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A B S T R A C T

The PI3K/AKT/mTOR pathway is central in regulating key cellular processes such as prolifera
tion, survival, metabolism, and angiogenesis. Dysregulation of this pathway, particularly in the 
AKT2 isoform, is commonly observed in cancers such as breast, ovarian, and pancreatic cancers, 
leading to enhanced tumor progression, metastasis, and therapeutic resistance. Therefore, tar
geting AKT2 for inhibition is a promising strategy for cancer therapy. This study utilized mo
lecular docking and dynamics simulations to identify natural phytochemicals that inhibit AKT2. 
Molecular docking results revealed that millettone (CID 442810) exhibited the highest binding 
affinity to AKT2, with a docking score of − 9.5 kcal/mol, followed by uzarigenin (CID 92760), 
dihydrobiochanin A (CID 439784), and abyssinone I (CID 442152) with docking scores of − 9.0 
kcal/mol, − 8.9 kcal/mol, and − 8.7 kcal/mol respectively, outperforming the control inhibitor, 
ipatasertib (CID 24788740) docking score of − 7.56 kcal/mol. Molecular dynamics simulations 
indicated that millettone, uzarigenin, and dihydrobiochanin A demonstrated strong binding af
finities and stable interactions with AKT2, suggesting their potential as therapeutic agents for 
cancers that involve AKT2 hyperactivation. Notably, uzarigenin’s superior stability, as evidenced 
by its lower root mean square deviation (RMSD), which measures structural stability, and solvent- 
accessible surface area (SASA), which indicates molecular compactness, highlights its promise as 
a potent inhibitor of AKT2. Future in vitro and in vivo studies will be crucial to confirm the ef
ficacy of these inhibitors in reducing tumor progression and their potential applications. Given 
that AKT2 also plays a role in neuronal survival and plasticity, these compounds may have po
tential applications in neurodegenerative diseases such as Alzheimer’s, warranting further 
investigation into their dual therapeutic relevance.

1. Introduction

The AKT, also known as Protein Kinase B (PKB), is a crucial signal transduction pathway involved in regulating various cellular 
processes, including proliferation, survival, metabolism, and angiogenesis. These processes are fundamental to both normal cell 
physiology and pathological conditions such as cancer [1,2]. In cancer, the PI3K/AKT/mTOR signaling pathway is often dysregulated, 
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leading to uncontrolled cell growth, survival, proliferation, and resistance to apoptosis [3]. Mutations in upstream regulators such as 
PI3K catalytic subunit alpha (PIK3CA) or the tumor suppressor phosphatase and tensin homolog (PTEN), which normally acts as a 
negative regulator of AKT, can result in the constitutive activation of AKT [4]. This hyperactivation of the AKT pathway leads to 
enhanced tumor progression, increased metastatic potential, and resistance to various cancer therapies, making it a prime target for 
therapeutic interventions [5]. In particular, the three isoforms of AKT—AKT1, AKT2, and AKT3—are differentially involved in various 
cancer types [6]. AKT2, for instance, plays a critical role in regulating glucose metabolism and cell survival and is frequently over
expressed or hyperactivated in cancers such as breast, ovarian, and pancreatic cancers [7]. This isoform’s significant contribution to 
tumor cell survival, invasion, and metastasis has driven considerable interest in identifying inhibitors that specifically target AKT2 to 
improve therapeutic outcomes in these malignancies [8].

Inhibitors targeting the PI3K/AKT/mTOR pathway have shown promise in preclinical and clinical studies, either as monotherapies 
or in combination with other anticancer agents. These inhibitors are designed to block the phosphorylation of AKT or interfere with its 
activation or downstream signaling [9,10]. One class of inhibitors includes small molecules such as perifosine, MK-2206, and ipata
sertib, which directly inhibit AKT by binding to its ATP-binding pocket [11]. These inhibitors have shown potential in treating a 
variety of cancers, including breast, prostate, and lung cancers. For example, perifosine, a lipid-based inhibitor, disrupts AKT mem
brane localization and subsequent activation, leading to cell death in cancer cells. Similarly, MK-2206, a non-ATP-competitive in
hibitor, prevents AKT phosphorylation and activation, thereby inhibiting its pro-survival signaling pathways [7,12–15]. Moreover, 
dual inhibitors that target both phosphoinositide 3 kinase (PI3K) and mammalian target of rapamycin (mTOR), such as BEZ235, have 
been developed to block the entire PI3K/AKT/mTOR axis [16]. This approach provides a broader therapeutic effect by inhibiting 
multiple components of the pathway, potentially overcoming the compensatory mechanisms that often lead to drug resistance [17]. 
While these inhibitors hold promise, there are challenges related to toxicity, off-target effects, and the development of resistance, 
which continue to complicate their clinical application [18].

In addition to synthetic inhibitors, natural compounds or phytochemicals have emerged as potential modulators of the AKT 
pathway. Phytochemicals are naturally occurring compounds found in plants, and many have demonstrated anticancer properties by 
modulating key signaling pathways, including the PI3K/AKT/mTOR pathway. These compounds are particularly attractive due to 
their relatively low toxicity and pleiotropic effects [19,20], which allow them to target multiple molecular pathways simultaneously 
[21–23].

