and gene enrichment study were done using GEO2R, which showed the results as log FC and significant values. Enricher tool-based gene enrichment analysis was done to determine the gene behaviour related to the AD.Results: The molecular docking showed a strong connection between oseltamivir and neuraminidase (−6.5 kcal/mol), acetylcholinesterase (−7.9 kcal/mol), CDKs (−6.5 kcal/mol), and GSKs (−6.6 kcal/mol), interacting with different amino acids in the protein sequences. MD simulations showed a strong interaction between the ligand and neuraminidase, with stable measurements indicating that both the protein and ligand remained consistent in size and energy, which is better explained through the results of MM_PBSA and MM_GBSA analysis of the complex, resulting in the ΔE_vdW, ΔE_elec, ΔG_polar, ΔG_nonpolar, ΔG_gas, (ΔE_vdW + ΔEEL), ΔG_solvation: (ΔG_polar + ΔG_nonpolar) and ΔG_bind: total energies suggesting the complex stayed stable in conditions similar to those resembling natural cell. The gene expression analysis expressed TUBB3 (formation of beta-tubulin), FABP3 (regulates alpha-synuclein uptake in dopaminergic neurons), and CALM1 (calcium signal transduction pathway) to be highly upregulated in the given conditions with kinase binding (p = 0.0006541) and protein phosphatase regulatory activity (p = 0.001357) were highly upregulated, implicating their importance in the AD.Discussion: The study ends on a hopeful note for using oseltamivir to treat neurological diseases, but it suggests that future research should include a solid cell line study, an in vitro study, and a clinical study.Keywords: Alzheimer’s disease, oseltamivir, neuraminidase, molecular docking, molecular dynamic simulation, gene expression analysis, gene enrichment analysis, insilico study
INTRODUCTION
Alois Alzheimer pioneered the study of memory loss. He observed the existence of amyloid plaques and an immense harm to neurons during brain examinations of his very first patient who was suffering from cognitive loss and personality change before the patient died. Alois Alzheimer defined this particular condition as a disease of the cortical neurons in the cerebrum. Emil Kraepelin named this condition of serious concern as Alzheimer’s disease (AD), taken after the name of Alois Alzheimer (DeTure and Dickson, 2019; Breijyeh and Karaman, 2020). Advanced reduction in cognition can be brought about by cerebro-cortical disorder like AD (Kelley and Petersen, 2007). Other suggested causes are boozing, microorganism infections, anomaly of cardiovascular and/or pulmonary systems that can reduce oxygen supply to the brain, nutritional deficit, cyanocobalamin deficiency and cancers (Baazaoui and Iqbal, 2022; Holtzman et al., 2011; Rathod et al., 2016). Currently, about 50 million people are affected globally by AD. The numbers are expected to double every 5 years and to almost triple by 2050 (Livingston et al., 2020; Nichols et al., 2022). AD overburden the affected individuals, their families and countries’ economies. In fact, the total health expenditure of AD alone as per researchers is over US$1 trillion per annum (Chen et al., 2024). Until now, AD is incurable. The existing pharmacological interventions can only manage AD’s signs and symptoms (Passeri et al., 2022). Researchers classified AD as multifactorial disease; two main etiologies were hypothesised: the acetyl cholinergic and amyloid beta (Singh et al., 2024). At present, drugs which are approved to treat AD are acetylcholinesterase inhibitors and N-methyl d-aspartate (NMDA) antagonists (Barthold et al., 2020). Globally, researchers are trying to explore the mechanism involved behind the progressive neurodegeneration of cerebral cholinergic neurons, abnormal tau protein metabolism, beta-amyloid, inflammation and oxidative free radical damage. The aim is to develop promising pharmacological entities that can stop or modify the neurodegeneration in AD (Forsyth and Ritzline, 1998)
Oseltamivir is an antiviral, which acts by inhibiting viral neuraminidase that is required for the virus to be released from the host cells. Researchers reported that oseltamivir reduces inflammation. It is one of the mechanisms suggested in the reduction of influenza symptoms (Bird et al., 2015) and in the production of antipyretic effect (Treanor et al., 2000). Oseltamivir is primarily used for the treatment of influenza A and B infections. Oseltamivir’s target viral enzyme neuraminidase cleaves the sialic acid residues present terminally on carbohydrate moieties of host cell membrane and influenza virus envelop (Treanor et al., 2000). This process breaks down the membrane barriers and causes the release of progeny viruses from the host cells. Through the same process, new virion infects other cells. The neuraminidase inhibitors bring about the static infectious condition and make available these virions to the macrophages intracellularly (McKimm-Breschkin, 2013).
Sialidases are recognised as analogues to viral neuraminidase in humans, and they have been termed as human neuraminidases (hNEU). Exploration of hNEU chemistry and pharmacology revealed to exhibit the same structure and function as that of viral neuraminidase (Magesh et al., 2009; Glanz et al., 2018; Keil et al., 2022). Four isomers of sialidase, which are now known as hNEU, have been recognised, and they hydrolyse sialosides, gangliosides and glycoproteins in humans (Seo et al., 2021). These enzymes were found to play pivotal roles in different pathological states such as diabetes, (Easwaran et al., 2023a), cancers (Reddy et al., 2015) and neurodegenerative disorders (Miyagi and Taniguchi, 2008). hNEU-1 is the most abundant isoform of enzyme among all hNEU, which is present in lysosomes and plasma membrane and is a part of membrane complex (Maurice et al., 2016). hNEU-1 cleaves sialic acid from oligosaccharides and glycoproteins, and it has no effect on gangliosides. Sialidase (hNEU-2) localises in cytosol and catalyses sialic acid from verities of glycans. Sialidase (hNEU-3) is predominantly associated with plasma membrane and it selectively causes desialylation of gangliosides. Fourth isoform of sialidase (hNEU-4) exists mainly on membranes of cell organelles and possesses broad choice of glycan selectivity (Magesh et al., 2006).
