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Lung cancer is a type of cancer that begins in the lungs and is one of the leading causes of cancer-
related deaths worldwide. Herein an attempt to explore the relationship between the properties 
of indolone derivatives and their anticancer activity was investigated, implementing in silico 
approaches. Four indolone derivatives with the highest anticancer potential were selected to evaluate 
their pharmacological properties. The ADMET analysis revealed that these compounds exhibited 
favourable drug-like properties, meeting nearly all the key pharmacological criteria required for 
potential therapeutic agents. Molecular docking studies of the most active compounds revealed strong 
interactions with critical amino acid residues in the PDK1 receptor’s binding site, underscoring their 
potential as effective PDK1 inhibitors. In addition, 200 ns molecular dynamics (MD) simulations of two 
R and S configurations validated the stability of the ligand-receptor complexes, with minimal structural 
deviations observed throughout the simulation period. These comprehensive results highlight the 
potential of the selected indolone derivatives as viable drug candidates and provide a solid foundation 
for future optimization efforts aimed at developing novel PDK1 inhibitors for cancer therapy.
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Cancer comprises a diverse group of diseases marked by the relentless and unregulated growth, proliferation, 
and division of cells1. This unchecked cellular activity disrupts normal tissue function, often leading to the 
formation of malignant tumors and the potential spread of these abnormal cells to other parts of the body 
through a process known as metastasis2. Such unrestrained cellular behavior is a fundamental hallmark of 
cancer, posing significant challenges to health and often necessitating complex therapeutic approaches. Once a 
cell undergoes malignant transformation, it can develop into various types of cancer. Lung cancer, in particular, 
is especially lethal due to its tendency to remain asymptomatic during the early stages3. In 2022, lung cancer was 
the leading cause of cancer-related mortality, responsible for 1.8 million deaths (18.7% of total cancer deaths) 
and approximately 2.5 million new cases annually, accounting for 12.4% of all new cancer diagnoses4. These 
sobering figures underscore the critical need for the development of novel chemotherapeutic agents, as the 
current arsenal of effective anticancer drugs remains limited. Additionally, the emergence of drug resistance 
further complicates treatment, highlighting the urgent demand for innovative therapeutic approaches to tackle 
this challenging disease.

Numerous signaling pathways are involved in the regulation of tumor processes, including the Wnt/β-catenin, 
MAPK–RAS–RAF, VEGF, RTK, c-Met, NFκB, RAF–MEK–ERK, and PI3K/AKT pathways, among others5–10. 
Each of these pathways plays a crucial role in specific mechanisms related to cancer cell proliferation, survival, 
and migration. We chose to focus on the PI3K–PDK1–AKT pathway due to its recent application in biomedical 
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research and the promising results it has shown in the development of anticancer inhibitors, particularly for lung 
cancer treatment11.

The PI3K-PDK1-AKT signaling pathway is crucial for regulating tumor proliferation, metastasis, invasion, 
and differentiation12. This pathway is frequently overactivated in various cancers, making it a pivotal target 
in anticancer drug development13. Among the key proteins in this pathway, 3-phosphoinositide-dependent 
kinase-1 (PDK1) stands out as an essential kinase, often overexpressed in multiple cancers, and is thus a prime 
target for therapeutic intervention14. Molecular docking studies provide valuable insights into how potential 
drug molecules interact with their target proteins, aiding in the rational design of inhibitors15. Significant efforts 
are underway to identify potent PDK1 inhibitors by exploring diverse molecular scaffolds16.

Given the substantial time and resources required for drug discovery, computer-aided approaches such as 
ADMET propriety and molecular docking have become indispensable tools for optimizing the drug design 
process17–19.