Phytochemicals, such as curcumin, quercetin, and resveratrol, have shown significant promise in targeting key components of the 
PI3K/AKT/mTOR pathway [24]. These naturally occurring compounds possess anticancer properties that inhibit tumor growth and 
progression, providing a compelling alternative to synthetic inhibitors [24]. Phytochemicals have garnered attention as potential 
AKT2 inhibitors due to their natural origin and therapeutic properties. For instance, compounds such as saponin C, oleanolic acid, 
spinasterol, 20-hydroxyecdysone, and ecdysone, derived from Achyranthes aspera, have demonstrated inhibitory effects against AKT2 
in molecular docking studies [25]. Additionally, honokiol, a bioactive biphenolic phytochemical, has been reported to inhibit AKT 
activity, contributing to its anticancer effects. These examples underscore the potential of phytochemicals as viable alternatives to 
synthetic inhibitors in targeting AKT2 for cancer therapy [26].

Given the potential of phytochemicals in cancer therapy, there has been growing interest in exploring their use as complementary 
or alternative treatments to existing anticancer therapies. Moreover, phytochemicals can be used in combination with existing ther
apies to enhance treatment efficacy and overcome drug resistance [27,28]. Cancer cells often develop compensatory mechanisms to 
bypass the inhibition of AKT, either by activating alternative signaling pathways or by mutating the target proteins themselves. This 
resistance can reduce the efficacy of AKT inhibitors and limit their long-term success in cancer treatment [29].

The AKT pathway plays a pivotal role in cancer development and progression, making it an attractive target for therapeutic 
intervention. However, challenges such as drug resistance, toxicity, and selectivity remain, necessitating further research into more 
effective and targeted therapies. This study aims to explore the therapeutic potential of targeting key molecules within the AKT 
pathway to enhance treatment specificity and safety in cancer therapy. Through molecular docking and simulation, various thera
peutic agents were identified that interact with critical components of the AKT pathway by revealing their inhibitory effects. These 
findings offer promising insights for developing novel treatments and underscore the need for continued research to validate these 
approaches and advance innovative therapies for improved cancer outcomes.

2. Materials and methods

2.1. Ligand selection

Phytochemicals with known anticancer properties were selected from Dr. Duke’s Phytochemical and Ethnobotanical Databases and 
PubChem. Compounds were prioritized based on documented anticancer activity from existing literature, and their availability in 
databases such as PubChem and Dr. Duke’s Phytochemical and Ethnobotanical Databases. Moreover, flavonoids and terpenoids are the 
most used phytochemicals for cancer treatment and were chosen to target various pathways relevant to cancer progressions, such as 
ERK, PKC, and PI3K/AKT signaling pathway, which is a critical driver of tumor growth and survival [30]. This focused approach aimed 
at identifying ligands with a higher likelihood of inhibiting AKT2, as these pathways are directly involved in its activation and 
downstream pro-survival signaling. Each ligand’s structure was retrieved from the PubChem database, and the corresponding 3D 
structures were downloaded in SDF format.
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2.2. Protein selection

The three-dimensional structure of the (PKBbeta/Akt-2) complexed with isoquinoline-5-sulfonic acid (2-(2-(4-chlorobenzyloxy) 
ethylamino)ethyl)amide (PDB ID: 2JDO) was retrieved from the Protein Data Bank (PDB) [31]. The AKT2 protein structure selected for 
this study contained a well-characterized binding site essential for accurate molecular docking. The protein was prepared for docking 
by removing all bound ligands’ water molecules and adding polar hydrogen atoms.

2.3. Active site prediction

The active site of AKT2 was predicted using CASTP v3.0 (http://sts.bioe.uic.edu/castp/calculation.html) to identify and measure 
potential ligand-binding pockets [32]. The key residues within the active site, as identified by CASTP, were validated by 
cross-referencing with the binding site from the PDB structure to ensure accurate prediction. This tool provided detailed information 
on the active sites, including the names and numbers of the residues involved. These active sites are critical regions on the protein 
where ligands, such as the selected phytochemicals, can bind. This site was further confirmed by superimposing known AKT2 
inhibitors.

2.4. ADMET profiling

ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) profiling was performed on the selected phytochemicals 
using the SwissADME (http://www.swissadme.ch/index.php) and pkCSM (https://biosig.lab.uq.edu.au/pkcsm) tools [33,34]. Only 
compounds meeting the following thresholds were selected for docking studies: molecular weight between 120 and 500 g/mol, 
rotatable bond count between 1 and 10, heavy atom count between 12 and 30, hydrogen bond donors and acceptors each between 
0 and 10, and polar surface area between 4.9 and 104 Å2. Additional criteria included XLOGP between 1 and 5, positive blood-brain 
barrier (BBB) permeability, no violations of Lipinski’s rules indicating that the compounds meet the criteria for drug-likeness, 
including a molecular weight ≤500 g/mol, a LogP value ≤ 5, no more than 5 hydrogen bond donors, and no more than 10 
hydrogen bond acceptors. These guidelines are widely used to predict good absorption and permeation, ensuring that the selected 
compounds have favorable pharmacokinetic properties for oral bioavailability and negative results for AMES toxicity, hepatotoxicity, 
and skin sensitization (Table 1).