Sialidases mediate cleavage reaction of glycoproteins, oligosaccharides and gangliosides. Sialidases also release sialic acid, which has been found to be involved in verities of biological processes including cancers, diabetes, neurodegeneration, inflammation and many more (Seo et al., 2021). Sialic acid releases play homeostatic as well as pathological roles. Sialic acid’s influence on neurons has been extensively studied by the researchers, and it has been found that sialidase mutations and generations of sialic acid are negatively associated with AD (Zhu et al., 2024). Sialic acid is required to activate many Siglec genes (primarily downregulated inflammation), which are required in stressful microglial environment and to protect the microglial cells (Khatua et al., 2013). However, this balance of microglial activation and inflammation disrupts in chronic cases and becomes the basis of neurodegeneration due to inflammatory upregulation (Gao et al., 2023). Sialic acid on gangliosides interacts with Ca+2 and facilitates the synaptic transmission, which in excess can lead to excitoxicity (Chahinian et al., 2024). Studies with increased serum sialic acid concentration in AD exhibited sialic to mediate the amyloid β (Aβ) association with gangliosides, which in turn leads to the Aβ plaque formation (Xiao et al., 2022). Sialic acid has been found to downregulate Siglec-3 (CD33). The stimulation of Siglec-3 is very well established in microglial protection (Puigdellívol et al., 2020).
By reviewing the abovementioned literature and other related studies about the sialidase (hNEU), we came to hypothesise that hNEU can be a good target to inhibit the neurodegeneration from multiple fronts which are opened because of neuraminidase stimulation and liberation of sialic acid. Considering the fact that oseltamivir is a viral neuraminidase (vNEU) inhibitor and sialidases in humans are the structural analogues to (vNEU), we aimed to study the impact of neuraminidase inhibitor, i.e., oseltamivir against neuraminidase and different analogues of human neuraminidase including secretases, glycogen synthase kinase, cyclin dependent kinase, protein phosphatase 2A, sialyltransferase, acetylcholinesterase, interleukin-1B and tumour necrosis factor through preliminary pharmacological and toxicity profiling, molecular docking and molecular dynamic simulations. We aim to understand the role of different genes through gene expression analysis to establish the strength of interaction of oseltamivir against various enzymes mentioned and to shed light on its behaviour resembling cellular nature and its expression in the influence of different genes which are pivotal in human biology.
METHODS
Preparing the protein for insilico processing
Proteins of interest, which play a significant role in the dysregulated metabolism, were identified as follows: neuraminidase (PDB ID: 2HTY), responsible for the entry of viral particles inside the healthy mammalian cells; (McAuley et al., 2019); beta secretase (PDB ID: 5YGX), responsible for the proteolytic cleavage of AD amyloid precursor; (Sambamurti et al., 2007); gamma secretase (PDB ID: 6YHF), responsible for the breakdown of the amyloid precursor protein to amyloid beta; (Carroll and Li, 2016); alpha secretase (PDB ID: 6BE6), responsible for the breakdown of amyloid precursor protein to soluble amyloid precursor protein alpha; (Corbo et al., 2011); glycogen synthase kinase – 3 beta (GSK3B) (PDB ID: 1PYX), responsible for the regulation of signalling post endocytic transport; (Partonen and Kushida, 2023); cyclin dependent kinase – 5 (CDK5) (PDB ID: 1H4L), responsible for organising the cytoskeleton and cellular growth; (Tian et al., 2022); protein phosphatase 2A (PP2A) (PDB ID: 1B3U), responsible for the cellular processes like autophagy, apoptosis, cell proliferation and DNA repair; (Dzulko et al., 2020); sialyltransferase (PDB ID: 5BO6), responsible for the hydrolysis of sialic acid; (Zhang et al., 2010); acetylcholinesterase (PDB ID: 1ACJ), responsible for the metabolism of acetylcholine at the synapse of two different neurons; (Volkow et al., 2001); interleukin 1B (PDB ID: 1IOB), responsible for the endocrine and reproductive dysfunction; (Baraskar et al., 2021); and, tumour necrosis factor (PDB ID: 1TNF), responsible for the modulation of various gene expression cellularly. (Schütze et al., 1992). The protein pdb files were downloaded from the RCSB PDB database (https://www.rcsb.org/) and (Berman et al., 2000) visualised through BIOVIA discovery studio (Baroroh et al., 2023) application, where the hetatms, water and co-crystals were removed and polar hydrogens were added to induce the charge around the protein structure to facilitate perfect interaction with the ligand in case of molecular docking and MD simulations.
Preparing oseltamivir as ligand
The structure of oseltamivir was downloaded in the .sdf format, which will be formatted as ligand of the study. Furthermore, it was downloaded from structural information rich databases like ‘PubChem’ directory (https://pubchem.ncbi.nlm.nih.gov/), (Kim et al., 2024) particularly oseltamivir (ethyl (3R,4R,5S)-4-acetamido-5-amino-3-pentan-3-yloxycyclohexene-1-carboxylate) (Green et al., 2008). The processing of the molecule for the conversion into the pdbqt was done by employing open babel tool (O'Boyle et al., 2011).
