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			INTRODUCTION

			Signal transducer and activator of transcription 3 (STAT3) is a member of the cytoplasmic transcription factor family known for signal transduction and activation of transcription, which includes seven members: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT61. STAT1 has structural similarity to STAT3 and STAT5, and primarily functions as an oncogene2. Particularly, STAT3 is a DNA-binding protein that ultimately regulates the essential genes like cell proliferation, metastasis, differentiation, apoptosis, immune responses, angiogenesis, nephrogenesis, gliogenesis, inflammation, and hepatogenesis3. STAT3, being a pleiotropic protein, activates different gene sets in response to different stimuli like growth factors, cytokines (such as IL-6 and IL-12), and oncogenes4.

			STAT3 resides on chromosome 17q21, has structural similarity to other members of the STAT family. It consists of six domains: N-terminal (ND) with a coiled-coil domain (CCD), linker domain, SH2 domain, transcriptional activation domain (TAD), and DNA-binding domain (DBD). The CCD is essential for nuclear localization signals and protein interactions5. In resting cells, STAT3 is in an inactive state and is activated via many pathways, such as receptor tyrosine kinases (e.g., PDGFR, EGFR) and non-receptor tyrosine kinases (e.g., Abl, Src)6. The most crucial pathway that regulates STAT3 activity is the Janus kinase STAT pathway involving key regulators JAK1, JAK2, and Tyk2. This pathway is activated via extracellular ligand interactions with transmembrane receptors, ultimately leading to various transcriptional mechanisms independent of second messengers7. STAT3 becomes activated through phosphorylation at a specific tyrosine residue (Tyr 705) in response to the attached stimuli involving the common signal-transducing subunit (gp130), which primes the activation of STAT3 and RAS/MAP kinase pathways8. The dimer STAT3 then moves into the nucleus, serving as a transcription activator for various target genes9. Usually, STAT3 deactivates within an hour due to the action of various cellular regulators, leading to dephosphorylation and translocation back into the cytoplasm10.

			Nonsteroidal anti-inflammatory drugs (NSAIDs) include a varied group of drugs that share a common mode of action. They are commonly recommended for fever, inflammation, and pain, and account for a noteworthy percentage of annual drug prescriptions among individuals aged 60 and above11,12. NSAIDs include widely used medications like naproxen, aspirin, paracetamol, indomethacin, mefenamic acid, ibuprofen, diclofenac, and celecoxib. Aspirin is often used in low doses for cardiovascular and cerebrovascular conditions13. NSAIDs are antipyretic and analgesic, used worldwide to lessen many pain conditions, from headaches to osteoarthritis. NSAIDs can be administered alone or in conjunction with opioids for severe pain management14,15 (Fig. 1).
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			Fig. 1. Mechanism of action of NSAIDs. Arachidonic acid is released from cell membrane phospholipids by phospholipase A₂. It is then converted by cyclooxygenase enzymes (COX-1 and/or COX-2) to the unstable intermediate prostaglandin H₂ (PGH₂) via prostaglandin G₂. PGH₂ serves as the common precursor for tissue-specific prostanoids.

			Molecular docking is an advanced technique used to place three-dimensional small ligands at receptor active sites in different orientations. It relies on the concept of induced fit, where successful binding is contingent on the complementary shapes and matching energy profiles of ligands and proteins16. In this current computational investigation, our main objective is to undertake the repurposing of nonsteroidal anti-inflammatory drugs (NSAIDs) as potential inhibitors of STAT3.

			Materials and mETHODs 

			In this study, a molecular docking tool was used for analyzing the interactions between STAT-3 and FDA-approved NSAIDs. The software tools used included Auto-Dock MGL Tools (https://ccsb.scripps.edu/mgltools/downloads/), Auto-Dock	vina (https://ccsb.scripps.edu/mgltools/downloads/), PyMOL (https://www.pymol.org/), Discovery Studio Visualizer 2.5 (https://discover.3ds.com/discovery-studio-visualizer-download), and Ligplot+ 4.5.3 (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/download.html).