2.5. Molecular docking at the active site

The selected compounds that passed ADMET profiling were chosen for molecular docking studies using PyRx 0.8 (https://pyrx. 
sourceforge.io) [35]. Ligands were energy-minimized using Open Babel within the PyRx suite by employing the steepest descent al
gorithm and the Universal Force Field (UFF). The target protein was converted into pdbqt format, Water molecules were removed from 
the protein structures using pyMol (https://www.pymol.org/), and then the polar hydrogens were added to ensure proper protonation 
states of amino acid residues. This step was carried out using PyRx, an integrated virtual screening tool widely used for molecular 
docking studies. PyRx employs AutoDock tools for receptor preparation, ensuring the addition of polar hydrogens and assignment of 
partial atomic charges using the Gasteiger algorithm. This preparation step ensures the accurate modeling of interactions between 
ligands and the active site of the receptor during docking analysis. A grid box was defined around the active site to ensure optimal 
ligand binding. The dimensions of the grid box (x = 47.999, y = 59.779, z = 56.357) were chosen to encompass the entire binding 
pocket, providing sufficient coverage to accommodate ligands of varying sizes and ensuring all key residues within the active site were 
included. The center coordinates of the grid box (x = 18.886, y = 3.501, z = − 2.222) were determined based on structural data and 
known functional regions of the target protein to maximize docking accuracy. The exhaustiveness value was set to 8, a commonly used 
parameter in molecular docking that balances computational efficiency with the thorough exploration of binding poses. This value 
ensures a reliable sampling of potential ligand conformations and orientations. Docking was performed in triplicate to ensure con
sistency, and the results were expressed in kcal/mol, with more negative values indicating stronger binding affinity. The top-ranked 
phytochemicals were analyzed for their interaction with key residues in the AKT2 active site, focusing on hydrogen bonding, hy
drophobic interactions, and π-π stacking. Visualization of docked complexes was performed using Biovia Discovery Studio and PyMol 
to illustrate the molecular interactions.

2.6. Decoy screening of phytochemicals

Ligands that demonstrated better binding affinities than the positive control were selected for decoy screening to assess their 
specificity. The SMILES strings of these ligands were first generated and then input into the DUDE server (https://dude.docking.org), 
which provided corresponding decoy molecules [36]. These decoys are structurally like active ligands but are designed to avoid 
specific interactions with the target protein. In the generator option, each of the phytochemicals has 50 unique compounds which are 
considered as a negative control for each of the sorted chemicals. The decoy SMILES strings were downloaded in text format and 
converted into 3D molecular structures using Open Babel software, resulting in SDF files [37]. These 3D decoy structures were then 
docked with the target protein using the same docking protocols applied to the active ligands. The docking results, including binding 
affinities, were retrieved in CSV format. By comparing the binding affinities of the decoys to those of the active ligands, the specificity 
of the inhibitors was assessed, helping to validate the docking outcomes and ensure the reliability of the identified inhibitors.
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Table 1 
AMDET profiling parameters and shorting criteria.

Molecular Weight 
g/mol [Min-Max]

Rotatable Bond 
Count [Min- 
Max]

Heavy Atom 
Count [Min- 
Max]

H-Bond Donor 
Count [Min- 
Max]

H-Bond Acceptor 
Count [Min-Max]

Polar Area, 
[Angstrom sq] 
[Min-Max]

Complexity 
[Min-Max]

XLOGP 
[Min-Max]

BBB 
permeability

Rules 5 Hepatotoxicity AMES 
toxicity

120–500 1–10 12–30 0–10 0–10 4.9–104 144–494 1–5 Yes No 
violation

No No
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2.7. Molecular dynamics (MD) simulation

Molecular dynamics simulations were conducted using GROMACS v2020.6 to assess the stability of the AKT2-ligand complexes 
over a simulation time of 100 ns. The CHARMM36 force field was employed, and the TIP3P water model was used to solvate the 
system. Ions were added to neutralize the system, and energy minimization was performed to remove any steric clashes. The system 
underwent NVT (isothermal-isovolumetric) equilibration for 100 ps and NPT (isothermal-isobaric) equilibration for 100 ps. The 
production MD simulation was then run for 100 ns. The root mean square deviation (RMSD), root mean square fluctuation (RMSF), 
radius of gyration (Rg), solvent accessible surface area (SASA), principle component analysis (PCA), and covariance were calculated to 
assess the stability and compactness of the complexes over time.

2.8. Visualization of results

Visualization of the molecular docking and simulation results were performed using Biovia Discovery Studio and PyMol. The 
docked complexes were visualized to highlight key binding interactions, including hydrogen bonds, hydrophobic interactions, and 
electrostatic interactions between the phytochemicals and AKT2. The MD simulation trajectories were analyzed to illustrate the time- 
dependent conformational changes and binding stability of the complexes.

2.9. Metabolic pathway analysis

Metabolic pathway analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.genome. 
jp/kegg/pathway.html). The analysis focused on the involvement of AKT2 in cancer-related pathways such as cell survival, apoptosis, 
and proliferation. The pathways were illustrated in a detailed map showing how AKT2 influences downstream targets in the PI3K/ 
AKT/mTOR pathway and its role in various cancers.

3. Result

3.1. Ligand selection

Phytochemicals like terpenoids, their derivatives, and the bioactive compounds from Dr Duke’s database were selected as primary 
ligands for inhibiting AKT protein. Initially, 729 phytochemicals were identified. After removing duplicates, 526 unique compounds 
remained, which CID and canonical smiles have retrieved from the PubChem database for further analysis. Ipatasertib (CID 
24788740), a well-known AKT inhibitor, was selected as the positive control for comparison during the initial screening. As a clinically 
relevant AKT inhibitor, Ipatasertib provides a benchmark to evaluate the binding affinity and efficacy of the screened phytochemicals 
[38].