Identification of pharmacological and toxicological activity employing PASS tool
The prediction of activity spectra of substances (PASS) (https://www.way2drug.com/passonline/), an online tool, was selected to predict the possible activity of oseltamivir. The molecular SMILES formula was given as input in the interface of PASS, which predicts the possible pharmacological actions and toxicological activities. The structure-activity relationship was denoted by Pa: probability of activity and Pi: probability of inactivity. This approach provided an idea concerning the possible targets and activity for approaching through preparing the biomolecules of interest (enzymes) for further processing, employing molecular docking and MD simulation studies to develop an understanding with the evidence (Poroikov et al., 2007).
Performing the proteins - ligand molecular docking
The processed protein crystal structures were uploaded into the PyRx interface (https://pyrx.sourceforge.io/) and converted into pdbqt format as a macromolecule of the study (Dallakyan et al., 2015). The ligands.sdf file was uploaded through the ‘Open Babel’ and was processed into pdbqt format to make ligand molecule for molecular docking after energy minimisation. The molecular docking was performed by creating a grid dimension (Table 2), and selecting complete protein. Twenty core CPUs with effectiveness were selected, and final docked molecules were saved for further processing. BIOVIA and discovery studios were the preferred methods to analyse the results obtained after molecular docking, including the 2D structures of proteins and ligands interactions, protein-ligand interactions and pocket identification (Murugan et al., 2022; Germoush et al., 2024).
Preparing the enzyme and oseltamivir for MD simulation
Pymol interface was selected for converting the.dsv files into.pdb files. The separately imported protein and ligand files after molecular docking were joined through pymol. It was then saved in the form of pdb file for performing the MD simulation by means of GROMACS for a time period of 50 nanoseconds (ns), temperature of 300K, solvent–water, ions–sodium and chlorine, with one random seed and selected seed of seed_1234 for duality (Bytheway et al., 2008; Coutsias and Wester, 2019; Sasumana and Kaushik, 2018; Varghese et al., 2024; Yuan et al., 2017; Bekker et al., 1993).
The molecular dynamic (MD) simulation of a oseltamivir-neuraminidase complex was performed using GROMACS 2024, installed on linux (ubuntu) operating system, supported by the NIVIDIA RTX 4060 graphical processing unit and 16 GB RAM. Firstly, the topology files of the protein was generated using GROMACS compatible forcefield such as CHARMM36 and the ligand topology files were generated using Swissparam tools (Bugnon et al., 2023; Zoete et al., 2011; Yesselman et al., 2012). Secondly, the ligand-protein complex was assembled and a simulation box was defined maintaining a minimum distance of 1.0 nm from the edges. TIP3P water model was chosen to solvate the simulation box was used. Sodium and chlorine was used as counterions to neutralise the system. To reduce steric clashes, energy minimising of the system was performed employing the steepest descent algorithm, followed by two equilibration steps such as NVT and NPT for a time period of 100 ps (picoseconds) to stabilise the temperature and pressure of the system using the V-rescale and Parrinello–Rahman algorithms. The production MD simulation run was conducted for 50 ns (nanoseconds) with a time step of 2 fs under stable boundary conditions saving the results every 10 ps.
Build in GROMACS utilities were used to perform post simulation analysis. The structural stability of the complex was assessed by calculating the root mean square deviation (RMSD) of the ligand and protein over time. While flexibility was evaluated using root mean square fluctuation (RMSF) per residue and the radius of gyration was assessed to determine the compactness of the protein. Binding free energies were carried employing the gmx_MMPBSA tool, externally installed using anaconda3 packages. The MD trajectory and topology files were used for processing gmx_MMPBSA (Molecular Mechanics Generalized Born Surface Area) and gmx_MMGBSA (Molecular Mechanics Poisson–Boltzmann Surface Area) binding free energies over represented snapshots. (Miller et al., 2012). The energies included van der Waals, electrostatic, polar solvation and non-polar solvation contributions. This protocol provided insights into the stability, dynamics, and binding energetics of the ligand–protein complex.
Performing the gene expression analysis of sialyltransferase (analogue of neuraminidase)
Gene expression analysis was executed by means of GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/), an online tool of national centre for biotechnological information (NCBI) database (https://www.ncbi.nlm.nih.gov/) for variance expression analysis of huge datasets from gene expression omnibus (GEO). Datasets were normalised and comparisons between case and control groups were achieved. Significant genes were identified based on p-values (<0.05) and log 2-fold change thresholds for the gene analysis (Kalyan et al., 2023). The GEO series accessions involving sialyltransferase genes expression data, i.e., GSE5281 (Liang et al., 2007; Liang et al., 2008a; Readhead et al., 2018; Liang et al., 2008b), were selected for the study. The gene expression data was examined using dataset GSE5281, bearing the genes responsible for the development of AD and bearing the data of 61 control samples and 44 case samples. Differential expressional analysis was performed to recognise significant gene regulated within the groups. The study was completed using Benjamini and Hochberg method with NCBI generated data following the statistically significant level cut-off of p-values (<0.05), log 2-fold change threshold ‘zero’ with volcano and mean difference plot for control group vs. case group. The results are expressed in Table 4, bearing the data of twenty highly significant genes associated with the development or that played a crucial role in the pathway related to AD.
