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Background: Xanthones are dubbed as putative lead-like molecules for cancer drug design and discovery. This study was aimed at the synthesis, characterization, and in silico target fishing of novel xanthone derivatives.Methods: The products of reactions of xanthydrol with urea, thiourea, and thiosemicarbazide reacted with α-haloketones to prepare the thiazolone compounds. Xanthydrol reacted sequentially with ethyl chloroacetate, hydrazine, carbon disulfide, and α-haloketones to prepare the dithiolane. The xanthydrol reacted with propargyl bromide and it submitted to click reaction with azide to prepare triazole ring.Results: Finally, four novel xanthones derivatives including (E)-2-(2-(9H-xanthen-9-yl)hydrazono)-1,3-dithiolan-4-one (L3), 2-(2-(9H-xanthen-9-yl)hydrazinyl)thiazol-5(4H)-one (L5), 2-(9H-xanthen-9-ylamino)thiazol-5(4H)-one (L7), and 4-((9H-xanthen-9-yloxy)methyl)-1-(4-nitrophenyl)-1H-1,2,3-triazole (L9) were synthesized and characterized using thin layer chromatography, Fourier-transform infrared spectroscopy, and nuclear magnetic resonance (1H and 13C). ADMET, Pfizer filter, adverse drug reaction, toxicity, antitarget interaction profiles, target fishing, kinase target screening, molecular docking validation, and protein and gene network analysis were computed for derivatives. Ligands obeyed Pfizer filter for drug-likeness, while all ligands were categorized as toxic chemicals. Major targets of all ligands were predicted to be kinases including Haspin, WEE2, and PIM3. Mitogen-activated protein kinase 1 was the hub gene of target kinase network of all derivatives. All the ligands were predicted to show hepatotoxic potentials, while L7 presented cardiac toxicity.Conclusion: Acute leukemic T-cells were one of the top predicted tumor cell lines for these ligands. The possible antileukemic effects of synthesized xanthone derivatives are potentially very interesting and warrant further studies.Keywords: xanthone, total synthesis, ADMET, molecular docking, network analysis, target fishing
HIGHLIGHTS

