

  applbiosci-05-00013




applbiosci-05-00013







Appl. Biosci. 2026, 5(1), 13; doi:10.3390/applbiosci5010013




Article



Computational Approach to Possible Interactions of Gliclazide with Proteins of Inflammatory, Oxidative Stress and Endoplasmic Reticulum Stress Pathways



Olabisi Tajudeen Obafemi 1,*, Ademola Olabode Ayeleso 1,2, Blessing Ariyo Obafemi 3, Jeremiah Oshiomame Unuofin 1, Adewale Odunayo Oladipo 1, Sogolo Lucky Lebelo 1 and Monde Ntwasa 1





1



Department of Life and Consumer Sciences, University of South Africa, Johannesburg 1709, South Africa






2



Biochemistry Programme, College of Agriculture, Engineering and Sciences, Bowen University, Iwo PMB 284, Osun State, Nigeria






3



Department of Medical Biochemistry, Afe Babalola University, Ado-Ekiti PMB 5454, Ekiti State, Nigeria









*



Correspondence: oobafemi@abuad.edu.ng; Tel.: +27-638695069







Citation: Obafemi, O.T.; Ayeleso, A.O.; Obafemi, B.A.; Unuofin, J.O.; Oladipo, A.O.; Lebelo, S.L.; Ntwasa, M. Computational Approach to Possible Interactions of Gliclazide with Proteins of Inflammatory, Oxidative Stress and Endoplasmic Reticulum Stress Pathways. Appl. Biosci. 2026, 5, 13. https://doi.org/10.3390/applbiosci5010013



Received: 25 September 2025 / Revised: 28 November 2025 / Accepted: 5 January 2026 / Published: 14 February 2026



Abstract


The present study aims to evaluate the interaction of gliclazide with proteins related to inflammation—{inhibitor of nuclear factor kappa-B kinase subunit beta (IKKα) and NF-kappa-B-inducing kinase (NIK)}; oxidative stress—{kelch domain of Kelch-like ECH-associated protein 1 (KKeap1)} and ER stress—{inositol-requiring enzyme-1alpha (IRE1α)}. X-ray crystal structure of IKKα, (PDB ID: 5EBZ), KKeap1 (PDB ID: 4L7B), NIK (PDB ID: 8YHW) and IRE1α (PDB ID: 4YZ9) were obtained from Protein Data Bank and Open Babel 3.1.1 was used to prepare the ligands. Prior to docking, protein structures were prepared by removing water molecules, adding hydrogen atoms, and optimizing side chain conformations using Maestro (Schrödinger Suite, version 2024-2) along with the OPLS4 force field. Ligand docking was performed using the Glide application. Molecular dynamics simulation was performed with Desmond (Schrödinger Suite) within the Maestro interface for 100 ns for the NPT ensemble at 300 K and 1 atm pressure. Physicochemical and pharmacokinetics properties were analyzed using ADMETlab 3.0 and SwissADME. The binding energies of gliclazide with IKKα, NIK, KKeap1 and IRE1α were −8.3, −7.9, −8.4 and −8.8, respectively. Root mean square displacement (RMSD), root mean square fluctuation (RMSF) and radius of gyration analyses predicted relatively strong and stable interactions between gliclazide and the proteins, with favourable pharmacokinetic properties. It was also observed that CYP3A4 metabolizes gliclazide, in addition to CYP2C9 and CYP2C19. The activity of gliclazide against inflammation, oxidative stress and endoplasmic reticulum stress might be via interaction with these proteins.
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1. Introduction


Diabetes mellitus is a serious and long-term disease arising from either the inability of the pancreas to produce adequate insulin or the inability of the body to effectively utilize the insulin produced by the pancreas. Hyperglycemia, a common indicator of uncontrolled diabetes, may eventually lead to various diabetic complications affecting the eyes, blood vessels, nerves, heart and kidneys [1]. In 2017, diabetes was responsible for about 3% of global mortality and ranked among the first ten causes of adult deaths, with about US$ 727 billion expended on the disease [2,3]. There are three main types of diabetes, namely type 1 diabetes (T1DM), type 2 diabetes mellitus (T2DM) and gestational diabetes (GDM); however, type 2 diabetes accounts for about 90% of all cases. In 2019, the prevalence rate of diabetes was estimated to be 9.3%, translating to about 463 million people, and these figures are projected to rise to 10.2% (578 million people) by 2030 and 10.9% (700 million people) by 2045 [4].



Previous studies have confirmed the involvement of oxidative stress, inflammation and endoplasmic reticulum (ER) stress in diabetes [5,6]. Oxidative stress has been implicated in derangement of insulin synthesis, secretion and action, which are all important features of type 2 diabetes. Persistent hyperglycemia, which is a major characteristic of type 2 diabetes, precipitates inflammation, oxidative stress, amyloid stress, accumulation of misfolded insulin, and eventually, endoplasmic reticulum (ER) stress, especially in the β-cells, because of their genetic susceptibility [7]. Moreover, glucotoxicity, lipotoxicity and glucolipotoxicity, which occur in obesity and type 2 diabetes, instigate oxidative stress that eventually damages the β-cells [8]. Moreover, the oxidative stress associated with diabetes contributes to the development and progression of complications of diabetes [9]. The ability of any one of the following—oxidative stress, inflammation, or endoplasmic reticulum stress—to potentiate the other two in the settings of type 2 diabetes has been previously reported [6,10,11].