			Protein preparation

			STAT3β/DNA complex (PDB code 1BG1) crystalline structure was taken from the Protein Data Bank (PDB) under Research Collaboratory for Structural Bioinformatics (RCSB). Pre-existing ligands and molecules of water were detached, and then polar hydrogens and Kollman charges were added using the tool AutoDock Vina. CASTp server (http://sts.bioe.uic.edu/) is a tool to predict the catalytic site, and it was used for STAT-3 protein’s binding pockets and cavities predictions17.

			Ligand preparation

			Eight FDA-approved three-dimensional structures of studied NSAIDs were taken from the online PubChem database in the format of a structure-data file (SDF). These .sdf format of the ligands were then converted to PDB format using PyMOL and then to PDBQT format using Auto-Dock MGL tools. Discovery Studio Visualizer (DSV) was used to visualize the PDBQT format of these structures.

			Docking and visualization

			For the grid box and docking parameter file formation, AutoDock Vina was used. Docking analysis viewed all ligand bonds as rotatable and the protein molecule as rigid. A grid box of 40 × 40 × 40Å was used with center at the coordinates of 115.415, 87.292, and 31.356 for X, Y, and Z. The binding site of 1BG1 was docked with each ligand, and for ligand nine, poses were generated, and the finest pose with the lowest binding energy was taken for further analysis. DSV was used to visualize the docking results, and for complexes with the lowest binding energy, Ligplot diagrams were generated.

			Estimation of drug likeness

			SwissADME server (http://www.swissadme.ch/) assessed the pharmacokinetics, including absorption, distribution, metabolism, and excretion of ligands18. With the help of the candidate drug’s canonical SMILES drug-likeness were evaluated based on Lipinski’s Rule of Five, Egan, Ghose, Muegge’s and Veber rules. For further ADMET predictions, the ADMETsar server (http://lmmd.ecust.edu.cn/admetsar2) was also used.

			Prediction of toxicity

			For the prediction of toxicity, the canonical SMILES of NSAIDs were retrieved from PubChem, and then using the pkCSM server (http://biosig.unimelb.edu.au/pkcsm/prediction), different levels of toxicity were predicted, such as cytochrome inhibition, skin sensitivity, and hepatotoxicity19.

			RESULTS

			In the proliferation of cells, apoptosis, and response of the immune system, STAT3 plays a very important role. The prepared protein and ligand was docked and pharmacokinetics were assessed via online tools (Fig. 2).

			The STAT3 (PDB ID: 1BG1) 3D structure contains 296 amino acids. In STAT3, 88 binding pockets are identified by CASTp, being a key target, pocket 2 which contains 22 residues, i.e. MET331, HIS332, PRO333, ASP334, ARG335, ILE467, CYS468, MET470, PRO471, ASN472, TRP474, THR515, VAL563, ASP566, ASN567, ILE569, ASP570, LYS573, LYS574, LYS615, GLU616, LYS642 (Fig. 3). The binding energies, inhibition constants, along binding interactions of all the complexes are given in Table I.

			Binding energies and interactions

			Both Ibuprofen and Aspirin efficiently bind with STAT3, with -5.6 kcal/mol binding energies and 7.5µM inhibition constants. Ibuprofen forms hydrogen bonding with GLU455 and different hydrophobic interactions with LEU378, HIS437, and LEU438. Aspirin forms hydrogen bonds with ARG335, ASP566, and LYS573, along with hydrophobic interactions with ILE467 and PRO471 (Fig. 4). 

			Naproxen in complex with 1BG1 showed -6.8 kcal/mol binding energy and 3.82µM inhibition constant. It forms hydrogen bonding with PHE321, LYS244, and hydrophobic interactions with PRO487 and LEU459 (Table I). Diclofenac, mefenamic acid, and etoricoxib all exhibit -6.8 kcal/mol binding energies and 3.82µM inhibition constants (Fig. 4). Diclofenac forms hydrogen bonding with HIS332 and hydrophobic interactions with ILE467 and MET470. 
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			Fig. 2. Summary of docking analysis. Protein (STAT3β/DNA complex, PDB: 1BG1) and ligand preparation and conversion to PDBQT format was performed using AutoDock tools and PyMOL. Docking performed with AutoDock Vina; complexes visualized in Discovery Studio Visualizer and interactions plotted using LigPlot+.
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			Fig. 3. Structure of STAT3 (1BG1). (A) 3-D geometry obtained using DSV software and online CASTp. (B) It showed the binding cavities and domains within pocket number 1, 2, 3, and 4 are expressed in red color. (C) All the studied ligands showed binding to the binding pocket number 2.