• Xanthone derivatives possess numerous significant properties with biomedical applications.
• Four xanthone derivatives were synthesized from xanthydrol using dithiolan and thiazol.
• All stable xanthone derivatives were characterized using TLC and FTRI, and they were stable.
• Ligands did not express any violations to the Lipinski (Pfizer) filter for drug-likeness.
• Major targets of xanthone derivatives were subsets of the kinase family.
• Among synthesized derivatives, L9 expressed promiscuous potential in target binding.
1 INTRODUCTION
Xanthydrol (C13H10O2; total molecular weight of 198.221 g/mol; Supplementary Figure 1) belongs to heterocyclic compounds known as xanthones or 9H-xanthen-9-ones, characterized by a tricyclic framework containing two benzene rings fused to a central pyrone ring. This heterocyclic system is widely in nature and is found in various natural products and bioactive compounds (Goldberg and Wragg, 1957; Badiali et al., 2023). Xanthydrol-based assays offer a sensitive and reliable method for measuring urea concentrations, providing valuable information for diagnosing and monitoring conditions such as kidney disease and dehydration (Supplementary Scheme 1) (Abrahamson, 1956). Xanthine and its derivatives have anticancer, anti-inflammatory, and antioxidative effects (Huang et al., 2021; Ramakrishnan et al., 2021; Kapri et al., 2022; Veríssimo et al., 2022). Moreover, recent studies have focused on innovative chemical synthesis approaches involving xanthydrol derivatives to develop novel compounds with potential anticancer properties. These studies aimed to harness the inherent reactivity and structural characteristics of xanthydrol for the targeted synthesis of compounds that could exhibit enhanced efficacy against cancer (Jiang et al., 2018). Synthesis and biopharmaceutical evaluation of xanthone derivatives were pursued by some researchers because these chemicals exert good anti-cancer activity by targeting topoisomerase II (TOP2) (Song et al., 2022). Besides their therapeutic potential, xanthydrol derivatives have been employed as fluorescent probes for cancer imaging, enabling researchers to visualize and study specific cellular processes associated with cancer. The development of these probes allows for precise and real-time monitoring of cancer-related biomolecules, contributing to the understanding of tumor progression, and facilitating early detection (Liu et al., 2018; Tian et al., 2024). In summary, further investigations are warranted to determine the targets and probable promiscuity potential of these derivatives.
Xanthones have emerged as a promising source for drug development especially in oncology (Kurniawan et al., 2021). Xanthones are a class of three-ring phenolic acids with a wide range of bioactivities, including antimicrobial, antiviral, anticancer, antioxidative, antidiabetic, and anti-inflammatory effects (Choodej et al., 2022). For instance, gambogic acid, a prenyl xanthone known in Garcinia hanburyi, Clusiaceae, exhibited noteworthy induction of apoptosis, inhibition of cell proliferation and tumor angiogenesis, and antioxidative and anti-inflammatory activities (Wang et al., 2009; Chen and Chen, 2012). In this line, xanthones exerted antitumor effects mediating through autophagy, apoptosis, cell cycle arrest, and tuning signaling pathways such as PI3K/Akt and MAPK (Gunter et al., 2023). More interestingly, in a second-phase clinical trial conducted in China, algambog acid, a derivative of xanthones, was investigated for its anti-tumor properties (Zhou and Wang, 2007). Furthermore, gambogic acid, a xanthone found in mangosteen, is dubbed as a dietary supplement for immune promotion, anti-inflammation, and induction of cell-mediated immunity (Gutierrez-Orozco and Failla, 2013; Rizaldy et al., 2021). In this continuum, a comprehensive survey has summarized the structure-activity relationships (SARs) of xanthones, providing valuable insights for further drug research, expansion, and development (Miladiyah et al., 2018). For instance, triazoles as pharmacophores are five-membered heterocyclic rings containing three nitrogen atoms with two main types of 1,2,3-triazoles and 1,2,4-triazoles (Supplementary Figure 2) (Matin et al., 2022; Raman et al., 2024). Both triazoles have tautomerized as reported previously (Supplementary Scheme 2) (Pylypenko et al., 2023). Numerous 1,2,3-triazoles have been synthesized through 1,3-dipolar cycloaddition reactions of acetylenes with azides. Typically, more electron-withdrawing substituents on the acetylene facilitates the cycloaddition reactions. Conversely, electron-withdrawing substituents on azides exert the opposite effect. Bulky substituents on azides may hinder the reaction rate but often result in an improved selectivity (Supplementary Scheme 3) (Dai et al., 2022; Drelinkiewicz and Whitby, 2022). Therefore, xanthones and their derivatives are promising anticancer compounds and they can be submitted to the computational pipeline of drug discovery and design.
Dithiolane (C3H6S2) is a diverse organic cyclic compound comprised a pentagon ring containing two sulfur atoms, giving rise to different structural isomers, including 1,2-dithiolane and 1,3-dithiolane (Supplementary Figure 3). Derivatives of this compound are collectively referred to as dithiolanes (Taguchi et al., 1987). Dithiolane compounds, exemplified by dithiolane and its derivatives, have emerged as intriguing subjects in cancer research due to their potential therapeutic effects (Nikitjuka et al., 2023). Dithiolan compounds have emerged as intriguing candidates in cancer research, offering potential therapeutic avenues for combating various malignancies. These compounds were derived from a cyclic structure saturated with chemicals and they have diverse pharmacological properties in the cancer progression (Cao et al., 2023). In addition, their antioxidative activity may help counteract oxidative stress, a factor linked to cancer development (Theodosis-Nobelos et al., 2021). Also, dithiolanes have shown antiproliferative effects by influencing cell cycle progression and inducing apoptosis, providing potential avenues for inhibiting cancer cell growth (Ismail et al., 2023). Mechanistically, dithiolanes may interfere with crucial mechanisms involved in cancer progression through modulation of PI3K/AKT/mTOR and MAPK pathways (Felber et al., 2023). Furthermore, certain dithiolane compounds have been explored for their ability to enhance cancer cell sensitivity to chemotherapy, potentially improving treatment outcomes (Nikitjuka et al., 2023). Dithiolane was initially prepared by reacting carbon disulfide with methylene-active compounds in the presence of sodium ethoxide, followed by adding 1,2-dichloroalkanes to the reaction mixture (Supplementary Scheme 4) (Greene and Wuts, 1999). In conclusion, dithiolanes are pharmacophores used for anticancer drug design.
Thiazole (C3H3NS), also known as 1,3-thiazole, is a heterocyclic compound containing sulfur and nitrogen atoms, existing as a pale-yellow liquid with a pyridine-like odor (Supplementary Figure 4). Its structural simplicity contradicts its importance, as the thiazole ring serves as a component in the various biologically active molecules including vitamin thiamine (B1) (Kashyap et al., 2012). Although studies focusing on the direct roles of thiazole in oncotherapy are scarce, its derivatives showed promise in combating cancer through multiple mechanisms, including antiproliferative effects, induction of apoptosis, and inhibition of angiogenesis (Elmaati and El-Taweel, 2002; Mohareb et al., 2013). Thiazoles illustrate extensive applications in various fields due to their diverse properties. It is widely utilized in decomposing agricultural chemicals and pharmaceuticals, acting as a precursor for non-peptide protease inhibitors of human immunodeficiency viruses and anti-schistosomal agents (Cascioferro et al., 2020; Ibrahim and Rizk, 2020). Moreover, thiazole plays a crucial role in the production of tinctures in pharmaceuticals, and thiazole derivatives have demonstrated anticancer activities through various portals (El-Taweel and Elmaati, 2002; Shawali et al., 2002; Abdelrazek et al., 2010). Therefore, development of novel synthesized xanthone derivatives using thiazoles may have large potential for applications in both industry and medicine.
Here, we initially reported some synthetic and physicochemical features of xanthones derivatives and finally, we used a package of in silico tools to predict toxic and pharmacological properties and targets of xanthones derivatives for future applications in oncotherapy.
2 EXPERIMENTAL SECTION
2.1 Chemistry
All reagents used in the synthesis and characteristics were purchased from Sigma-Aldrich Co. and Merck Co. (United States) and used without additional purification. Melting points were determined with a Thomas–Hoover capillary apparatus (Thomas Scientific, United States). Perkin Elmer Model 1,420 spectrometer was used to acquire infrared spectra (Thermo Fisher Scientific, United States). 1H-NMR spectra with tetramethylsilane (TMS) as an internal standard were acquired with Bruker FT-500 MHz instrument (Brucker Biosciences, United States). Chloroform-D was used as a solvent. Coupling constant (J) values were estimated in hertz (Hz) and spin multiples were given as s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). The mass spectral measurements were performed on a 6410 Agilent liquid chromatography/mass spectrometry (LCMS) triple quadrupole mass spectrometer (LCMS; AGILENT Technologies, United States) with an electrospray ionization (ESI) interface. Microanalyses, determined for C and H, were within ±0.4% of theoretical values. Analytical thin layer chromatography (TLC; CAMAG, Switzerland) was performed on silica gel plates using a mixture of ethanol in different proportions, coloring agents, benzene, and methanol to obtain different polarity and the best retention factor readout.