Gliclazide is an oral antidiabetic drug (OAD) belonging to the class of sulfonylureas, which has been identified as the second most prescribed class of OADs. However, gliclazide stands out among other sulfonylureas, not only because it is associated with significantly lower incidences of hypoglycemia but also because it provides significant antioxidant benefits, which potentially reduces the likelihood of developing diabetic complications. Moreover, based on its effectiveness and patient status, gliclazide has been recommended as a first- or second-line antidiabetic agent for managing T2DM [9,12]. In addition to metformin, gliclazide is the only oral antidiabetic drug on the WHO essential medicines list [13]. While both metformin and gliclazide were reported to have antioxidant effects, it was reported that gliclazide possesses better antioxidant effects than metformin [14], an effect that might not be unconnected with the azabicylooctyl ring in its structure [15].



In the presence of various pro-inflammatory stimuli, the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is quickly activated by the IκB kinase (IKK) complex and released from its binding to the inhibitor of NF-κB (IκB). The IKK complex consists of three subunits, two of which are catalytic (IKKα and IKKβ), while the third subunit (IKKγ/NEMO) has a regulatory function. IKK activation results in IκB phosphorylation and ubiquitination. As a result, free NF-κB can translocate into the nucleus and influence the expression of several target genes [16]. NF-kB-inducing kinase (NIK) is an important upstream modulator of the alternative NF-kB signalling pathway [17]. In non-stimulated cells, NIK is usually tethered to both tumour necrosis factor receptor-associated factor 2 and 3 (TRAF2/3) and cellular inhibitor of apoptosis protein 1 and 2 (cIAP1/2), thereby causing its ubiquitination and constant degradation. Upon stimulation with cytokines and other stimuli, NIK unbinds from TRAF2/3, which is degraded, thereby allowing NIK to accumulate, stabilize, and subsequently activate the non-canonical NF-kB pathway [18]. Previous studies have implicated NIK in insulin resistance based on its induction in the liver of obese mice and muscle of obese humans and in T2D-associated β-cell failure [19].



IKKα is a regulator of the non-canonical NF-κB activation pathway as it is involved in the phosphorylation of p100, thereby facilitating the processing of p100 to p52. p52 then forms a heterodimer with RelB (p52:RelB) [20], which then translocates to the nucleus where it activates NF-κB target genes in lymphoid cells that are implicated in developmental programmes [21]. It was previously suggested that IKKα contributes to canonical activation of the NF-κB pathway. More recent studies have shown that IKKα might be the principal kinase of the NF-κB pathway as it adequately compensated for IKKβ activity in IKKβ-knockout cells while IKKβ did not compensate for IKKα activity in IKKα-knockout cells [22,23]. A previous study reported that both interleukin-1β and tumour necrosis factor-α are able to activate the non-canonical NF-κB pathway in beta cells, suggesting a role for IKKα in pancreatic inflammatory process [24]. Moreover, IKKα has been reported to regulate IKKβ activity via phosphorylation, thereby making IKKα a potential contributor to the downstream effects of IKKβ [15]. This is quite instructive as IKKβ is known to interfere directly with the insulin signalling pathway and cause insulin resistance in the liver, adipose tissue and skeletal muscles. Thus, IKKα may have modulatory effects on insulin signalling [25,26,27].



Usually, cells sense accumulation of misfolded proteins in the endoplasmic reticulum (ER) through three ER resident transmembrane proteins viz. inositol, requiring enzyme-1α (IRE1α), protein Kinase-R-like ER kinase (PERK), and activating transcription factor-6 (ATF6) [28,29]. These proteins become activated and then set off a series of transcription processes after dissociating from their interaction with glucose-regulated protein-78 (GRP78) in the ER lumen. The initial goal of these three ER sensors and their downstream effectors is to ultimately restore ER homeostasis through the three mechanisms stated earlier, a phenomenon known as unfolded protein response (UPR). However, failure to achieve this eventually directs the UPR to switch to a chronic ER stress whose output includes cell destruction and apoptosis, as evidenced by a decline in pancreatic beta-cell mass observed in ER stress-associated diabetes mellitus [30]. An earlier study reported that the IRE1α branch of the ER stress, which is the most evolutionarily conserved among the three ER stress sensors [31], contributes significantly to the amelioration of oxidative stress and regulation of inflammatory cytokine generation under several stress conditions [32]. Defects in the IRE1α pathway lead to deranged processing of proinsulin, diminished insulin secretion, lack of adaptive proliferation of the β-cells and β-cell death [33,34].