			Table I. NSAIDs in complex with STAT3 showed different hydrogen or hydrophobic interactions as well as halogen bonding visualized via DSV.

			
				
					
					
					
					
					
					
				
				
					
							
							NSAIDs 

						
							
							Binding affinity 

							(kcal/mol)

						
							
							Inhibition constant

							(µM)

						
							
							Interacting amino acid residues (Bond Distance)

						
					

					
							
							H-bonds

						
							
							Hydrophobic interaction 

							(Bond Distance)

						
							
							Halogen

						
					

					
							
							Ibuprofen

						
							
							-5.6

						
							
							7.5

						
							
							GLU455(2.82Å)

						
							
							LEU378(3.57Å), LEU438(4.08Å), HIS437(4.56Å)

						
							
					

					
							
							Naproxen

						
							
							-6.8

						
							
							3.82

						
							
							PHE321(2.36Å), LYS244(3.50Å)

						
							
							PRO487(3.97Å), LEU459 (3.97Å), LYS244(4.24Å)

						
							
					

					
							
							Diclofenac

						
							
							-6.8

						
							
							3.82

						
							
							HIS332 (3.14Å)

						
							
							ILE467(4.83Å), MET470(4.55Å), LYS573(3.52Å), ARG335(4.59Å)

						
							
					

					
							
							Celecoxib

						
							
							-7.4

						
							
							3.57

						
							
							GLN247 (2.64Å), GLN326 (2.19Å), CYS251 (3.40Å), SER514 (2.73Å), ASP334 (2.02Å), GLY253 (3.28Å)

						
							
							ILE258(5.12Å), PRO336(5.36Å) PRO333(4.77Å), CYST251(5.10Å), CYS328(5.80Å)

						
							
							GLU324(3.52Å)

							GLN247 (2.87Å)

						
					

					
							
							Mefenamic acid

						
							
							-6.8

						
							
							3.82

						
							
							ASP570(1.98Å)

						
							
							MET470(5.23Å), ILE467(5.15Å), PRO471(5.26Å), ARG335(3.99Å), LYS573(4.70Å)

						
							
					

					
							
							Etoricoxib

						
							
							-6.8

						
							
							3.82

						
							
							ASP570(1.96Å)

						
							
							ASP570 (3.66Å), LYS573(4.44Å), ARG335(3.48Å)

						
							
					

					
							
							Indomethacin

						
							
							-7.5

						
							
							3.03

						
							
							ARG335 (2.61Å), ASP334 (2.31Å), LYS573 (2.30Å), HIS332 (2.82Å)

						
							
							PRO471(4.01Å), HIS332(4.97Å), LYS573 (3.98Å), ASP566(4.09Å), MET470(5.21Å)

						
							
					

					
							
							Aspirin 

						
							
							-5.6

						
							
							7.5

						
							
							ARG335 (2.15Å), ASP566 (1.92Å), LYS573 (3.56Å)

						
							
							ILE467(5.00Å), PRO471 (5.46Å), MET470 (4.05Å)
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			Fig. 4. 2D diagrams visualized via DSV showed binding interactions between 1BG1 and FDA-approved NSAIDS Ibuprofen (A), Naproxen (B), Etoricoxib (C), Aspirin (D), Diclofenac (E), Mefenamic Acid (F). Different types of interactions are shown by different colors as indicated in the Legends.

			 

			Table II. Physico-chemical Characteristics of FDA-approved NSAIDs predicted via pkCSM and ADMETsar.