2.2 Synthesis
Many heterocyclic compounds were prepared (vide infra). In brief, xanthydrol reacted firstly with urea, thiourea, and thiosemicarbazide; then, the products reacted with α-haloketones to prepare the thiazolone compounds. Secondly, xanthydrol reacted firstly with hydrazine; then, it reacted with carbon disulfide. The resulting products then reacted with α-haloketones to prepare dithiolane. Thirdly, xanthydrol reacted with carbon disulfide and then reacted with α-haloketones. Fourthly, xanthydrol reacted sequentially with ethyl chloroacetate, hydrazine, carbon disulfide, and α-haloketones to prepare the dithiolane. Fifthly, xanthydrol reacted with propargyl bromide and it submitted to click reaction with azide to prepare a triazole ring.
2.2.1 Synthesis of (9H-xanthen-9-yl)hydrazine (L1)
A mixture of xanthydrol (0.01 M, 2.00 g) and hydrazine (0.01 M, 0.504 g) was dissolved in ethanol (25 mL) with a few drops of glacial acetic acid and stirred in a water bath at 67°C for 5–6 h. The progress of the reaction was monitored by TLC. At room temperature (RT), ethanol was evaporated, and the compound was then purified by recrystallization to obtain a whitish powder (Supplementary Scheme 5) (De Perre and McCord, 2011).
2.2.2 Synthesis of potassium 2- 9H-xanthen-9-yl)hydrazinecarbodithoate (L2)
A mixture of compound (L1; 0.005 M, 1.00 g) and CS2 (0.006 M, 0.358 g) was dissolved in ethanol (25 mL), stirred in a water bath at 67°C for 9–10 h, and drops of alcoholic KOH were added slowly. The progress of the reaction was monitored by TLC. At RT, ethanol was evaporated and the compound was then purified by recrystallization to obtain a yellowish powder (Supplementary Scheme 6) (Vasiliev and Polackov, 2000).
2.2.3 Synthesis of (E)-2-(2-(9H-xanthen-9-yl)hydrazono)-1,3-dithiolan-4-one (L3)
A mixture of compound (L2; 0.003 M, 1.00 g) and ethyl 2-chloroacetate (0.003 M, 0.375 g) was dissolved in ethanol (25 mL) using a few drops of tri-ethylamine and stirred in a water bath at 67°C for 6–7 h. The progress of the reaction was monitored by TLC. Ethanol was evaporated at RT, and the compound was then purified by recrystallization to obtain a nutty powder (Supplementary Scheme 7) (Lipin et al., 2019).
2.2.4 Synthesis of 2-(9H-xanthe-9-yl)hydrazinecarbothioamide (L4)
A mixture of xanthydrol (0.01 M, 2.00 g) and thiosemicarbazide (0.005 M, 0.518 g) was dissolved in ethanol (25 mL) using a few drops of glacial acetic acid and stirred in a water bath at 67°C for 5–6 h. The progress of the reaction was trailed by TLC. Ethanol was evaporated at RT to achieve yellow crystals (Supplementary Scheme 8) (De Perre and McCord, 2011).
2.2.5 2-(2-(9H-xanthen-9-yl)hydrazinyl)-1,3-thiazol-5(4H)-one (L5)
A mixture of compound (L4) (0.002 M, 1.00 g) and ethyl 2-chloroacetate (0.003 M, 0.451 g) was dissolved in ethanol (25 mL). The stirring in a water bath at 67°C for 7–8 h. The progress of the reaction was monitored by TLC. Ethanol was evaporated at RT, and the compound was then purified by recrystallization to obtain dark brown crystals (Supplementary Scheme 9) (Zheng and Huang, 2023).
2.2.6 Synthesis of 1-(9H-xanthen-9-yl)thiourea (L6)
A mixture of xanthydrol (0.01 M, 2.00 g) and thiourea (0.005 M, 0.384 g) was dissolved in ethanol (25 mL) with a few drops of glacial acetic acid and stirred in a water bath at 67°C for 6–7 h. The progress of the reaction was monitored by TLC. Ethanol was evaporated at RT, and the compound was then purified by recrystallization to obtain brown powder (Supplementary Scheme 10) (De Perre and McCord, 2011).
2.2.7 Synthesis of 2-(9H-xanthen-9-ylamino)thiazol-5(4H)-one (L7)
A mixture of compound (L6) (0.003 M, 1.00 g) and ethyl 2-chloroacetate (0.003 M, 0.478 g) was dissolved in ethanol (25 mL) and stirred in a water bath at 67°C for 8–9 h. The progress of the reaction was monitored by TLC. Ethanol was evaporated at RT, and the compound was then purified by recrystallization to obtain nutty crystals (Supplementary Scheme 11) (Resende et al., 2020).
2.2.8 Synthesis of 9-(prop-2-ynyloxy)-9H-xanthene (L8)
A mixture of xanthydrol (0.015 M, 3.00 g) and propargyl bromide (0.01 M, 1.200 g) was dissolved in DMF (dimethylformamide; 25 mL) and stirred, then 0.50 g potassium carbonate (K2CO3) was added slowly in a water bath at 75°C for 25–26 h. The progress of the reaction was monitored by using TLC, and it followed by adding 30 mL of distilled water, and two organic and aqueous phases were separated. Finally, the organic phase was evaporated and the compound was purified by recrystallization to reach a dark nutty powder (Supplementary Scheme 12) (Ramakrishnan et al., 2021).
2.2.9 Synthesis of 4-((9H-xanthen-9-yloxy)methyl)-1-(4-nitrophenyl)-1H-1,2,3-triazole (L9)
A mixture of compound (L8) (0.004 M, 1.00) and 1-azido-4-nitrobenzene (0.004 M, 0.731 g) was dissolved in DMF (25 mL) and stirred. Then, 5 mL of the resulting mixture was strongly added to the suspension of sodium ascorbate (0.4 g) and CuSO4.5H2O (0.3 g) in DMF (4 mL) in a water bath at 75°C for 45–50 h. The progress of the reaction was monitored by TLC. The reaction mixture was poured into distilled water (30 mL) and the product recrystallized from ethanol to reach a dark brown powder (Supplementary Scheme 13) (Ghasemi et al., 2019).
2.3 Computational methods (in silico)
2.3.1 Cheminformatics
The structures of the synthesized ligands were drawn using ChemSketch freeware, and their canonical SMILES formats were submitted to SwissADME (http://www.swissadme.ch/) to compute standard features of drug-likeness. In essence, the calculation of physicochemical properties, medicinal chemistry, and ADMET (absorption, distribution, metabolism, excretion, and toxicity) features using various filters provide information for the estimation of lead- and drug-likeness of hits (Lagorce et al., 2017). For instance, Lipinski’s rule of five (RO5) or Pfizer filter screens lead-likeness of hits based on the criteria including, molecular weight ≤500, MLOGP ≤4.15, the number of (N + O) ≤ 10, and the number of (NH + OH) ≤ 5 (Lipinski et al., 2012; Kralj et al., 2023).
2.3.1.1 Adverse drug reaction (ADR) assay
ADVERPred server was launched at PASS (Prediction of Activity Spectra for Substances) technology (https://www.way2drug.com/PASSonline) for in silico prediction of ADRS such as myocardial infarction, arrhythmia, cardiac failure, myocardial infarction, hepatotoxicity, and nephrotoxicity. Prediction is based on the training sets encompassing manually curated information from drug labels. Practically, SMILES formats of synthesized ligands were submitted to the ADVERPred server containing training data sets for similarity research to estimate ADR (Ivanov et al., 2018). In addition, the Toxtree version 3.1.0.1851 software platform (http://toxtree.sourceforge.net/) was hired to forecast the toxicity class of synthesized ligands.
2.3.1.2 Prediction of antitarget interaction profiles
GUSAR software builds quantitative structure–activity relationship (QSAR) models using training sets characterized as structural data files (SDF; Way2Drug.com, 2011–2016). The QSAR models for the sets of 32 endpoints (50% inhibitory concentration—IC50, inhibition constant—Ki, and activation constant—Kact) comprise the data about 4,000 chemical compounds interacting with 18 antitarget proteins (13 receptors, 2 enzymes, and 3 transporters). The biological profiles for antitargets of our new chemical entities (NCEs) were screened in silico using the machine learning-based software PASS 2020 (vide supra). The biological profile is categorized as a list of activities along with the probabilities of being active Pa and inactive Pi and with two conditions Pa > Pi and Pa ≥0.5.
2.3.1.3 Target fishing
The SwissTargetPrediction web server predicts probable protein targets based on the structural similarity of NCEs to already known active library compounds. The SMILES strings of NCEs served as input for the computing of all standard features of drug-likeness (Daina et al., 2019). All targets of each ligand were presented in Excel files, and selected common targets of all ligands were submitted for validation using in silico molecular docking (vide infra).
2.3.1.4 Kinase target screening
Protein kinases are ubiquitous regulators of cell physiology, and their pathological activity switches cells from normal to abnormal state and disease phenotype. Accordingly, kinases are therapeutic targets, and more than ten kinase inhibitors have been entered into clinical practice in the last 4 years. Selectivity would be a core concept in the discovery of novel kinase inhibitors. Thus, to find safe and potent NCEs, their interactions with kinases would be initial steps in drug development. In essence, KinScreen (https://www.way2drug.com/KinScreen/) was aimed to optimize this process. The key features of KinScreen include the prediction of kinase targets with PASS software, untangling molecular mechanism of action of NCEs, the visualization of results on the kinome tree, and the search for analogous compounds across the ChEMBL database to find experimental data on them that were ignored in this study.
2.3.1.5 Molecular docking validation
The structures of synthesized ligands were converted into.pdb format using Open Babel (O’Boyle et al., 2011). The X-ray crystal structure of targets was retrieved from Protein Data Bank (PDB; http://www.RCSB.org), edited, optimized, and trimmed using Molegro Virtual Docker machine (Thomsen and Christensen, 2006) and Chimera 1.8.1 (http://www.rbvi.ucsf.edu/chimera). The in silico molecular docking was performed using PyRx software version 0.8 and the results were represented as binding affinity (BA; kcal/mol) values (Dallakyan and Olson, 2015).