The discovery of new drug candidates is a lengthy and complex process, largely due to the limited number of 
effective anticancer agents and the emergence of resistance mechanisms20,21. In response, major pharmaceutical 
companies are placing greater emphasis on innovation, incorporating advanced research methodologies to 
enhance the development pipeline, including predicting molecular activities before synthesis22. Molecular 
modeling techniques such as DFT, molecular docking, molecular dynamics, and ADMET analysis are invaluable 
tools for identifying and predicting promising drug candidates23–25.

Materials and methods
Data set of molecules and calculation of the descriptors
An indolone dataset was collected in the literature26. The molecular structures of the molecules studied, as well 
as their activity, are presented in Table S1.

ADMET prediction and DFT study
Drug similarity can be defined as a qualitative term used in drug design to assess the degree to which a substance 
is considered ‘drug-like’ compared to other compounds. When estimating the drug similarity of the design 
compounds (29, 35, 38, and 40), it is necessary to consider the alignment of the compound’s physical and 
chemical properties with the filter criteria in order to calculate these properties for the four selected compounds.

Theoretical evaluations of all computational models were performed using the Gaussian 09 software27, while 
the molecular structures were visualized with Gauss View 6.0.16. The geometric parameters for all configurations 
were determined using the DFT method with the B3LYP functional and the 6-31G basis set, ensuring accurate 
and reliable calculations for each system studied28–30.

Molecular docking modeling
The two most active molecules were drawn in ChemDraw 16.0, and then the geometry was MM2 optimized31,32. 
Both compounds were tested for their anti-lung activity. For the anti-lung study, we utilized the PDK1 receptor 
extracted from the Protein Data Bank (PDB ID: 1H1W)33. A grid was created with parameters X = 42.550 Å, 
Y = 19.600 Å and Z = 3.000Å.

For the molecular docking studies, we used the AutoDockTools software34. A 60 × 60 × 60 grid was employed 
in the x, y, and z directions, with 200 solutions calculated for each case using a population size of 350. After 
meticulously preparing the molecules under study and their complexes, including the removal of water 
molecules, we proceeded with the molecular docking protocol to simulate potential interactions35. Finally, to 
refine the analysis of ligand-protein interactions, we utilized Discovery 2021 software36, which enabled not 
only the removal of residual water molecules but also the curation of incomplete side-chain residues and the 
optimization of structures by merging non-polar hydrogens, thereby enhancing the accuracy of the results 
obtained.

Molecular dynamic
Based on the molecular docking results, the two docked ligands were selected for MD simulations to verify 
the stability of their interactions with the target protein. MD simulations were performed using the Desmond 
program and Maestro from the Schrödinger Suite for 100 ns, employing the OPLS3e force field37. The system 
was solvated in a 10 Å-sized aqueous box38, and crystallographic water molecules were included using the single-
point charge model under orthorhombic periodic boundary conditions39.

The MD simulations were conducted under the NPT ensemble, using the Nosé-Hoover thermostat 
to maintain constant pressure (1  bar) and temperature (300  K)40,41. The interaction diagram module of the 
Desmond simulation package was employed to analyze the specific binding interactions between the ligand and 
the protein42.

Results and discussion
Pharmaceutical properties
Four most active molecules were selected to evaluate their properties based on Lipinski’s parameters; the results 
of the four most active molecule properties are presented in Table 1.

As shown in Table 1, the log P value of compound 35 exceeds the critical threshold of 5, indicating that while 
the other three compounds exhibit acceptable solubility in both aqueous and lipid environments, compound 35 
is not soluble. The other parameters, such as topological polar surface area (TPSA) and the number of rotatable 
bonds (n-Rot), which are key bioavailability criteria, are also verified. Therefore, all of Lipinski’s rules are met 
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for compounds 29, 38, and 40, demonstrating that these three compounds have pharmaceutical properties 
comparable to those of reference anticancer drugs.