			
				
					
					
					
					
					
				
				
					
							
							ADMET

						
							
							Parameters

						
							
							Coelicoxib 

						
							
							Indomethacin

						
							
							Etoricoxib

						
					

					
							
							Absorbance

						
							
							Water solubility (log S) mol/L

						
							
							-4.45

						
							
							-3.84

						
							
							-4.145

						
					

					
							
							Intestinal absorption (%age absorbed)

						
							
							92.995

						
							
							98.649

						
							
							97.946

						
					

					
							
							P-glycoprotein I/II inhibitor

						
							
							Yes

						
							
							No

						
							
							No

						
					

					
							
							Distribution

						
							
							log VDss (L/Kg)

						
							
							-0.273

						
							
							-1.633

						
							
							0.05

						
					

					
							
							Metabolism

						
							
							CYP2D6 substrate/Inhibitor

						
							
							No

						
							
							No

						
							
							No

						
					

					
							
							CYP3A4 substrate/Inhibitor

						
							
							Yes/No

						
							
							No

						
							
							Yes

						
					

					
							
							Excretion

						
							
							Total clearance (Log ml/min/kg)

						
							
							0.435

						
							
							0.088

						
							
							0.174

						
					

					
							
							Renal OCT2 substrate

						
							
							No

						
							
							No

						
							
							Yes

						
					

					
							
							Toxicity

						
							
							AMES Toxicity

						
							
							No

						
							
							No

						
							
							No

						
					

					
							
							Max. tolerable dose (log mg/kg/day)

						
							
							0.178

						
							
							1.109

						
							
							0.064

						
					

					
							
							Hepatotoxicity

						
							
							Yes

						
							
							Yes

						
							
							Yes
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			Fig. 5. Graphical Representation of binding energies and predicted inhibition constants (µM) for studied FDA-approved NSAIDs. As indicated clearly, the complex with high binding affinity has the lowest inhibition constant and vice versa. 

			Table III. Lipinski’s Rule of Five for FDA-approved NSAIDs via SwissADME. 

			
				
					
					
					
					
					
					
					
					
					
				
				
					
							
							Lipinski’s rule of five (RO5)

						
							
							Compounds

						
					

					
							
							Ibuprofen

						
							
							Naproxen

						
							
							Diclofenac

						
							
							Celecoxib

						
							
							Mefenamic acid

						
							
							Etoricoxib

						
							
							Indomethacin

						
							
							Aspirin

						
					

					
							
							Molecular weight < 500kDa

						
							
							206.28

						
							
							230.26

						
							
							296.15

						
							
							381.37

						
							
							241.29

						
							
							358.84

						
							
							357.79

						
							
							180.16

						
					

					
							
							Log P (< 5)

						
							
							3.07

						
							
							3.04

						
							
							4.36

						
							
							5.75

						
							
							3.75

						
							
							5.26

						
							
							3.93

						
							
							1.31

						
					

					
							
							H- bond donor (5)

						
							
							1

						
							
							1

						
							
							2

						
							
							1

						
							
							2

						
							
							0

						
							
							1

						
							
							1

						
					

					
							
							H – bond acceptor (<10)

						
							
							2

						
							
							3

						
							
							2

						
							
							7

						
							
							2

						
							
							4

						
							
							4

						
							
							4

						
					

					
							
							Violation

						
							
							0

						
							
							0

						
							
							0

						
							
							1

						
							
							0

						
							
							1

						
							
							0

						
							
							0

						
					

				
			

			Mefenamic acid forms hydrogen bonding with ASP570 and different hydrophobic interactions with MET470, ILE467, and PRO471. Etoricoxib forms hydrogen bonding with ASP570 and different hydrophobic interactions with LYS573 and ARG335 (Fig. 5).

			Indomethacin exhibits the lowest binding energy, i.e., -7.5 kcal/mol, and inhibition constant of 3.03 µM. It forms hydrogen bonding with ARG335, ASP334, and LYS573, and hydrophobic interactions with PRO471 and HIS332. While Celecoxib shows the second lowest binding energy, i.e., -7.4 kcal/mol and an inhibition constant of 3.57µM. And forms multiple hydrogen bonds with GLN247, CYS251, and different hydrophobic interactions with ILE258, PRO336, and PRO333 (Fig. 6).

