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Introduction: Isatin, a heterocycle scaffold, is the backbone of many anticancer drugs and has previously been reported to engage multiple cellular targets and mechanisms, including angiogenesis, cell cycle, checkpoint pathways and multiple kinases. Here, we report that a novel isatin derivative, 5i, degrades estrogen receptor alpha (ERα) in estrogen-dependent breast cancer cells. This effect of the isatin nucleus has not been previously reported. Tamoxifen and fulvestrant represent standard therapy options in estrogen-mediated disease but have their own limitations. Isatin-based triple angiokinase inhibitor BIBF1120 (Nintedanib) and multikinase inhibitor Sunitinib (Sutent) have been approved by the FDA.
Methods: Keeping this in view, we synthesized a series of N'-(1-benzyl-2-oxo-1, 2-dihydro-3H-indol-3-ylidene) hydrazide derivatives and evaluated them in vitro for antiproliferative activities in MCF-7 (ER+) cell line. We further investigated the effect of the most potent compound (5i) on the Erα through Western Blot Analysis. We used in silico pharmacokinetics prediction tools, particularly pkCSM tool, to assess the activity profiles of the compounds.
Results and discussion: Compound 5i showed the best antiproliferative activity (IC50 value; 9.29 ± 0.97 µM) in these cells. Furthermore, 5i downregulated ERα protein levels in a dose-dependent manner in MCF-7. A multifaceted analysis of physicochemical properties through Data Warrior software revealed some prominent drug-like features of the synthesized compounds. The docking studies predicted the binding of ligands (compounds) with the target protein (ERα). Finally, molecular dynamics (MD) simulations indicated stable behavior of the protein-ligand complex between ERα and its ligand 5i. Overall, these results suggest that the new isatin derivative 5i holds promise as a new ERα degrader.
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1 INTRODUCTION
Breast cancer is the leading malignancy causing the highest death rate among women (Guissi et al., 2017). Most BC patients have an estrogen receptor (ER)-positive form of the disease, with postmenopausal women accounting for 75% of the cases (Shoda et al., 2015). The initial line of treatment for ER-positive BC is endocrine therapy. Selective estrogen receptor modulators (SERMs) are a predominant class of endocrine therapeutic agents, including tamoxifen (brand name: Soltamox), raloxifene (brand name: Evista), and toremifene (brand name: Farestone). These pharmacological substances bind to the ER (ERα or ERβ subtypes) in cells, acting as agonists/antagonists in an organ-specific manner (Dandriyal et al., 2016). The first-generation SERM, tamoxifen, dramatically decreased BC mortality rates and the risk of recurrence. Although tamoxifen remained a gold standard in BC treatment, its use was restricted once its agonistic action on endometrial cells was shown to be associated with moderately increased risk of endometrial cancer growth, progression, and resistance (Duffy, 2006; Hiscox et al., 2006; Lewis-Wambi et al., 2011; Welsh et al., 2012; Han et al., 2016). Second-generation SERMs have also been associated with hot flashes, increased blood clot risk, deep vein thrombosis, and pulmonary embolism. Bazedoxifene, a third-generation SERM, was launched to treat BC and osteoporosis due to the toxicity and unfavorable side effects associated with the earlier SERMs (Lewis-Wambi et al., 2011; Payton-Stewart et al., 2014) by replacing the benzothiophene core of raloxifene by indole (Harris et al., 2003). Bazedoxifene binds to both ERα and ERβ, with a stronger affinity for the former. The inhibitory impact of bazedoxifene is linked to cell cycle arrest and ERα downregulation (Lewis-Wambi et al., 2011). Recently, bazedoxifene was used in combination with palbociclib to treat stage IV metastatic BC (Lindsay et al., 2009; Gupta et al., 2014; Jeselsohn et al., 2019).
Selective estrogen receptor degraders (SERDs), another class of ER-binding small molecules, bind to the ER and downregulate ER-mediated transcriptional activity. Fulvestrant and elacestrant are FDA-approved SERDs for clinical use in ER+ BC patients. Some small-molecule examples of SERDs have been disclosed in the literature (e.g., WO2005073204, WO2014205136, and WO2016097071). There has been a recent shift of focus in research on endocrine therapies toward SERDs as the development of resistance against SERMs grows (Bhatia et al., 2023). These SERDs can be used either as single agents or in combination with other classes of drugs, including SERMs, aromatase inhibitors, CDK4/CDK6 inhibitors, PI3K inhibitors, and mTOR inhibitors to treat hormone receptor-positive BC. The quest for new molecules to treat ER+ cancers that display better pharmacokinetic and pharmacodynamic properties, including oral bioavailability and higher efficiency in the clinic, is highly desirable.
Isatin stands out as an important class of heterocyclic compounds. It is a versatile scaffold present in human and other mammalian tissues. Isatin is a common structural feature in various dyes, agrochemicals, and pharmacologically active molecules. The synthetic ingenuity of isatin makes it a perfect platform for structural alterations and derivatization. Isatin-based compounds have displayed diverse biological properties, such as anticancer, antidepressant, anticonvulsant, antifungal, anti-HIV, and antiangiogenic activities (Pandeya et al., 1999; Sridhar and Ramesh, 2001; Verma et al., 2004; Selvam et al., 2008; Rohini et al., 2011; Ibrahim et al., 2015). Isatin–quinazoline hybrids have demonstrated antiproliferative activities against HepG2, MCF-7, and HT-29 cancer cell lines (Fares et al., 2015). Several isatin-based compounds have gone through clinical trials (shown in Figure 1), including triple angiokinase inhibitor BIBF1120 (Nintedanib, Vargatef), Sunitinib (Sutent), a multikinase inhibitor targeting VEGFR-1, VEGFR-2, PDGFRb and c-Kit. Sunitinib was approved by FDA for treating gastrointestinal stromal tumors (GIST) and advanced renal cell carcinoma (RCC) (Motzer et al., 2006; Le Tourneau et al., 2007).
[image: Figure 1]FIGURE 1 | Structure of few isatin derivatives in clinical application/clinical trials.
 The main objective of the present research was to synthesize a new series of compounds based on the isatin nucleus and to investigate their antiproliferative activity and potential to degrade ER, inspired by the uniqueness of the isatin scaffold and its demonstrated biological activities. The present study describes the synthesis of N'-(1-benzyl-2-oxo-1, 2-dihydro-3H-indol-3-ylidene) hydrazide derivatives along with their antiproliferative evaluation against MCF-7 (ER+) cell-lines using MTT assay. Predictions of physicochemical and pharmacokinetic properties of synthesized compounds were conducted using in silico approaches. Molecular docking and molecular dynamics simulations further explored the binding modes of test compounds into the ligand binding domain (LBD) of estrogen receptor (ERα).
The main objective of the present research was to synthesize new series of an isatin-based nucleus and to investigate the candidates as potential ER degraders, inspired by the deficiencies and side effects of first, second, and third generations of endocrine therapeutic agents for the treatment of ER+ BC. Thus, inspired by the uniqueness of the isatin scaffold and its demonstrated biological activities, this study was aimed at the synthesis of new compounds that will have even better pharmacokinetics and pharmacodynamics profiles than the current regimen.
The present study describes the synthesis of Nʹ-(1-benzyl-2-oxo-1, 2-dihydro-3H-indol-3-ylidene) hydrazide derivatives, along with their antiproliferative evaluation against MCF-7 (ER+) cell lines using the MTT assay. The physicochemical and pharmacokinetic properties of synthesized compounds were predicted using in silico approaches. Molecular docking and molecular dynamics (MD) simulations further explored the binding modes of the test compounds into the ligand-binding domain (LBD) of estrogen receptor alpha (ERα).