The three compounds underwent ADMET property prediction following the drug-likeness evaluation.
Following the drug similarity study, the three compounds were subjected to ADMET predictions. The 

pharmacokinetic properties (absorption, distribution, metabolism, excretion) and pharmacodynamic 
properties (drug efficacy and toxicity) are detailed in Table  2. The results indicate that all three compounds 
exhibit significant absorbance, suggesting good absorption in the human intestine. The volume of distribution 
(VDss) for compound 29 is considered high. Additionally, the blood-brain barrier (BBB) permeability values for 
all compounds fall within the acceptable range. For the central nervous system (CNS), values between − 2 and 
− 343 are expected, with compounds 30 and 40 falling outside the CNS threshold, whereas compound 29 shows 
the greatest potential for crossing the barrier.

All three compounds tested failed to inhibit the substrate of cytochrome P450 subtype 2D644. Compound 
29 was also unable to inhibit the 1A2 enzyme. However, all three compounds were able to inhibit enzymes of 
cytochrome P450 subtypes 2C19, 3A4, and 2C9. All four compounds tested were substrates for cytochrome P450 
enzymes.

In terms of excretion, the three compounds exhibited low total clearance values, indicating limited elimination. 
Furthermore, they were not identified as substrates of the organic cation transporter, a key transporter involved 
in renal absorption. This transporter plays a critical role in regulating the elimination and renal clearance of 
drugs and endogenous compounds, thereby contributing to the overall pharmacokinetics of these substances45.

In terms of toxicity, which is crucial in drug selection, compound 29 is deemed non-toxic. In conclusion, 
ADMET analysis indicates that compound 29 has favorable pharmacokinetic properties.

The comprehensive ADMET profile of compound 29 highlights its potential to be developed into a safe, 
effective, and patient-friendly therapeutic option for lung cancer. Its remarkable combination of high oral 
bioavailability, targeted tissue distribution, metabolic stability, and minimal toxicity ensures sustained therapeutic 
efficacy while reducing the risk of adverse effects. These favorable pharmacokinetic and safety characteristics 
position compound 29 as a strong candidate for advancement into preclinical studies and subsequent clinical 
trials, paving the way for its potential clinical application in treating lung cancer.

Therefore, to understand the reactivity of this molecule, we conducted a DFT study with the B3LYP functional 
and the 6-31G basis set.

DFT analyses
Frontier molecular orbitals analysis (FMOs)
The FMO analysis is performed to assess the reactivity and characterize the nature of the excess electrons in 
the designed systems46. Furthermore, the calculated energy values and the global descriptors are presented in 
Table 3.

As shown in Table  3, the HOMO and LUMO values were calculated to be -5.3592  eV and − 1.0568  eV, 
respectively. The energy difference between HOMO and LUMO is thus 4.3023 eV, indicating a significant gap. 

ID Absorption Distribution Metabolism Excretion Toxicity

Intestinal absorption 
(human) VDss (human)

BBB 
permeability

CNS 
permeability

Substrate Inhibitor

Total clearance
AMES 
toxicity

CYP

2D6 3A4 1A2 2C19 2C9

Numeric (% Absorbed)
Numeric (Log 
L/kg)

Numeric 
(Log BB)

Numeric 
(Log PS) Categorical (Yes/No)

Numeric (Log 
ml/min/kg)

Categorical 
(Yes/No)

29 89.97 0.41 -0.078 -2.074 No Yes No Yes Yes -0.335 No

38 88.94 -0.15 -0.08 -1.78 No Yes Yes Yes Yes -0.067 Yes

40 90.6 -0.161 -0.086 -1.833 No Yes Yes Yes Yes -0.132 Yes

Table 2.  ADMET prediction of selected molecules.