Fig. 1. Hydrophobicity mapping and molecular interaction of the protein-ligand complex. (A) Surface representation of the protein, color- 
coded according to hydrophobicity (scale bar shown to the left). Blue indicates hydrophilic regions, while brown indicates hydrophobic areas. 
The region of interest, likely a binding site, is circled. (B) Magnified view of the circled binding site showing the ligand (yellow spheres) interacting 
with specific residues of the protein (shown as ribbon representation). Red helices, brown loops, and blue beta-sheets illustrate the secondary 
structure of the protein. The binding interactions between the ligand and the hydrophobic pocket are emphasized.
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3.2. Prediction of active sites for AKT

The CASTp has identified an active site of 761.594 A
̊ 2 Area and a volume of 483.585 A

̊ 3 (Fig. 1A). These values are consistent with 
reported sizes for kinase active sites, which typically range between 400 and 800 Å³ in volume. These dimensions are slightly larger 
than the average for kinases like EGFR (~450 Å³) but smaller than larger kinases such as CDK2 (~600 Å³), suggesting a moderate-sized 
binding pocket well-suited for accommodating diverse ligands (Fig. 1B). Including these contextual comparisons highlights the 
suitability of the AKT2 active site for targeted inhibitor design [39,40]. The active site residues consist of hydrophobic amino acids 
which facilitate hydrophobic interactions essential for ligand binding (Fig. 1A). Polar residues contribute to hydrogen bonding, while 
charged residues enable electrostatic interactions (Table S1). Additionally, aromatic residues may support π-π stacking interactions. 
Together, these residues play a crucial role in stabilizing the ligand binding within the active site through a combination of hydro
phobic, polar, and charged interactions, contributing to the protein’s function and potential inhibition by ligands (Table 2).

3.3. ADMET profiling of sorted phytochemicals

ADMET profiling was performed for the 526 phytochemicals sorted. The compounds were analyzed further for some threshold 
points such as poor absorption or permeation is expected to occur more frequently in the discovery setting when the number of H-bond 
donors exceeds 5, the number of H-bond acceptors reaches 10, the molecular weight (MWT) exceeds 500, and AMES toxicity and 
hepatotoxicity should be negative [41]. Most of the phytochemicals did not satisfy the threshold point that was sought for further 
analysis. Among the total of 526 compounds, only 90 phytochemicals were filtered according to the threshold point. Compounds met 
criteria such as polar surface area, XLOGP, heavy atom count, rotatable bonds, etc., but many failed due to GI absorption, BBB 
permeability, AMES toxicity, hepatotoxicity, or violations of Lipinski’s rules. The control compound, despite high GI absorption and 
BBB permeability, displayed hepatotoxicity and a Lipinski rule violation, limiting its potential as a drug candidate. Out of the total 
screened ligands, 214 failed due to poor GI absorption, 195 due to BBB permeability, 12 due to Lipinski’s rule violations, and 15 due to 
hepatotoxicity and AMES toxicity. In contrast, all phytochemicals demonstrated high GI absorption without hepatotoxicity, satisfying 
essential ADMET criteria for drug discovery. For parameters such as heavy atoms, rotatable bonds, and molecular flexibility, most 
phytochemicals displayed better drug-like properties compared to Ipatasertib (Table S2).

The other parameters of ADMET profiling results such as heavy atoms, rotatable bonds, h-bond acceptors, H-bond donors, max. 
tolerated dose (human), skin sensitization, and minnow toxicity were also analyzed (Data set S1). All these findings suggest that these 
compounds are suitable for further examination through docking and stability testing.

3.4. Molecular docking at the active site

The ADMET-filtered phytochemicals, along with the positive control, were further analyzed through docking in triplicates using 
PyRx (Table S3). For each ligand, the binding energy values from the triplicate docking runs were averaged, and the standard deviation 
was calculated to evaluate consistency across the docking simulations. The top 5 Phytochemicals with a higher binding affinity than 
the positive control were considered potential inhibitors, and their interacting residues were analyzed further. The docking analysis of 
various compounds against AKT2 (PDB: 2JDO) revealed distinct interactions and binding affinities. Additionally, a decoy set was used 
to compare the docking results, ensuring the validity of the docking scores and interactions. Ipatasertib, a control AKT2 inhibitor, 
showed a binding affinity of − 7.56 kcal/mol, interacting via hydrogen bonds with Lys128, Asn151, and Gly22, as well as hydrophobic 
interactions with Val105. The highest binding affinity of the decoy set for AKT2 was − 7.2 kcal/mol, confirming that the ligands under 
investigation outperformed the decoys (Table 3).

The comparative analysis of docking results revealed that millettone had the highest binding affinity of − 9.5 kcal/mol with AKT2, 
exactly same to its decoy, interacting hydrophobically with Val105, Ile24, Lys128, and Ala126, and forming hydrogen bonds with 
Asn209 and Glu162. Uzarigenin also demonstrated strong inhibition with a binding affinity of − 9.0 kcal/mol, interacting hydro
phobically with Val105 and forming hydrogen bonds with Asn209, Gly47, Gly48, Ala49, and His50. Other potent inhibitors included 
Dihydrobiochanin A with a binding affinity of − 8.9 kcal/mol, interacting with residues such as Trp203, Val105, Met205, and forming 
hydrogen bonds with Asn151, Asn218, and Lys128. Abyssinone I exhibited a binding affinity of − 8.7 kcal/mol, also outperforming its 
decoy counterpart (− 9.0 kcal/mol), interacting hydrophobically with Ile24, Ala126, Met267, and forming hydrogen bonds with 
His200, Glu153, Trp203, and Met205. Sainfuran showed a binding affinity of − 8.6 kcal/mol, interacting with residues like Gln222, 
Lys128, Ser127, Asn218, and Ser245, and forming hydrogen bonds with Ala126, His200, and Glu153. The docking results, in com
parison to the decoy set, confirmed that the tested compounds demonstrated stronger binding affinities, validating them as potential 

Table 2 
Classification of active site residues and their roles in ligand binding.