Gene enriching analysis
To identify the biological impact of twenty significant genes derived out of GEO analysis associated with AD, the gene enrichment analysis was performed employing the enrichr tool. The significant gene codes were given as input into the enrichr interface, (Kuleshov et al., 2016; Chen et al., 2013), which integrates the data from various databases. The analysis involves selecting relevant categories like gene ontology (GO), (Ashburner et al., 2000), terms for cellular components, molecular functions and biological processes. Furthermore, disease specific annotations were explored employing Jensen diseases and Jensen tissue databases to understand the link of the genes with the AD pathology. Adjusted p-values (Padj) were used to ensure statistical significance. Combined scores, which integrate p-values and z-scores, were used to rank the enriched outcomes so that the results provide insights into the role of synaptic function, protein phosphorylation, lipid metabolism and neuroinflammation, which are critical in understanding the pathology of AD (Xie et al., 2021). The findings were visualised using volcano plots to understand and recognise key pathways and phenotypes for further investigation.
RESULTS
The PASS prediction analysis points out several important pharmacological activities with high probable activities (Pa) and low possibility of inactivity (Pi), which suggests the oseltamivir is highly active against the targets like Neuraminidase inhibitor (Pa = 0.931) and Alpha-N-acetylglucosaminidase inhibitor (Pa = 0.455). The aforementioned targets could be of prime interest as the enzyme may be involved in the transferase reaction and may result in the production of abnormal proteins. Three different variants were identified based on the mutated gene expression, which could result in the development of neuronal disorders (Alroy et al., 2014). Inhibition of enzymes, highlighting its role in neuronal protection, misrepresentation or misexpression of the gene related to this enzyme, may result in neurological disorders, which is the point of interest of the current study Deficiency of the said enzyme may result in various other neurological disorders (Zhao and Neufeld, 2000). Additionally, it may result in toxicities like metabolic acidosis (0.511), sneezing, twitching, weight loss, hypocalcemia, dyspnea, gastrointestinal disturbance, ototoxicity, sensitization and thrombophlebitis with lower intensity, which are needed to be taken care of during the evaluation of the study. These activities express oseltamivir’s resourcefulness and therapeutic potential in diverse biological contexts related to Alzheimer’s disease (Table 1). (Annexure 1).
TABLE 1 | The activity prediction of oseltamivir.
[image: Table 1]Molecular docking
The oseltamivir interacted with neuraminidase at a hydrogen bond length of 2.06Å with GLU C:174, expressing the lowest binding score of −6.5 kcal/mol at given grid values mentioned in Table 2. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with ARG C:172 along with six other amino acids. The oseltamivir also interacted with beta secretase at a hydrogen bond length of 1.86Å with TYR A:71, expressing the lowest binding score of −6.2 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with ILE 118 along with nine other amino acids. The oseltamivir interacted with gamma secretase as well at a hydrogen bond length of 3.02Å with ALA 42, expressing the lowest binding score of −3.5 kcal/mol, a bit weaker interaction in comparison with other proteins. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with ILE 45 along with three other amino acids. Similarly, the oseltamivir interacted with alpha secretase at a hydrogen bond length of 2.14Å with ARG A:239, expressing the lowest binding score of - 6.4 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with THR A:238 along with eight other amino acids. The oseltamivir interacted with glycogen synthase kinase 3 beta (GSK-3B) too at a hydrogen bond length of 2.05Å with GLY B:202, expressing the lowest binding score of - 6.6 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with LYS A:292 along with six other amino acids. Additionally, the oseltamivir interacted with cyclin dependant kinase 5 (CDK-5) at a hydrogen bond length of 2.87Å with ASP A:86, expressing the lowest binding score of - 6.3 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 10 other amino acids. There was also an interaction of oseltamivir with protein phosphatase 2A (PP2A) at a hydrogen bond length of 1.94Å with ARG A:104, expressing the lowest binding score of - 5.5 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 12 other amino acids. Correspondingly, the oseltamivir interacted with sialyltransferase at a hydrogen bond length of 2.12Å with THR B:194, expressing the lowest binding score of - 6.4 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with six other amino acids. In the same manner, the oseltamivir interacted with acetylcholinesterase at a hydrogen bond length of 2.55Å with TRP A:84, expressing the lowest binding score of - 7.9 kcal/mol, which is the highest binding affinity of the current study. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 19 other amino acids. Adding to the list, the oseltamivir interacted also with interleukin 1B at a hydrogen bond length of 2.02Å with LEU A:62, expressing the lowest binding score of - 5.3 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with nine other amino acids. Lastly, the oseltamivir interacted with tumour necrosis factor - alpha at a hydrogen bond length of 2.37Å with SER C:99, expressing the lowest binding score of - 7.4 kcal/mol, which is also one of the best results of the current study. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 14 other amino acids. (Table 2) (Figure 1).
TABLE 2 | Protein (Neuraminidase) -Ligand (Oseltamivir) Docking Results of ‘PyRx Python Prescription 0.8’ Analysed Through ‘BIOVIA-Discovery Studios Visualiser v.21.1.0.20298’.
[image: Table 2][image: Figure 1]FIGURE 1 | shows the interaction between the ligand (oseltamivir) and the enzyme protein (neuraminidase); first from left shows the receptor interaction with ligand, middle image shows the protein interactive pocket atoms with ligand and the third image shows the 2D illustration of amino acids interacting with ligand through hydrogen, Vander Waal’s, among other interactions.