 

Compounds

Property

Lipinski’s violations Synthetic accessibilityMW HBA HBD n-Rot TPSA LogP

Threshold < 500 < 10 < 5 ≤ 10 ≤ 140 ≤ 5 ≤ 1

29 344.84 3 3 6 61.36 4.80 Yes 3.20

35 378.39 3 3 6 61.36 5.16 Yes 3.35

38 398.38 3 3 4 61.36 4.83 Yes 3.30

40 364.83 3 3 4 61.36 4.46 Yes 3.18

Table 1.  Lipinski’s role in the selection of four inhibitors. MW molecular weight, HBA H-bonds acceptors, 
HBD H-bonds donor, n-Rot number of rotatable bonds, TPSA topological polar surface area, LogP logarithm 
of the partition coefficient.

 

Scientific Reports |         (2025) 15:2199 3| https://doi.org/10.1038/s41598-025-85707-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


This Egap suggests a potential charge transfer interaction within the studied molecule, indicating that the chosen 
molecule exhibits high chemical stability and low reactivity.

To better understand the distribution of electronic density for the HOMO and LUMO, we present the 
electronic density for each level in Fig. 1. This figure displays 3D plots or distributions of the HOMO and LUMO 
for the studied molecule.

As shown in Fig. 1, for the studied molecule, the HOMO orbital is located on the fragment 5-((4-chlorophenyl) 
amino)-3-hydroxyindolin-2-one, while the LUMO orbital is found on the group 3-hydroxyindolin-2-one. In 
other words, the group’s 5-((4-chlorophenyl) amino)-3-hydroxyindolin-2-one and 3-hydroxyindolin-2-one act 
as electron donor and acceptor, respectively.

Molecular electrostatic potential analysis (MEP)
Using an electrostatic potential map to analyse the charge distribution and photophysical properties, it is possible 
to identify the regions subject to nucleophilic and electrophilic attack47. Figure 2 displays the MEP diagrams for 
the studied molecule.

Based on the results achieved, the color range for the most active molecule goes from − 6.275 e-2 to 6.275 
e-2, as shown in Fig. 2. In the molecule studied, it can be seen that there is only one region colored red located 
near the oxygen atom. This indicates that this atom is rich in electrons and therefore susceptible to electrophilic 
attack. On the other hand, there are two regions colored blue near the nitrogen atom. This indicates that this 
atom is electron-poor and therefore open to nucleophilic attack.

Molecular docking studies
To investigate molecular docking, we conducted an analysis of the two configurations of the most active 
molecule. Figure 3 presents the R and S configurations of this molecule.

The optimum result obtained, which is the lowest binding energy in kcal/mol for the molecules studied, is 
shown in Table 4.

For the R configuration, the optimum result obtained was the lowest binding energy of -4.743 kcal/mol. The 
molecular docking results for the R-configuration molecules examined are shown in Fig. 4.

Upon visual analysis of the results (Fig. 4), two hydrogen bonds are observed with the residues Lys-111, and 
Ala-162, with distances of 2.53 Å and 2.89 Å, respectively. Additionally, there are four alkyl and Pi-alkyl bonds 
with the residues Val-96, Leu-212, Ala-109, and Leu-88 with distances of 4.87 Å, 4.69 Å, 4.31 Å, and 5.00 Å, 
respectively. These results suggest that the molecule studied, compound No. 29 with R-configuration, could 
potentially serve as an effective inhibitor of the 1H1W receptor.

Fig. 1.  The FMOs of studied molecules.

 

Parameters Molecule N° 29

ELUMO/eV -1.0568

EHOMO/eV -5.3592

Egap/eV 4.3023

Table 3.  Chemical reactivity descriptors.
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For the S configuration, the optimum result obtained was the lowest binding energy of -5.026 kcal/mol. The 
molecular anchoring results for the S-configuration molecules examined are shown in Fig. 5.

Upon visual analysis of the results (Fig. 5), two hydrogen bonds are observed with the residues Lys-111 and 
Ala-162, with distances of 2.74 Å and 1.98 Å, respectively. Additionally, there are four alkyl and Pi-alkyl bonds 
with the residues Val-96, Leu-212, Ala-109, and Leu-88 with distances of 4.98 Å, 4.71 Å, 4.66 Å, and 4.25 Å, 
respectively. These results suggest that the molecule studied, compound No. 29 with S-configuration, could 
potentially serve as an effective inhibitor of the 1H1W receptor.