Residue Type Residues Identified Role in Ligand Binding

Hydrophobic Residues ILE, VAL, LEU, ALA, MET Facilitate hydrophobic interactions essential for ligand binding.
Polar Residues THR, SER, ASN, GLN Contribute to hydrogen bonding with ligands.
Charged Residues LYS, GLU Enable electrostatic interactions with ligands.
Aromatic Residues HIS Support π-π stacking interactions, stabilizing ligand binding.
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Table 3 
The Docking affinity with corresponding decoy and interacting residues.

Sl 
no

Chemical CID Docking Score 
(PyRx) (Kcal/mol)

Highest affitnity of 
decoy (PyRx) (Kcal/ 
mol)

Hydrophobic 
Interaction

Bond 
Distance (Å)

Hydrogen/ 
Electrostatic Bond

Bond 
Distance (Å)

1 Ipatasertib 
(control)

24788740 − 7.56 ± 0.5 − 7.2 Lys128 5.46 Asn151 2.64
Val105 4.39 Lys128 2.33
Val105 4.33 Asn151 2.53
​ ​ Gly22 3.47

2 Millettone 442810 − 9.5 ± 0 − 9.5 Val105 3.85 Asn209 2.52
Ile24 5.14
Lys128 3.97 Glu162 3.79
Ala126 5.49

3 Uzarigenin 92760 − 9.0 ± 0 − 7.9 Val105 4.42 Asn209 2.83
Gly47 1.81
Gly48 2.97

His50 5.29 Ala49 2.38
His50 2.26
His50 2.32

4 Dihydrobiochanin 
A

439784 − 8.9 ± 0 − 6.0 Trp203 5.28 Lys128 3.04
Val105 3.99
Met205 5.33 Asn151 2.81
Ala126 4.70 Asn218 1.98

5 Abyssinone I 442152 − 8.7 ± 0.5 − 9.0 Ile24 3.99 His200 2.49
Lys219 4.94

Ala126 5.21 Glu153 3.26
Trp203 3.02

Met267 3.95 Met205 3.62
6 Sainfuran 185034 − 8.6 ± 0.0 − 8.2 Gln222 2.16 Ala126 3.70

Lys128 2.61 Ala176 4.31
Ser127 2.67 Met205 4.27
Asn218 3.07 His200 3.50
Ser245 2.08 Glu153 3.24
Ala126 2.50 Ile24 4.68

Lys219 5.20
Glu153 4.81

Fig. 2. An illustration of the AKT protein binding with ipatasertib and uzarigenin. (A) a zoomed-out view of the AKT protein, highlighting the 
binding pocket where both ligands are positioned. The spatial alignment of the two ligands indicates their similar occupancy within the active site. 
(B) zoomed-in view of the same binding pocket, with the surface color-coded by hydrophobicity, where brown represents hydrophobic regions and 
blue represents hydrophilic regions. This hydrophobicity mapping provides insight into the interactions that contribute to the stability of the ligands 
within the binding site. Uzarigenin (yellow), which was selected for further analysis due to its superior simulation results, occupies a similar position 
as ipatasertib (red) and interacts effectively with both hydrophobic and hydrophilic regions, as visualized in this surface representation.
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inhibitors. Interactions with critical residues like Val105, Lys128, and Asn209 were essential for binding, particularly in inhibitors 
with higher affinities. These residues emerged as crucial targets for enhancing inhibitory potential, and the comparison with the decoy 
results further strengthens the evidence of these compounds’ effectiveness (Fig. S1).

3.5. Molecular dynamics simulation analysis

A 100-ns molecular dynamics (MD) simulation was conducted to assess the stability of ligand-protein interactions in the AKT 
protein, with the primary ligands being ipatasertib (CID 24788740) as the control and uzarigenin (CID 92760) as the test compound. 
Uzarigenin was specifically chosen for detailed analysis because it exhibited better stability and favorable simulation results in 
comparison to other tested ligands. The analysis utilized key metrics such as RMSD, RMSF, SASA, and Rg to evaluate the dynamic 
behavior and compactness of the ligands in their respective binding sites. The spatial comparison of the binding grooves revealed that 
both ligands occupied similar pockets within the protein (Fig. 2A), but only complexes with superior performance in these metrics were 
considered for further evaluation. Uzarigenin demonstrated interactions comparable to the control ligand, maintaining effective 
positioning in the hydrophobic pocket (Fig. 2B). The surface representation, color-coded by hydrophobicity, revealed that both ligands 
interacted with hydrophobic and hydrophilic regions, with brown areas indicating hydrophobic zones and blue areas marking hy
drophilic zones. Uzarigenin effectively occupied the same pocket as ipatasertib, and although the MD simulation revealed slightly 
higher RMSD values for Uzarigenin, indicating increased fluctuation, its overall binding stability was sufficient to warrant further 
investigation. This is why Uzarigenin was chosen to visualize the interaction within the binding pocket.

A 100-ns molecular dynamics (MD) simulation was performed to assess the stability of protein-ligand interactions with AKT for two 
ligands: ipatasertib as the control and uzarigenin (CID 92760) as the test compound. The stability of the complexes was evaluated 
through root means square deviation (RMSD) and root means square fluctuation (RMSF) analyses. The RMSD for the AKT protein 
bound with ipatasertib shows relatively stable values for the protein, fluctuating between 0.3 and 0.5 nm over the 100 ns simulation. 