Kelch-like ECH-associated protein 1 (Keap1) serves as a stress sensor in the cell, and the modifications of its primary structure during oxidative or electrophilic stress leads to a disruption in its interaction with, and eventually the stabilization of Nrf2 [35,36]. Studies have shown that the dysregulation of the Nrf2/Keap1/ARE pathway is implicated in the pathophysiology of diabetes mellitus as well as its complications, and the pathway has been identified as a promising drug target for insulin resistance and sensitivity, pancreatic dysfunction and a wide range of diabetic complications [37]. It has been established that the binding of Nrf2 to Keap1 is via the kelch domain of Keap1, suggesting that the kelch domain of Keap1 plays an important role in the regulation of the Nrf2/Keap1/ARE pathway [38].



Gliclazide has recently been receiving significant consideration due to its antioxidant and anti-inflammatory properties, in vitro and in vivo [39]. The aminoazabicyclo-octane ring of gliclazide was reported to protect the beta-cells against oxidative stress, thereby contributing to reduced beta-cell death and reduced treatment failure in gliclazide use [40]. This study, therefore, aimed to use an in silico model to evaluate the interaction of gliclazide with proteins associated with ER stress (IRE1α), oxidative stress (KKeap1) and inflammation (IKKα and NIK), which are critical pathways involved in the pathogenesis and progression of diabetes mellitus, as well as to highlight some of its pharmacokinetic properties.




2. Materials and Methods


2.1. Protein Preparation


The X-ray crystal structure of inhibitor of KappaB kinase alpha (IKKα) (PDB ID: 5EBZ) [41], Kelch-domain of Kelch-like ECH-associated-protein 1 (KKeap1) (PDB ID: 4L7B) [42], NF-kappaB-inducing kinase (NIK) (PDB ID: 8YHW) [43] and inositol-requiring enzyme-1α (IRE1α) (PDB ID: 4YZ9) [44] were obtained from Protein Data Bank (https://www.rcsb.org/ (accessed on 5 August 2025)) [45]. Co-crystalized ligands used for the proteins were 2-azanyl-5-phenyl-3-(4-sulfamoylphenyl)benzamide (5TL) for IKKα, [46], (1S,2R)-2-{[(1S)-1-[(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)methyl]-3,4-dihydroisoquinolin-2(1H)-yl]carbonyl}cyclohexanecarboxylic acid (1VV) for KKeap1 [47], (5R)-2-(3,4-dichlorobenzyl)-N-(4-methylbenzyl)-2,7-diazaspiro(4.5)decane-7-carboxamide (4K7) Ire1α [48], and phosphothiophosphoric acid-adenylate ester for NIK [49]. All the proteins are human proteins. The proteins were prepared using Glides protein preparation wizard (Schrodinger Inc., New York, NY, USA). In the preparation steps, the water of crystallization that is not so crucial for the process was deleted to make the modelling simpler. The loops and atoms that are essential to the structures were fixed using loop refinement methods. Receptor grids were generated using Receptor grid generation in the Glide application for proteins having co-crystalized ligands.




2.2. Ligand Preparation


Ligand preparation was performed with the involvement of energy minimization and generation of rotatable bonds using Open Babel (OpenEye Scientific, Santa Fe, NM, USA).




2.3. Molecular Docking Modelling


The molecular docking was specifically executed utilizing Maestro (Schrödinger Suite, version 2024-2) along with the OPLS4 force field (Schrodinger Inc., New York, NY, USA), in a quest to investigate the binding interactions between gliclazide and the target protein structures. During the preparation steps, water molecules situated more than 5.0 Å from the binding site were eliminated to make the modelling process easier. These molecules do not have any direct role in the binding of ligands. On the other hand, water molecules that are structurally conserved and located within 3.0 Å of both the protein binding site and co-crystallized ligands were kept if they were present in the crystal structures. This is because these waters can be the ones that facilitate crucial protein–ligand interactions. The receptor was treated through the Protein Preparation Wizard, which included the process of protonation at a pH of 7.0 ± 0.5 and the implementation of restrained minimization. The ligands were produced through LigPrep (Schrodinger Inc., New York, NY, USA) with the aim of having low-energy 3D structures and the right ionization states. The grid for the binding site was created based on the co-crystallized ligand. Glide docking was performed with Standard Precision (SP) to create initial poses, then the top hits were subjected to Extra Precision (XP) redocking to achieve refined poses along with XP Glide Scores.




