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A B S T R A C T   

In the development of novel antidiabetic agents, a novel series of isoxazolidine-isatin hybrids 
were designed, synthesized, and evaluated as dual α-amylase and α-glucosidase inhibitors. The 
precise structures of the synthesized scaffolds were characterized using different spectroscopic 
techniques and elemental analysis. The obtained results were compared to those of the reference 
drug, acarbose (IC50 = 296.6 ± 0.825 μM for α-amylase & IC50 = 780.4 ± 0.346 μM for 
α-glucosidase). Among the title compounds, 5d exhibited impressive α-amylase and α-glucosidase 
inhibitory activity with IC50 values of 30.39 ± 1.52 μM and 65.1 ± 3.11 μM, respectively, fol-
lowed by 5h (IC50 = 46.65 ± 2.3 μM; IC50 = 85.16 ± 4.25 μM) and 5f (IC50 = 55.71 ± 2.78 μM; 
IC50 = 106.77 ± 5.31 μM). Mechanistic studies revealed that the most potent derivative 5d 
bearing the chloro substituent attached to the oxoindolin-3-ylidene core, and acarbose, are a 
competitive inhibitors of α-amylase and α-glucosidase, respectively. Structure activity relation-
ship (SAR) was examined to guide further structural optimization of the most appropriate sub-
stituent(s). Moreover, drug-likeness qualities and ADMET prediction of the most active analogue, 
5d was also performed. Subsequently, 5d was subjected to molecular docking and dynamic 
simulation during the progression of 120 ns analysis to check the essential ligand-receptor pat-
terns, and to estimate its stability. In silico studies were found in good agreement with the in vitro 
enzymatic inhibitions results. In conclusion, we demonstrated that most potent compound 5d 
could be exploited as dual potential inhibitor of α-amylase and α-glucosidase for possible man-
agement of diabetes.   
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1. Introduction 

Diabetes mellites is an incurable disease that occurs when the pancreas does not produce enough insulin, or when the body is not 
able to use insulin effectively which is a hormone that regulates blood sugar (essential "fuel" for its functioning) [1–3]. Over the past 
decade, the mortality rate caused by diabetes has continued to increase, exceeding 34% [4–7]. Studies have shown that the number of 
diabetics is expected to increase from 171 million in 2000 to 300 million in 2025 and up to 366 million in 2030 [8,9]. The main 
subtypes of DM are type 1 diabetes (T1DM), type 2 diabetes (T2DM) and gestational diabetes (G1DM) [10]. In all three cases, without 
treatment, the sugar level rises in the blood [11,12]. Hyperglycemia, also called high blood sugar, is a common effect of uncontrolled 
diabetes that, over time, causes severe damage to many body systems, especially nerves and blood vessels [13–16]. More than 65% of 
people with diabetes die from the disease with T2DM (Noninsulin-dependent diabetes mellitus) accounting for more than 90% is by far 
the most often prominent of them, which results from the combination of genetic factors, environmental and lifestyle factors [17–19]. 
Controlling (retarding, regulating and/or inhibiting) the post-prandial hyperglycemia by inhibiting the breakdown of carbohydrates 
into glucose or promoting the conversion of glucose remains is one of the best strategies for the effective treatment of type 2 diabetes 
[20–24]. Conventionally, α-amylase is used in the hydrolysis of long-chain of α-1,4-glycosidic linkage starch to smaller oligosac-
charides and α-glucosidase expressed in the small intestine and typically cleaves the glucosidic bonds of oligosaccharides and poly-
saccharides into glucose units [25–27]. In this context, one of the most attractive chemotherapeutic strategies for the treatment of DM 
is the prevention of the reaction of pancreatic α-amylase and intestinal α-glucosidase, that blunt postprandial blood glucose [28–31]. 
Currently, clinically approved inhibitors of α-amylase and α-glucosidase enzymes are acarbose, miglitol and voglibose [32,33]. 
Meanwhile, these drugs possess various adverse effects including stress, allergic reactions, gastrointestinal disturbances, infections, 
flatulence, and diarrhea and therefore being side effect-prone [34–37]. This has encouraged scientists to exert much efforts in 
designing and developing most potent, effective and safe dual α-glucosidase and α-amylase inhibitors. A considerable number of 
heterocycles has been identified as potential antidiabetics such as isatin and isoxazolidine derivatives. Indeed, isatin (indoline-2, 
3-dione) is known for its various biological activities [38]. In Fig. 1, a previous studies have shown that structural modification at 
different positions of isatin makes it possible to improve its pharmacological properties, conferring it antitubercular [39,40], anti-
malarial [41–43], anticonvulsant [44–46] antimicrobial [47–49], anticancer [50,51], antidiabetic [52–55] and anti-HIV [56–58] 
properties as well as CDK2 (cyclin-dependent kinase 2) inhibitors [59,60]. 

In this regard, isatin derivatives have gained the passion of many researchers owing to their broad spectrum of biological activities. 
For many years, our research team has focused on the identification of new biologically active biomolecules/small molecules with 
promising biological activities [61–70], mainly those α-amylase and α-glucosidase inhibitors [71–76]. In this context, our work has 
been devoted to the design and the synthesis of isoxazolidine-isatin hybrids for more potent, selective α-glucosidase and α-amylase 
inhibitors. Moreover, in silico studies were performed to gain insight into the interaction of the compounds with the active site of 
α-amylase and α-glucosidase enzymes. 

2. Results and discussion 

2.1. Chemistry 

Hydrazide 4 was synthesized in three steps with an overall yield of 74%. the synthesis begins with a 1,3-dipolar cycloaddition 
between nitrone 1 and alkene followed by an alkylation in the presence of ethyl chloroacetate to access compound 3. the reaction of 
hydrazine monohydrate with ester 3 gives the desired hydrazide [77]. The condensation of hydrazide 4 with three isatin derivatives 
was carried out in ethanol in the presence of a catalytic quantity of acetic acid at reflux to obtain the isoxazolidine-isatin hybrids 5a-c 

Fig. 1. Some examples of marketed isatin derivatives candidates.  
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(Scheme 1). Cycloadduct 6 undergoes the same arrangements as its analogue 2 to access hydrazide 8 [77]. The new isoxazoline-isatin 
hybrids 5d-h are obtained by condensation of intermediate 8 with five isatin derivatives (Scheme 2). 