Fig. 3. RMSD and RMSF analyses of AKT protein interactions over 100 ns. (A) the root means square deviation (RMSD) analysis of the AKT 
protein (blue) and the ligand ipatasertib (red) over 100 ns time scale. The protein shows stable behavior with RMSD fluctuating between 0.3 and 0.5 
nm, while the ligand shows significant fluctuations, reaching up to 6.0 nm at 60–70 ns, before stabilizing around 3.0 nm, indicating unstable ligand 
binding. (B) The RMSD analysis of the AKT protein (blue) and the ligand uzarigenin (red). The protein remains stable with RMSD values between 0.2 
and 0.5 nm, while the ligand shows moderate fluctuations between 0.5 and 1.0 nm, indicating more stable binding compared to ipatasertib. (C) 
RMSF profile of the AKT protein bound to ipatasertib. Significant fluctuations are observed around residues 200–250 and 300–350, indicating 
flexible regions of the protein upon ligand binding. (D) RMSF profile of the AKT protein bound to Uzarigenin shows lower fluctuations in general, 
with peaks around residues 200–300, suggesting that Uzarigenin induces less conformational flexibility in the protein compared to Ipatasertib.

J.K. Paul et al.                                                                                                                                                                                                         Heliyon 11 (2025) e41897 

8 



However, the ligand (Ipatasertib) shows substantial deviations, with its RMSD increasing up to 6.0 nm around the 60–70 ns mark, 
before stabilizing at a value close to 3.0 nm. This suggests significant movement or flexibility of the ligand during the simulation, 
indicating weaker binding interactions with the protein over time (Fig. 3A). On the other hand, uzarigenin is more stable compared to 
ipatasertib, with the protein RMSD fluctuating between 0.2 and 0.5 nm. The ligand (Uzarigenin) shows consistent stability throughout 
the simulation, with RMSD values ranging between 0.5 and 1.0 nm, indicating stronger and more consistent binding compared to the 
control ligand (Fig. 3B). The RMSF analysis for the AKT protein bound with ipatasertib indicates significant fluctuations, particularly 
around residues 200–250 and 300–350, where the values reach up to 0.8 nm. These fluctuations suggest that the binding of ipatasertib 
induces some level of conformational flexibility in the protein, especially in the active site (Fig. 3C). In contrast, the RMSF analysis for 
the AKT protein bound with uzarigenin shows lower fluctuations, generally around 0.2–0.4 nm, with minor peaks around residues 
200–300. This suggests that uzarigenin induces a less conformational change in the protein, implying a more stabilizing effect on the 
AKT structure compared to ipatasertib (Fig. 3D).

The RMSD and RMSF analysis collectively indicate that uzarigenin demonstrates stronger and more stable binding to the AKT 
protein compared to the control ligand, ipatasertib. While ipatasertib shows significant ligand movement and induces more fluctu
ations in the protein, uzarigenin displays more consistent behavior with less conformational flexibility, suggesting that it may have a 
more favorable binding profile with AKT. The RMSD analysis of the AKT and Millettone shows that the protein remains stable with 
fluctuations between 0.3 and 0.5 nm, while the ligand displays significant changes, peaking around 2.0 nm, suggesting variable ligand 
stability (Fig. S2A). The RMSD of dihydrobiochanin A indicates that the protein remains stable, fluctuating between 0.2 and 0.5 nm, 
while the ligand shows larger fluctuations, reaching up to 5.0 nm, reflecting less stable ligand binding (Fig. S2B). Abyssinone I’s RMSD 
shows moderate ligand stability with fluctuations between 0.5 and 3.0 nm, while the protein maintains a stable profile (Fig. S2C). 
Sainfuran displays the highest ligand RMSD fluctuations, reaching up to 5.0 nm, indicating unstable binding, while the protein remains 
stable (Fig. S2D). The other four ligand complexes have more deviation and fluctuations have been observed. The RMSF profiles for all 
ligands reveal varying degrees of protein flexibility, with peaks around residue regions 150–200 and 250–350, indicating that binding 
induces localized flexibility in the AKT protein (Figs. S2E–H).

The solvent-accessible surface area (SASA) and radius of gyration (Rg) analyses provide insight into the structural stability and 
compactness of the AKT protein-ligand complexes during a 100 ns MD simulation with ipatasertib and uzarigenin. The SASA values 
reveal differences in the solvent exposure of the protein surface for the two protein-ligand complexes. The AKT protein complexed with 
ipatasertib, where SASA fluctuates between 202 nm2 and 208 nm2. These fluctuations suggest some changes in surface exposure over 
the simulation, indicating a degree of flexibility in this complex, on the other hand, the AKT protein complexed with uzarigenin 
exhibits slightly lower SASA values, fluctuating between 198 nm2 and 206 nm2. This indicates a more compact and less exposed 
structure compared to the ipatasertib complex, implying that uzarigenin interacts more tightly with the protein, reducing the surface 
area available for solvent interaction (Fig. 4A).