2.3.2 Bioinformatics
The UniProt accession identification of target kinases was converted to gene symbols for humans using the SynGO gene set analysis tool (Koopmans et al., 2019), and pooled together, and submitted to GeneMANIA to construct target kinase network. GeneMANIA is a handy web interface for acquiring gene ontology, scrutinizing gene lists, and highlighting genes for functional assays (Warde-Farley et al., 2010). After choosing Homo sapiens from the list of optional organisms, the genes of interest in the previous step were entered into the search bar and the results were collated and high-scored genes were culled for further discussion. Moreover, the protein-protein network was also constructed in STRING ver. 12 launched at https://string-db.org, and submitted to Cytoscape ver. 3.10.2 for network analysis using a novel Cytoscape plugin cytoHubba and visualization (Shannon et al., 2003).
3 RESULTS AND DISCUSSION
3.1 Chemical synthesis and validation
The physicochemical properties of synthesized ligands have been shown in (Supplementary Table 1).
3.1.1 Characterization of)9H-xanthen-yl)hydrazine (L1)
The compound (L1) was synthesized by the reaction of xanthydrol with hydrazine hydrate. This compound was identified by FTIR spectroscopy by appearing (N-H, N-H2) stretching vibration at 3,200 and 3,500 cm−1 in compound (L1) and also the disappearance of the (O-H) bond at 3,345 cm−1 in xanthydrol (Supplementary Figure 1).
3.1.2 Synthesis of potassium 2-)9H-xanthen-yl) hydrazinecarbodithoate (L2)
The compound (L2) was synthesized by the reaction of compound (L1) with carbon disulfide. This compound was identified by FTIR spectroscopy by the disappearance of the (N-H2) bond at 3,200–3,400 cm−1 in the compound and appearing of (C=S) stretching vibration at 1,270 cm−1 for compound (L2) (Supplementary Figure 2).
3.1.3 Characterization of (E)-2-(2-(9H-xanthen-9-yl)hydrazono)-1,3-dithiolan-4-one (L3)
Compound (L3) was synthesized by the reaction of L2 with ethyl 2-chloroacetate. This compound was identified by FTIR spectroscopy by appearing (C=O) stretching vibration at 1,738 cm−1 and (N=C) at 1,671 cm−1 compound (L3) and also the disappearing the (C=S) bond at 1,207 cm−1 in compound (L2) (Figure 1).
[image: Figure 1]FIGURE 1 | FTIR spectrum of compound (L3).
3.1.4 Characterization of 2-(9H-xanthe-9-yl)hydrazinecarbothioamide (L4)
The compound (L4) was synthesized by the reaction of xanthydrol with hydrazinecarbothioamide. These compounds were identified by FTIR spectroscopy by appearing (N-H, NH2) stretching vibration at 3,200 and 3,500 cm−1 for compounds (L4), respectively, and also the disappearing the (O-H) bond at 3,200–3,400 cm−1 in xanthydrol and appearance of (C=S) stretching vibration at 1,200 cm−1 for compound (L4) (Supplementary Figure 3). The mechanism of the reaction was shown (Supplementary Scheme 1).
3.1.5 Characterization of 2-(2-(9H-xanthen-9-yl)hydrazinyl)thiazol-5(4H) one (L5)
The compound (L5) was synthesized by the reaction of (L4) with ethyl 2-chloroacetate. This compound was identified by FTIR spectroscopy by appearing (C=O) stretching vibration at 1,731 cm−1 and disappearing of the (N-H2) bond at 3,200–3,400 cm−1 in compound (L4) and disappearing the (C=S) stretching vibration at 1,200 cm−1 for compound (L4), and appearing of (C=N) stretching vibration at 1,617 cm−1 for compound (L5) (Figure 2). 13C-NMR appearing (55) (C-N) 9H-xanthene (62) (=N-C)thiazol (130–140) Aromatic (166) (C=N)thiazol (176) (C=O)thiazol (155) (=C-O)9H-xanthene (Figure 3). The compound (L5) was also determined by the appearance of 1H-NMR from (NH) amine (1H) is about (2.1) while (2H) (=N-CH2) thiazol is at (3) and (CH-NH)9H-xanthene (1H) is at (5.3) while aromatic is at (7–8) (Figure 4). The reaction mechanism is depicted below (Scheme 1). The L5 (C16H13N3O2S; Figure 4) has been composed of C (59.49%–61.72%), H (4.21%–5.23%), N (13.50%–15.12%), and S (10.30%–10.71%).
[image: Figure 2]FIGURE 2 | FTIR spectrum of compound (L5).
[image: Figure 3]FIGURE 3 | 13C-NMR Spectrum of compound (L5).
[image: Figure 4]FIGURE 4 | 1H-NMR Spectrum of compound (L5).
[image: Scheme 1]SCHEME 1 | Mechanism of synthesis of compound (L5).
3.1.6 Characterization of 1-(9H-xanthen-9-yl)thiourea (L6)
The compound (L6) was synthesized by the reaction of xanthydrol with thiourea, and identified by FTIR spectroscopy by appearing (N-H, NH2) stretching vibration at 3,200 and 3,500 cm−1 for compound (L6) respectively, and also the disappearing the (O-H) bond at 3,200–3,400 cm−1 in xanthydrol, and appearing (C=S) stretching vibration at 1,209 cm−1 for compound (L6) (Supplementary Figure 4).
3.1.7 Characterization of 2-(9H-xanthen-9-ylamino)thiazol-5(4H)-one (L7)
Compound (L7) was synthesized by the reaction of (L6) with ethyl 2-chloroacetate. This compound was identified by FTIR spectroscopy by appearing (C=O) stretching vibration at 1,739 cm−1 in compound (L7) and also the disappearing the (N-H2) bond at 3,200–3,400 cm−1 in compound (L6), and appearing of (C=N) stretching vibration at 1,648 cm−1 for compound (L7) (Figure 5).
[image: Figure 5]FIGURE 5 | FTIR spectrum of compound (L7).
3.1.8 Characterization of 9-(prop-2-ynyloxy)-9H-xanthene (L8)
The compound (L8) was synthesized by the reaction of xanthydrol with propargyl bromide. This compound was identified by FTIR spectroscopy by appearing ([image: FX 1]) stretching vibration at 2,123 cm−1 for compounds (L8) and also the disappearing the (O-H) bond at 3,200–3,400 cm−1 in xanthydrol and appearing (C-H) vibration for compound (L8) (Supplementary Figure 5).
3.1.9 Characterization of 4-((9H-xanthen-9-yloxy)methyl)-1-(4-nitrophenyl)-1H-1,2,3-triazole (L9)
The compound (L9) was synthesized by the reaction of (L8) with 1-azido-4-nitrobenzene. This compound was identified by FTIR spectroscopy by appearing (NH) stretching vibration at 3,362 and 3,474 cm−1 for compound (L9), and also the disappearing the ([image: FX 2]) bond at 2,123 cm−1 in compound (L8) and disappearance of (C-H) vibration for compound (L8; Figure 6).
[image: Figure 6]FIGURE 6 | FTIR spectrum of compound (L9).
3.2 ADMET scan
Ligands obeyed the Lipinski (Pfizer) filter for drug-likeness without positive alerts for considering pan-assay interference compounds (PAINS; Supplementary Figure 7; Supplementary Table 1). PAINS react promiscuously to various targets because they possess disruptive functional groups that have been traced by SwissADME (Baell and Holloway, 2010; Daina et al., 2017). In this line, MWs of ligands were less than 500 g/mol and they can be absorbed from the gastrointestinal tract. MLOGP of L9 (3.2) was increased in comparison to other ligands (Table 1), while other ligands had identical MLOGP of 1.9 which reflects lesser lipophilicity of all ligands. The bioavailability scores of all ligands were the same. Among all ligands, L7 showed blood-brain barrier (BBB) permeation. The topical polar surface areas (TPSAs) of all ligands were less than 140 Å2 which obeys the RO5. The number of rotatable bonds, single bonds that can freely rotate around their axis, was higher in L9 as compared to those of other ligands. The number of rotatable bonds in a molecule affects its efficacy, pharmacokinetic properties, conformational flexibility, interaction with target proteins, and ADMET properties. Based on the higher number of rotatable bonds in L9, this ligand may be too flexible to bind tightly to its target. The flexibility of L9 was higher than those of other ligands which showed similar flexibility. In this regard, the number of rotatable bonds should not surpass nine rotatable bonds. The role of flexibility as a filter for ADMET properties besides TPSA, and hydrogen bond count are the key determinants of bioavailability (Veber et al., 2002). The number of rotatable bonds in the Csp3 configuration dictates the flexibility of a molecule (Caron et al., 2020). Although this configuration was decreased in L9 as compared to those of other ligands, it was more flexible. Among proper physicochemical properties of ligands for oral bioavailability (Figure 7), only saturation (fraction Csp3) was lesser than the cutoff value of 0.22. All ligands had fraction Csp3 values of 0.12 except L9 which had 0.09 (Supplementary Material S4). In this study, all synthesized ligands possessed a SP3 hybridization fraction lesser than 0.25. The percentage of SP3 fraction in a molecule is a main descriptor for the prediction of the three-dimensionality and intricacy of molecular structures. Computationally, the SP3 fraction is used to evaluate the “drug-likeness” or “lead-likeness” of NCEs, and molecules with a higher SP3 fraction often display better pharmacological profiles. These molecules are expected to adopt diverse spatial conformations, allowing more specific interactions with the intricate shapes of biological targets. In summary, synthesized ligands were accepted as lead-like compounds and they should be submitted to QSAR screening for their biological activities to optimize their pharmaceutical applications.
TABLE 1 | Pharmacological and toxicological features of synthesized xanthone derivatives.
[image: Table 1][image: Figure 7]FIGURE 7 | Bioavailability radars and BOILED-Egg scan. The pink area symbolizes the optimal range for physicochemical properties (size: MW (molecular weight; 150–500 g/mol, lipophilicity: XLOGP3 −0.7-+5.0, polarity: TPSA (topological polar surface area; 20–130Å2, solubility: log S ≤ 6, saturation: fraction of carbons in the Csp3 hybridization ≥0.25, and flexibility: ≤9 rotatable bonds. Note: upper left; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-dithiolan-4-one (L3); upper right; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-thiazol-5(4H)-one (L5); lower left; 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-one (L7), and lower right; hydroxy (oxo)(4-{4-[(9H-xanthen-9-yloxy)methyl]-1H-1,2,3-triazol-1-yl}phenyl)ammonium (L9). Human intestinal absorption (HIA), blood-brain barrier (BBB) penetration, lipophilicity (WLOGP), and polarity (TPSA) have been computed. The mutually exclusive white and region (yolk) region depict the highest probability of being absorbed by gut and being permeated to the brain, respectively.