2 MATERIALS AND METHODS
2.1 Synthetic chemistry
Solvents and chemicals from Merck and Sigma-Aldrich were used without further purification. All the synthesized compounds were purified by recrystallization in suitable solvents. The boiling points of the esters were determined using a microscale condenser apparatus. Elemental analyses (C, H, and N) were in agreement with the proposed structures and within ±0.5% of the theoretical values. Thin-layer chromatography (TLC) was used to monitor the reaction progress and purity of the final products using silica gel-precoated aluminum sheets (60 F254; Merck Schuchardt, Darmstadt, Germany). The TLC plates were visualized with ultraviolet light at 365 and 254 nm. The synthesized compounds were characterized using spectrophotometric analysis employing Fourier-transform infrared (FTIR) spectroscopy (Nicolet iS10 spectrophotometer, Thermo Fisher Scientific) and 1H NMR and 13C NMR spectroscopy (Bruker AM-300 spectrophotometer).
2.1.1 Preparation of isatin (1H-indole-2,3-dione) (1)
The synthesis of isatin involved the reaction of chloral hydrate, hydroxylamine, and aniline to yield α-isonitrosoacetanilide and subsequent electrophilic cyclization in the presence of a strong acid such as concentrated sulfuric acid. The synthesis is generally known as the Sandmeyer isatin synthesis (Sumpter, 1944). A yield of 84.7% was obtained, with m.p. 200°C and Rf 0.85 (ethyl acetate:petroleum ether, 2:1).
2.1.2 Synthesis of N-benzyl indole-2,3-dione (N-benzyl isatin) (2)
In a round bottom flask, indole-2,3-dione (1, 0.8 gm, 3.37 mM) and an equimolar quantity of benzyl chloride (6.5 mL, 3.7 mM) were mixed in DMF (20 mL). K2CO3 (2 g) was added to this mixture, and the mixture was refluxed for 2 h. The flask was cooled, and the contents of the flask were poured onto ice-cold water (100 mL), leading to the formation of an orange–red precipitate, which was collected, washed with water, and dried. The compound was then purified by recrystallization from acetonitrile. A yield of 83.6% was obtained, with m.p. 134°C and Rf 0.65 (ethyl acetate:petroleum ether, 2:1); 1H NMR: (300 MHz, CDCl3) δ 5.09 (s, 2H, CH2 benzyl group), 7.18 (d, J = 7.8 Hz, 1H, Ar-H), 7.23 (t, J = 7.6 Hz, 1H, Ar-H), 7.41 (s, 5H, Ar-H), 7.52 (t, J = 8.4 Hz, 1H, Ar-H), and 7.69 (d, J = 7.9 Hz, 1H, Ar-H). The NMR spectral data are congruent with previously documented findings (El-Faham et al., 2014).
2.1.3 General procedure for the preparation of esters 3(a–i)
Appropriately substituted benzoic acid (0.032 mol) was dissolved in absolute ethanol (20 mL) in a round bottom flask. Concentrated sulfuric acid (1 mL) was added to the reaction mixture, and the mixture was refluxed. The reaction progress was monitored through TLC. Upon completion of the reaction, the mixture was cooled and poured onto ice-cold water, and the product was extracted with ethyl acetate. The ethyl acetate layer was washed with water and 10% NaHCO3 solution, dried over anhydrous sodium sulfate, and evaporated to dryness to obtain the respective ester (Guzowski Jr et al., 2012). The NMR spectral data of all synthesized ester derivatives 3(a–i) are congruent with previously documented findings (Samanta et al., 2014).
Methyl pyridine-4-carboxylate (3a): Yield, 75%; b.p., 207°C–208°C; and IR (KBr) cm-1, 1,720 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.74 (s, 3H, OCH3), 7.91 (d, J = 8.4 Hz, 2H, Ar-H), and 8.73 (d, J = 7.8 Hz, 2H, Ar-H).
Methyl 3-bromobenzoate (3b): Yield, 68%; b.p., 233°C–237°C; and IR (KBr) cm-1, 1,729 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.84 (s, 3H, OCH3), 7.62–7.68 (m, 1H, Ar-H), 7.73–7.79 (m, 1H, Ar-H), and 7.82 (d, J = 7.8 Hz, 2H, Ar-H).
Methyl 3-iodobenzoate (3c): Yield, 65%; b.p., 263°C–267°C; and IR (KBr) cm-1, 1,730 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.86 (s, 3H, OCH3), 7.68–7.77 (m, 1H, Ar-H), 7.82–7.86 (m, 1H, Ar-H), and 7.95 (d, J = 7.8 Hz, 2H, Ar-H).
Methyl 2-hydroxybenzoate (3d): Yield, 75%; b.p., 214°C–216°C; and IR (KBr) cm-1, 1,720 (C=O). 1H NMR: δ: 3.83 (s, 3H, OCH3), 5.29 (s, 1H of OH), 7.05 (d, J = 8.3 Hz, 1H, Ar-H), 7.83 (d, J = 8.1 Hz, 1H, Ar-H), 7.85 (d, J = 8.3 Hz, 1H, Ar-H), and 7.94 (d, J = 8.1 Hz, 1H, Ar-H).
Methyl 4-fluorobenzoate (3e): Yield, 75%; b.p., 196°C–198°C; and IR (KBr) cm-1, 1,720 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.83 (s, 3H, OCH3), 7.50 (d, J = 7.8 Hz, 2H, Ar-H), and 7.83 (d, J = 7.8 Hz, 2H, Ar-H).
Methyl pyridine-2-carboxylate (3f): Yield, 75%; b.p., 204°C–206°C; and IR (KBr) cm-1, 1,720 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.72 (s, 3H, OCH3), 7.57–7.60 (m, 1H, Ar-H), 7.62 (d, J = 7.8 Hz, 2H, Ar-H), and 7.65–7.69 (m, 1H, Ar-H).
Methyl 3,4,5-trihydroxybenzoate (3g): Yield, 67%; b.p, 201°C–203°C; and IR (KBr) cm-1, 1,725 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.87 (s, 3H, OCH3), 5.34 (m, 3H of OH), and 7.25 (d, J = 7.2, 2H, Ar-H).
Methyl 2-chlorobenzoate (3h): Yield, 60%; b.p, 217°C–219°C; and IR (KBr) cm-1, 1,725 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.81 (s, 3H, OCH3), 7.35 (d, J = 8.5 Hz, 1H, Ar-H), 7.43 (d, J = 8.3 Hz, 1H, Ar-H), 7.57 (d, J = 8.5 Hz, 1H, Ar-H), and 7.94 (d, J = 8.3 Hz, 1H, Ar-H).
Methyl benzoate (3i): Yield, 75%; b.p., 188°C–190°C; and IR (KBr) cm-1, 1,725 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 3.81 (s, 3H, OCH3), 7.45 (d, J = 8.5 Hz, 2H, Ar-H), 7.57–7.61 (m, 1H, Ar-H), and 8.02 (d, J = 8.5 Hz, 2H, Ar-H).
2.1.4 General procedure for the preparation of hydrazide 4(a–i)
Respective ester 3(a–i) was dissolved in absolute ethanol (50 mL), and hydrazine monohydrate (15 mL) was added to the solution. The mixture was thoroughly stirred and heated under reflux for 10–12 h. The reaction progress was monitored through TLC (chloroform:methanol, 3:1). Upon completion of the reaction, excess ethanol and hydrazine were evaporated under reduced pressure, yielding the corresponding hydrazide.