The Rg measures the overall compactness of the protein-ligand complexes. The Gyration value of ipatasertib has ranged between 
2.10 nm and 2.20 nm, suggesting slight fluctuations in the protein’s compactness. The increase in Rg up to 50 ns indicates some 
expansion in the protein structure before stabilizing in the latter half of the simulation. The complex with uzarigenin shows more 
compact Rg values, fluctuating between 2.05 nm and 2.17 nm, suggesting that this complex maintains a more compact and stable 
structure throughout the simulation. This lower Rg indicates stronger binding and reduced flexibility of the protein when bound to 
Uzarigenin compared to ipatasertib. The SASA and Rg analyses suggest that the uzarigenin complex maintains a more compact and 
stable structure with lower solvent exposure, indicating tighter binding and less flexibility (Fig. 4B). In contrast, the ipatasertib 

Fig. 4. Solvent Accessible Surface Area (SASA) and Radius of Gyration (Rg) analyses of AKT protein-ligand complexes over a 100 ns 
simulation. (A) SASA analysis shows surface exposure of the AKT protein-ligand complexes, with the ipatasertib complex (blue) exhibiting higher 
SASA values (~204–208 nm2), indicating greater solvent exposure, while the uzarigenin complex (orange) maintains lower SASA values 
(~200–204 nm2), suggesting a more compact conformation. (B) Radius of Gyration (Rg) analysis reveals that the ipatasertib complex has slightly 
higher Rg values (~2.15–2.20 nm), reflecting a more expanded structure, whereas the uzarigenin complex consistently shows lower Rg values 
(~2.12–2.16 nm), indicating a more compact and stable protein-ligand interaction. Together, these results suggest that uzarigenin promotes a 
tighter and more stable binding conformation compared to ipatasertib.
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complex shows higher SASA and Rg values, suggesting a more exposed and flexible structure. These results imply that Uzarigenin 
forms a more stable and stronger interaction with AKT compared to ipatasertib, which could make it a more effective ligand in this 
context. The other complexes SASA and Rg have also been analyzed further reveal structural instability within these complexes, 
suggesting a potential susceptibility to conformational fluctuations (Fig. S3).

3.6. PCA and dynamic covariance analysis

The principal component analysis (PCA) of the AKT protein complexed with uzarigenin reveals significant insights into the 
conformational dynamics of the system. The scatter plot of PC1 vs. PC2 shows that PC1 accounts for 14.61 % of the total variance, 
while PC2 explains 11.33 %. These two principal components highlight distinct conformational states of the protein-ligand interaction, 
with clear clustering of red and blue points indicating the sampling of different regions during the simulation. The PC1 vs. PC3 plot 
shows that PC3 contributes 7.22 % to the variance, suggesting additional conformational diversity within the complex. The combined 
variance of 33.16 % explained by the first three components indicates that these PCs capture most of the significant motions in the 
system, with PC1 dominating as the key contributor. The eigenvalue rank plot confirms that beyond the first few principal components, 
the explained variance decreases sharply, implying that a limited number of PCs are sufficient to describe the essential dynamics of the 
AKT-uzarigenin complex (Fig. 5A).

Dynamic Covariance analysis further complements the PCA by revealing the degree of correlation between residue movements 
within the AKT-Uzarigenin complex. The dynamic covariance (DC) (Fig. 5B) shows regions of both positive (red) and negative (blue) 
correlations, with moderate intensity. This suggests a balance between coordinated and independent residue movements, indicating 
that while Uzarigenin stabilizes certain regions of AKT through coordinated motions, other areas exhibit more independent dynamics. 
Compared to similar protein-ligand complexes, the covariance pattern here suggests that Uzarigenin induces moderate global stabi
lization but allows for considerable flexibility in specific regions of the protein, providing insight into its potential functional impact on 
AKT’s dynamic behavior.

3.7. Metabolic pathway analysis

The metabolic pathway analysis of the AKT2 reveals significant involvement in cancer-related pathways and cellular signaling 
mechanisms. AKT2 proteins reveal, pathways such as the PI3K-Akt signaling pathway, commonly deregulated in cancers like breast 

Fig. 5. Principal Component Analysis and Dynamic Covariance Matrix of the AKT-uzarigenin complex. (A) PCA scatter plots show the 
relationship between the first three principal components. The PC1 vs. PC2 plot shows PC1 explaining 14.61 % and PC2 explaining 11.33 % of the 
total variance, with distinct clustering of conformational states. The PC1 vs. PC3 plot shows that PC3 accounts for 7.22 % of the variance. The 
bottom-right panel displays the eigenvalue rank plot, highlighting the proportion of variance explained by each principal component, with PC1 
contributing the most variance, followed by PC2 and PC3, together capturing 33.16 % of the system’s total motion. (B) Covariance of residue 
motions in the AKT-Uzarigenin complex. Positive correlations (red) indicate residues moving in a coordinated manner, while negative correlations 
(blue) represent anticorrelated movements. The color intensity scale ranges from − 0.136 to 0.422 nm2, indicating varying degrees of correlation 
among residues across the protein complex.
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cancer (HSA-05224) and colorectal cancer (HSA-05210), highlight the importance of AKT’s function in regulating cell growth, sur
vival, and metabolism. Dysregulation of AKT signaling contributes to uncontrolled cellular proliferation, resistance to apoptosis, and 
enhanced tumor survival, positioning this pathway as a major therapeutic target in oncology.

In addition to its role in cancer, the AKT is also linked to neurodegenerative pathways, particularly Alzheimer’s disease (HSA- 
05010). Proteins like GSK3B, an essential player in tau phosphorylation and neurofibrillary tangle formation, interact with AKT in this 
context [42]. AKT’s regulation of GSK3B activity is vital in controlling tau hyperphosphorylation, a hallmark of Alzheimer’s pathology. 
Furthermore, pathways such as the neurotrophins signaling pathway (HSA-04722) underscore the relevance of AKT in neuronal 
survival and plasticity, suggesting that disruptions in AKT signaling could contribute to synaptic dysfunction and neuronal death 
observed in neurodegenerative diseases (Table 4).