The summary of the dual MD simulation (random simulation and seed_1234) of the oseltamivir-neuraminidase complex is explained in Table 4, which consist a of binding free energies components as integral part of MM-PBSA analysis. Significant high magnitude of van der Waals interactions (ΔE_vdW) changed form the negligible phase in pre-dynamic MM-PBSA (−0.00 ± 1.26 for random and 0.00 ± 0.40 for seed_1234) to a considerable negative value post-simulation (−20.22 ± 0.73 and −19.05 ± 0.50), which indicates high binding confirmation and attractive ness between the ligand and protein. Similar observations were noticed for electrostatic interactions (ΔE_elec), the energy quotient shifts from negligible to highly promising post-dynamic i.e., −284.37 ± 0.95 for random and −255.35 ± 1.46 for seed_1234, these results confirm the strong bonding between the ligand and protein. However, in case of polar solvation energy (ΔG_polar) the post simulation results of random seed was increased and seed_1234 was decreased, showing a system determined correction was pointed to the seed_1234 simulation being more favourable. The total gas-phase energy (ΔG_gas), transforms in to significantly favourable value post simulation, indicating stronger intermolecular connections in the complex environment. Finally, the binding free energies (ΔG_bind) change from the positive in pre-MM-PBSA value to negative in post MM-PBSA value exhibits improved binding characteristics post molecular dynamics.
The results MM-GBSA analysis of pre and post dual MD simulation of random seed and seed_1234 for determining their binding free energies is expressed in Table 5, the van der Waals interaction energy (ΔE_vdW) demonstrated shift from undermined values in pre dynamic simulation (0.00 ± 0.00 random and −0.00 ± 0.00 seed_1234) to recognisable post dynamic simulation (−18.78 ± 0.01 for random and −19.18 ± 0.78 for seed_1234) values representing better packing between ligand and protein post simulation. Electrostatic interactions (ΔE_elec) showed similar results, shifting from insignificant range of values to desirable values (−266.20 ± 0.46 for random and −259.86 ± 1.81 for seed_1234) post simulation. Conclusively, the total binding free energies (ΔG_bind) remained constantly negative in both pre and post MM-GBSA states, suggesting the stable and promising binding between the ligand and protein.
The MM-GBSA decomposition analysis for the ligand and protein complex, pre and post MD simulations in random and fixed (seed_1234) conditions revealed that key amino acid fragments such as GLU:276 and GLU:277 developed strong interactions in pre-MD simulation analysis with values −10.36 and −11.98 kcal/mol under random conditions. A great shift in the energies of the amino acids was identified in post MD simulation, i.e., GLU:276 reaching −15.61 kcal/mol and GLU:277 displaying a positive value of 3.87 kcal/mol, highlighting important changes. Residues like ARG:224 and ARG:292 better binding energies post MD simulations and LEU:134, TRP:178, SER:179, and ILE:222 maintained constant negative energies throughout simulations.
The interaction of ligand, oseltamivir, and enzyme protein, neuraminidase, was analysed through molecular dynamic simulation employing GROMACS tool. Various crucial parameters have been identified such as RMSD, radius of gyration (Rg), Vander Waal’s surface area (VSA) and the potential energy of the complex (PE). The protein RMSD ranged for Protein: P: 0.128424–0.493372 nm, ligand 0.122013–0.838708 nm under random seed simulation and under seed_1234 simulation it ranged from Protein 0.161276–2.858013 nm and Ligand 0.208401–3.217241 nm, which explains that the ligand-protein complex has undergone minimal structural disorientation and exhibited stable binding throughout the test. The radius of gyration remained constant between for protein at a range of 3.391135–3.518412 nm and for the ligand at a range of 0.354091–0.37452 nm under random simulation conditions, however, the protein and ligand showed the radius of gyration of about 3.390434–4.271447 nm and 0.341893–0.371202 nm under seed_1234 simulation conditions which explains minimal disorientation in seed_1234 simulation. The RMSF of protein and ligand under random and seed_1234 MD simulation conditions exhibited a value of P: 0.0451–0.2189 nm, L: 0.0153–0.1925 nm for random simulation and P: 1.2986–2.2136 nm and ligand L: 0.0160–0.2210 nm under seed_1234 simulation conditions exhibiting vigorous molecular interactions between the ligand and protein in a complex, which justify the results expressed in Tables 2, 3. Through this current simulation results, it is evident that the oseltamivir forms a stable and favourable bond with the enzyme protein like neuraminidase, which underscores the oseltamivir as a suitable candidate for development of pharmacophore against the enzyme protein of neuraminidase (Figure 2).
TABLE 3 | Molecular dynamic (MD) simulation of oseltamivir and neuraminidase.
[image: Table 3][image: Figure 2]FIGURE 2 | Represents the molecular dynamic simulation interactions of the ligand and protein complex as RMSD of protein and ligand, RMSF of protein and ligand, radius of gyration.
Through these results, it can be explained that targeting the neuraminidase can ensure effective modulation of pathological pathway related to AD (Du et al., 2024), as neuraminidase or similar enzymes like sialic acid modifying agents are involved in neurodegenerative pathways (Zhang et al., 2023).