The NMR spectral data are congruent with previously documented findings (Khan et al., 2003).
Pyridine-4-carbohydrazide (4a): Light yellow solid; yield, 80%; m.p., 169°C–171°C; and IR (KBr) cm-1, 1,675 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.45 (s, 2H, NH2), 7.88 (d, J = 8.5 Hz, 2H, Ar-H), 8.34 (d, J = 8.5 Hz, 2H, Ar-H), and 9.53 (s, 1H, NH).
3-Bromobenzohydrazide (4b): White solid; yield, 75%; m.p., 183°C–187°C; and IR (KBr) cm-1, 1,650 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.51 (s, 2H, NH2), 7.43–7.48 (m, 1H, Ar-H), 7.65–7.71 (m, 1H, Ar-H), 7.94 (d, J = 7.4 Hz, 2H, Ar-H), and 9.60 (s, 1H, NH).
3-Iodobenzohydrazide (4c): White solid; yield, 70%; m.p., 208°C–211°C; and IR (KBr) cm-1, 1,645 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.49 (s, 2H, NH2), 7.26–7.31 (m, 1H, Ar-H), 7.42–7.47 (m, 1H, Ar-H), 8.08 (d, J = 8.2 Hz, 2H, Ar-H), and 10.02 (s, 1H, NH).
2-Hydroxybenzohydrazide (4d): Light yellow solid; yield, 80%; m.p., 146°C–148°C; and IR (KBr) cm-1, 1,635 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.49 (s, 2H, NH2), 5.41 (s, 1H of OH), 7.03 (d, J = 8.6 Hz, 1H, Ar-H), 7.22 (d, J = 8.3 Hz, 1H, Ar-H), 7.52 (d, J = 8.6 Hz, 1H, Ar-H), 7.89 (d, J = 8.3 Hz, 1H, Ar-H), and 10.02 (s, 1H, NH).
4-Fluorobenzohydrazide (4e): White solid; yield, 70%; m.p., 176°C–178°C; IR (KBr) cm-1, 1,644 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.39 (s, 2H, NH2), 7.47 (d, J = 8.4 Hz, 2H, Ar-H), 7.81 (d, J = 8.4 Hz, 2H, Ar-H), and 9.97 (s, 1H, NH).
Pyridine-2-carbohydrazide (4f): Light yellow solid; yield, 70%; m.p., 164°C–166°C; and IR (KBr) cm-1, 1,670 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.43 (s, 2H, NH2), 7.57–7.63 (m, 1H, Ar-H), 7.71 (d, J = 8.0 Hz, 2H, Ar-H), 8.52–7.69 (m, 1H, Ar-H), and 9.87 (s, 1H, NH).
3,4,5-Trihydroxybenzohydrazide (4g): Light brown solid; yield, 55%; m.p., 159°C–161°C; and IR (KBr) cm-1, 1,665 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.36 (s, 2H, NH2), 5.51 (m, 3H of OH), 7.17 (d, J = 7.4, 2H, Ar-H), and 10.19 (s, 1H, NH).
2-Chlorobenzohydrazide (4h): White solid; yield, 75%; m.p., 114°C–116°C; and IR (KBr) cm-1, 1,647 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.35 (s, 2H, NH2), 7.47 (d, J = 8.8 Hz, 1H, Ar-H), 7.59 (d, J = 8.4 Hz, 1H, Ar-H), 7.66 (d, J = 8.8 Hz, 1H, Ar-H), 8.94 (d, J = 8.4 Hz, 1H, Ar-H), and 9.99 (s, 1H, NH).
Benzohydrazide (4i): White solid; yield, 75%; m.p., 109°C–111°C; and IR (KBr) cm-1, 1,667 (C=O). 1H NMR: (300 MHz, CDCl3) δ: 4.49 (s, 2H, NH2), 7.45 (d, J = 8.5 Hz, 2H, Ar-H), 7.55–7.58 (m, 1H, Ar-H), 7.77 (d, J = 8.5 Hz, 2H, Ar-H), and 10.21 (s, 1H, NH).
2.1.5 N'-(1-benzyl-2-oxo-1, 2-dihydro-3H-indol-3-ylidene) hydrazide derivatives (5a–i)
A solution of appropriate hydrazide 4(a–i) (316 mg, 2 mmol) was prepared in ethanol (20 mL). Another solution was prepared containing benzylisatin (2) (1 mmol) in ethanol (20 mL) and glacial acetic acid (two drops). The two solutions were mixed and refluxed for 3–4 h. Upon completion of the reaction, the mixture was cooled, and the product was filtered and purified by recrystallization from ethanol.
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)pyridine-4-carbohydrazide (5a): Yellowish orange; 89% yield; m.p., 182°C–184°C. IR (KBr) cm-1: 3,227 (NH), 1,612 (C=N), 1,713, 1,682 (amide C=O). 1H NMR (300 MHz, CDCl3) δ: 14.32 (s, 1H, NH of hydrazide), 8.77 (s, 2H, Ar-H), 8.31–8.25 (m, 1H, Ar-H), 7.74 (d, 2H, J = 6.4 Hz, Ar-H), 7.58 (t, 1H, Ar-H), 7.57–7.43 (m, 2H, Ar-H), 7.42–7.27 (m, 4H, Ar-H), 7.24–7.17 (m, 1H, Ar-H), and 5.22 (s, 2H, CH2 of the benzyl group). 13C NMR: δ: 170.46, 164.71, 151.17, 141.39, 139.65, 136.80, 136.77, 129.86, 128.76, 127.50, 127.40, 125.73, 122.82, 121.49, 120.89, 109.95, and 53.38. GC–MS (EI) m/z 356 [M]+. Elemental analysis: C21H16N4O2, calculated: C (70.77%), H (4.53%), N (15.72%), and O (8.98%); found: C (70.71%), H (4.51%), N (15.69%), and O (8.88%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-3-bromobenzohydrazide (5b): Yellowish orange; 84% yield; m.wt: 434.3. m.p., 186°C–190°C. IR (KBr) cm-1: 3,225 (NH), 1,617 (C=N), 1,710, 1,679 (amide C=O); 1H NMR (300 MHz, CDCl3) δ: 13.96 (s, 1H, NH of hydrazide), 8.30–8.20 (m, 1H, Ar-H), 8.05 (s, 1H, Ar-H), 7.85–7.71 (m, 1H, Ar-H), 7.62 (t, 1H, J = 6.2 Hz, Ar-H), 7.57 (d, 1H, J = 4.3 Hz, Ar-H), 7.45–7.40 (m, 3H, Ar-H), 8.38–8.27 (m, 5H, Ar-H), and 5.18 (s, 2H, CH2 benzyl group). 13C NMR: δ: 167.47, 162.82, 153.60, 142.25, 136.77, 134.46, 133.86, 132.14, 130.87, 128.86, 128.76, 127.80, 127.40, 126.83, 125.73, 122.82, 122.26, 118.93, 114.60, and 46.77. GC–MS (EI) m/z 433 [M]+. Elemental analysis: C22H16BrN3O2; calculated: C (60.84%), H (3.71%), Br (18.40%), N (9.68%), and O (7.37%); found: C (60.79%), H (3.73%), Br (18.33%), N (9.64%), and O (7.35%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-3-iodobenzohydrazide (5c): Yellowish orange; 77% yield; m.p., 201°C–203°C. IR (KBr) cm-1: 3,238 (NH), 1,615 (C=N), 1,717, 1,678 (amide C=O). 