All ligands had high human intestinal absorption (HIA), while L7 just displayed BBB permeation (Supplementary Material S4). L5 and L9 were substrates of P-glycoprotein (P-gp) as a subset of ATP-binding cassette (ABC) transporters that can efflux drugs of cells to shorten the duration of their pharmacological effects (Amezian and Van Leeuwen, 2024). Moreover, all synthesized ligands except L9 were cytochrome P450 (CYP450) inhibitors. CYP450 enzymes facilitate the phase I of xenobiotics metabolism to make them more soluble for excretion (Esteves et al., 2021). All NCEs should be computationally tested for categorizing as inhibitors or substrates of CYP450 enzymes to forecast their drug-drug interactions and ADRs (Daina et al., 2017). In this continuum, L3, L5, and L7 contain heterocyclic rings with complex substituents, while L9 contains functional groups associated with enhanced toxicity. All ligands were categorized as Class III of toxicity according to the Cramer decision tree (Cramer et al., 1976). In this line, the triazole ring is known as one of the main pharmacophores of the nitrogen-containing heterocycles (Guo et al., 2021), and it can enhance the toxicological activities of other molecules. Therefore, the synthesized ligands should be checked through a battery of bioassays for consideration as lead-like, drug, or poison.
3.3 Target fishing and validation
Target fishing is a bottleneck in the laborious and expensive pipeline of experimental pharmacology for dissecting the interaction of a bioactive compound with its druggable target proteins. In this continuum, in silico target fishing employs machine learning algorithms and chemi- and bio-informatic tools for the prediction of the targets of NCEs. Here, we used the SwissTargetPrediction to predict chemical-protein interactions (Supplementary Material S5). Four common targets of all ligands were extracted from target sets of each ligand and submitted to in silico molecular docking validation (Supplementary Material S6). Four common targets were three kinases including vascular endothelial growth factor receptor 2 (CHEMBL279; PDB ID: 1YWN), tyrosine-protein kinase (CHEMBL2148; PDB ID: 3LXL), and epidermal growth factor receptor (erbB1; CHEMBL203; PDB ID: 5UG9), and sodium channel protein type IX alpha subunit (CHEMBL4296; PDB ID: 5EKO) which belongs to the family of voltage-gated ion channels. In this context, L3 predominantly docked with family erbB1, however it interacted reliably with other kinases like MAP kinase ERK1 and protein kinase C mu (Table 2). In this continuum, L5 docked firmly with erbB1 and tyrosine-protein kinase, and it interacted with MAP kinase ERK1. L7 docked with tyrosine-protein kinase more reliably than other ligands, and it was the weakest binder in this study. Interestingly, L9 showed the strongest BAs with all common targets, while it docked tyrosine-protein kinase with the highest BA of −11.1 kcal/mol (Supplementary Material S6). In summary, these synthesized ligands docked reliably with tyrosine-protein kinase and erbB1 (Supplementary Material S6).
TABLE 2 | In silico molecular docking [binding affinity (lower bound, upper bound)] of xanthone derivatives with top-list predicted targets.
[image: Table 2]3.4 Kinase target fishing
Except for L9, the major target family of synthesized ligands was the kinase family as predicted by SwissTarget (Figure 8). Moreover, KinScreen launched at https://www.way2drug.com/KinScreen/predicted the interaction of pharmacological substances with human kinome (see Supplementary Material S7). In essence, the main top 5 list targets and therapeutic classes of ligands have been presented (Supplementary Table 1). In this continuum, various serine/threonine-protein kinases were common kinase targets for synthesized ligands. Protein kinase C mu, MAP kinase ERK1, dual specificity protein kinase CLK3, and casein kinase I gamma 2 were highly accurate predicted targets for L3, L5, L7, and L9, respectively (Supplementary Table 1). Consistent with the results of KinScreen, SwissTarget also showed that the common targets for four synthesized ligands were three kinases and one target belongs to the voltage-gated ion channel (VIC) superfamily (Figure 8).
[image: Figure 8]FIGURE 8 | Distribution of targets in various classes for xanthones derivatives. Note: upper left; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-dithiolan-4-one (L3); upper right; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-thiazol-5(4H)-one (L5); lower left; 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-one (L7), and lower right; hydroxy (oxo)(4-{4-[(9H-xanthen-9-yloxy)methyl]-1H-1,2,3-triazol-1-yl}phenyl)ammonium (L9).
3.5 Kinase target network
All target kinases were harvested from KinScreen and submitted to GeneMANIA and STRING servers (vide supra). In this regard, three genes showed the highest weights in the kinase target network of synthesized ligands in the output of GeneMANIA (see Supplementary Table 1). In this line, haploid germ cell-specific nuclear protein kinase (Haspin) showed the maximum weight in the network constructed using the GeneMANIA server. This gene encodes a serine/threonine kinase that is known as a promising target against cancer (Liu et al., 2023). WEE2 is a kinase that is expressed in an array of cancers (https://www.proteinatlas.org/ENSG00000214102-WEE2/pathology). The PIM3 belongs to the Ser/Thr protein kinase family, and PIM subfamily is overexpressed in epithelial and hematological tumors and associated with MYC coexpression. It plays roles in signal transduction, cell proliferation and survival, and tumorigenesis like human hepatoblastoma cells (Marayati et al., 2022).
The results of kinase network analysis were shown (Supplementary Material S9), and the degree sorted circle layout of the network was presented in Figure 9. Statistics of the network were summarized as follows: number of nodes: 222; number of edges: 1,344; average number of neighbors: 13,039; network diameter: 6; network radius: 3; characteristic path length: 2,601; clustering coefficient: 0.404; network density: 0.064; network heterogeneity: 0.893; network centralization: 0.231; connected components: 16; analysis time (sec): 0.152. In this line, the top-listed nodes with the highest degree (n) were MAPK1 (n = 60), FYN (n = 53), MAPK14 (n = 52), ERBB2 (n = 51), ABL1 (n = 47), ATM (n = 47), MAPK3 (n = 46), and GSK3B (n = 44) (see Supplementary Material S9). CytoHubba App was employed to search the hub node of the kinase target network (see Supplementary Material S10). Then, the top ten nodes ranked by degree were presented in Figure 10. Mitogen-activated protein kinase 1 (MAPK1) was the main hub gene among all target kinases for synthesized ligands which were submitted to molecular docking for further validation (Supplementary Table 2). We intentionally used two PDB IDs of MAPK1 to check the accuracy of BAs of synthesized ligands with a hub target that was determined through PPI network analysis. In essence, similar binding modes of synthesized ligands with MAPK1 PDBs were seen. In this case, L9 presented the best BA with MAPK1 (Table 2). MAPK1 is a serine/threonine kinase in the MAP kinase signal transduction pathway that is involved in the pathogenesis of many diseases and various types of cancers (Kim and Choi, 2010).
[image: Figure 9]FIGURE 9 | Visualization of the constructed network in Cytoscape results page.
[image: Figure 10]FIGURE 10 | Top ten nodes ranked by degree using the CytoHubba app installed in Cytoscape.
3.6 Antitarget and ADRs screening
Computation of the interaction of NCEs with antitargets is a crucial step to disclosing ADRs in the pipeline of drug discovery and development and clinical practice. In this regard, previous experimental data that are presented as Ki, Kact, and IC50 values can be categorized and used as models to create (quantitative) structure and activity relationship [(Q)SAR] (Lagunin et al., 2018). In this study, we used GUSAR software launched at http://www.pharmaexpert.ru/GUSAR/antitargets.html, finds antitargets of hit of interest among about 4,000 chemicals interacting with 18 antitarget proteins (13 receptors, 2 enzymes and 3 transporters; see Supplementary Material S8). Based on GUSAR, rational accuracy (Q2model > 0.6 and R2test > 0.6) has been considered for computational prediction of antitargets of NCEs (Zakharov et al., 2012). All ligands showed altering activity of carbonic anhydrase II (see Supplementary Table 2) that may be the cause of aplastic anemia, anxiety, bone marrow suppression, chronic fatigue syndrome, alopecia, anaphylaxis, depression, and renal tubular acidosis (Rang et al., 1999). The interaction of synthesized ligands with 5-hydroxytryptamine 2C receptors as antagonists were also significant. In this case, the ADRs of antagonists to 5-hydroxytryptamine receptors are sickness, emesis, diarrhea, insomnia, and anxiety (Hoyer, 2020).
The specific potential of interacting with antitargets was also observed among our synthesized ligands. In this regard, trustful interaction of L3 was found with the 5-hydroxytryptamine 2A receptor and d3 dopamine receptor. Similarly, L5 also interacted with alpha1b adrenergic receptors. Adrenergic receptor antagonists may cause reflex tachycardia, orthostatic hypotension, nasal congestion, insomnia, and palpitation (Rang et al., 1999). L7 also interacted 5-hydroxytryptamine 2C receptor, while L9 interacted overtly with the kappa-type opioid receptor (see Supplementary Table 2). Antagonism to opioid receptors may cause emesis, sickness, respiratory depression, and sedation (Brunton et al., 2023). All synthesized ligands showed hepatotoxic potentials, while L7 presented cardiac toxicity (see Supplementary Table 3). Therefore, these ligands may possess some ADRs that must be considered in future experimental bioassays.