			Drug likeness and ADMET properties

			Pharmacokinetics for absorption, distribution, metabolism, and excretion (ADME) are essential to interpret the pharmacodynamics. The different parameters were analyzed via online tools pkCSM and ADMETsar (Table II). 

			Table III. Lipinski’s Rule of Five for FDA-approved NSAIDs via SwissADME.

			As per Lipinski’s rule, the ligands with two or fewer violations have a low toxicity level and have a good absorption value. All the ligands showed no or zero violations, further confirming their bioactive availability (Table III).
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			Fig. 6. (A) Three-dimensional (3D) representation of Coelicoxib. (B) Ligplot representation of the complex, green dotted lines show the hydrogen bonds, while the spoked arcs in red show the hydrophobic interactions between Coelicoxib and IBG1. (C) Three-dimensional (3D) representation of Indomethacin. (D) Ligplot representation of the complex, green dotted lines show the hydrogen bonds, while the spoked arcs in red show the hydrophobic interactions between Indomethacin and IBG1.

			DISCUSSION

			STAT3 is generally known for involvement in the regulation of various important cellular functions like cell proliferation, apoptosis, and the response of the immune system. The continuous activation of STAT3 causes various types of cancers that including breast, liver, colorectal, and pancreatic cancers20. Although STAT3 is an important target of cancer but there is no specific therapy approved by the FDA that specifically targets its activation, which is a major challenge in the treatment of cancer. As STAT3 plays very important roles in multiple pathways of cells so it’s difficult to target it for selective inhibition7,8.

			Nonsteroidal anti-inflammatory drugs (NSAIDs) are being recognized as potential anticancer agents. They inhibit tumors through mechanisms such as promoting apoptosis and COX-2 inhibition21. This study investigated the potential of eight FDA-approved NSAIDs, Aspirin, Celecoxib, Diclofenac, Etoricoxib, Ibuprofen, Indomethacin, Mefenamic Acid, and Naproxen, as inhibitors of STAT3 (Table I).

			Among these drugs, celecoxib exhibited the highest binding affinity, with -7.4 kcal/mol binding energy and 3.57 µM inhibition constant. In STAT3, it formed multiple hydrophobic and hydrogen bonds with key residues that indicate celecoxib could be a highly stable inhibitor (Fig. 4). Previous studies have shown that celecoxib is very effective in reducing polyp formation in familial adenomatous polyposis (FAP), which further supports its anticancer properties3,22.

			In comparison, ibuprofen exhibited the lowest binding affinity, with -5.6 kcal/mol binding energy and 7.5 µM inhibition constant. Even though it had weaker interaction with STAT3, the earlier studies show that it might lower the risk of cancer through other mechanisms beyond inhibition of STAT3, especially in colorectal cancer23.

			Other NSAIDs, including diclofenac, etoricoxib, and naproxen, exhibited intermediate binding energies and formed multiple hydrophobic and hydrogen interactions with STAT3. Naproxen, with -6.8 kcal/mol binding energy, created multiple hydrogen bonds, indicating that it is a potential inhibitor of STAT3. Indomethacin also exhibited strong interactions, with -7.5 kcal/mol binding energy, which highlights its applicability in the treatment of cancer. Comprehensively, our docking study supports existing literature, indicating that NSAIDs can be repurposed as potential anticancer agents, specifically focusing on STAT323-25. Aspirin and ibuprofen are drugs with all the necessary safety profiles that make them candidates for repurposing in cancer treatment. Specifically, aspirin has shown significant potential in reducing the risk of breast, colorectal, and prostate cancers23. Drug discovery and its feasibility are assessed through toxicity and drug likeness. Evaluating the pharmacokinetic profiling of compounds is essential to ensure their efficiency and safety of use. The ADMET properties of all studied ligands were found to be within acceptable limits, as shown in Table II. 