2.4. Molecular Dynamics Simulation


Molecular dynamics simulations were carried out with Desmond (Schrödinger Suite) within the Maestro interface for 100 ns for the NPT ensemble at 300 K and 1 atm pressure. During simulation setup, the oligomerization states of the target proteins were taken into consideration. For IKKα (PDB: 5EBZ), the structure was set up as a single monomer representing the catalytic domain, and it was simulated as such. The same approach was used for NIK (PDB: 8YHW), where the monomer of the kinase domain was considered. KKeap1 (PDB: 4L7B) has the Kelch domain, which is typically a homodimer; thus, this dimeric structure was maintained during the MD simulations by including both chains in the simulation system. IRE1α (PDB: 4YZ9) is the kinase domain monomer. The simulation boxes were sized properly to keep the interactions between the periodic images from becoming artificial and affecting the simulation. The complexes of protein and ligand were solvated within the TIP3P explicit water model with appropriate salt concentration to neutralize the system. It is important to mention that the first docking was performed with the least number of water molecules possible, to make conformational sampling quick, while later on, the MD simulations were performed in explicit TIP3P water to test the stability and dynamics of the predicted binding poses under physiological conditions. This approach is very common in computational drug discovery, where docking finds possible binding modes, and MD simulations confirm their stability in a completely solvated environment. The merging of RMSD values and stable protein–ligand interactions for the duration of the 100 ns MD simulations is a guarantee that the initially predicted binding poses were stable under the condition of explicit solvation, thus proving our docking predictions right. Independent correlation analysis was carried out for both the ligand property and the protein–ligand interaction property to study their relationship with binding stability. Trajectory analysis included RMSD, RMSF, and the calculation of protein–ligand interaction fraction to explore complex stability and conformational dynamics throughout the simulation period.




2.5. Pharmacokinetic Parameters


Physicochemical and pharmacokinetics properties were analyzed using ADMETlab 3.0 and SwissADME.





3. Results


3.1. Molecular Docking


The docking score for binding of gliclazide and protein co-crystalized ligands to the proteins as indicated in Table 1 are IKKα [−8.3, −9.9], NIK [−7.9, −8.1], KKeap1 [−8.4, −10.6] and IRE1α [−8.8, −10.9] kcal/mol. The results show that gliclazide demonstrated appreciable binding to the proteins of interest and compared favourably with the co-crystalized ligands of respective proteins. The 2D presentations of gliclazide in the binding pockets of the proteins and their co-crystalized ligands, as well as the various amino acids that gliclazide interacts with in the binding pockets are shown in Figure 1. In the binding pockets, gliclazide was revealed to interact with a number of important amino acid residues, as depicted in Figure 1. From the IKKα α perspective (Figure 1a), the ligand formed two hydrogen bonds with Glu97 and Cys99; it also engaged Val29, Ala42, and Val74 in hydrophobic interactions. KKeap1 (Figure 1c) was the next to be considered, and the ligand bonded with Arg415, Asn382, and Ser508 through hydrogen bonding; besides that, there was pi–pi stacking with Tyr525. NIK (Figure 1e) was the next receptor considered, and it formed hydrogen bonds with Asp545 and Glu565, while also having hydrophobic contact with Leu478, Val482, and Ile538.The last one was IRE1α (Figure 1g), where gliclazide connected Lys599 and Asp711 through hydrogen bonds while hydrophobic contacts were made with Leu588, Val609, and Phe712. All these different interactions are what gave the high binding affinity of gliclazide noted for all target proteins.




3.2. Molecular Dynamic Simulation


3.2.1. Root Mean Square Deviation


The structural stability of the complexes was assessed using the root mean square deviation (RMSD) of the backbone atoms relative to the protein. This offers details on the long-term stability and convergence of protein–gliclazide complexes and protein-reference compounds complexes, as indicated in Figure 2. The average RMSD values recorded for the four-system apoprotein and protein–ligand complexes for IKKα, KKeap1, NIK and IRE1α were [4.010, 0.57063], [2.877, 0.32619], [2.489, 0.55344] and [2.265, 0.26111], respectively. This investigation of RMSD profiles between apo-proteins and protein–ligand complexes indicated that in most cases, ligand binding led to the stabilization of protein structures. The average RMSD of the apo-protein was higher (4.010 ± 0.571 Å) than that of the gliclazide-bound complex (0.571 ± 0.035 Å) for IKKα. The same stabilization patterns were noticed for KKeap1, NIK, and IRE1α, where ligand binding diminished the structural fluctuations and therefore suggested protein–ligand interactions as the reason for the stabilization.




3.2.2. Root Mean Square Fluctuation Analysis


As shown in Figure 3, the root mean square fluctuation (RMSF) average values of the four-system apoprotein and protein–ligand complexes for IKKα, KKeap1, NIK and IRE1α were [1.095, 0.34983], [0.968, 0.36919], [0.662, 0.23488] and [0.409, 0.11631], respectively. High RMSF occurred in the protein’s flex regions. The most fluctuating regions of the protein were the loop portions since they were considered the most flexible. The constrained residues regions, where the ligands bind, are the other regions that had a lower degree of variability.




3.2.3. Radius of Gyration


The radius of gyration (Rg) values of the four-system apoprotein and protein–ligand complexes for IKKα, KKeap1, NIK and IRE1α were [2.117, 0.37407], [2.544, 0.52147], [1.436, 0.11834] and [1.025, 0.14470], respectively, as indicated in Figure 4 below.