The dataset validation performed through GEO employing the accession number GSE5281 and focusing on the gene expression related to the Alzheimer’s disease for sialyltransferase, which is an analogue of neuraminidase in humans, has shown significant differential expression results. Based on their low p-value and high log fold-change (Log FC) ranging between 6.25 × 10−10 to 3.92 × 10−8, significant statistical evidence for changes related to gene expression was found. The log FC values of 1 shows two folds, 1.5 three folds and 2 four folds in the gene upregulation in the given dataset. The significantly expressed genes like tubulin beta 3 class III (TUBB3) and synaptosome associated protein 25 (SNAP25) are important for normal neuronal structure and function even at the synaptic level (Duly et al., 2022; Olsson et al., 2011), the processes which are dysregulated in AD. The four folds upregulation of ubiquitin C-terminal hydrolase L1 (UCHL1) and PPP2R2D, a subunit of protein phosphatase 2A, suggests altered signalling pathways and protein turnover in human brain (Bishop et al., 2016), which are associated with neurodegenerative diseases. The neurexin 3 (NRXN3) and calmodulin 1 (CALM1) are associated with synaptic connectivity, calcium signalling and disrupting, which are highly associated with AD. (Mu et al., 2024; Chin and Means, 2000) Other genes like fatty acid binding protein 3 (FABP3), (Lee et al., 2020), which represents the lipid metabolism, and somatostatin (SST) (Samson et al., 2008) have neuromodulatory function highly affecting the cognitive processes. Dysregulation of which may develop the AD. (Samson et al., 2008) Aggregation of certain protein and inflammation of developing genes such as reticulon 3 (RTN3) (Grumati et al., 2017) and C1q and tumour necrosis factor-related protein 4 (C1QTNF4) (Vester et al., 2021) can act as central to the development and prognosis of AD. Through this analysis, the network of dysregulated genes involved in synaptic function, neuroinflammation, calcium function and protein homeostasis can be explained. The significant alteration in the gene expression and homeostasis emphasises potential targets for novel therapeutic intervention in relation to AD. (Table 4) The volcano plot expresses the differential expressing gene between Alzheimer’s disease samples and normal samples obtained from the dataset GSE5281 (Figure 3), which shows distinct upregulated and downregulated genes in the context of AD. In the log FC values, positive values (red) show upregulated genes while negative values (blue) show downregulated genes. The y-axis (p-value) shows the significance of the study samples, where the non-significant genes are shown in grey colour. These genes may be involved in inflammation, synaptic dysfunction, amyloid metabolism or impaired neuroprotection. These findings provide potential biomarkers for the development of novel therapeutic agents. (Annexure II).
TABLE 4 | Results of pre and post MM-PBSA binding free energy components in kcal/mol of the MD simulated molecular complex of Oseltamivir and Neuraminidase.
[image: Table 4][image: Figure 3]FIGURE 3 | Volcano plot of gene expression related to sialyltransferase; red colour shows the upregulation of genes and the blue colour shows the downregulation of genes.
The enricher-based analysis of 20 highly significant genes has revealed an enriching analysis of genes implicated in Alzheimer’s disease, highlighting significant association among the cellular components, molecular function, mammalian phenotypes, tissues and related diseases. Within the cellular components, vesicles (adjusted p-value = 0.04964, combined score = 115.27) and glutamatergic synapses (adjusted p-value = 0.04964, combined score = 200.25) emerged as critical, emphasising the known roles of synaptic dysfunction in AD. In molecular function, kinase binding (adjusted p-value = 0.03205, combined score = 89.70) and protein phosphatase regulator activity (adjusted p-value = 0.03324, combined score = 278.70) highlighted the disruption in protein phosphorylation as a tau-related AD precursor (Iqbal et al., 2010). Long chain fatty acid binding and phosphoserine residue binding showed strong results (adjusted p-value = 0.04964 for both, combined scores = 828.65), suggesting metabolic and post-translational monitoring dysregulation. In the case of mammalian phenotype level, the abnormal peripheral nervous system synaptic transmission with values (adjusted p-value = 0.008775, combined score = 3208.63) and abnormal endplate potential with values (adjusted p-value = 0.01166, combined score = 1658.66) were significant, which is consistent with the impact of AD on the synaptic transmission. Decreased paired-pulse facilitation with values (adjusted p-value = 0.01781, combined score = 961.11) proves impaired synaptic plasticity, further assisting neurodegeneration. From the tissue specific analysis, the cortex of the brain (adjusted p-value = 0.0001872, combined score = 511.81) and the ganglia with values (adjusted p-value = 0.0007525, combined score = 280.10) showed significant involvement, which are shown to be critically affected in AD. Within the disease association, strong links were noticed related to brain disease, pineoblastoma, dumping syndrome and dysembryoplastic neuroepithelial tumour, hinting at overlapping pathways of neurodegeneration. The analysis has given a hint related to the metabolic causes of the development of AD, where neuraminidase analogues like sialyltransferase plays a crucial role in disrupting the metabolism of various proteins and lipids. Hence, the enricher-based analysis of highly significant genes has revealed various potential targets for the novel development of therapeutic agents (Table 5).
TABLE 5 | Results of pre and post MM-GBSA binding free energy components in kcal/mol of the MD simulated molecular complex of Oseltamivir and Neuraminidase.
[image: Table 5]DISCUSSION
Oseltamivir, which inhibits neuraminidase and facilitates the viral entry into the cells, disarranges sialic acid from the glycoproteins. The sialic acid is also produced by the action of various human enzymes, such as secretases, glycogen synthesis kinases, cycling dependent kinases, protein phosphatase 2A, sialyltransferase, acetylcholinesterase, interleukin 1B and tumour necrosis factor, which plays a vital role either in the formation of insoluble sialic acid or in the production of neurodegeneration through inflammation. Hence, the current study was taken up to analyse the inhibitory potential of oseltamivir against all of the enzymes or cytokines related to Alzheimer’s disorders.
The PASS online tool was used to predict the pharmacological activity of a compound. It was predicted that oseltamivir functions as neuraminidase inhibitor and that it was a preferred antiviral agent against influenza A and B viruses. The ‘Pa’ values exceeding 0.9 were well-aligned with documented role of oseltamivir. A study published by Patricia et al. highlighted the antiviral activity of oseltamivir against influenza (Schirmer and Holodniy, 2009). The findings of this study confirmed the mechanism of action, which helped us in choosing the required topic.
However, the secondary activities such as macrophages stimulation (Hama, 2016) and alpha-N-acetylglucosaminidase inhibition had to settle with lower Pa values, which could be considered as the off-target effects and related to oseltamivir. The secondary activities are not yet well-developed or published, which opens up a potential change of studying the molecular-related activities concerning other diseases for the patient’s safety (Easwaran et al., 2023b).