			STAT3β is already in the active or DNA-bound conformation, so the analysis is restricted to only its active state. However, it restricts our ability to explore alternative conformations such as the unbound or inactive state. Because STAT3 proteins undergo substantial conformational changes once bound to DNA, focusing on just the DNA-bound structure may mask important aspects of how STAT3β modulates interconversion between states, such as activation, dimerization, or interaction with other cofactors.

			This computational study provides strong in silico demonstrations, but further experimental validation is crucial. Both preclinical and clinical studies are necessary for assessing the safety and efficacy of NSAIDs in cancer patients. 

			Conclusion 

			This study highlights the promising role of FDA-approved NSAIDs as potential inhibitors of STAT3, offering a novel approach to cancer treatment. The repurposing of these drugs, with their known safety profiles, could expedite the development of targeted therapies for cancer. Further research on preclinical and clinical evaluations is required to confirm these results in inhibiting STAT3-mediated oncogenesis.
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ABSTRACT

Signal transducer and activator of transcription 3 is a latent transcription factor involved in various cellular processes, cell proliferation,
apoptosis, inflammation, immunity, angiogenesis, and metastasis. Controlled regulation of STAT3 activity is maintained in normal cells, but its
sustained activation causes tumor growth and carcinogenesis. This computational study aims to elucidate the potential of FDA-approved non-
steroidal anti-inflammatory drugs in inhibiting STAT3. Molecular Docking was performed using AutoDock and visualized through LigPlot+ and
Biovia Discovery Studio Visualizer. The findings demonstrate that NSAIDs, including ibuprofen, naproxen, diclofenac, celecoxib, mefenamic
acid, etoricoxib, indomethacin, and aspirin, exhibit substantial binding affinity with STAT3 monomers. The binding energies calculated are
-5.6 to 7.5 kcal/mol, with inhibition constants from 7.5 to 3.03uM, respectively. Notably, key amino acid residues such as GLN326, HIS457,
LYS244, PRO487, ARG335, ASP566, CYS468, PRO471, LYS383, LEU378, VAL323, THR456, LYS318, GLU455, ASP570, LYS573, CYS251,
TRP474, PRO336, ASP334, SER403, ILE258, ARG325, LYS348, ARG350, and GLU324 are identified as pivotal in mediating the interaction
between NSAIDs and STAT3. This study provides valuable insights into the molecular interactions between FDA-approved NSAIDs and STAT3,
offering a foundation for further exploration of their potential as therapeutic agents in the context of STAT3-mediated diseases.
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factors, cytokines (such as IL-6 and IL-12), and oncogenes*.

STAT3 resides on chromosome 17¢21, has structural
similarity to other members of the STAT family. It consists
of six domains: N-terminal (ND) with a coiled-coil domain
(CCD), linker domain, SH2 domain, transcriptional
activation domain (TAD), and DNA-binding domain

INTRODUCTION

Signal transducer and activator of transcription 3 (STAT3)
is a member of the cytoplasmic transcription factor family
known for signal transduction and activation of transcription,
which includes seven members: STAT1, STAT2, STAT3,

STAT4, STAT5a, STAT5b, and STAT6'. STAT1 has structural
similarity to STAT3 and STAT5, and primarily functions as an
oncogene?. Particularly, STAT3 is a DNA-binding protein that
ultimately regulates the essential genes like cell proliferation,
metastasis, differentiation, apoptosis, immune responses,
angiogenesis, nephrogenesis, gliogenesis, inflammation, and
hepatogenesis®. STAT3, being a pleiotropic protein, activates
different gene sets in response to different stimuli like growth
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(DBD). The CCD is essential for nuclear localization signals
and protein interactions®. In resting cells, STAT3 is in an
inactive state and is activated via many pathways, such as
receptor tyrosine kinases (e.g., PDGFR, EGFR) and non-
receptor tyrosine kinases (e.g., Abl, Src)°. The most crucial
pathway that regulates STAT3 activity is the Janus kinase
STAT pathway involving key regulators JAK1, JAK2, and
Tyk2. This pathway is activated via extracellular ligand
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