The desired cycloadducts 2 and 6 were obtained with simultaneous creation of two asymmetric centers at C3* and C5* [77]. The 
stereochemistry of the final products was assigned based on 2D NOESY. Indeed, the 2D NOESY spectrum of the hybrid 
isoxazolidine-ization 5a showed that the H3 and H4proR protons point in the same direction. This was explained by the strong cor-
relation observed between the H3–H4proR protons. Also, the strong correlation between the H5–H4proS protons and the weak NOE 
effect between H5–H4proR confirms that the H5 and H4proS protons point in the same direction. All of these observations further 
support the stereochemistry of the isoxazolidine-hybridization 5a proposed in Fig. 2. 

2.2. Antidiabetic profile and SAR study 

Antidiabetic activity (enzymatic inhibitory effect) towards α-amylase and α-glucosidase enzymes of the newly synthesized target 
compounds was assessed in vitro, in the concentrations range of 10–180 μg/mL. Acarbose was used as pharmacological standard drug 
for comparison with the inhibitory effects of prepared samples. Considering the results in Table 1, an excellent inhibitory activity 
towards both enzymes activity was detected revealing that the type of substituent and their position played a pivotal role in the in-
hibition activities to different extents (Fig. 3). When evaluated against a standard acarbose drug, all the newly afforded analogues 
showed varied ranges on α-amylase and α-glucosidase inhibitory potentials ranging from IC50 = 30.39 ± 1.52 μM to 193.83 ± 9.54 μM 
and from IC50 = 65.1 ± 3.11 μM to 208.72 ± 10.38 μM, respectively. In this series, analogue 5d bearing the electron-withdrawing 
chloro (-Cl) substituent attached to the oxoindolin-3-ylidene core showed the better inhibitory profile with IC50 = 30.39 ± 1.52 μM 
(α-amylase) and 65.1 ± 3.11 μM (α-glucosidase), respectively. When changing the 6-methyl group in 5d by 4-methoxy moiety (5a), the 
activity was significantly impaired by a factor of 6.3 and 3.2, respectively towards α-amylase and α-glucosidase. Moreover, compound 
5h bearing fluoro (-F) electron-withdrawing group at C-7 on oxoindolin-3-ylidene core dispose of high antidiabetic activity against 
both enzymes, greater than 5f with C-5 fluoro group, which, in turn, showed remarkable potency than 5g bearing a methyl as electron- 
donating group at the same position, C-5 of oxoindolin-3-ylidene. Analogue 5e that hold the methyl group at the 6-position of the 
phenoxy core and bromo group at the 6-position of oxoindolin-3-ylidene showed higher activity than 5c, with methoxy group attached 
to C-4 of the phenoxy core. 

2.3. Enzymatic kinetic study 

2.3.1. Inhibition mode of α-amylase by 5d and acarbose 
In order to unravel the inhibitory mechanism of the 5d and acarbose extract on α-amylase, kinetic studies have been assessed. Our 

findings (Fig. 4, a and c) revealed that the intercept, maximum rate Vmax was essentially unchanged while the Michaelis constant, Km 
increased suggesting that 5d exhibited a competitive inhibition towards α-amylase, similar to the behavior of acarbose, used as 
standard drug. Ki values (Fig. 4, b and d) of compound 5d and acarbose were 27.49 μM and 291.69 μM, respectively meaning that they 

Scheme 1. Synthesis of isoxazolidine-isatin hybrids 5a-c.  
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have a greater affinity for the enzyme. 

2.3.2. Inhibition mode of α-glucosidase by 5d and acarbose 
To obtain more in-depth insight into the mechanism of inhibition of 5d and acarbose by α-glucosidase enzyme, kinetics study was 

performed. The Lineweaver–Burk plot (Fig. 5, a and c) showed that Vmax values were not affected, however the Km values increased to 
overcome the inhibitory effect of the competitor. The observed inhibition type revealed that 5d and acarbose bind to the active site on 
the enzyme and compete with the substrate for binding to the active site. The estimation of Ki via the concentrations of 5d and acarbose 
versus the slope, was found to be 56.06 μM and 763.28 μM, respectively. 

2.4. Drug-likeness and ADMET properties 

Computer-aided ADMET (absorption, distribution, metabolism, excretion, and toxicity) screening was performed for the most 
potent analogue 5d to differentiate between drug-like and non-drug-like and to improve the quality control of drugs at the earliest 
stages in their development, using different computational approaches [78–82]. In the present work, ADMET properties of 5d were 
computed using swissADME, pre-ADMET and pKCSM tools. Compound 5d was found to not violated Lipinski’s rule of five despite the 
molecular weights of 622.15 g/mol, with numbers of rotatable bonds of 8 (NROTB ≤10), hydrogen-bond acceptor of 7 (HBA ≤10), and 
hydrogen-bond donor of 2 (HBD ≤5). The absorption was deduced via %Abs = 109 ± [0.345 × TPSA] revealing a value of 70.2. 
Lipophilicity was predicted using different algorithms. The Consensus LogPo/w descriptor of 5d was found to be 4.53 which maximize 
it transportation and easily could reach the target site. Moreover, 5d exhibited high gastrointestinal (GI) absorption, with the ability to 
be a substrate of P-gp and not cross the blood− brain barrier (BBB) which implies risks of CNS side effects. The metabolism of 5d was 
predicted based on its behavior to inhibit cytochrome P450 (CYP) isoforms for its role in drug elimination through metabolic 
biotransformation. As depicted in Table 2, 5d was found to show no inhibitory activity towards any of CYP models suggesting that it 
was not involved in any biotransformation process. Additionally, Swiss ADME analyses revealed that 5d showed no violation of three 
filters (Lipinski, Ghose, and Muegge). The percentage of drug molecule that might reach the systemic circulation estimated by the 
bioavailability score was 0.55. Very low skin permeation was predicted for 5d via LogKp (− 5.52 cm/s). 

Bioavailability radar for drug-likeness depiction and boiled-egg graph provide the possibility of 5d to be easily absorbed by the GI 
and was actively effluxed by P-gp (PGP+). The ligand-based target prediction of 5d has been estimated and was restricted to the top 15 
Homo sapiens targets. Performed data showed that 5d was estimated to have a 60% probability of binding kinase, 20% of binding 
protease and 6.7% of binding enzyme, phosphodiesterase and other ion channel. 

For better reducing expenses and to gain a lot of time during the drug discovery process, The in silico reliable prediction of toxicity 
remains a crucial step. The toxicity level of 5d has been predicted via their carcinogenicity and mutagenicity by determining carcino- 
Mouse/Rat and AMES test, respectively. Also, hERG-inhibition was checked in order to have an idea about its cardiac toxicity as 
shown, 5d displayed non-carcinogenic, non-mutagenic and non-cardiac toxicity effect as well as no skin sensitization. 