The toxicity prediction has expressed that the oseltamivir may develop metabolic acidosis (Pa = 0.511), twitching (Pa = 0.517) and dyspnoea (Pa = 0.375). These effects were also noted in the clinical setting with higher doses or with prolonged use of oseltamivir. A published meta-analysis highlights gastrointestinal disturbances and no neuropsychiatric effects of oseltamivir in patients. Such studies confirm the application of oseltamivir with proper dose management (Malosh et al., 2017). Certain predicted toxicities, like thrombophlebitis and ototoxicity, lack substantial clinical evidences. To overcome these limitations of the insilico studies, a necessary clinical validation is recommended. Further, a published study explains that the adverse events related to oseltamivir are milder in intensity, which can be managed clinically (Smith et al., 2011). Nevertheless, the concerns raised by the predictive models as a part of insilico studies cannot be counted less. Hence, a thorough discussion and drug repurposing must be considered (Jhee et al., 2008). In order to avoid the adverse drug reactions or drug interactions of the oseltamivir with those that are milder in action, the drug can be formulated into a lipid or polymer-based carriers as targeted drug. Delivery system implicates its action directly in the targets like neuraminidase analogues or acetylcholinesterase (Farid and Jaffar, 2019; Farid and Jaffar, 2020; Fouad et al., 2017; Jaffar and Farid, 2019) for the application of novel molecules clinically in order to improve the quality of life of those with neurological disorders (Srujana et al., 2017).
The molecular docking studies that employed the PyRx revealed a wide range of binding affinities of oseltamivir to various proteins, included those which are of importance in Alzheimer’s disease. One such target of oseltamivir was acetylcholinesterase (−7.9 kcal/mol), followed by TNF-alpha (−7.4 kcal/mol), GSK-3B (−6.6 kcal/mol) and neuraminidase (−6.5 kcal/mol). These findings suggest the potential off-target interactions of oseltamivir outside its main mechanism of action and antiviral target (Walczak-Nowicka and Herbet, 2021).
Binding affinity to acetylcholinesterase and neuraminidase is particularly important as it highlights the possible role of oseltamivir in controlling cholinergic pathway and neurodegeneration, which explains the involvement of acetylcholinesterase in the development of Alzheimer’s disease (Walczak-Nowicka and Herbet, 2021). The observations of the current study provide high binding affinity of the oseltamivir with acetylcholinesterase; the said action can be validated through the pre-clinical or clinical investigations. Furthermore, the binding affinity of oseltamivir with neuraminidase of −6.5 kcal/mol was consistent with the role of oseltamivir as neuraminidase inhibitor. The observed amino acid interaction with ARG C:172 and GLU A: 128 confirms stable ligand binding aligning with structural studies of Larisa et al (Gubareva and Mohan, 2022) Comparatively, the binding energies with beta and alpha secretase suggest weaker but potentially significant interaction with amyloid precursors protein-processing enzymes. These findings align with the results provided by Kioke et al., that antiviral agents may provide neuroprotective effect through off-target interactions, i.e., sialidase (Hata et al., 2008).
The stability of neuraminidase-oseltamivir complex was confirmed by molecular dynamic simulations studies, as evident RMSD values for Protein: 0.128424–0.493372 nm, ligand 0.122013–0.838708 nm under random seed simulation and for seed_1234 simulation it ranged from Protein 0.161276–2.858013 nm and Ligand 0.208401–3.217241 nm confirming stability of the complex. The result of radius of gyration (for protein at a range of 3.391135–3.518412 nm and for the ligand at a range of 0.354091–0.37452 nm and 3.390434–4.271447 nm and 0.341893–0.371202 nm for seed_1234 simulation) further supports the structural stability of the complex. These findings can be related to the results of a research study published by Putra et al. (2018), which demonstrated similar RMSD for the neuraminidase inhibition forming protein-ligand complex. These results are similar with other earlier published computational studies, affirming strong interaction of oseltamivir with the primary target, i.e., neuraminidase. Similarly, the RMSF values P: 0.0451–0.2189 nm, L: 0.0153–0.1925 nm for random simulation and P: 1.2986–2.2136 nm and ligand L: 0.0160–0.2210 nm under seed_1234 explains extensive molecular interactions, which further validates the oseltamivir’s potency as neuraminidase inhibitor (Abdullahi et al., 2023).
Moreover, with regards to the acetylcholinesterase, the binding energies (-7.9 kcal/mol) also stands as an add-on to the off-target effects of oseltamivir. Combination of inhibition of neuraminidase and acetylcholinesterase in humans may prove to be beneficial in the management of neurological disorders like Alzheimer’s disease (Khunnawutmanotham et al., 2024).
Analysis of the results obtained post MD simulation MM-PBSA and MM-GBSA revealed increased binding affinities of the oseltamivir with Neuraminidase complex. Important energy components such as van der Waals (ΔE_vdW), electrostatic (ΔE_elec) interactions have shown a shift form the negligible (0 ± 0.00) to a favourable value in both productions and trajectories. Which indicates a stronger ligand-protein interactions post MD simulations. On the other hand, polar solvent energy (ΔG_polar) was identified with variable changes, and non-polar energies remains consistently constant. The total binding energies (ΔG_bind) became significantly favourable in random as well as seed_1234 simulations, which confirms improved complex stability. Decomposition level MM-GBSA analysis highlighted critical moieties like GLU:376, GLU:277 and LIG:469 with great shifts in the residual energies of ARG224 and ARG292 post MD simulations. These finding emphasize the value of MD simulations in capturing realistic energetic and structural refinements in ligand binding (Tables 5, 6).