1H NMR (300 MHz, CDCl3) δ: 13.91 (s, 1H, NH of hydrazide), 8.31–8.20 (m, 1H, Ar-H), 8.12 (s, 1H, Ar-H), 7.60 (d, 1H, J = 6.2 Hz, Ar), 7.58–7.53 (m, 2H, Ar-H), 7.43–7.38 (m, 2H, Ar-H), 7.35–7.24 (m, 6H, Ar-H), and 5.18 (s, 2H, CH2 benzyl group). 13C NMR: δ: 165.18, 160.45, 140.46, 138.96, 138.42, 136.70, 135.34, 135.24, 131.14, 129.72, 128.76, 127.80, 127.34, 126.68, 125.06, 122.63, 120.43, 110.74, 93.74, and 43.64. GC–MS (EI) m/z 481 [M]+. Elemental analysis: C22H16IN3O2; calculated: C (54.90%), H (3.35%), I (26.37%), N (8.73%), and O (6.65%); found: C (54.88%), H (3.30%), I (26.37%), N (8.68%), and O (6.61%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-2-hydroxybenzohydrazide (5d): Yellowish orange; 78% yield; m.p., 193°C–195°C. IR (KBr) cm-1: 3,233 (NH), 1,623 (C=N), 1,726, 1,677 (amide C=O). 1H NMR (300 MHz, CDCl3) δ: 14.07 (s, 1H, NH of hydrazide), 8.31–8.20 (m, 1H, Ar-H), 7.80–7.78, (d, 2H, J = 8.1 Hz, Ar-H), 7.62–7.52 (m, 1H, Ar-H), 7.43–7.40 (m, 2H, Ar-H), 7.36–7.26 (m, 5H, Ar-H), 6.95–6.93 (m, 2H of Ar-H), 5.63 (s, 1H of OH), and 5.07 (s, 2H, CH2 benzyl group). 13C NMR: δ: 166.84, 162.11, 156.99, 138.81, 136.96, 136.77, 134.11, 130.08, 129.86, 128.76, 127.80, 127.40, 125.73, 122.82, 120.89, 119.58, 117.18, 116.09, 111.86, and 45.51. GC–MS (EI) m/z 371 [M]+. Elemental analysis: C22H17N3O3; calculated: C (71.15%), H (4.61%), N (11.31%), and O (12.92%); found: C (71.05%), H (4.55%), N (11.29%), and O (12.90%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-4-fluorobenzohydrazide (5e): Yellowish orange; 74% yield; m.p., 185°C–188°C. IR (KBr) cm-1: 3,239 (NH), 1,620 (C=N), 1,719, 1,685 (amide C=O). 1H NMR (300 MHz, CDCl3) δ: 14.16 (s, 1H, NH of hydrazide), 8.51–8.46 (m, 1H, Ar-H), 7.97 (t, 2H, J = 7.2 Hz, Ar-H), 7.63–7.52 (m, 1H, Ar-H), 7.41–7.36 (m, 3H, Ar-H), 7.34–7.29 (m, 6H, Ar-H), and 5.18 (s, 2H, CH2 benzyl group). 13C NMR: δ: 165.88, 164.04, 163.90, 163.51, 138.81, 136.80, 136.77, 130.98, 130.96, 130.65, 130.58, 129.86, 128.76, 127.80, 127.40, 125.73, 122.82, 120.89, 116.13, 115.95, 111.96, and 44.52. GC–MS (EI) m/z 373 [M]+. Elemental analysis: C22H16FN3O2; calculated: C (70.77%), H (4.32%), F (5.09%), N (11.25%), and O (8.57%); found: C (70.71%), H (4.29%), F (5.09%), N (11.22%), and O (8.53%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)pyridine-2-carbohydrazide (5f): Yellowish orange; 86% yield; m.p., 187°C–189°C. IR (KBr) cm-1: 3,198 (NH), 1,631 (C=N), 1,707, 1,680 (amide C=O). 1H NMR (300 MHz, CDCl3) δ: 14.17 (s, 1H, NH of hydrazide), 8.67–8.66 (m, 1H, Ar-H), 8.30–8.21 (m, 1H, Ar-H), 8.03 (d, 1H, J = 8.3 Hz, Ar-H), 7.89–7.63 (m, 1H, Ar-H), 7.58–7.53 (m, 1H, Ar-H), 7.43–7.37 (m, 3H, Ar-H), 7.34–7.24 (m, 5H, Ar-H), and 5.15 (s, 2H, CH2 benzyl group). 13C NMR: δ: 163.95, 159.39, 149.99, 149.62, 138.81, 137.76, 136.96, 136.77, 129.86, 128.76, 127.80, 127.40, 125.94, 125.61, 123.75, 122.82, 120.89, 111.96, and 44.52. GC–MS (EI) m/z 356 [M]+. Elemental analysis: C21H16N4O2; calculated: C (70.77%), H (4.53%), N (15.72%), and O (8.98%); found: C (70.74%), H (4.51%), N (15.66%), and O (8.91%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-3,4,5trihydroxybenzohydrazide (5g): Yellowish orange; 72% yield; m.p., 204°C–206°C. IR (KBr) cm-1: 3,230 (NH), 1,619 (C=N), 1,714, 1,674 (amide C=O); 1H NMR (300 MHz, CDCl3) δ: 14.10 (s, 1H, NH of hydrazide), 8.30–7.20 (m, 1H, Ar-H), 7.62–7.53 (m, 1H, Ar-H), 7.43–7.38 (m, 2H, Ar-H) 7.36–7.24 (m, 5H, Ar-H), 7.15 (s, 2H of OH), 7.01 (s, 2H of Ar-H), 5.40 (s, 1H of OH), and 5.18 (s, 2H, CH2 benzyl group). 13C NMR: δ: 167.94, 162.11, 146.73, 138.81, 138.55, 136.82, 136.77, 129.86, 128.76, 127.80, 127.40, 126.88, 125.73, 122.82, 120.82, 113.25, 105.58, and 44.52. GC–MS (EI) m/z 403 [M]+. Elemental analysis: C22H17N3O5; calculated: C (65.5%), H (4.25%), N (10.42%), and O (19.83%); found: C (65.11%), H (4.22%), N (10.38%), and O (19.79%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-2-chlorobenzohydrazide (5h): Yellowish orange; 70% yield; m.p., 197°C–200°C. IR (KBr) cm-1: 3,237 (NH), 1,604 (C=N), 1,723, 1,683 (amide C=O); 1H NMR (300 MHz, CDCl3): δ: 14.26 (s, 1H, NH of hydrazide), 8.04–7.98 (m, 1H, Ar-H), 7.88–7.82 (t, 1H, J = 7.3 Hz, Ar) 7.58–7.42 (m, 1H, Ar), 7.38–7.36 (m, 4H, Ar-H), 7.34–7.32 (m, 6H, Ar-H), and 4.96 (s, 2H, CH2 benzyl group). 13C NMR: δ: 169.20, 162.58, 149.27, 140.52, 136.88, 136.77, 133.35, 132.58, 131.59, 129.98, 129.86, 129.53, 128.76, 127.80, 127.58, 127.40, 125.73, 122.82, 111.96, and 48.74. GC–MS (EI) m/z 389 [M]+. Elemental analysis: C22H16ClN3O2, calculated: C (67.78%), H (4.14%), Cl (9.09%), N (10.78%) and O (8.21%); found: C (67.71%), H (4.09%), Cl (9.04%), N (10.72%), and O (8.18%).