Scheme 2. Synthesis of isoxazolidine-isatin hybrids 5d-h.  
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2.5. Molecular docking study 

Antidiabetic drugs are thought to be particularly effective against the α-glucosidase and α-amylase enzymes. These enzymes are 
important in carbohydrate metabolism because they break down complex carbohydrates into simpler forms like glucose. Therefore, 
the binding interaction and the binding ability at the active site of α-glucosidase enzyme and α-amylase enzyme were explored to better 
comprehend the observed biological activities by which the synthesized derivatives showed their antidiabetic efficacy. By reducing the 
activity of these enzymes, carbohydrate digestion and absorption can be delayed, resulting in a drop in postprandial glucose levels. 
α-glucosidase inhibitors function by inhibiting the activity of α-glucosidase in the small intestine, lowering glucose absorption. This 
helps to manage blood glucose levels after meals and reduces postprandial glucose increases. Similarly, α-amylase inhibitors work by 
inhibiting the α-amylase enzyme, which is responsible of breaking down starches into simpler sugars. Inhibiting the activity of 
α-amylase delays the conversion of dietary starches into glucose, resulting in improved glycemic management. Targeting both these 
enzymes provides a way for controlling postprandial hyperglycemia, which is a significant problem in diabetes therapy. It is feasible to 
limit carbohydrate digestion and absorption by designing medications that specifically block α-glucosidase and α-amylase, resulting in 
better glycemic control in diabetics. Table 3 summarizes the docking results of physiologically active synthesized compounds with 
α-glucosidase and α-amylase. For both enzymes, higher docking scores indicate stronger binding affinities. Compounds with more 
negative scores are likely to have better interactions with the respective enzyme’s active site. In the analysis of the α-amylase enzyme, 
5d stands out as the most potent inhibitor with a docking score of − 6.602 kcal/mol, followed by 5h (− 6.262 kcal/mol) and 5f (− 5.741 
kcal/mol) (Table 3). The docking scores indicate strong binding affinities, with 5d showing the highest inhibitory activity among all 
the listed compounds. This suggests that 5d is the most promising compound for targeting the α-amylase enzyme. Similarly, in the 
evaluation of the α-glucosidase enzyme, 5d exhibits the strongest inhibitory activity with a docking score of − 5.414 kcal/mol, fol-
lowed by 5h (− 5.381 kcal/mol) and 5f (− 5.102 kcal/mol). Interestingly, 5d also demonstrates the most negative docking score among 
all compounds for α-glucosidase, indicating a robust binding affinity. Thus, 5d shows significant potential as a drug candidate for 
targeting the α-glucosidase enzyme as well. Remarkably, 5d appears to have the highest predicted binding affinity for both α-amylase 

Fig. 2. NOESY spectrum and NOE effects for compound 5a.  
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Table 1 
α-Amylase and α-glucosidase inhibitory effect IC50 (μM) of isoxazolidine-isatin hybrids 5a-h. The results are expressed in mean values ± standard 
error (or standard error); 5a–h: The means of the same column with a different letter are significantly different (P < 0.05).  

Entry Structure α-Amylase IC50 (μM) α-Glucosidase IC50 (μM) 

5a 193.83 ± 9.54g 208.72 ± 10.38f 

5b 174.33 ± 8.71f 215.19 ± 70.7g 

5c 68.02 ± 3.4c 152.44 ± 7.56d 

5d 30.39 ± 1.52a 65.1 ± 3.11a 

5e 92.44 ± 4.05d 171.88 ± 8.44e 

(continued on next page) 
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(− 6.602 kcal/mol) and α-glucosidase (− 5.414 kcal/mol), making it an advantageous dual-target drug candidate for developing 
antidiabetic medications. Its ability to effectively inhibit the activity of both enzymes suggests potential benefits in diabetes man-
agement. Additionally, 5h and 5f show promise as candidates for targeting α-amylase and α-glucosidase, respectively, given their 
strong binding affinities. Moreover, 5b, 5c, 5f, and 5g demonstrate relatively promising binding affinities for both enzymes, indicating 
they could be further investigated as potential drug candidates for diabetes treatment. 

Fig. 6 illustrates the graphical representations of the 5d -protein interactions, employing both 2D and 3D representations. The 
binding analysis revealed that representative compound 5d forms weak non-covalent interactions with these enzymes, primarily 

Table 1 (continued ) 

Entry Structure α-Amylase IC50 (μM) α-Glucosidase IC50 (μM) 

5f 55.71 ± 2.78b 106.77 ± 5.31c 

5g 134.6 ± 6.73e 218.56 ± 40.26g 

5h 46.65 ± 2.3b 85.16 ± 4.25b  

Acarbose 296.6 ± 0.825 780.4 ± 0.346  

Fig. 3. SAR summary of the synthesized compounds.  
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involving hydrogen bonding and π-π interactions. In the α-amylase enzyme, 5d establishes two significant hydrogen bond interactions 
with critical amino acid residues, Asp300 and Ala106. These hydrogen bonds play a vital role in stabilizing the ligand-receptor 
complex and contribute to the high affinity of 5d for the active site of α-amylase. Furthermore, a notable π-π interaction is 
observed between the phenyl ring of 5d and Trp59, further enhancing the compound’s binding and positioning within the enzyme’s 
active site (Fig. 6A). Similarly, in the case of the α-glucosidase enzyme, 5d engages in a hydrogen bond interaction with Arg52. 

Additionally, the hydrophobic moiety of 5d, which includes the indolin-2-one group, participates in π-π interactions with two 
essential amino acid residues, Phe601 and Trp329. These π-π interactions contribute to the stabilization of 5d within the active site of 
the α-glucosidase enzyme and reinforce its inhibitory potential (Fig. 6B). The specific binding interactions observed between 5d and 
both α-amylase and α-glucosidase enzymes play a pivotal role in its promising inhibitory effects. By forming these favorable in-
teractions, 5d effectively interferes with the enzymatic activities of both enzymes, inhibiting their functions, and potentially regulating 
carbohydrate metabolism, which is highly relevant in the context of developing anti-diabetic drugs. 