3.7 Antitumor potential
The cytotoxicity of NCEs against tumor cell lines is in the initial stages of development, repositioning, and drug research. However, the interaction of NCEs with normal cell lines gives impressive cues regarding their toxic potential. In this line, all synthesized ligands showed a low probability of activity against common normal cell lines that were used for snap-screening of cytotoxicity (see Supplementary Table 4). All ligands except L9, showed interaction with prostate epithelial cells. Embryonic lung fibroblast was also a target of all ligands except L7. In this context, L7 was less toxic for the normal cell line among ligands, and L3 showed a broad spectrum of toxicities against the normal cell lines.
Acute leukemic T-cells display one of the top predicted tumor cell lines for L5 (see Supplementary Table 5). All ligands except L9 showed weak interaction with glioblastoma and oligodendroglioma, and L9 showed a different pattern of tissue tumor targeting among ligands (see Supplementary Table 5). Allanxanthone C and macluraxanthone, two phyto-xanthones, exhibited proapoptotic and antiproliferative activities in leukemic cells from chronic lymphocytic leukemia and leukemia B cell lines (Loisel et al., 2010). Future investigations are welcomed to dissect the mechanism of possible antileukemic effects of synthesized xanthone derivatives that proposed in this study.
4 CONCLUSION
In conclusion, the total synthesis of nine novel xanthone derivatives was accomplished in a multi-step linear sequence and characterized. Finally, four compounds (L3, L5, L7, and L9) were selected for the computational assessment based on the Pfizer filter. Kinase network analysis showed that the top-listed nodes were MAPK1, FYN, MAPK14, ERBB2, ABL1, ATM, MAPK3, and GSK3B. MAPK1 was the main hub gene involved in the pathogenesis of many diseases and cancers. Interestingly, future investigations are needed to dissect the mechanism of possible antileukemic effects of synthesized xanthone derivatives that proposed in this study.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
AUTHOR CONTRIBUTIONS
WM: Conceptualization, Data curation, Formal Analysis, Methodology, Validation, Project administration, Visualization, Funding acquisition, Investigation, Resources, Supervision, Writing–original draft. LM: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing–original draft. MuN: Formal Analysis, Funding acquisition, Investigation, Methodology, Writing–original draft. IK: Formal Analysis, Methodology, Conceptualization, Data curation, Project administration, Software, Validation, Visualization, Writing–review and editing. MA-S: Formal Analysis, Investigation, Methodology, Writing–original draft. MJ: Formal Analysis, Investigation, Methodology, Writing–original draft, Data curation. MaN: Formal Analysis, Investigation, Methodology, Writing–original draft. HS: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Kufa University paid the fee of synthesis and Uppsala University paid the publication fee.
ACKNOWLEDGMENTS
All thanks, gratitude and appreciation to the Babylon, Najaf and Razi Universities and to everyone who helped us complete this study.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1511627/full#supplementary-material
REFERENCES
 Abdelrazek, F. M., Sharaf, M. F., Metz, P., and Jaeger, A. (2010). The reaction of 2-dimethylaminomethylene-3-oxo-N-phenylbutyramide with active methylene nitriles. J. Heterocycl. Chem. 47, 528–533. doi:10.1002/jhet.356
 Abrahamson, E. (1956). A convenient apparatus for the xanthydrol method of determining blood urea. Am. J. Clin. Pathol. 26, 103–106. doi:10.1093/ajcp/26.1_ts.103
 Amezian, D. N. R., and Van Leeuwen, T. (2024). The role of ATP-binding cassette transporters in arthropod pesticide toxicity and resistance. Curr. Opin. Insect. Sci. 63, 101200. doi:10.1016/j.cois.2024.101200
 Badiali, C., Petruccelli, V., Brasili, E., and Pasqua, G. (2023). Xanthones: biosynthesis and trafficking in plants, fungi and lichens. Plants 12, 694. doi:10.3390/plants12040694
 Baell, J. B., and Holloway, G. A. (2010). New substructure filters for removal of pan assay interference compounds (PAINS) from screening libraries and for their exclusion in bioassays. J. Med. Chem. 53, 2719–2740. doi:10.1021/jm901137j
 Brunton, L. L., Knollmann, B. C., and Hilal-Dandan, R. (2023). Goodman and Gilman's the pharmacological basis of therapeutics. Surg. Neurol. Int. 14, 1549. doi:10.25259/SNI_184_2023
 Cao, R., Du, F., Liu, Z., Cai, P., Qi, M., Xiao, W., et al. (2023). The synthesis and bioactivities of ROCK2 inhibitors with 1, 2-Dithiolan-3-Yl motif. RSC Med. Chem. 28, 3576–3596. doi:10.1039/D4MD00438H
 Caron, G. D. V., Solaro, S., and Ermondi, G. (2020). Flexibility in early drug discovery: focus on the beyond-Rule-of-5 chemical space. Drug. Discov. Today 25, 621–662. doi:10.1016/j.drudis.2020.01.012
 Cascioferro, S., Parrino, B., Carbone, D., Schillaci, D., Giovannetti, E., Cirrincione, G., et al. (2020). Thiazoles, their benzofused systems, and thiazolidinone derivatives: versatile and promising tools to combat antibiotic resistance. J. Med. Chem. 63, 7923–7956. doi:10.1021/acs.jmedchem.9b01245
 Chen, X. W. A. W., and Chen, W. (2012). Gambogic acid is a novel anti-cancer agent that inhibits cell proliferation, angiogenesis and metastasis. Anticancer Agents Med. Chem. 12, 994–1000. doi:10.2174/187152012802650066
 Choodej, S., Koopklang, K., Raksat, A., Chuaypen, N., and Pudhom, K. (2022). Bioactive xanthones, benzophenones and biphenyls from mangosteen root with potential anti-migration against hepatocellular carcinoma cells. Sci. Rep. 12, 8605. doi:10.1038/s41598-022-12507-8
 Cramer, G., Ford, R., and Hall, R. (1976). Estimation of toxic hazard—a decision tree approach. Food Cosmet. Toxicol. 16, 255–276. doi:10.1016/S0015-6264(76)80522-6
 Dai, J., Tian, S., Yang, X., and Liu, Z. (2022). Synthesis methods of 1, 2, 3-/1, 2, 4-triazoles: a review. Front. Chem. 10, 891484. doi:10.3389/fchem.2022.891484
 Daina, A., Michielin, O., and Zoete, V. (2017). Swissadme: a free web tool to evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules. Sci. Rep. 7, 42717. doi:10.1038/srep42717
 Daina, A., Michielin, O., and Zoete, V. (2019). Swisstargetprediction: updated data and new features for efficient prediction of protein targets of small molecules. Nucleic Acids Res. 47, W357-W364–W364. doi:10.1093/nar/gkz382
 Dallakyan, S., and Olson, A. J. (2015). Small-molecule library screening by docking with pyrx. Methods Mol. Biol. 1263, 243–250. doi:10.1007/978-1-4939-2269-7_19
 De Perre, C., and Mccord, B. (2011). Trace analysis of urea nitrate by liquid chromatography–UV/fluorescence. Forensic Sci. inte. 211, 76–82. doi:10.1016/j.forsciint.2011.04.021
 Drelinkiewicz, D., and Whitby, R. J. (2022). A practical flow synthesis of 1, 2, 3-triazoles. RSC Adv. 12 (45), 28910–28915. doi:10.1039/d2ra04727f
 Elmaati, T. M. A., and El-Taweel, F. M. (2002). Studies with alkylheterocycles: novel synthesis of functionally substituted isoquinoline and pyridopyridines derivatives. J. Chin. Chem. Soc. 49, 1045–1050. doi:10.1002/jccs.200200150
 El-Taweel, F., and Elmaati, T. A. (2002). Cyclization reactions of 5-aminopyrazoles with β-ketoesters, enamines and β-keto anilides: new synthetic routes to pyrazolo[1,5-a]Pyrimidine derivatives. J. Chin. Chem. Soc. 49, 1051–1055. doi:10.1002/jccs.200200151
 Esteves, F., R, J., and Kranendonk, M. (2021). The central role of cytochrome p450 in xenobiotic metabolism-a brief review on a fascinating enzyme family. J. Xenobiot. 3, 94–114. doi:10.3390/jox11030007
 Felber, J. G., Kitowski, A., Zeisel, L., Maier, M. S., Heise, C., Thorn-Seshold, J., et al. (2023). Cyclic dichalcogenides extend the reach of bioreductive prodrugs to harness thiol/disulfide oxidoreductases: applications to seco-duocarmycins targeting the thioredoxin system. ACS Cent. Sci. 9, 763–776. doi:10.1021/acscentsci.2c01465
 Ghasemi, Z., Mirzaie, A., Arabzadeh, R., Fathi, Z., and Abolghassemi Fakhree, A. (2019). Synthesis and optical properties of novel 1, 2, 3-triazole derivatives possessing highly substituted imidazoles. J. Chem.l Res. 43, 262–267. doi:10.1177/1747519819861004
 Goldberg, A., and Wragg, A. (1957). 972. Spasmolytics derived from xanthen. J. Chem. Soc. , 4823–4829. doi:10.1039/JR9570004823
 Greene, T. W., and Wuts, P. G. (1999). Protective groups in organic synthesis. 494–653. doi:10.1002/0471220574
 Gunter, N. V., Teh, S. S., Jantan, I., Cespedes-Acuña, C. L., and Mah, S. H. (2023). The mechanisms of action of prenylated xanthones against breast, colon, and lung cancers, and their potential application against drug resistance. Phytochem. Rev. 22, 467–503. doi:10.1007/s11101-022-09846-9
 Guo, H. Y., Chen, Z.-A., Shen, Q. K., and Quan, Z. S. (2021). Application of triazoles in the structural modification of natural products. J. Enzyme Inhib. Med. Chem. 36, 1115–1144. doi:10.1080/14756366.2021.1890066
 Gutierrez-Orozco, F., and Failla, M. L. (2013). Biological activities and bioavailability of mangosteen xanthones: a critical review of the current evidence. Nutrients 5, 3163–3183. doi:10.3390/nu5083163
 Hoyer, D. (2020). Targeting the 5-HT system: potential side effects. Neuropharmacology 179, 108233. doi:10.1016/j.neuropharm.2020.108233
 Huang, Q., Wang, Y., Wu, H., Yuan, M., Zheng, C., and Xu, H. (2021). Xanthone glucosides: isolation, bioactivity and synthesis. Molecules 26, 5575. doi:10.3390/molecules26185575