For the reference molecule, the optimum result obtained was the lowest binding energy of -10.053 kcal/mol. 
The molecular anchoring results for the reference molecule are shown in Fig. 6.

Upon visual analysis of the results (Fig.  6), eight hydrogen bonds are observed with the residues Ser-94, 
Ser-92, Phe-93, Gly-91, Ser-160, Ala-162, Leu-88, and Gly-166, with distances of 2.12 Å, 3.45 Å, 1.77 Å, 2.60 Å, 
1.94 Å, 2.63 Å, 2.86 Å, and 1.69 Å, respectively. Additionally, there is one salt bridge and attractive charge bond 
with the residues Lys-111 at a distance of 2.63 Å and 2.23 Å. Lastly, the molecule establishes four Pi-alkyl bonds 
with the residues Ala-109, Ala-109, and Val-96. These interactions play a pivotal role in advancing key studies, 
underscoring the critical importance of these enzymes in the regulation of cancer cell proliferation48–50. Their 
involvement is particularly significant in the context of lung cancer, where they contribute to understanding the 
molecular mechanisms underlying tumor growth and potential therapeutic interventions.

Fig. 3.  Two possible configurations of molecules No. 29 R (left) and S (right).

 

Fig. 2.  Electrostatic potential maps (blue = electron-poor, red = electron-rich).
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Fig. 4.  The 2/3D interactions between the R-configuration molecule studied and the 1H1W receptor.

 

Ligand Structural formula Binding Energy (kcal/mol)
Binding 
residue

R-Configurations of M. No. 29 -4.743

Lys-111, 
Ala-162, 
Val-96, 
Leu-
212, 
Ala-109 
and 
Leu-88

S -Configurations of M. No. 29 -5.026

Lys-111, 
Ala-162, 
Val-96, 
Leu-
212, 
Ala-109 
and 
Leu-88.

Reference molecule studied of the receptor 1H1W -10.053

Ser-94, 
Ser-92, 
Phe-93, 
Gly- 91, 
Ser 160, 
Ala-162, 
Leu-88, 
Gly-166, 
Lys-111, 
Ala-109, 
Ala-109, 
and 
Val-96

Table 4.  Docking results for compounds studied against potent PDK1 inhibitors (1H1W).
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Fig. 6.  The 2/3D interactions between the reference molecule studied and the receptor 1H1W.

 

Fig. 5.  The 2/3D interactions between the S-configuration molecule studied and the 1H1W receptor.
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These results suggest that the studied molecule targets almost the same residues as those bound to the 
reference molecule, confirming that the two selected inhibitors could serve as effective inhibitors of the 1H1W 
receptor.

Molecular dynamic
The interactions between the protein and the ligand, as indicated by the RMSD, RMSF, and interaction fraction 
parameters, were analyzed to assess the MD trajectories51,52. MD modeling has proven to be an effective method 
for studying the stability of ligand docking poses and the roles of key amino acids in proteins. To assess the 
stability of the complexes and observe the potential binding modes of the ligands, we conducted 200 ns MD 
simulations on the selected molecule.