2.6. MD simulation 

The MD simulations allowed for the investigation of the dynamic behavior and structural changes of the system over time. Hence 
the best docked pose of representative compound 5d in complex with α-amylase (2QV4) and α-glucosidase (3W37) was subjected to 
MD simulations for 100 ns. The parameters explored for analysis, such as RMSD, RMSF, RGyr, and inter-molecular hydrogen bonding 
(H-bonding), were obtained through molecular dynamics (MD) simulations. The RMSD is a critical measure used to assess the 
structural stability of protein-ligand complexes over time. The positions of the atoms in the protein-ligand complexes were repeatedly 
recorded as they produced over time throughout the MD simulations. The RMSD was then determined by comparing each time step’s 
atomic locations to the original reference structure. For the 5d-2QV4 complex, the RMSD values indicate that the structural deviations 
remained within the range of 1.044 Å to 2.198 Å, with an average of 1.82 Å. These values suggest that the complex exhibited relatively 
minor fluctuations in its atomic positions during the simulation, well within the commonly accepted limit of 3 Å for RMSD. Similarly, 
for the 5d -3W37 complex, the RMSD values ranged from 2.06 Å to 2.47 Å, with an average RMSD of 2.06 Å (Fig. 7A). These values 
indicate that the complex experienced moderate structural fluctuations throughout the simulation. Despite a minor drift being noted, 

Fig. 4. (a) and (c) Lineweaver–Burk plot of the kinetics of α-amylase inhibition by 5d and acarbose, respectively. (b) and (d) Secondary re-plot of 
Lineweaver–Burk plots between the slopes of each line on Lineweaver–Burk plot versus various concentrations of 5d and acarbose, respectively. 
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this drift remained consistent across the entire duration of the simulation. Significantly, no substantial disparities were detected in the 
simulation trajectory of the α-amylase (2QV4) and α-glucosidase (3W37) proteins in complexes with 5d. This observation indicates 
that the compound 5d had a relatively stable influence on the behavior of these proteins throughout the simulation, suggesting a 
potential consistent interaction and impact. The Root Mean Square Fluctuation (RMSF) analysis is a valuable tool used to assess the 
conformational flexibility of a protein structure during molecular dynamics simulations. It determines the deviation of individual 
atoms or residues from their original positions in the three-dimensional structure of the macromolecule. Flexible regions with higher 
RMSF values typically correspond to loops, turns, or certain segments of secondary structures (such as alpha-helices and beta-sheets) 
that can undergo conformational changes to accommodate ligand binding. Subheadings The graph illustrates that the 5d-3W37 
complex exhibits higher fluctuations than the 5d-2QV4 complex. In the case of the 5d-2QV4 complex, specific amino acids demon-
strate increased fluctuations, notably Asp236 (2.03 Å), Leu237 (2.08 Å), Gly351 (2.10 Å), Asn350 (2.25 Å), Asn459 (2.62 Å), and 
Gly460 (2.68 Å), displaying more pronounced variability compared to other residues within the complex (Fig. 7B). Conversely, for the 
5d-3W37 complex, major fluctuations are observed in Phe908 (3.08 Å) and Glu909 (3.29 Å) amino acids (Fig. 7C). Such RMSF 
fluctuations at the level of individual residues are anticipated due to the absence of any interactions in MD simulation with those 
specific protein segments. For the 5d-2QV4 complex, the average RMSF value is calculated to be 0.80 Å. This suggests that, on average, 
the individual residues within the complex experience relatively minor fluctuations from their original positions throughout the 
simulation. Such low RMSF values point to a stable conformational behavior, indicating that the complex remains relatively intact and 
consistent over the simulation duration. In contrast, the 5d-3W37 complex exhibits a slightly higher average RMSF value of 1.08 Å. 
This implies that the residues within this complex have a slightly greater degree of conformational flexibility compared to the 5d-2QV4 
complex. The increased RMSF value suggests that certain regions within the 5d-3W37 complex are more prone to fluctuations, 
potentially reflecting dynamic interactions or structural adjustments during the simulation. The simulation outcomes revealed a 
substantial formation of intermolecular hydrogen bonds between the protein residues and the 5d compound, indicating a robust 
interaction. Fig. 7D illustrates the dynamic progression of hydrogen bond formation over time. Interestingly, the 5d-3W37 complex 
exhibited a relatively higher number of hydrogen bonds (average hydrogen bond number 1.5) compared to the 5d-2QV4 complex 
(average hydrogen bond number 1.4). It’s noteworthy that these hydrogen bonds remained consistently intact throughout the entire 
simulation duration for the 5d compound. This enduring stability underscores the potent binding between 5d and both α-amylase and 
α-glucosidase, resulting in an exceptionally steady conformation. 

Fig. 5. (a) and (c) Lineweaver–Burk plot of the kinetics of α-glucosidase inhibition by 5d and acarbose, respectively. (b) and (d) Secondary re-plot 
of Lineweaver–Burk plots between the slopes of each line on Lineweaver–Burk plot versus various concentrations of 5d and acarbose, respectively. 

S. Ghannay et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e25911

10

3. Materials and methods 

3.1. Chemistry 

To a solution of hydrazide 4 (or 8) in ethanol, 1.5 eq. of the appropriate isatin derivative were added in the presence of a little 
amount of AcOH. The mixture was stirred at reflux in ethanol for 2 h. A TLC control shows the total disappearance of the hydrazide and 
the formation of a new more polar product. The solvent was evaporated under reduced pressure and the residue was chromatographed 
on silica gel. The final products 5a-h were obtained in the form of a brown oily liquid. 

N’-((Z)-7-chloro-2-oxoindolin-3-ylidene)-2-(4-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclo-
hexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl)methyl)-2-methoxyphenoxy)acetohydrazide (5a) 

Table 2 
ADMET property parameters of 5d.  