 Ibrahim, S. A., and Rizk, H. F. (2020). “Synthesis and biological evaluation of thiazole derivatives,” in Azoles-synthesis, properties, applications and perspectives 2020 jun 29 (London, UK: IntechOpen). 
 Ismail, M. A., Abusaif, M. S., El-Gaby, M. S., Ammar, Y. A., and Ragab, A. (2023). A new class of anti-proliferative activity and apoptotic inducer with molecular docking studies for a novel of 1, 3-dithiolo [4, 5-B] quinoxaline derivatives hybrid with a sulfonamide moiety. RSC Adv. 13, 12589–12608. doi:10.1039/D3RA01635H
 Ivanov, S. M., Lagunin, A. A., Rudik, A. V., Filimonov, D. A., and Poroikov, V. V. (2018). Adverpred–web service for prediction of adverse effects of drugs. J. Chem. Inf. Model. 58, 8–11. doi:10.1021/acs.jcim.7b00568
 Jiang, C. H., Sun, T. L., Xiang, D.-X., Wei, S. S., and Li, W. Q. (2018). Anticancer activity and mechanism of xanthohumol: a prenylated flavonoid from hops (Humulus Lupulus L.). Front. Pharmacol. 9, 530. doi:10.3389/fphar.2018.00530
 Kapri, A., Gupta, N., and Nain, S. (2022). Recent advances in the synthesis of xanthines: a short review. Scientifica 1, 8239931. doi:10.1155/2022/8239931
 Kashyap, S. J., Garg, V. K., Sharma, P. K., Kumar, N., Dudhe, R., and Gupta, J. K. (2012). Thiazoles: having diverse biological activities. Med. Chem. Res. 21, 2123–2132. doi:10.1007/s00044-011-9685-2
 Kim, E. K., and Choi, E. J. (2010). Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta 1802, 396–405. doi:10.1016/j.bbadis.2009.12.009
 Koopmans, F., Van Nierop, P., Andres-Alonso, M., Byrnes, A., Cijsouw, T., Coba, M. P., et al. (2019). Syngo: an evidence-based, expert-curated knowledge base for the synapse. Neuron 103, 217–234. doi:10.1016/j.neuron.2019.05.002
 Kralj, S., Jukič, M., and Bren, U. (2023). Molecular filters in medicinal chemistry. Encyclopedia 3, 501–511. doi:10.3390/encyclopedia3020035
 Kurniawan, Y. S., Priyangga, K. T. A., Jumina, , Pranowo, H. D., Sholikhah, E. N., Zulkarnain, A. K., et al. (2021). An update on the anticancer activity of xanthone derivatives: a review. Pharmaceuticals 14, 1144. doi:10.3390/ph14111144
 Lagorce, D., Douguet, D., Miteva, M. A., and Villoutreix, B. O. (2017). Computational analysis of calculated physicochemical and ADMET properties of protein-protein interaction inhibitors. Sci. Rep. 7, 46277. doi:10.1038/srep46277
 Lagunin, A. A., Romanova, M. A., Zadorozhny, A. D., Kurilenko, N. S., Shilov, B. V., Pogodin, P. V., et al. (2018). Comparison of quantitative and qualitative (Q) SAR models created for the prediction of Ki and IC50 Values of antitarget inhibitors. Front. Pharmacol. 9, 1136. doi:10.3389/fphar.2018.01136
 Lipin, K., Ershov, O., Belikov, M. Y., and Fedossev, S. (2019). One-pot synthesis of 2-ylidene-1, 3-dithiolanes. Russ. J. Org. Chem. 55, 276–278. doi:10.1134/S1070428019020246
 Lipinski, C. A., Lombardo, F., Dominy, B. W., and Feeney, P. J. (2012). Experimental and computational approaches to estimate solubility and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 23, 3–26. doi:10.1016/s0169-409x(00)00129-0
 Liu, H. W., Chen, L., Xu, C., Li, Z., Zhang, H., Zhang, X. B., et al. (2018). Recent progresses in small-molecule enzymatic fluorescent probes for cancer imaging. Chem. Soc. Rev. 47, 7140–7180. doi:10.1039/c7cs00862g
 Liu, Y., Yang, H., Fang, Y., Xing, Y., Pang, X., Li, Y., et al. (2023). Function and inhibition of haspin kinase: targeting multiple cancer therapies by antimitosis. Pharm. Pharmacol. 75, 445–465. doi:10.1093/jpp/rgac080
 Loisel, S., Le Ster, K., Meyer, M., Berthou, C., Youinou, P., Kolb, J. P., et al. (2010). Therapeutic activity of two xanthones in a xenograft murine model of human chronic lymphocytic leukemia. Hematol. Oncol. 3, 49–53. doi:10.1186/1756-8722-3-49
 Marayati, R., Stafman, L. L., Williams, A. P., Bownes, L. V., Quinn, C. H., Markert, H. R., et al. (2022). CRISPR/Cas9-mediated knockout of PIM3 suppresses tumorigenesis and cancer cell stemness in human hepatoblastoma cells. Cancer Gene Ther. 29, 558–572. doi:10.1038/s41417-021-00334-4
 Matin, M. M., Matin, P., Rahman, M. R., Ben Hadda, T., Almalki, F. A., Mahmud, S., et al. (2022). Triazoles and their derivatives: chemistry, synthesis, and therapeutic applications. Front. Mol. Biosci. 9, 864286. doi:10.3389/fmolb.2022.864286
 Miladiyah, I., Jumina, J., Haryana, S. M., and Mustofa, M. (2018). Biological Activity, quantitative structure–activity relationship analysis, and molecular docking of xanthone derivatives as anticancer drugs. Drug Des. devel. Ther. 12, 149–158. doi:10.2147/DDDT.S149973
 Mohareb, R. M., Abbas, N. S., and Ibrahim, R. A. (2013). New Approaches for the synthesis of thiophene derivatives with anti-tumor activities. Acta Chim. Slov. 60, 583–594. doi:10.21608/ejchem.2012.1173
 Nikitjuka, A., Krims-Davis, K., Kaņepe-Lapsa, I., Ozola, M., and Žalubovskis, R. (2023)). 2-dithiolane-4-carboxylic acid and its derivatives serve as a specific thioredoxin reductase 1 inhibitor?Molecules 28, 6647. doi:10.3390/molecules28186647
 O'Boyle, N. M., Banck, M., James, C. A., Morley, C., Vandermeersch, T., and Hutchison, G. R. (2011). Open Babel: an open chemical toolbox. J. Cheminform. 3, 1–14. doi:10.1186/1758-2946-3-33
 Pylypenko, O. O., Okovytyy, S. I., Sviatenko, L. K., Voronkov, E. O., Shabelnyk, K. P., and Kovalenko, S. I. (2023). Tautomeric behavior of 1, 2, 4-triazole derivatives: combined spectroscopic and theoretical study. Struct. Chem. 34, 181–192. doi:10.1007/s11224-022-02057-0
 Ramakrishnan, S., Paramewaran, S., and Nasir, N. M. (2021). Synthetic approaches to biologically active xanthones: an update. Chem. Pap. 75, 455–470. doi:10.1007/s11696-020-01320-0
 Raman, A. P. S., Aslam, M., Awasthi, A., Ansari, A., Jain, P., Lal, K., et al. (2024). An updated review on 1, 2, 3-/1, 2, 4-triazoles: synthesis and diverse range of biological potential. Mol. Diver. , 1–66. doi:10.1007/s11030-024-10858-0
 Rang, H., Dale, M., Ritter, J., and Moore, P. (1999). Pharmacology. 4th edition. London: Churchill Livingstone. 
 Resende, D. I., Durães, F., Maia, M., Sousa, E., and Pinto, M. M. (2020). Recent advances in the synthesis of xanthones and azaxanthones. Org. Chem. Front. 7, 3027–3066. doi:10.1039/D0QO00659A
 Rizaldy, D., Hartati, R., Nadhifa, T., and Fidrianny, I. (2021). Chemical compounds and pharmacological activities of mangosteen (Garcinia Mangostana L.)—updated review. Biointerface Res. Appl. Chem. 12, 2503–2516. doi:10.33263/BRIAC122.25032516
 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi:10.1101/gr.1239303
 Shawali, A. S., Abdelkader, M. H., and Eltalbawy, F. M. (2002). Synthesis and tautomeric structure of novel 3, 7-Bis (arylazo)-2, 6-diphenyl-1H-imidazo-[1, 2-B] pyrazoles in ground and excited states. Tetrahedron 58, 2875–2880. doi:10.1016/S0040-4020(02)00157-6
 Song, Y., Zhu, X., Yang, K., Feng, S., Zhang, Y., Dong, J., et al. (2022). Synthesis and biological evaluation of xanthone derivatives as anti-cancer agents targeting topoisomerase II and DNA. Med. Chem. Res. 31, 720–734. doi:10.21203/rs.3.rs-857564/v1
 Taguchi, Y., Yanagiya, K., Shibuya, I., and Suhara, Y. (1987). The synthesis of 1, 3-dithiolane-2-thione derivatives. Bull. Chem. Soc. Jap. 60, 727–730. doi:10.1246/bcsj.60.727
 Theodosis-Nobelos, P., Papagiouvannis, G., Tziona, P., and Rekka, E. A. (2021). Lipoic acid. kinetics and pluripotent biological properties and derivatives. Mol. Biol. Rep. 48, 6539–6550. doi:10.1007/s11033-021-06643-z
 Thomsen, R., and Christensen, M. H. (2006). Moldock: a new technique for high-accuracy molecular docking. J. Med. Chem. 49, 3315–3321. doi:10.1021/jm051197e
 Tian, M., Wu, R., Xiang, C., Niu, G., and Guan, W. (2024). Recent advances in fluorescent probes for cancer biomarker detection. Molecules 29, 1168. doi:10.3390/molecules29051168
 Vasiliev, A., and Polackov, A. (2000). Synthesis of potassium (1, 1-dioxothiolan-3-yl)-dithiocarbamate. Molecules 5, 1014–1017. doi:10.3390/50801014
 Veber, D. F., Johnson, S. R., Cheng, H.-Y., Smith, B. R., Ward, K. W., and Kopple, K. D. (2002). Molecular properties that influence the oral bioavailability of drug candidates. J. Med. Chem. 45, 2615–2623. doi:10.1021/jm020017n
 Veríssimo, A. C., Pinto, D. C., and Silva, A. M. (2022). Marine-derived xanthone from 2010 to 2021: isolation, bioactivities and total synthesis. Mar. Drugs 20, 347. doi:10.3390/md20060347
 Wang, J., Liu, W., Zhao, Q., Qi, Q., Lu, N., Yang, Y., et al. (2009). Synergistic effect of 5-fluorouracil with gambogic acid on BGC-823 human gastric carcinoma. Toxicology 256, 135–140. doi:10.1016/j.tox.2008.11.014
 Warde-Farley, D., Donaldson, S. L., Comes, O., Zuberi, K., Badrawi, R., Chao, P., et al. (2010). The genemania prediction server: biological network integration for gene prioritization and predicting gene function. Nucleic Acids Res. 8, W214–W220. doi:10.1093/nar/gkq537
 Zakharov, A. V., Lagunin, A. A., Filimonov, D. A., and Poroikov, V. V. (2012). Quantitative Prediction of antitarget interaction profiles for chemical compounds. Chem. Res. Toxicol. 25, 2378–2385. doi:10.1021/tx300247r
 Zheng, S., and Huang, D. (2023). Design, Synthesis and fungicidal activities evaluation of N-(thiazol-4-ylmethyl) benzenesulfonamide derivatives. Chem. Pap. 77, 1059–1066. doi:10.1007/s11696-022-02540-2
 Zhou, Z., and Wang, J. (2007). Phase i human tolerability trial of gambogic acid. Chin. J. New Drugs. 16, 79. 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2025 Muslim, Mohammad, Naji, Karimi, Al-Sabti, Jabir, Najm and Schiöth. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1511627-gx002.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Synthesis, characterization, and computational evaluation of some synthesized xanthone derivatives: focus on kinase target network and biomedical properties		Background