The RMSD (Root Mean Square Deviation)53 value provides insights into the stability of the ligand-protein 
complex interactions (Fig. 7). In this case, the R-M29 molecule exhibits less stability compared to the S-M29 
compound. However, R-M29 demonstrates good stability beginning at the 100 ns mark, with an RMSD of 4.8 Å, 
accompanied by some fluctuations that do not significantly affect the overall stability of the complex. Additionally, 
an RMSD value of 4.8 Å is generally considered acceptable for comparing the two different structures (ligand 
R-M29 and protein) at the atomic level. On the other hand, the S configuration molecule demonstrates greater 
stability compared to the R configuration. This molecule exhibits consistent stability over 100 ns, from 75 ns to 
175 ns, maintaining a distance of 3.6 Å with no fluctuations. This indicates that the S-configuration experiences 
less deviation during the simulation between the two different structures (ligand S-M29 and protein) at the 
atomic level when compared to the R-configuration molecule. For the reference molecule, the average RMSD 
value of the complex (Reference molecule-1H1W) was approximately 3.2 Å over the 200 ns simulation. The 
molecule exhibited good stability, with a minor fluctuation decrease at 150 ns, dropping to 2.4 Å, which did not 
compromise the stability of the complex when comparing the three molecules. Notably, the molecule S-M29 

Fig. 7.  RMSD of two complex configurations (R and S) M 29-1H1W and the reference molecule-1H1W.
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demonstrated stability similar to that of the reference molecule. The analysis of the interactions obtained between 
the macromolecular complexes of the two configurations of the molecule M29 (R and S) and the reference 
molecule during a 200 ns MD simulation, illustrated in Fig. 8, shows that the macromolecular structure, which 
includes the amino acid LYS-111, exhibited a 70% hydrogen bond interaction and a 30% water bridge interaction. 
Additionally, the amino acid GLU-166 displays a 20% water bridge interaction in molecule S-M29. For the 
complex (R-M29, 1H1W), the macromolecular structure indicated that the amino acid LYS-111 exhibited 10% 
water bridge interactions, while the amino acid GLU-166 showed 70% hydrogen bond interactions and 30% 
water bridge interactions. On the other hand, the structure of the macromolecule (reference molecule 1H1W) 
indicated that the amino acid LYS-111 exhibited 10% hydrogen bond interactions, 5% ionic interactions, and 
40% water bridge interactions, while the amino acid GLU-166 showed 20% hydrogen bond interactions, 40% 
ionic interactions, and 20% water bridge interactions.

Structural modifications in root mean square fluctuations (RMSF)54 were also analyzed to evaluate the 
influence of the two configurations of the M29 molecule (R and S) binding to the target protein in order to 
compare these results with the RMSF findings for the reference molecule. The RMSF results illustrated in 
Fig. 9 indicate that only a limited number of insignificant fluctuations are above 3Å, suggesting that all other 
fluctuations are in a reasonable range. Finally, the two configurations of the M29 molecule (R and S) demonstrate 
good stability during 200 ns of dynamic simulation when compared to the reference molecule binding to the 
target protein 1H1W; however, the R-M29 configuration exhibits greater stability.

Fig. 8.  Interaction fraction of two complex configurations (R and S) M 29-1H1W and the reference molecule-
1H1W.
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Conclusion
To investigate and interpret the relationship between the properties of indolone derivatives and their anti-lung 
cancer activity, we carried out a theoretical molecular modeling study. We selected four indolone derivative 
molecules with the best anti-lung cancer activity in order to assess their drug-like properties. The results 
showed that molecule 29 had acceptable pharmacological properties, making it an excellent candidate for drug 
discovery. A reactivity study using DFT shows that this compound exhibits reactivity at the oxygen and nitrogen 
atoms, allowing it to react with other molecules or enzymes. This compound was analyzed through molecular 
docking studies, which revealed that its interactions with the kinase receptor 1W1H exhibit significant stability, 
primarily due to multiple hydrogen bonds. Furthermore, the selected molecule was optimally positioned within 
the binding cavity of the protein. To further assess the stability of the formed complex, molecular dynamics 
simulations were performed. The results demonstrated that the complex maintained remarkable stability over 
the 100 ns simulation period. Based on these findings, compound 29 can be proposed as a promising anti-cancer 
candidate for the treatment of lung cancer.

Data availability
https://doi.org/10.1016/j.bmc.2019.01.028.

Fig. 9.  RMSF of two complex configurations (R and S) M 29-1H1W and the reference molecule-1H1W.
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