Physicochemical Properties Pharmacokinetics 

Molecular weight 622.15 g/mol GI absorption High 

Num. heavy atoms 44 BBB permeant No 
Num. arom. heavy atoms 12 P-gp substrate Yes 
Fraction Csp3 0.52 CYP1A2 inhibitor No 
Num. rotatable bonds 8 CYP2C19 inhibitor No 
Num. H-bond acceptors 7 CYP2C9 inhibitor No 
Num. H-bond donors 2 CYP2D6 inhibitor No 
Molar Refractivity 179.70 CYP3A4 inhibitor Yes 
TPSA (Å2) 112.57 Log Kp (cm/s) − 5.11 
Lipophilicity Druglikeness 
Log Po/w (iLOGP) 4.60 Lipinski Yes 
Log Po/w (XLOGP3) 7.02 Ghose No 
Log Po/w (WLOGP) 3.34 Veber Yes 
Log Po/w (MLOGP) 3.11 Egan Yes 
Log Po/w (SILICOS-IT) 4.56 Muegge No 
Consensus Log Po/w 4.53 Bioavailability Score 0.55 
Structure of 5d Target prediction 

Radar plot Boiled-Egg 

Toxicity risks 
AMES toxicity (pkCSM) No Skin Sensitization (pkCSM) No 
hERG I inhibitor (pkCSM) No Carcinogen to rat (PreADMET) No 
hERG II inhibitor (pkCSM) No Carcinogen to mouse (PreADMET) No  

S. Ghannay et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e25911

11

IR (FTIR, cm− 1): ν = 1703 (amide C––O); 1504 (N–H bonding); 3199 (N–H stretching); 1134 (C–O stretching); 1234 (C–O 
stretching); 2840 (C–H stretching (aliphatic)); 2939 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.72 (d, 3H, J = 6.4 Hz, 
CH3); 0.83 (d, 3H, J = 6.4 Hz, CH3); 0.84 (d, 3H, J = 6.4 Hz, CH3); 0.85–0.92 (m, 1H); 1.13 (t, 1H, J = 12.4 Hz); 1.30 (dd, 1H, J = 2.4 
and 12.0 Hz); 1.57–1.71 (m, 3H); 1.76–1.83 (m, 2H); 1.93–1.95 (m, 1H); 2.19 (q, 1H, J = 10.4 Hz); 2.64–2.69 (m, 1H); 2.69 (s, 3H, 
NCH3); 2.75 (dd, 1H, J = 4.0 and 13.6 Hz); 2.82 (dd, 1H, J = 8.0 and 14.0 Hz); 3.78–3.84 (m, 1H); 3.86 (s, 3H, OCH3); 3.91 (d, 1H, J =
8.4 Hz); 4.76 (s, 2H); 6.71 (d, 1H, J = 8.0 Hz); 6.76 (brs, 1H); 6.87 (d, 1H, J = 8.0 Hz); 7.04 (t, 1H, J = 8.0 Hz); 7.31 (d, 1H, J = 8.0 Hz); 
7.68 (d, 1H, J = 8.0 Hz); 8.68 (s, 1H, NH); 13.63 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) 18.3; 22.1; 22.2; 24.1; 24.3; 26.0; 26.8; 29.7; 34.5; 38.6; 38.8; 40.3; 48.0; 55.9; 66.3; 78.5; 90.1; 113.4; 
115.8; 116.0; 120.5; 120.9; 121.6; 124.1; 131.4; 133.9; 137.7; 138.7; 145.4; 149.8; 161.6; 167.0; 172.8. 

Anal. Calcd. for C33H40ClN5O6 (638.16): C, 62.11; H, 6.32; N, 10.97, Found: C, 62.57; H, 6.22; N, 11.01. 
N’-((Z)-5-fluoro-2-oxoindolin-3-ylidene)-2-(4-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclo-

hexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl)methyl)-2-methoxyphenoxy)acetohydrazide (5b) 

Table 3 
Glide docking score (in Kcal/mol unit) of 5a-h in the active sites of anti-diabetic protein receptors of α-amylase and α-glucosidase enzymes.  

Name of compounds α-amylase enzyme (PDB code: 2QV4) α-glucosidase enzyme (PDB code: 3W37) 

5a − 4.969 − 4.074 
5b − 4.843 − 3.843 
5c − 5.205 − 4.581 
5d − 6.602 − 5.414 
5e − 4.961 − 4.319 
5f − 5.741 − 5.102 
5g − 5.507 − 3.871 
5h − 6.262 − 5.381  

Fig. 6. 2D and 3D Binding poses of representative compound 5d in the active of site A. α-amylase enzyme (PDB code: 2QV4) and B. α-glucosidase 
enzyme (PDB code: 3W37) (Hydrogen bond interaction is shown by pink arrow line). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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IR (FTIR, cm− 1): ν = 1699 (amide C––O); 1595 (N–H bonding); 3220 (N–H stretching); 1175 (C–O stretching); 1201 (C–O 
stretching); 2868 (C–H stretching (aliphatic)); 2951 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.72 (d, 3H, J = 6.4 Hz, 
CH3); 0.83 (d, 3H, J = 6.4 Hz, CH3); 0.84 (d, 3H, J = 6.4 Hz, CH3); 0.85–0.92 (m, 1H); 1.14 (t, 1H, J = 12 Hz); 1.30 (dd, 1H, J = 2.4 and 
12.0 Hz); 1.59 (dd, 1H, J = 2.8 and 12.8 Hz); 1.64–1.79 (m, 3H); 1.93–1.97 (m, 1H); 2.19 (q, 1H, J = 10.8 Hz); 2.64 (dd, 1H, J = 3.6 
and 12 Hz); 2.69 (s, 3H, NCH3); 2.75–2.86 (m, 2H); 3.79–3.81 (m, 1H); 3.84 (s, 3H, OCH3); 3.99 (d, 1H, J = 8.4 Hz); 4.77 (s, 2H); 6.70 
(d, 1H, J = 8.4 HZ); 6.76 (brs, 1H); 6.81 (dd, 1H, J = 4.0 and 8.0 Hz); 6.86 (d, 1H, J = 8.0 Hz); 6.99 (dt, 1H, J = 1.5 and 8.8 Hz); 7.45 (d, 
1H, J = 6.0 Hz); 9.16 (s, 1H, NH); 13.70 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) 18.3; 22.1; 22.2; 24.1; 24.3; 26.0; 26.8; 29.7; 34.4; 38.5; 40.3; 48.0; 56.0; 66.4; 78.5; 90.1; 109.4; 
109.7; 111.7; 111.8; 113.5; 115.8; 118.3; 118.5; 121.0; 133.7; 137.7; 138.4; 145.4; 149.8; 162.6; 167.1; 172.9. 