N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene) benzohydrazide (5i): Yellowish orange; 73% yield; m.p., 188°C–190°C. IR (KBr) cm-1: 3,196 (NH), 1,606 (C=N), 1,721, 1,681 (amide C=O). 1H NMR (300 MHz, CDCl3) δ: 14.10 (s, 1H, NH of hydrazide), 8.31–8.25 (m, 1H, Ar-H), 7.94–7.90 (m, 2H, Ar-H), 7.62–7.51 (m, 4H, Ar-H), 7.49–7.43 (m, 2H, Ar-H), 7.38–7.24 (m, 5H, Ar-H), and 5.10 (s, 2H, CH2 benzyl group). 13C NMR: δ: 168.81, 163.66, 151.87, 141.39, 136.77, 135.96, 132.14, 129.86, 128.76, 128.68, 128.19, 127.80, 127.40, 125,73, 122.82, 120.89, 112.24, and 51.25. GC–MS (EI) m/z 355 [M]+. Elemental analysis: C22H17N3O2, calculated: C (74.35%), H (4.82%), N (11.82%), and O (9.00%); found: C (74.32%), H (4.79%), N (11.77%), and O (8.97%).
2.2 Cytotoxicity assay
The impact of novel derivatives was determined in the MCF-7 BC cell line using the sulforhodamine B (SRB) assay, as described previously at the Department of Life Sciences, Syed Babar Ali School of Science and Engineering, Lahore University of Management Sciences (LUMS), Lahore, Pakistan. The cell line was originally from ATCC and was validated through STR profiling by Microsynth AG. The cell line used in this study was obtained from ATCC® HTB-22™. In this procedure, cells were plated in 96-well plates and subjected to different concentrations of derivatives (5a–5i) for 72 h. Subsequently, the cells were fixed by treatment with 3% ice-cold trichloroacetic acid (TCA) at 4°C for 2 h. Following fixation, the cells were washed and stained with 0.06% SRB for 30 min at room temperature. The SRB bound to the cells was then dissolved in 100 μL of Tris buffer (10 mM) at pH 10.5. The optical density (OD) was measured at 490 nm using a microplate reader (BioTek), and the percentage viability was calculated with reference to DMSO. The data represent the average from three independent experiments (Manzoor et al., 2018).
2.3 Immunoblotting
BC cells (MCF-7) were subjected to treatment with three different concentrations of 5i (1.25X, 2.5X, and 5X of IC50) for 24 h. Afterward, cell lysis was performed with lysis buffer (50 mM NaCl, 20 mM Tris, pH 7.5, 1 mM EDTA, 1% Triton, 50 mM NaF supplemented with protease, and phosphatase inhibitors). The resulting cell lysates were cleared by centrifugation, and the protein concentration was determined using the Bradford reagent. An equal amount of proteins for each sample was separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. These membranes were then blocked with skimmed milk and incubated with ERα and GAPDH (Millipore) antibodies. Following the incubation period, the membranes were washed with PBST and then exposed to a secondary antibody labeled with HRP for 1 h. The blots were subsequently washed again and developed using the ECL reagent using the Bio-Rad ChemiDoc system (Firdous et al., 2023).
2.4 Chemical space, drug-likeness prediction, and pharmacokinetics profiling of compounds 5a–5i
The chemical space and drug-like potential of the synthesized compounds were studied using DataWarrior (Sander et al., 2015), which is an open-source cheminformatics tool. The physicochemical properties of these compounds were evaluated using the cutoff criteria proposed by Lipinski (2004) and Veber et al. (2002). Lead-like molecules with favorable bioavailability typically exhibit the following characteristics: (a) molecular weight <500 g/mol; (b) ≤5 hydrogen bond donors; (c) ≤10 hydrogen bond acceptors; and (d) log(octanol/water) partition coefficient ≤5. In addition to the other requirements, Veber introduced the related issues of the number of rotatable bonds (10 or less) and the polar surface area (≤140 A2). The use of these parameters as a reference value was thus justified in the determination. To gain an understanding of the pharmaceutical properties of compounds 5a–5i, their structures were analyzed using pkCSM (Pires et al., 2015), a graph-based structural signature modeling server. At the beginning, ligand-based ADMET predictions were made to assist the structure screening using molecular docking and MD simulations with their information.
2.5 Assessment of toxicity via Toxtree software
Toxtree, an open-source software, was used on a Windows platform to predict the toxicity of the compounds. The software processed chemical structures by interacting with established toxic compounds, enabling predictive toxicology evaluations. Molecular structures were imported in MOL file format into the Toxtree navigator, subsequently undergoing processing via diverse interacting software modules. These modules encompassed Cramer’s rule, carcinogenicity, in vitro mutagenicity, skin corrosion/irritation, eye corrosion/irritation, cytochrome P450-mediated drug metabolism, and structure alerts for the in vivo micronucleus assay in rodents. Post-processing, comprehensive decision support was obtained in portable document format (Patlewicz et al., 2008).
2.6 Molecular docking analysis
The crystal structure of ERα (PDB ID: 3ERT) was analogized from the RCSB Protein Data Bank. The formation of nine distinct ligands, which were the derivatives of the isatin nucleus, was achieved using ChemSketch (version 12.0). Gridding parameters were determined using AutoDock Tools (v 1.5.6). Enhancements included the fusion of non-polar hydrogen; Gasteiger partial charges were added, and rotatable bonds were assigned. The spacing of 0.375 Å between the grid box dimensions included in the receptor site. After these preparations, the docking protocols were validated through a re-docking procedure using the ERα crystallographic structure (PDB ID: 3ERT). This process implied the docking of ligands into the active site of ERα, followed by the comparison of the resultant poses to the original crystallographic structure. In addition, The re-docked ligand had binding mode and interactions similar to the those of the original crystallographic structure. The actual protein–ligand docking was carried out using AutoDock Vina, and Open Babel GUI, Discovery Studio 4.1 Visualizer, and PyMOL were used for the preparation and conversion of the protein molecule into its structures by eliminating ligands and water. The results of the analysis were shown as binding affinity.
2.7 Molecular dynamics simulation analysis
In order to investigate the potential working mechanisms of the synthesized compound, MD simulations were carried out for compound 5i that demonstrated a theoretical docking score of −8.9 kcal/mol. The docking complex that involves ERα and the ligand was studied through MD simulations for its stability (Alajmi et al., 2018). The MD simulation was performed in the ligand–protein complex with the lowest MM-GBSA binding free energy value. The MD simulation was executed for 200 ns using Desmond software (Zamzami, 2023). First, a cubic simulation box was selected for the system builder panel of the Desmond–Schrodinger interface. Then, the TIP3P explicit water model was built. The distance between the simulation box and the protein surface remained equal to 10 Å. Additionally, to neutralize the system and to make the electrolyte environment isotonic with the NaCl, we added 150 mM (mM) of NaCl. Approximately 2,000 iterations were required for the system to achieve its minimum configuration. The minimized system was then subjected to a 200-ns MD simulation using the default relaxation option, at 300 K and 1 Bar under the NpT ensemble, Trevor 272. The Nose–Hoover chain (Brańka, 2000) thermostat and the Martyna–Tobias–Klein barostat (Martyna et al., 1994) were used to set the temperature and pressure at the desired levels. Energy and structural information were collected every 10 ps and stored in trajectory files. The MD simulation was performed in fs using a 2-fs time step. Maestro software was used to analyze the trajectories and three-dimensional structure.