3.3. Pharmacokinetics Parameters


ADMET studies were conducted on gliclazide to obtain predicted values for parameters associated with absorption, metabolism and distribution. Results presented in Table 2 show that gliclazide had weak interactions with P-glycoprotein. Our results showed that gliclazide has a predicted logS value of 3.522 log mol/L, an indication of low solubility in water. MDCK permeability and logBBB values of value and of 2.23 × 10−6 cm/s and 0.019, respectively, were predicted for gliclazide in this study. Results from this study also showed that in addition to CYP2C9 and CYP2C19, which are well-documented major metabolizers of gliclazide, CYP3A4 also significantly metabolizes gliclazide.





4. Discussion


Molecular docking is used to position the computer-generated 3-dimensional structure of small ligands into a receptor structure in a variety of orientations, conformations and positions. Searching algorithms generate possible poses, which are ranked by scoring functions [50]. This method is useful in drug discovery and medicinal chemistry by providing insights into molecular recognition. Docking has become an integral part of Computer-Aided Drug Design and Discovery (CADDD) [51]. In spite of its increasing relevance to the process of drug discovery, results from molecular docking should be taken cautiously because they do not always correlate with findings from in vivo studies. This is due to the fact that molecular docking does not completely simulate conditions in the cellular environment [52]. In this study, gliclazide was examined against four target receptors, namely, IKKα, KKeap1, NIK and IRE1α. These proteins were selected because they are mostly regulatory proteins in their respective pathways: IKKα and NIK (inflammation), KKeap1 (antioxidant) and IRE1α (endoplasmic reticulum stress), thereby making them relevant as effectors of drug action [53]. Moreover, as previously stated, these pathways are critical contributors to the pathophysiology of diabetes mellitus [25,26,27,34,37,38]. In addition, re-docked co-crystalized ligands of each of the proteins were used as basis of validation and comparison for binding of gliclazide to the proteins [54,55].



Noncovalent interactions between ligands and proteins are at times considered as additive and often mutually reinforcing (positively cooperative) when a ligand reduces motion within a protein [56]. There are several kinds of noncovalent interactions that contribute to the formation of a stable complex between ligand and protein. These include hydrophilic, hydrophobic, van der Waals, electrostatic, hydrogen-bonding desolvation, etc. [57]. Results presented in Figure 1 show that the binding pockets of the proteins for gliclazide contain several polar, hydrophobic and charged amino acids, which are important for binding of ligands to proteins, and these amino acids may have contributed to the affinity and conformational stability of the binding observed in this study [58].



Various methods have been adopted to validate docking programmes and scoring functions. One of such methods is to re-dock a compound with known conformation and orientation into the active site of the target, usually a co-crystalized structure [59]. Information from the binding pocket of a co-crystalized ligand can be used to identify probable binding sites, while information on binding sites and poses is important to determine binding affinities [60,61]. A docking score is considered to be an estimate of the relative binding affinity of a ligand to a protein. More negative scores indicate stable and favourable interactions between ligands and proteins [62,63]. In this study, the resulting interactions between proteins and ligand were evaluated using XP GScore. As shown in Table 1, the predicted binding scores of gliclazide with each of the target proteins indicated appreciable binding affinities which compared favourably with those of the co-crystalized ligands. This suggests that the proteins might be relevant in contributing to the ameliorative effects of gliclazide on the pathways in which the proteins are involved.



The RMSD evaluates the structural stability of protein–ligand complexes. It also describes the measure of the changes in the conformation of a given structure over time. Low RSMD values, especially below 2 Å, are considered acceptable [64]. In the present study, the RMSD values obtained for the four protein–ligand complexes were in the range of 0.261–0.571 Å, with the lowest value observed for IRE1α and the highest values observed for IKKα. The RMSD values for the backbone atoms of the protein–ligand complexes were within reasonable ranges, indicating that the complexes were stable over the simulation time. Comparing the RMSD values of the protein–gliclazide complex for all the proteins with the proteins alone suggested that binding of gliclazide stabilized the proteins and that the ligands were stable in their binding pockets. Moreover, the observed stability is an indication of reliable docking predictions [65]. The higher RMSD values observed for the proteins (2.266–4.010 Å) are not unexpected as the proteins adopted more flexible conformations and more structural fluctuations, all of which were reduced upon ligand (gliclazide) binding [66]. Across IKKα, NIK, Keap1, and IRE1α, molecular dynamics trajectories converge on a clear conclusion: gliclazide stabilizes the protein architecture. Apo proteins sampled a broader conformational space (RMSD 2.265–4.010 Å), whereas ligand-bound complexes remained tightly constrained (0.261–0.571 Å), indicating reduced flexibility and enhanced structural integrity.



The RMSF analysis, which analyses the flexibility and local dynamics of the complexes, is a standard procedure for analyzing molecular dynamics simulations. RMSF provides important information about the behaviour of the complexes over time and can help in understanding the stability, dynamics, and binding interactions of the complexes [67]. In most cases, lower RMSF scores are indicative of protein stability, increased stability and efficient binding interactions [68]. In the present study, the RMSF values obtained for the four protein–ligand complexes were between 0.116 and 0.369 Å, with the highest value observed for KKeap1 and the lowest value observed for IRE1α. The observed lower RMSF values of ligand–protein complexes when compared with protein RMSF values (0.409–1.095 Å), analogous to the RMSD values, suggest that binding of gliclazide to the proteins might have reduced binding site flexibility and lowered fluctuations across the protein structure. Moreover, the amino acids present at the protein binding sites might have formed interactions that limit localized fluctuations in the side chains and backbones of proteins, thereby leading to more stable structures [69]. For optimum binding, an RMSF of 1–3 Å has been recommended. This implies that the binding of gliclazide to the proteins utilized in this study can be considered optimum. It also suggests that the proteins were not unstable per se prior to ligand binding [57].