Anal. Calcd. for C33H40FN5O6 (621.71): C, 63.75; H, 6.49; N, 11.26, Found: C, 63.47; H, 6.55; N, 10.98. 
N’-((Z)-6-bromo-2-oxoindolin-3-ylidene)-2-(4-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclo-

hexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl)methyl)-2-methoxyphenoxy)acetohydrazide (5c) 
IR (FTIR, cm− 1): ν = 1701 (amide C––O); 1508 (N–H bonding); 3236 (N–H stretching); 1150 (C–O stretching); 1203 (C–O 

stretching); 2862 (C–H stretching (aliphatic)); 2947 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.74 (d, 3H, J = 6.4 Hz, 
CH3); 0.83 (d, 3H, J = 6.4 Hz, CH3); 0.84 (d, 3H, J = 6.4 Hz, CH3); 0.85–0.92 (m, 1H); 1.14 (t, 1H, J = 12 Hz); 1.31 (dd, 1H, J = 2.0 and 
12.0 Hz); 1.61 (dd, 1H, J = 2.8 and 12.8 Hz); 1.65–1.79 (m, 3H); 1.94 (m, 1H); 2.19 (q, 1H, J = 10.8 Hz); 2.64 (dd, 1H, J = 3.6 and 12 
Hz); 2.69 (s, 3H, NCH3); 2.76 (dd, 1H, J = 4.4 and 12 Hz); 2.84 (dd, 1H, J = 8 and 13.6 Hz); 3.74–3.81 (m, 1H); 3.85 (s, 3H, OCH3); 
3.99 (d, 1H, J = 8.8 Hz); 4.77 (s, 2H); 6.70 (dd, 1H, J = 1.6 and 8.4 Hz); 6.76 (brs, 1H); 6.85 (d, 1H, J = 8.4 Hz); 7.06 (brs, 1H); 7.19 (d, 
1H, J = 8.0 Hz); 7.59 (d, 1H, J = 8.4 Hz); (dt, 1H, J = 1.5 and 8.8 Hz); 9.38 (s, 1H, NH); 13.64 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) 18.3; 22.1; 22.2; 24.1; 24.3; 26.1; 26.8; 29.7; 34.4; 38.5; 38.7; 40.3; 48.0; 56.0; 66.3; 78.5; 90.2; 113.6; 
114.4; 115.6; 118.9; 121.0; 123.4; 125.8; 126.3; 133.6; 138.0; 142.7; 145.4; 149.8; 162.3; 167.1; 172.9. 

Anal. Calcd. for C33H40BrN5O6 (682.62): C, 58.07; H, 5.91; N, 10.26, Found: C, 57.88; H, 5.85; N, 10.33. 
N’-((Z)-7-chloro-2-oxoindolin-3-ylidene)-2-(2-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclo-

hexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl)methyl)-6-methylphenoxy)acetohydrazide (5d) 
IR (FTIR, cm− 1): ν = 1697 (amide C––O); 1506 (N–H bonding); 3294 (N–H stretching); 1126 (C–O stretching); 1215 (C–O 

stretching); 2862 (C–H stretching (aliphatic)); 2943 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.49 (d, 3H, J = 6.4 Hz, 
CH3); 0.76 (d, 3H, J = 7.2 Hz, CH3); 0.78 (d, 3H, J = 7.2 Hz, CH3); 0.74–0.78 (m, 1H); 1.00 (t, 1H, J = 12.4 Hz); 1.22–1.30 (m, 2H); 
1.52–1.61 (m, 3H); 1.68 (d, 1H, J = 13.2 Hz); 1.76–1.81 (m, 1H); 2.07 (q, 1H, J = 10.8 Hz); 2.24 (s, 3H, CH3); 2.48 (ddd, 2H, J = 3.2, 
5.6 and 12.0 Hz); 2.65 (s, 3H, NCH3); 3.00 (d, 1H, J = 12 Hz); 3.92 (d, 1H, J = 8.8 Hz); 4.04 (t, 1H, J = 8.4 Hz); 4.28 (d, 1H, J = 15.2 

Fig. 7. A. Time-dependent RMSD of Cα atoms of 5d-2QV4 and 5d-3W37 complexes; B. RMSF of individual amino acids of Cα atoms of 5d-2QV4 
complex; C. RMSF of individual amino acids of Cα atoms of 5d-3W37 complex; D. Time-dependent Hydrogen bond analysis of 5d-2QV4 and 5d- 
3W37 complexes. 
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Hz); 4.67 (d, 1H, J = 15.6 Hz); 6.80 (dd, 1H, J = 4.0 and 8.4 Hz); 6.90–6.96 (m, 2H); 7.00 (d, 1H, J = 6.8 Hz); 7.11 (d, 1H, J = 6.8 Hz); 
7.45 (dd, 1H, J = 2.0 and 7.6 Hz); 9.27 (s, 1H, NH); 14.17 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) 18.3; 20.9; 22.1; 22.2; 24.1; 24.3; 26.1; 29.7; 34.4; 38.6; 38.8; 40.3; 48.0; 66.4; 69.1; 78.5; 90.1; 110.5; 
113.5; 115.4; 120.1; 121.0; 122.9; 132.4; 133.0; 133.5; 138.8; 139.2; 145.5; 149.8; 162.3; 166.9; 172.9. 

Anal. Calcd. for C33H40ClN5O5 (622.16): C, 63.71; H, 6.48; N, 11.26, Found: C, 63.88; H, 6.44; N, 11.22. 
N’-((Z)-6-bromo-2-oxoindolin-3-ylidene)-2-(2-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclo-

hexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl)methyl)-6-methylphenoxy)acetohydrazide (5e) 
IR (FTIR, cm− 1): ν = 1695 (amide C––O); 1440 (N–H bonding); 3207 (N–H stretching); 1145 (C–O stretching); 1215 (C–O 

stretching); 2866 (C–H stretching (aliphatic)); 2953 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.52 (d, 3H, J = 6.4 Hz, 
CH3); 0.82 (d, 3H, J = 7.2 Hz, CH3); 0.84 (d, 3H, J = 7.2 Hz, CH3); 0.85–0.91 (m, 1H); 1.06 (t, 1H, J = 12.4 Hz); 1.25–1.29 (m, 2H) 
1.56–1.59 (m, 2H); 1.67 (d, 1H, J = 12.8 Hz); 1.74 (d, 1H, J = 15.2 Hz); 1.81–1.83 (m, 1H); 2.12 (q, 1H, J = 11.6 Hz); 2.32 (s, 3H, CH3); 
2.54 (ddd, 1H, J = 3.6, 6.8 and 13.6 Hz); 2.73 (s, 3H, NCH3); 2.77 (dd, 1H, J = 4.8 and 12.4 Hz); 3.07 (d, 1H, J = 12 Hz); 4.0 (d, 1H, J =
8.8 Hz); 4.15 (t, 1H, J = 6.0 Hz); 4.32 (d, 1H, J = 15.6 Hz); 4.76 (d, 1H, J = 15.6 Hz); 6.99 (t, 1H, J = 7.2 Hz); 7.05–7.06 (m, 2H); 7.18 
(d, 1H, J = 7.2 Hz); 7.35 (d, 1H, J = 7.6 Hz); 7.73 (d, 1H, J = 7.2 Hz); 9.41 (s, 1H, NH); 14.25 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) 16.6; 18.3; 22.0; 22.2; 24.2; 24.3; 26.2; 29.7; 32.7; 34.5; 39.0; 39.9; 48.2; 66.7; 70.7; 77.8; 90.4; 116.5; 
120.6; 121.4; 124.1; 124.9; 129.8; 130.2; 130.5; 131.1; 131.6; 139.0; 139.3; 153.1; 162.4; 166.3; 173.0. 