3 RESULTS AND DISCUSSION
In this study, a series of N'-(1-benzyl-2-oxo-1, 2-dihydro-3H-indol-3-ylidene) hydrazide derivatives (5a–i) was synthesized, spectroscopically analyzed, and then subjected to the study of anticancer effects in BC cell line MCF-7. The synthesis involved several steps, as outlined (given as Figure 2). The synthesis started with the reaction of aniline with chloral hydrate and hydroxylamine to yield α-isonitrosoacetanilide, which was then cyclized using a strong acid. Isatin thus prepared was benzylated using benzyl chloride in the presence of potassium carbonate in DMF. In parallel, a range of substituted and unsubstituted aromatic carboxylic acid hydrazides were prepared through esterification of the respective carboxylic acid and subsequent reaction with hydrazine hydrate. In the last step, these hydrazides were condensed with benzylisatin to yield a novel series of N-substituted isatin compounds. All synthesized compounds exhibited solubility in chloroform (CHCl3) at room temperature and displayed a singular chromatographic spot in various solvent systems on TLC, indicative of their homogeneity as individual compounds.
[image: Figure 2]FIGURE 2 | General scheme for the synthesis of compounds.
The structures of 5(a–i) were characterized based on FTIR spectroscopy, 1H NMR, 13C NMR, and elemental analysis (provided as Supplementary Material). The FTIR spectra showed a major peak attributed to the carbonyl (C=O) group in each of the compounds within the range 1,720 cm−1– 1,733 cm−1. Furthermore, in each of the compounds under consideration, a particular spectral feature stands out as a peak within the wavenumber range 3,189 cm-1–3,195 cm-1 that is assigned to the vibrational mode connected to the N-H group. In addition, a big peak related to the azomethine (C=N) functionality was visible in each compound between 1,663 cm-1 and 1,666 cm-1. C–O bond stretching was also observed in all the synthesized derivatives.
In NMR spectroscopy, the appearance of a broad singlet signal within the range 13–14 ppm, corresponding to the NH protons of the hydrazide moiety, substantiated the formation of the condensation product. The methylenic protons that directly bonded to the nitrogen of isatin displayed deshielded resonances as a singlet between 4.53 and 4.73 ppm. The aromatic protons of the aryl rings exhibited upfield shifts between 6 and 9 ppm, with multiplicity consistent with their substitution patterns. Further confirmation of the structural attributes was derived from 13C NMR spectroscopy. Notably, the characteristic carbonyl signal of isatin vanished at 183 ppm, and a new signal assigned to the C=N group appeared within the range 135–140 ppm. The persistence of other carbon signals in their respective chemical shift regions provided clear evidence for the formation of the condensation products 5(a–i).
3.1 Anticancer activity
The in vitro anticancer potential of the synthesized compounds (5a–i) was assessed against the MCF-7 cell line using the SRB proliferation assay. All the tested compounds showed notable cytotoxicity against the MCF-7 cell line, as indicated by their IC50 values presented in Table 1. Among them, N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)benzohydrazide (5i) exhibited the highest potency, with an IC50 value of 9.29 ± 0.97 µM. Compounds N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-2-hydroxybenzohydrazide (5d), N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)pyridine-2-carbohydrazide (5f), and N'-(1-benzyl-2-oxo-1,2-dihydro-3H-indol-3-ylidene)-3,4,5 trihydroxybenzohydrazide (5g) also exhibited inhibition at IC50 values of 13.34 ± 2.53, 12.35 ± 0.65, and 12.09 ± 4.08 µM, respectively.
TABLE 1 | Cytotoxicity of test compounds against cancer cell line MCF-7.
[image: Table 1]Various isatin derivatives with different substitutions have been investigated and reported for the inhibition of the growth of BC cells to varying degrees (Figure 3). Several isatin derivatives, including semaxanib, sunitinib, nintedanib, and hesperadin, are in clinical use and have been reviewed recently (Kumar et al., 2018; Ding et al., 2020). In our study, the investigation into the structure–activity relationship (SAR) has revealed that the arrangement of substituent groups on the aryl ring and the placement of the heteroatom within the heteroaryl ring exert an influence on the cytotoxic potential of these compounds against MCF-7 cell lines.
[image: Figure 3]FIGURE 3 | (A) Reported pharmacological actions of isatin derivatives. (B) Percentage of different types of target cancers (adapted from the study by Ferraz de Paiva et al., 2021).
The most potent compound, 5i, characterized by an unsubstituted phenyl ring, showed an IC50 value of 9.29 ± 0.97 µM (Table 1). The introduction of halogen substituent groups onto the phenyl ring (5c, 5e, and 5 h) resulted in decreased activity compared to the unsubstituted compound 5i. Remarkably, among the derivatives with phenyl substitutions, compounds with substituents at the 2-position of the phenyl ring displayed the highest activity level. For instance, compound 5d, featuring an electron-donating hydroxyl group at the 2-position of the phenyl ring, demonstrated a pronounced IC50 value of 13.34 ± 2.53 µM. Similarly, compound 5h, bearing a 2-chloro substitution, displayed a slightly reduced IC50 value of 22.99 ± 2.75 µM.
However, compounds containing the substitution at the 3-position of the phenyl ring were less active than their 2-substituted counterparts. For example, compounds such as 5b and 5c, with iodo and bromo groups of the phenyl ring as electron-withdrawing groups, showed decreased activity with IC50 values of 48.90 ± 24.6 µM and 33.13 ± 9.57 µM, respectively. Substitutions at the 4-position of the phenyl ring on 5e yielded reduced reactivity, with an IC50 value of 39.47 ± 12.58 µM. In addition, a compound containing several substitutions on the phenyl ring, for example, compound 5g with 3,4,5-trihydroxy configuration, had an IC50 value of 12.09 ± 4.08 µM, exceeding that of the 2-substituted, 3-substituted, and 4-substituted derivatives.
These findings collectively underscore the crucial role played by the inherent characteristics and strategic arrangement of substituent groups on the phenyl ring in determining the cytotoxic activity of these compounds.
Furthermore, compounds having a heteroaryl pyridyl ring instead of the phenyl ring are observed to be highly dependent on the spatial orientation of the heteroatom in this regulation. For instance, compound 5f, garnished with a 2-pyridyl ring moiety, shows better activity, with an IC50 value of 12.35 ± 0.65 µM, while compound 5a, with 4-pyridyl ring substitution, showed a lower toxic effect (IC50 value: 31.00 ± 11.50 µM).
This discernible activity pattern conforms to the deductions on the location of the heteroatom made in the case of substitution on the phenyl ring. In particular, the presence of the heteroatom at the 2-position, analogically to the substitution at the 2-position of the phenyl ring, results in superior activity compared to the 4-position, comparable to the substitution at the 4-position of the phenyl ring, thereby highlighting the role of the heteroatom position in cytotoxicity.
3.2 Downregulated estrogen receptor levels in MCF-7 cells
To determine the mechanism of action for the antiproliferative activity of 5i, we determined its effect on the expression levels of ERα in ER+ MCF-7 cells. Cells were treated with IC50 concentrations of 1.25X, 2.5X, and 5X of 5i for 24 h, and the expression of ERα was analyzed through Western blotting. Treatment with concentrations of 2.5X and 5X of 5i robustly reduced ERα expression compared to DMSO-treated solvent control cells (Figure 4). The loading control GAPDH remained unchanged at all the concentrations, indicating equal loading of whole-cell lysate in all the wells.
[image: Figure 4]FIGURE 4 | Compound 5i downregulates ERα levels in MCF-7 cells. Cells were treated with IC50 concentrations of 1.25X, 2.5X, and 5X of 5i for 24 h. Treatment with DMSO served as a solvent control. Cells were then lysed, and equal amounts of protein for all samples were analyzed for ERα levels through Western blotting using specific antibodies. GAPDH was used as a loading control.