TABLE 6 | Results of pre and post MM-GBSA binding free energy components in kcal/mol of the MD simulated molecular complex of Oseltamivir and Neuraminidase.
[image: Table 6]The genes, which play a vital role in the TUBB3 (formation of beta-tubulin), FABP3 (regulates alpha-Synuclein uptake in dopaminergic neurons) and CALM1 (Calcium signal transduction pathway) in Alzheimer’s disease, were upregulated. These findings align with the earlier studies published by Shu et al., which reported similar gene expression patterns in AD. The upregulation of neuronal structure and calcium signalling pathways provides further insights into the molecular basics of AD (Wang et al., 2012). Oseltamivir’s potential to modulate the gene expression, particularly in sialyltransferase-related pathways, requires further investigation (Fang et al., 2014). The current study does not directly demonstrate the ligands’ impact on the genes. The observed docking ability of ligand against sialyltransferase (−6.4 kcal/mol) suggests a possible role in controlling glycosylation process related to neurodegeneration. This aligns with the study published by Jannis et al., which highlights the importance of sialylation in brain function and pathological development (Wißfeld et al., 2024) (Tables 7, 8).
TABLE 7 | Gene expression analysis of sialyltransferase gene with accession number GSE5281.
[image: Table 7]TABLE 8 | The results of significant gene expression from the data of 20 highly upregulated and significantly expressed genes.
[image: Table 8]Functional enrichment analysis revealed significant association with molecular function, such as kinase binding (p = 0.0006541) and protein phosphatase regulatory activity (p = 0.001357). These findings explore the role of oseltamivir in modulating signal pathways indirectly through protein interactions. Additionally, the action on the cellular components, such as vesicle and glutaminergic synapse, underlines the potential impact of oseltamivir on synaptic transmission. Furthermore, the association of oseltamivir’s activity with brain cortex cell lines and disease such as dysembryoplastic neuroepithelial tumour (p = 0.007179) raises a point regarding the higher implications of the oseltamivir use in neurological conditions. These findings also align with the earlier published studies by Pamela et al., which reported off-target effects on the neural pathways. However, a thorough experimental validation is still required to justify these activities obtained through in silico studies (Ferreira et al., 2020).
CONCLUSION
The current study aims to explore the impact of oseltamivir as an inhibitor on neuraminidase and its analogues in humans, along with the significant genes and pathways involved in the AD. The results highlight the binding affinities of oseltamivir with neuraminidase, acetylcholinesterase and sialyltransferase, along with the importance of synaptic functions, vesicle transport and kinase-regulating genes, suggesting their pivotal role in the progression of AD. The binding affinities, synaptic functions, vesicle transport and kinase regulating are prior expressed in various research publications linking to cognition decline and development of AD. The identified enzymes can be considered as important molecular targets for developing novel drugs to treat AD in humans. However, a small number of target proteins and insilico methods employed in the study needs to be validated experimentally. Future research anchoring on the same idea should focus on the understanding of molecular mechanisms and clinical validations to solidify the findings with the therapeutic potential of these targets in AD. The current study provides a deeper understanding of the various patterns related to AD, which could help in the future development of novel agents.
LIMITATIONS AND FUTURE DIRECTIONS
This study provides comprehensive yet limited insights regarding oseltamivir’s pharmacology and toxicology profile. The insilico predictions and docking studies require experimental validations to confirm their applicability in clinical settings. Additionally, the observed gene expression analysis and pathway association are correlative and do not establish causality.
Future studies should focus on experimental validation of the pharmacological and toxicological activities predicted related to oseltamivir, along with its off-target interaction. For oseltamivir repurposing, both in vitro and in vivo studies are required to confirm its effect on the neurological pathways and to correct the neurological diseases. Additionally, integrating multi-omics data such as proteomics and metabolomics could possibly elucidate the molecular mechanisms highlighting oseltamivir’s pharmacological effects. However, through this study, the potential pharmacological, toxicological and gene regulatory activities of the oseltamivir are uncovered as neuraminidase inhibitor. Likewise, the potential secondary activities and off-target interactions are also uncovered. These findings provide a broader therapeutic applications and safety profile of oseltamivir. Moreover, experimental validation is being considered in collaboration with renowned research institutes and we hope to explore this aspect in the upcoming series works.
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AE_vdW: van der Waals interaction energy between the ligand and the protein.

AE_elec: electrostatic interaction energy.

AG_polar: solvation free energy due to polar interactions, calculated using the Poisson-Boltzmann (PB) or Generalized Bor (GB) models.
AG_nonpolar: non-polar solvation free energy, often estimated from the solvent-accessible surface area (SASA).

AG_gas: Total energy in vacuum (AE_vdW + AEEL).

AG_solvation: Total solvation energy (AG_polar + AG_nonpolar).

AG_bind: total binding free energy, sum of the above components.
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AE_vdW: van der Waals interaction energy between the ligand and the protein.
AE_elec: electrostatic interaction energy.

AG_polar: solvation free energy due to polar interactions, calculated using the Poisson-Boltzmann (PB) or Generalized Bor (GB) models.
AG_nonpolar: non-polar solvation free energy, often estimated from the solvent-accessible surface area (SASA).

AG_gas: Total energy in vacuum (AE_vdW + AEEL).

AG_solvation: Total solvation energy (AG_polar + AG_nonpolar).

AG_bind: total binding free energy, sum of the above components.
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