Anal. Calcd. for C33H40BrN5O5 (666.62): C, 59.46; H, 6.05; N, 10.51, Found: C, 59.18; H, 6.08; N, 10.63. 
N’-((Z)-5-fluoro-2-oxoindolin-3-ylidene)-2-(2-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclo-

hexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl)methyl)-6-methylphenoxy)acetohydrazide (5f)  

IR (FTIR, cm− 1): ν = 1697 (amide C––O); 1490 (N–H bonding); 3207 (N–H stretching); 1149 (C–O stretching); 1203 (C–O stretching); 2866 (C–H 
stretching (aliphatic)); 2951 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.55 (d, 3H, J = 6.4 Hz, CH3); 0.81 (d, 3H, J = 7.2 Hz, 
CH3); 0.83 (d, 3H, J = 7.2 Hz, CH3); 0.82–0.85 (m, 1H); 1.06 (t, 1H, J = 12.4 Hz); 1.28–1.35 (m, 2H); 1.58–1.67 (m, 3H); 1.72–1.87 (m, 2H); 2.14 
(q, 1H, J = 10.8 Hz); 2.30 (s, 3H, CH3); 2.50–2.67 (m, 2H); 2.71 (s, 3H, NCH3); 3.06 (d, 1H, J = 12 Hz); 3.98 (d, 1H, J = 8.8 Hz); 4.11 (t, 1H, J =
8.4 Hz); 4.34 (d, 1H, J = 15.2 Hz); 4.73 (d, 1H, J = 15.6 Hz); 6.86 (dd, 1H, J = 4.0 and 8.4 Hz); 7.00–7.02 (m, 2H); 7.06 (d, 1H, J = 6.8 Hz); 7.16 
(d, 1H, J = 6.8 Hz); 7.50 (dd, 1H, J = 2.0 and 7.6 Hz); 9.33 (s, 1H, NH); 14.23 (s, 1H, NH)                                                                       

13C NMR (100 MHz, CDCl3) 16.5; 18.3; 21.9; 22.2; 24.1; 24.4; 26.2; 29.6; 32.7; 34.4; 38.9; 39.9; 48.2; 66.6; 70.7; 77.7; 90.4; 109.8; 
112.1; 118.7; 121.1; 124.9; 129.6; 130.2; 130.6; 131.0; 137.9; 139.11; 139.15; 153.2; 163.1; 166.3; 173.1. 

Anal. Calcd. for C33H40FN5O5 (605.71): C, 65.44; H, 6.66; N, 11.56, Found: C, 65.23; H, 6.58; N, 11.52. 
2-(2-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclohexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl) 

methyl)-6-methylphenoxy)-N’-((Z)-5-methyl-2-oxoindolin-3-ylidene)acetohydrazide (5g) 
IR (FTIR, cm− 1): ν = 1699 (amide C––O); 1471 (N–H bonding); 3224 (N–H stretching); 1122 (C–O stretching); 1199 (C–O 

stretching); 2868 (C–H stretching (aliphatic)); 2941 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.55 (d, 3H, J = 6.4 Hz, 
CH3); 0.81 (d, 3H, J = 6.8 Hz, CH3); 0.83 (d, 3H, J = 7.2 Hz, CH3); 0.82–0.84 (m, 1H); 1.05 (t, 1H, J = 12.4 Hz); 1.24–1.36 (m, 2H); 
1.54–1.68 (m, 3H); 1.72–1.84 (m, 2H); 2.13 (q, 1H, J = 10.8 Hz); 2.30 (s, 6H, 2CH3); 2.52–2.66 (m, 2H); 2.70 (s, 3H, NCH3); 3.06 (d, 
1H, J = 13.2 Hz); 3.97 (d, 1H, J = 8.0 Hz); 4.08–4.13 (m, 1H); 4.34 (d, 1H, J = 15.6 Hz); 4.71 (d, 1H, J = 15.6 Hz); 6.78 (d, 1H, J = 7.6 
Hz); 6.99 (d, 1H, J = 7.6 Hz); 7.05 (d, 1H, J = 7.2 Hz); 7.10 (d, 1H, J = 8.0 Hz); 7.15 (d, 1H, J = 7.6 Hz); 7.60 (brs, 1H); 9.19 (s, 1H, 
NH); 14.20 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) 16.5; 18.3; 20.9; 21.9; 22.2; 24.1; 24.3; 26.2; 29.6; 32.7; 34.4; 38.9; 39.9; 48.1; 66.6; 70.8; 77.7; 90.3; 
110.9; 119.8; 122.8; 124.8; 129.5; 130.1; 130.6; 131.1; 132.6; 132.8; 139.7; 139.8; 153.3; 163.1; 166.2; 173.0. 

Anal. Calcd. for C34H43N5O5 (601.75): C, 67.86; H, 7.20; N, 11.64, Found: C, 67.53; H, 7.13; N, 11.57. 
N’-((Z)-7-fluoro-2-oxoindolin-3-ylidene)-2-(2-(((1S,2S,2′R,3a′S,5R)-2-isopropyl-5,5′-dimethyl-4′-oxotetrahydro-2′H-spiro[cyclo-

hexane-1,6′-imidazo [1,5-b]isoxazol]-2′-yl)methyl)-6-methylphenoxy)acetohydrazide (5h) 
IR (FTIR, cm− 1): ν = 1703 (amide C––O); 1481 (N–H bonding); 3464 (N–H stretching); 1122 (C–O stretching); 1200 (C–O 