In a recent review on the pharmacological profile of isatin derivatives, Ferraz de Paive et al. (2020) claimed that among different biological activities, the anticancer effect was more pronounced (Ferraz de Paiva et al., 2021). The main cancer type where isatin derivatives were tested was BC. It is well established that more than 70% cases of BC are estrogen-mediated (Fujiki et al., 2014). Our results strongly support that a major contributing mechanism underlying the cytotoxic effect of isatin derivatives in estrogen-responsive cancer cells is the degradation of ERα. However, no previous report on the antagonistic/inhibitory action of any isatin derivative on ERs, ERα or ERβ, in estrogen-responsive BC or in any other system (in vitro or in vivo) has been published. So, these results strongly suggest that this derivative with isatin moiety has the potential to be further developed into a SERD to be used alone or in combination with other anti-angiogenesis agents, checkpoint, or kinase inhibitors.
3.3 Chemical space, drug-likeness prediction, and pharmacokinetics profiling of compounds 5a–5i
Table 2 provides a general view of the main physicochemical properties measured using DataWarrior software. These features take care of numerous traits important to the assessment of the synthetic compounds as drug candidates. The multifaceted analysis of these properties points out some very prominent features that qualify the synthesized compounds as promising drug candidates. First, the molecular weight and monoisotopic mass offer significant information about the size and mass distribution of compounds that elucidate the chemically important properties affecting the drug absorption, distribution, metabolism, and excretion (ADME). Furthermore, properties such as lipophilicity and solubility in the water, represented by cLogP and cLogS, respectively, are key determinants of how the compounds will behave pharmacokinetically. Compounds with ideal lipophilicity and solubility often exhibit much better ADME properties, contributing to the improved bioavailability and efficacy. Moreover, the existence of functional groups like H acceptors and H donors governs the ability of the molecule to bind to the target biomolecules through hydrogen bonding, which is one of the key aspects of the molecular recognition and binding affinity of molecule. This analysis includes the molecular surface area and polarity descriptors that reflect the capability of the compound to permeate the biological membranes and to reach intracellular targets, which in turn engender its pharmacodynamic profile. In addition, parameters like drug-like propensity, irritant potential, and molecular complexity play many important roles in the evaluation of the drug-like quality, safety properties, and synthetic accessibility of the compound, which are very crucially relevant to the drug development. The presence of important structural elements such as aromaticity, cycles, and stereochemistry additionally enhances its bioactivity and also therapeutic potential. In general, the complete assessment of these physicochemical characteristics suggests that the synthesized compounds have the potential to be very promising drugs; hence, further detailed studies on their pharmacological activities and therapeutic applications are necessary.
TABLE 2 | Chemoinformatics analysis of synthesized compounds.
[image: Table 2]Recognition and minimization of illegitimate actions of pharmacological entities are an issue that programs aiming at the procurement of druggable molecule candidates need to deal with. The initial characterization of PK behavior represents a critical tool to address safety issues likely to be associated with hit compounds. We used in silico pharmacokinetics prediction tools, particularly the pkCSM tool, for the assessment of the activity profiles of the compounds 5a–5i in this study. The initial evaluation of compounds 5a–5i through pkCSM prediction showed very promising activity profiles (Table 3). Importantly, all the compounds 5a–5i fell within the safe limits for the ADME parameters. The results imply that the synthetic substances have good PK characteristics, a key factor in drug discovery and development. Despite the predictions of ADME profiles, in the case of multiple models, more effort should be taken to enrich the literature with consensus ADME profiling and experimental data relevant to the pharmacokinetics of the synthesized compounds.
TABLE 3 | Pharmacokinetics profile of synthesized compounds (5a–5i).
[image: Table 3]3.4 Toxicity prediction using Toxtree
The toxicity prediction by Toxtree, a widely deployed in silico toxicological approach, indicates good toxicity/safety profiles of tested compounds. Traditionally, such results are obtained only through the use of a large number of model animals. Additionally, animal experimentation is a major obstacle in terms of cost and time consumed (Rim, 2020). An intensive in silico computational examination sheds light on the molecular intricacy of each compound. The investigated series of the compounds has shown a one-way tendency towards the non-toxic traits across various tests performed, as shown in Table 4.
TABLE 4 | Predicted toxicity parameters of synthesized compounds 5a–i.
[image: Table 4]The components showed a negative potential for ocular irritation and the nullification of skin sensitization alerts, thus supporting their safety for dermal use. Moreover, the compounds showed no genotoxic carcinogenicity, thus implying their compatibility with the biological system at the genetic level (non-DNA binding). The compounds were also found harmless in other assessments, such as non-genotoxic carcinogenicity.
3.5 Molecular docking
The docking studies were undertaken to predict the binding affinities of the ligands (compounds) with the target protein (ERα), as shown in Table 5. The docking scores were calculated in terms of binding affinities. These findings substantiate the prominence of hydrophobic interactions, specifically pi–sigma, pi–pi, pi–anion, and pi–alkyl interactions, involving the indolinone and aromatic ring constituents of the isatin–hydrazide conjugates and the binding residues within the target proteins. This assertion is reinforced by the graphical representations shown in Figures 5–8. The origin of these hydrophobic interactions can be attributed to the optimal positioning of the indolinone ring within a hydrophobic pocket.
TABLE 5 | Docking scores of ligands with estrogen receptor α.
[image: Table 5][image: Figure 5]FIGURE 5 | Compound 5d docked with ERα (PDB ID: 3ERT) 3D pose.
[image: Figure 6]FIGURE 6 | Binding interactions of compound 5d with ERα (PDB ID: 3ERT) 2D pose.
[image: Figure 7]FIGURE 7 | Compound 5i docked with ERα (PDB ID: 3ERT) 3D pose.
[image: Figure 8]FIGURE 8 | Binding interactions of compound 5i with ERα (PDB ID: 3ERT) 2D pose.
Compounds 5i and 5d exhibited the best in vitro inhibition, which is further supported by the outcome of docking simulations. The binding affinity of compound 5i was attributed to van der Waals interactions with lysine (521), hydrogen bonding with histidine (524), as well as pi–alkyl and pi–sulphur interactions with methionine (522). Additionally, a pi–pi interaction was observed with leucine (387), while a pi–sigma bond was formed between the indolylidene ring and methionine (388). Furthermore, a pi–pi interaction was evident between the indolylidene ring and the hydrazide phenyl ring with tryptophan (383).
3.6 Molecular dynamics simulation analysis
MD simulation was used to analyze and evaluate the stability and dynamic behavior of the protein–ligand complex between ERα and its ligand. The docked ERα–ligand complex was simulated for 200 ns. As shown in Figure 9, RMSD exhibited comparable traces during the latter part of the initial half (75–100 ns) and the latter half (135–200 ns) of the simulation, implying that the whole system became effectively equilibrated. In contrast, during 10–25 ns, the movement of the complex completely repeated the trajectory of the Apo form (without ligand). Along the simulation, the RMSD values for the complex and Apo forms varied between 0 Å and 3.7 Å and 0 Å and 3.8 Å, respectively. Taken together, these results reflect a steady binding association between the ligand (compound 5i) and the ERα protein, facilitated by considerable interactions with key amino acids within the binding pocket.
[image: Figure 9]FIGURE 9 | Protein–ligand RMSD.
The interactions between the ligand and the protein were constantly surveyed during the whole of the simulation. These interactions were classified into four main categories, namely, hydrogen bonds, ionic interactions, water bridges, and hydrophobic interactions, schematically shown in Figures 10, 11. The normalized stacked bar chart (Figure 10) represents the fraction of time whenever particular interactions were sustained. For example, a value of 0.9 implies that the specific interactions were observed during 90% of the simulation period.