The radius of gyration gives an indication of the distribution of atoms of a molecule around its centre of mass. It gives a clue as to how compact a molecule is as well as the conformational changes that take place in the course of simulation. A lower radius of gyration value suggests that a ligand fits comfortably in the binding pocket and adopts a compact and stable conformation. Conversely, variations in the radius of gyration over the course of simulation indicate flexibility [70]. In this study, the radius of gyration of IKKα, KKeap1, NIK and IRE1α, without a bound ligand, were higher than when gliclazide was bound to them. This suggests that gliclazide was snugly bound in the binding pockets of the proteins and generated a stable protein–ligand complex. These results align with the RMSD data, both of which demonstrated that gliclazide was stably bound to the proteins targeted in this study.



In the present study, pharmacokinetic parameters of gliclazide bordering on absorption and distribution (solubility), transport (plasma protein binding) and metabolism (CYPs) were evaluated and their results are presented in Table 2. Knowledge of the pharmacokinetic properties of drugs, encompassing absorption, distribution, metabolism, excretion and toxicity, has become very important as it helps to facilitate drug discovery while also optimizing and preserving currently available drugs [71,72]. The absorption, bioavailability and efficacy of drugs are affected by their aqueous solubility, and most drugs strike a balance between reasonable aqueous solubility and required hydrophobicity for reasonable passage across the membrane. The solubility of compounds is usually denoted by logS, with about 85% of drugs having logS values in the range of −1 to −5 log mol/L. The hydrophilicity of drugs increases with increasing logS values [73]. The predicted logS value for gliclazide in this study was 3.522 log mol/L, suggesting that it has a low aqueous solubility. The expected limitation to gliclazide’s effectiveness due to its logS value is, however, countered via methods which include reduction in the particle size of the drug and the inclusion of a hydrophilic matrix, which forms a gel that gradually releases the drug over a 24 h period [74].



Lipophilicity is usually quantitatively expressed as either partition coefficient (logP) or distribution coefficient (logD). However, logD at physiological pH (logD7.4), which factors in the pH and ionization forms of drugs, is considered a more relevant assessment of drugs’ lipophilicity than logP [75]. Drugs enter cells more efficiently if logD7.4 is greater than 1 but less than 3–5 [76]. Moreover, a logP value between 0 and 5 has been reported to be optimal for orally administered drugs, with lipophilicity increasing as the logP value increases. In this study, the predicted LogD7.4 and LogP values for gliclazide are, respectively, 1.152 and 2.114 log mol/L, which supports the hydrophobic characteristic of gliclazide, its designation as a class II drug by Biopharmaceutical Classification System (due to low solubility and high permeability across membranes) and its extensive binding to plasma proteins [54,77]. Our results contrast with earlier studies which reported an experimental logP value of 2.6 log mol/L and predicted logP values of 1.7 and 1.52 for gliclazide [78,79].



The prediction that gliclazide interacts weakly with P-glycoprotein (Pgp), either as inhibitor or substrate, is noteworthy. This is because Pgp is a membrane transporter that plays a crucial role in drug efflux from cells, thereby reducing their bioavailability [80,81]. This finding suggests that gliclazide may not be subject to efflux, potentially leading to improved bioavailability. Caco-2 cells are often used as a model to predict in vivo drug permeability across membranes [82]. In this study, the predicted Caco-2 permeability for gliclazide was −5.386 log cm/s, suggesting that gliclazide may have efficient passive diffusion across intestinal cell membranes. The predicted Caco-2 permeability in this study is closer to the reference value of −6.0 [78], but is far removed from the values reported in earlier studies, which ranged from 0.32 log cm/s (low permeability) [83] to −4.602 log cm/s [78]. On the other hand, the MDCK permeability value of 2.23 × 10−6 cm/s indicates moderate uptake efficiency, implying that gliclazide may not be efficiently transported across certain biological barriers, such as the blood–brain barrier (BBB). This observation correlates with a logBBB value of 0.019 observed for gliclazide in this study and is supported by earlier studies which reported that gliclazide does not freely cross the BBB, a situation that may be advantageous in avoiding potential central nervous system (CNS) side effects if the drug’s target is peripheral [77,84]. The inability of gliclazide to cross the BBB aligns with its characteristics, relating to its low solubility and extensive binding to plasma proteins.