		Methods

		Results

		Conclusion

		Highlights

		1 Introduction

		2 Experimental section		2.1 Chemistry

		2.2 Synthesis

		2.3 Computational methods (in silico)





		3 Results and discussion		3.1 Chemical synthesis and validation

		3.2 ADMET scan

		3.3 Target fishing and validation

		3.4 Kinase target fishing

		3.5 Kinase target network

		3.6 Antitarget and ADRs screening

		3.7 Antitumor potential





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		Supplementary material

		References









OPS/images/fphar-15-1511627-gx001.gif





OPS/images/fphar-15-1511627-t002.jpg
Top-list target (PDB)

5UG9

13 ~7.8 (7.926; 4.45) ‘ -8.8 (4.122; 1.989) 8.1 (5.771; 3.003) ~9.0 (3.675; 0.069) ‘ .116 -85 (3.676; 0.122)
15 ~8.2 (3.675; 0.074) ‘ ~9.1 (3.676; 0.093) 7.0 (37.57; 34.943) ~9.0 (3.675; 0.062) ‘ ~9.5 (3.676; 0.1) -89 (3.676; 0.104

17 ~7.9 (3.761; 0.008) ‘ -85 (3.762; 0.065) -6.9 (3.761; 0.027) -83 (3.762; 0.049) ‘ -85 (3.762; 0.017) -83 (3.762; 0.016)
9 ~10.1 (3.261; 0.17) ‘ ~11.1 (3.259; 0.115) -9.3 (2.786; 2.234) ~102 (3.265; 0.221) ‘ -103 (3.92; 2.373) ~102 (3.258; 0.055)

Note: 2-(2-(9H-xanthen-9-yl hydrazinyl] -1,3-dithiolan-4-one (L3), 2-[2-(9H-xanthen-9-yDhydrazinyl]-1,3-thiazol-5(4H)-one (L), 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-one (L7),

sind Eydrony [ono)(A-54: [(OH-mther-O-ioxyiaetinl}-1H- 1.2 3-trianol-1-phel insesoniiiin GL9),






OPS/images/fphar-15-1511627-t001.jpg
MW g/mol MLOGP BS Lipinski #violations ~ PAINS #alei

3 328 199 1 3 055 | NO 10129 2 0 0
15 31 197 2 4 055 ‘ No 88.02 3 0 0
L7 296 199 1 3 055 ‘ Yes 7599 2 0 0
L9 401 [ 326 | 1 6 055 ‘ No 89.48 5 0 0

Note: MW, molecular weight (kDa); MLOGP, Moriguchi Log Pyy; Hdon, the number of H-bond donors; Hace, the number of H-bond acceptors; BS, oral bioavailability score; Caco-2,
permeability; BBB, blood-brain barrier; TPSA, topographical polar surface area; RBN, the number of rotatable bonds: HL, half-life; PAINS, Pan-assay interference compounds. 2-[2-(9H-
xanthen-9-yDhydrazinyl]-1,3-dithiolan-4-one (L3; SMILE: O=C1CS\C($1)=N/NCIC2=CC=CC=C20C2=C1C=CC=C2), 2-(2-(9H-xanthen-9-yDhydrazinyl]-1,3-thiazol-5(4H)-one

(L5 SMILE: O=C1CN=C(NNC2C3=CC=CC=C30C3=C2( C3)81), 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-one (L7 SMI C1CN=C(NC2C3=CC=CC=C30C3=C2C=CC=
C3)S1), and lower right; hydroxy(oxo) (4-{4-[(9H-xanthen-9-yloxy)methyl]- 1H-1,2,3-triazol- 1-yl}pheny)ammonium (L9 SMILE: ON(=0)C1=CC=C(C=C1)N1C=C(COC2C3=CC=
CC=C30C3=CC=CC=C23)N=N1).






OPS/images/fphar-15-1511627-g011.gif





OPS/images/fphar-15-1511627-g010.gif
N
S










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





OPS/images/fphar-15-1511627-g005.gif





OPS/images/fphar-15-1511627-g006.gif





OPS/images/fphar-15-1511627-g003.gif
I o

i

i “Il






OPS/images/fphar-15-1511627-g004.gif
g gff{.ﬂsusa!

PRt
oo






OPS/images/fphar-15-1511627-g009.gif
| yrerrvrocrceces





OPS/images/fphar-15-1511627-g007.gif





OPS/images/fphar-15-1511627-g008.gif





OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

Synthesis, characterization, and
computational evaluation of
some synthesized xanthone
derivatives: focus on kinase
target network and biomedical
properties





OPS/images/fphar-15-1511627-g001.gif
::::::::





OPS/images/fphar-15-1511627-g002.gif
S =B
= Zait