[image: Figure 10]FIGURE 10 | Protein–ligand contact stacked bar chart.
[image: Figure 11]FIGURE 11 | Protein–ligand contacts.
In accordance with the stacked bar charts, the ligand interaction fraction of TRP383 was approximately 0.9, and hydrogen bonds, electrostatic, and pi–alkyl interactions were the contributing types of interaction. In the beginning, there were hydrogen bonds with an interaction fraction of 0.01, then hydrophobic interactions from 0.01 to 0.88, and finally, there were water bridges for a short period of time. The mole fraction of the ligand with PHE404 was approximately 0.6, mainly including hydrophobic compensation. Analogously, the binding fraction with LEU387 was also high and consisted only of hydrophobic contacts. The interaction energy with LEU346 was approximately 0.38, which was mainly due to hydrophobic interactions and water bridges. A few other amino acids with minor interactions during short durations are presented in the stacked bar charts.
Importantly, hydrophobic interactions determine the binding of ligands. The fact that these hydrophobic interactions have a profound effect on the specificity of the drug, its metabolism, and its adsorption requires them to be taken into account when developing new drugs. Hydrophobic contacts can be categorized into three subtypes: π–cation, π–π, and other nonspecific interactions. Generally, it is a hydrophobic amino acid that interacts with an aromatic or aliphatic group on the ligand. This category has now been expanded to include π–cation interactions.
The current geometric criteria for hydrophobic interactions are defined as follows: π–cation, aromatic and charged groups less than 4.5 Å; π–π, two aromatic group stacked face to face or face to edge; and other, an uncharacterized hydrophobic side chain within 3.6 Å of the aromatic or aliphatic carbons of a ligand.
The criteria outlined herein constitute a foundation upon which to anchor mechanistic frameworks of hydrophobic interactions in the design and development of drugs (Sadiq et al., 2020).
The duration of the simulation is shown on the x-axis, and the interaction of each amino acid with the ligand is shown on the y-axis, as shown in Figure 12. The figure shows the interaction time of each amino acid involved across 200 ns of simulation. This analysis indicates that TRP383 showed one of the strongest interactions with the ligand. LEU387 displays a continuous interaction with negligible interruptions throughout the simulation, suggesting a stable interaction. However, the second important amino acid, PHE404, also displays a significant interaction with a ligand. Moreover, other amino acids that show strong and continuous interactions including LEU346, MET388, and LEU525 are also notable.
[image: Figure 12]FIGURE 12 | Total time simulation versus amino acid interactions.
CYS530 initiates interaction in the second part of the simulation and maintains strong interaction afterward with only minor interruptions until the end of the simulation. In addition, LEU349 is significant and strong that has many minor interruptions throughout the simulation run.
Moreover, THR347, which did not show any interaction during the molecular docking phase, shows interactions during MD simulations. Such an event can be related to the dynamic nature of the environment and the presence of water molecules. THR347 creates a water bridge and then makes contact with the ligand atom, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Ligand torsion profile.
Figure 13 displays the torsional profile of compound 5i obtained from MD simulations. The compound is made up of five rotatable bonds, each color-coded for clarity. Two types of plots are depicted in this figure: bar graphs and radial charts. These plots illustrate the distribution of torsional angles and the conformation of torsion, respectively, during the simulation (0–200 ns). The radial and line plots of the rotatable bond between the benzene ring and CH2 (in purple) show a significant degree of rotational freedom, with the bond rotating almost completely by 180° in both negative and positive x-axes. Furthermore, in both cases of positive and negative x-axes, a complete rotation of 180° in the bond between the carbonyl carbon and benzene ring is also shown in both the bar and radial plots (shown in blue).
In addition, the rotatable bond between the nitrogens of the hydrazide (pink) rotates approximately 90° around the negative x-axis. Similarly, the rotatable bond located between indolidine and CH2 (marked in orange) has a specific rotation of approximately 90° with both positive and negative x-axes. Additionally, other rotatable bonds are color-coded, and their torsional plots are shown in both radial and bar charts for a thorough inspection.
4 CONCLUSION
In summary, a new series of isatin–hydrazide conjugates, 5a–5i, were designed, synthesized, and evaluated for their in vitro cytotoxicity in the BC cell line MCF-7. All the compounds displayed moderate-to- good growth inhibitory potential. Compound 5i was most active with an IC50 value 9.29 ± 0.97 µM. This compound was shown to downregulate ERα levels robustly. The molecular docking results suggested the potential binding ability of the synthesized compounds. Furthermore, the accuracy and reliability of this molecule to bind with ERα were confirmed through MD simulations. MD simulations revealed the significant stability of the synthesized compound within the active site of ERα. In addition to that, in silico ADMET studies indicated that the compound entails drug-like properties. Collectively, these findings imply that the investigated compounds can serve as promising candidates for developing potent SERDs like anticancer agents against ER+ BC.
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Distribution | CNS permeability 2296 -1788 | -1821 | -2104 -1958 -2303 -2508 ~-181 | -1925  Numeric (log PS)
Metabolism | CYP2D6 substrate No No  No | No No No No No No Categorical (yes/no)
Metabolism | CYP3A4 substrate Yo Yes | Ve | Yes | Yes | Ye | Yes | Ye | Yes Categorical (yes/no)
Metabolism | CYP1A2 inhibitor Yes  No  No | Yes Yes | Yes | No No Yes | Categorical (yes/no)
Metabolism | CYP2C19 inhibitor Yes  Yes | Yes | Yes  Yes | Yes  No Yes | Yes | Categorical (yes/no)
Metabolism | CYP2C9 inhibitor Yes  Yes | Yes | Yes  Yes | Yes  Yes | Yes | Yes | Categorical (yes/no)
Metabolism | CYP2D6 inhibitor No No | No | No No No No No No Categorical (yes/no)
Metabolism | CYP3A4 inhibitor Yes  Yes | Yes | Yes  Yes | Yes  No | Yes | Yes | Categorical (yes/no)
Excretion Total clearance 065 0121 0411 0208 0151 | 035 0126 0105 0424 | Numeri (log mL/min/kg)
Excretion Renal OCT2 substrate Yes  No | No | No No Yes | No | No No Categorical (yes/no)
Toxicity Max. tolerated dose (human) | 0051 | 0221 | 0208 | -0417 0232  -005 0001 0218 | 0203 | Numeric (log mgkg/day)
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Compound  Binding affinity Amino acid residue

(kcal/mol)
5 83 VALAIS, ARG394, LEU391, MET388, LEU387, LEU384, and TRP383
sb -82 TRP383, ARG394, LEU391, MET388, LEU387, and LEU384
5c -83 GLU419, ARG394, LEU391, MET388, LEU387, LEU384, and TRP383
92 ARG394, LEU391, MET388, LEU387, LEU384, TRP383, GLU353, ALA350, LEU349, PHEA404, THR347, LEU346,
and MET353
5S¢ 88 MET443, ARG394, LEU391, MET388, LEU387, LEU384, and TRP383
5 -85 | ARG394, LEU91, MET388, LEU3S7, LEU3S4, and TRP383
5g 88 ARG394, LEU391, MET388, LEU387, LEU384, and TRP383
5h -82 ARG394, LEU391, MET388, LEU387, LEU384, and TRP383
El s | ARG394, LEUS91, MET3S8, LEUSS?, LEU3S, TRP3S3, LYS 520, GLYS21, METS2, HIDS4, LEUS2S, and
MET528