stretching); 2870 (C–H stretching (aliphatic)); 2953 (C–H stretching (aromatic)). 1H NMR (400 MHz, CDCl3) 0.49 (d, 3H, J = 6.4 Hz, 
CH3); 0.76 (d, 3H, J = 7.2 Hz, CH3); 0.78 (d, 3H, J = 7.2 Hz, CH3); 0.75–0.78 (m, 1H); 1.00 (t, 1H, J = 12.4 Hz); 1.26–1.29 (m, 2H); 
1.52–1.61 (m, 3H); 1.68 (d, 1H, J = 13.2 Hz); 1.76–1.81 (m, 1H); 2.07 (q, 1H, J = 10.8 Hz); 2.24 (s, 3H, CH3); 2.48 (ddd, 2H, J = 3.2, 
5.6 and 12.0 Hz); 2.65 (s, 3H, NCH3); 3.00 (d, 1H, J = 12 Hz); 3.92 (d, 1H, J = 8.8 Hz); 4.04 (t, 1H, J = 8.4 Hz); 4.28 (d, 1H, J = 15.2 
Hz); 4.67 (d, 1H, J = 15.6 Hz); 6.80 (dd, 1H, J = 4.0 and 8.4 Hz); 6.90–6.96 (m, 2H); 7.00 (d, 1H, J = 6.8 Hz); 7.11 (d, 1H, J = 6.8 Hz); 
7.45 (dd, 1H, J = 2.0 and 7.6 Hz); 9.27 (s, 1H, NH); 14.17 (s, 1H, NH). 

13C NMR (100 MHz, CDCl3) 16.5; 18.3; 21.9; 22.2; 24.1; 24.4; 26.2; 29.6; 32.7; 34.4; 38.9; 39.9; 48.2; 66.6; 70.7; 77.7; 90.4; 109.8; 
112.1; 118.7; 121.1; 124.9; 129.6; 130.2; 130.6; 131.0; 137.9; 139.11; 139.15; 153.2; 163.1; 166.3; 173.1. 

13C NMR (100 MHz, CDCl3) 18.3; 20.9; 22.1; 22.2; 24.1; 24.3; 26.1; 29.7; 34.4; 38.6; 38.8; 40.3; 48.0; 56.0; 66.4; 78.5; 90.1; 110.5; 
113.5; 115.4; 120.1; 121.0; 122.9; 132.4; 133.0; 133.5; 138.8; 139.2; 145.5; 149.8; 162.3; 166.9; 172.9. 

Anal. Calcd. for C33H40FN5O5 (605.71): C, 65.44; H, 6.66; N, 11.56, Found: C, 65.32; H, 6.58; N,11.54. 

3.2. α-Amylase and α-glucosidase inhibition assays 

The antidiabetic activity of the synthesized compounds towards human pancreatic α-amylase and human lysosomal acid- 
α-glucosidase enzymes was investigated using the same experimental method as done previously with slight modification [33]. 
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Acarbose was used as standard. The percent of inhibition for both enzymes was calculated via the following formula: 

% inhibition=
Abs(blank) − Abs(test compoud)

Abs (blank)
× 100 

The results were expressed as IC50 (μM) and all the experiments were carried out in triplicates. 

3.3. Enzymes kinetic study 

kinetic studies were carried out based on the above IC50 values and the in vitro assays for the most potent inhibitor (5d) and 
acarbose to determine their inhibition mode towards both enzymes. A volume of 20 μL was incubated for 15 min at 30 ◦C by using the 
varying concentration of the inhibitor 5d against α-amylase (0, 5, 15 and 33 μM) and α-glucosidase (0, 15, 40, and 65 mM) with varying 
concentrations of inhibitor substrate (starch) in the range 0.25–5 mM, whereas the concentrations for the inhibitor substrate (p- 
nitrophenyl-α-D-glucopyranoside, P-NPg) were in the range 0.1–1.3 mM, respectively, according to some previously methods, with 
minor modification [83,84]. The type of inhibition of the enzyme was assessed by preparing Lineweaver-Burk plots of the inverse of the 
velocities (1/V) versus the inverse of the substrate’s concentration 1/[S] mM− 1, and change in absorbance was measured spectro-
photometrically at 405 nm. The constant of inhibition, Ki, was determined by the secondary plot of the slope versus the inhibitor 
concentration. 

3.4. Molecular docking and molecular dynamic (MD) simulation studies 

A molecular docking study was conducted to better understand the molecular basis of the interaction of newly synthesized de-
rivative with anti-diabetic protein receptors. The crystalline structures of the α-glucosidase enzyme (identified by the PDB code: 3W37) 
and the α-amylase enzyme (identified by the PDB code: 2QV4) were obtained from the protein data bank. Molecular docking was 
performed using Schrödinger glide, and MD simulation was performed using Schrödinger’s Desmond program. The same technique as 
described in our earlier article for Molecular docking and MD simulation methods is used here [85]. 

3.5. ADMET property predictions 

The ADMET prediction was studied using the following online servers, http://www.swissadme.ch/, and https://preadmet. 
webservice.bmdrc.org/, accessed on 4/11/2023 [86,87]. For prediction of pharmacokinetic properties we have used web server 
https://biosig.lab.uq.edu.au/pkcsm/accessed on 4/11/2023 [88]. 

3.6. Statistical analysis 

SPSS 19 (SPSS Ltd., Woking, United Kingdom) was used for the statistical analysis of the resulting experimental data. The Tukey 
test was used for the comparison of averages. The P-value <0.05 was used to show the statistical significance of the results. 

4. Conclusions 

In the present work, we designed and synthesized a new series of isoxazolidine-isatin hybrids. These compounds exhibited varying 
and interesting enzymatic inhibitory potential against α-amylase and α-glucosidase. Among the synthesized compounds, 5d exhibited 
impressive α-amylase and α-glucosidase inhibitory activity with IC50 values of 30.39 ± 1.52 μM and 65.1 ± 3.11 μM, respectively. 
Enzyme kinetic analysis showed that 5d was the most active compound as well as acarbose, perfectly competed with the substrate to 
attach to the active site of both enzymes. SAR study revealed the importance of substituent groups on the isatin moiety. The effec-
tiveness of 5d as promising future drug was examined and justified through computer-aided ADMET calculations. Molecular docking 
and dynamic simulation against the potent inhibitor 5d were in accordance with the in vitro results and justify its stabilization inside 
both enzymes pocket with a dock score of − 6.602 kcal/mol (5d-2QV4) and − 5.414 kcal/mol (5d-3W37), leading to the best phar-
macophore. Thus, the next objective in this approach will be to explore the in vivo activity of 5d in animal models and to develop safer 
as well as efficient oral antidiabetic drug candidates. 
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