The high plasma protein binding (PPB) of 95.23% suggests that a significant portion of gliclazide is bound to plasma proteins. This value corresponds to an earlier reported value of 94% [77]. While this binding can enhance drug stability and prolong the drug’s action, it may also limit the fraction of free drug available to interact with its target and affect pharmacokinetics. The volume of distribution (VD) value of 0.359 L/kg indicates a relatively small distribution volume, which may impact the drug’s distribution in the body and its tissue penetration. This observation is in tandem with an earlier study which reported high protein binding and a small volume of distribution for gliclazide in both diabetic patients and healthy individuals [77,85,86]. The possible effect of gliclazide’s low VD and extensive binding to plasma proteins is circumvented, especially in the modified release form, by a steady release of unbound drug from the plasma proteins to replace the metabolized ones [87]. Results from this study suggest that CYP2C9 (CYP2C9-sub of 0.895) and CYP2C19 (CYP2C19-sub of 0.942) are major metabolizers of gliclazide, findings corroborated by earlier studies [88]. However, in this study, CYP3A4, which was earlier reported to be a minor metabolizer of gliclazide, appeared to contribute significantly to gliclazide metabolism (CYP3A4-sub-0.916) [89,90,91]. This information is crucial for understanding potential drug–drug interactions and the involvement of these enzymes in the drug’s clearance and metabolism. An elaborate comparison of the values obtained for pharmacokinetics evaluation in this study was not performed based on the inherent variations in such values among individuals [92].



Findings from this study predict that gliclazide interacted reasonably with IKKα, KKeap1, NIK and IRE1α, thereby underscoring the reported antioxidant, anti-inflammatory and anti-ER stress properties [93,94,95]. The biological activities of gliclazide on these pathways might be via its interaction with the proteins evaluated in this study. The extra-pancreatic effects of gliclazide and its predicted pharmacokinetic properties in this study, especially its lipophilicity, have been attributed to its unique aminoazabicyclo-octane ring, which possesses direct radical scavenging and antioxidant activities [96].




5. Conclusions


This study predicted that gliclazide showed appreciable binding affinity and stable interactions with IKKα, NIK, KKeap1 and IRE1α. The interaction of gliclazide with these proteins, which have been implicated in the pathophysiology of diabetes and are critical regulators of their respective pathways, might be the mechanism through which it exerts its amelioration of oxidative stress and by extension, its amelioration of inflammation and ER stress in the diabetes state. This is important because of the cause-and-effect relationships that exist among the three biochemical phenomena. The pharmacokinetic properties of gliclazide as observed in this study also highlight its pharmacological effects. Parameters pertaining to absorption, distribution, metabolism and bioavailability, which were evaluated, aligns with the established characteristics of gliclazide. However, findings from this study suggested that CYP3A4 might contribute to the metabolism of gliclazide, an observation that does not conform to the literature. Further (in vivo) studies, particularly on its aminoazabicyclo-octane ring and its contribution to the antioxidant properties of gliclazide, are required to validate the outcomes of this study. In spite of the substance of this study, it is limited by the lack of either in vitro or in vivo studies.
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Abbreviations


The following abbreviations are used in this manuscript:



	AMBER
	Assisted model building with energy refinement



	BBB
	Blood–brain barrier



	ATF6
	Activating transcription factor-6



	Caco-2
	Colon adenocarcinoma cell line



	CNS
	Central nervous system



	CYP
	Cytochrome P450



	ER
	Endoplasmic reticulum



	GDM
	Gestational diabetes



	GRP78
	Glucose-regulated protein-78



	IKK
	Inhibitor of nuclear factor kappa-B kinase



	IRE1α
	Inositol-requiring enzyme-1alpha



	Keap1
	Kelch-like ECH-associated protein 1



	LogD7.4
	Logarithm of the n-octanol/water distribution coefficients at pH 7.4



	Logp
	Logarithm of the n-octanol/water distribution coefficient



	LogS
	Logarithm of aqueous solubility value



	MDCK
	Madin−Darby Canine Kidney cells



	MM-GBSA
	Molecular Mechanics/generalized-born/surface area



	NF-κB
	Nuclear factor kappa-light-chain-enhancer of activated B cells



	NIK
	NF-kappa-B-inducing kinase



	Nrf2
	Nuclear factor erythroid 2-related factor2



	PDB
	Protein databank



	Pgp-inh
	Inhibitor of P-glycoprotein



	Pgp-sub
	Substrate of P-glycoprotein



	PPB
	Plasma protein binding



	PERK
	Protein Kinase-R-like ER kinase



	RMSD
	Root mean-square deviation



	RMSF
	Root mean-square fluctuation



	TRAF2/3
	Tumour necrosis factor receptor-associated factor 2 and 3



	T1DM
	Type 1 diabetes



	T2DM
	Type 2 diabetes



	UPR
	Unfolded protein response



	VD
	Volume of distribution



	WHO
	World Health Organization



	XP
	Extra precision
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Figure 1. Post-docking analysis of binding of gliclazide and co-crystalized ligands of proteins with the proteins. (a) = gliclazide + IKKα, (b) = 5TL + IKKα, (c) = gliclazide + KKeap1, (d) = IVV + KKeap1, (e) = gliclazide + NIK, (f) = AGS + NIK, (g) = gliclazide + IRE1α, (h) = 4K7 + IRE1α. Key: IKK-α—inhibitor of nuclear factor kappa-B kinase subunit alpha; NIK—NF-kappa-B-inducing kinase (NIK); KKeap1—Kelch-like ECH-associated protein 1; IRE1α—inositol-requiring enzyme 1-alpha. 5TL—co-crystalized ligand of IKKα, IVV—co-crystalized ligand of KKeap1, AGS—co-crystalized ligand of NIK, 4K7—co-crystalized ligand of IRE1α. 
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Figure 2. Root mean square deviation plot as a function of simulation time of gliclazide and co-crystalized ligands dynamics binding to IKKα, KKeap1, NIK and IRE1α. (a) = gliclazide + IKKα, (b) = 5TL + IKKα, (c) = gliclazide + KKeap1, (d) = IVV + KKeap1, (e) = gliclazide + NIK, (f) = AGS + NIK, (g) = gliclazide + IRE1α, (h) = 4K7 + IRE1α. 5TL = co-crystalized ligand of IKKα, IVV = co-crystalized ligand of KKeap1, AGS = co-crystalized ligand of NIK, 4K7 = co-crystalized ligand of IRE1α. 
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Figure 3. Root mean square fluctuation plot as a function of simulation time of gliclazide and co-crystalized ligands dynamics binding to IKKα, KKeap1, NIK and IRE1α. (a) = gliclazide + IKKα, (b) = 5TL + IKKα, (c) = gliclazide + KKeap1, (d) = IVV + KKeap1, (e) = gliclazide + NIK, (f) = AGS + NIK, (g) = gliclazide + IRE1α, (h) = 4K7 + IRE1α. 5TL = co-crystalized ligand of IKKα, IVV = co-crystalized ligand of KKeap1, AGS = co-crystalized ligand of NIK, 4K7 = co-crystalized ligand of IRE1α. 
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Figure 4. Radius of gyration plot as a function of simulation time-dependent analysis of the molecular dynamics trajectory of IKK-α (a), KKeap1 (b), NIK (c) and IRE1α (d). 5EBZ = IKKα, 4L7B = KKeap1, 8YHW = NIK, 4YZ9—IRE1α, 5TL = co-crystalized ligand of IKKα, IVV = co-crystalized ligand of KKeap1, AGS = co-crystalized ligand of NIK, 4K7 = co-crystalized ligand of IRE1α. 
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Table 1. Extra Precision (XP) Score docking score of gliclazide with IKKα, KKeap1, NIK and IRE1α.
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Proteins

	
XP Score




	

	
Gliclazide

	
5TL

	
IVV

	
AGS

	
4K7






	
IKKα

	
−8.3

	
−9.9

	
-

	
-

	
-




	
NIK

	
−7.9

	
-

	
-

	
−8.1

	
-




	
KKeap1

	
−8.4

	
-

	
−10.6

	
-

	
-




	
IRE1α

	
−8.8

	
-

	
-

	
-

	
−10.9








IKK-α—inhibitor of nuclear factor kappa-B kinase subunit alpha; NIK—NF-kappa-B-inducing kinase (NIK); KKeap1—Kelch-like ECH-associated protein 1; IRE1α—inositol-requiring enzyme 1-alpha. 5TL = Co-Crystalized Ligand of IKKα, IVV = Co-Crystalized Ligand of KKeap1, AGS = Co-Crystalized Ligand of NIK, 4K7 = Co-Crystalized Ligand of IRE1α.













 





Table 2. Pharmacokinetic properties of gliclazide.
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	Pharmakokinetic Parameter
	Value





	LogS
	−3.522 log mol/L



	LogD7.4
	1.152 log mol/L



	LogP
	2.114 log mol/L



	Pgp-inh
	0.01



	Pgp-sub
	0.001



	Caco-2
	−5.39



	MDCK permeability
	2.23 × 10−6 cm/s



	LogBBB
	0.019



	PPB
	95.23%



	Volume of distribution
	0.359 L/kg



	CYP1A2-inh
	0.019



	CYP1A2-sub
	0.24



	CYP2C19-inh
	0.057



	CYP2C19-sub
	0.942



	CYP2C9-inh
	0.199



	CYP2C9-sub
	0.895



	CYP2D6-inh
	0.031



	CYP2D6-sub
	0.256



	CYP3A4-inh
	0.063



	CYP3A4-sub
	0.916



	CYP3A4-sub
	0.916







BBB—blood–brain barrier; Caco-2—colon adenocarcinoma cell line; CYP—cytochromeP450 enzymes; LogD7.4—logarithm of the n-octanol/water distribution coefficients at pH 7.4; Logp—logarithm of the n-octanol/water distribution coefficient; LogS—logarithm of aqueous solubility value; MDCK—Madin−Darby Canine Kidney cells; Pgp-inh—inhibitor of P-glycoprotein; Pgp-sub—substrate of P-glycoprotein; PPB—plasma protein binding.
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