4. Discussion

AKT2 is a critical isoform of the AKT family, heavily implicated in cancers such as breast, ovarian, and pancreatic cancers. Tar
geting AKT2 has been a focal point in cancer therapy due to its role in regulating cell survival, metabolism, and proliferation [43,44]. 
Hyperactivation of AKT2, often caused by mutations in upstream regulators like PI3K or loss of PTEN function, leads to tumor growth, 
metastasis, and resistance to therapy [45]. This study focused on identifying natural compounds with inhibitory potential against 
AKT2 to mitigate its role in oncogenesis, which is vital for the development of effective cancer therapies [46]. Molecular docking 
studies revealed that the phytochemicals millettone, uzarigenin, and dihydrobiochanin A exhibited better binding affinities compared 
to the control compound ipatasertib, a known AKT2 inhibitor (Table 2). Notably, millettone showed the highest binding affinity (− 9.5 
kcal/mol) to AKT2, stabilizing its inactive form through interactions with Val105, Lys128, and Asn209. Decoy screening confirmed its 
specificity, minimizing off-target effects. Uzarigenin demonstrated superior stability in 100 ns MD simulations, with lower RMSD and 
RMSF values than ipatasertib, indicating reduced AKT2 fluctuation. SASA and Rg analyses, along with PCA results, highlighted 
uzarigenin’s tighter, more stable binding, reinforcing its potential as a potent AKT2 inhibitor.

Cardiac glycosides, a class of compounds to which uzarigenin belongs, have demonstrated anticancer activities through the in
hibition of the PI3K/AKT/mTOR signaling pathway. For instance, cerberin, a cardiac glycoside, has been shown to exert anticancer 
effects by inhibiting this pathway [47]. Lanatoside C, another cardiac glycoside, has been reported to induce cell cycle arrest and 
suppress cancer cell proliferation by targeting the PI3K/AKT/mTOR pathway. This suggests that compounds like uzarigenin may share 
similar mechanisms of action [48]. The PI3K/AKT/mTOR pathway is frequently activated in various cancers, making it a critical target 
for therapeutic intervention. Inhibitors of this pathway have shown promise in clinical trials, underscoring the therapeutic relevance of 
compounds that can modulate this signaling cascade [49,50].

The PI3K/AKT/mTOR pathway, the involvement of AKT and its downstream signaling mechanisms in various cellular processes 
such as cell cycle regulation, glucose metabolism, and survival is critical for understanding its role in cancer progression and 
neurological diseases [51](Fig. 6), the activation of AKT through receptor tyrosine kinases (RTKs) and its subsequent impact on 
multiple pathways including mTOR, IKK, and GSK-3β—illustrates how dysregulation of this pathway leads to pathological outcomes 
such as cancer, neurodegenerative diseases, and cardiovascular disorders [52,53]. The crucial role of AKT in cell survival and 
metabolism, with implications for therapeutic strategies that target dysregulation in disease states. Specifically, the activation of AKT 
inhibits pro-apoptotic factors such as BAD and promotes cell proliferation by regulating cell cycle proteins like cyclin D1 [1]. The AKT 
influences glucose metabolism via mTOR, a pathway often hyperactivated in cancer and metabolic disorders like Type 2 diabetes. The 
involvement of AKT in neurological diseases, such as Alzheimer’s and bipolar disorder, can be seen through its interaction with GSK-3β 
(Fig. 6), a protein closely linked to neurodegenerative processes [54,55].

The results of this study align with previous research on phytochemicals like curcumin, quercetin, and resveratrol, which have 
shown potential in modulating the PI3K/AKT pathway and inhibiting cancer progression [56]. Several studies have highlighted the 
critical role of AKT2 in cancer progression, particularly in breast, ovarian, and pancreatic cancers. For instance, Vivanco and Sawyers 
(2002) demonstrated that AKT2 is often overexpressed in breast and ovarian cancer cells, where its hyperactivation leads to increased 
cell survival, enhanced metastatic potential, and resistance to apoptosis [57]. This overactivation is frequently linked to mutations in 
the PI3K pathway or loss of PTEN function, resulting in the constitutive activation of AKT2, driving tumor growth and poor patient 
outcomes. In pancreatic cancer, Cheng et al. (2017) provided insights into the role of AKT2 in promoting cancer cell invasion and 
metastasis. They showed that AKT2, through its regulation of glucose metabolism and cell survival pathways, contributes to the 

Table 4 
Associated Protein pathway of AKT protein.

Term ID Term description False discovery rate Matching proteins in your network (labels)

hsa05213 Endometrial cancer 1.11E-13 PIK3CA, GSK3B, FOXO3, AKT2, PIK3R1, AKT1
hsa05215 Prostate cancer 1.12E-12 PIK3CA, GSK3B, FOXO1, AKT2, PIK3R1, AKT1
hsa04722 Neurotrophin signaling pathway 2.42E-12 PIK3CA, GSK3B, FOXO3, AKT2, PIK3R1, AKT1
hsa05210 Colorectal cancer 5.08E-11 PIK3CA, GSK3B, AKT2, PIK3R1, AKT1, PIK3CB
hsa05224 Breast cancer 1.02E-09 PIK3CA, GSK3B, AKT2, PIK3R1, AKT1, PIK3CB
hsa05226 Gastric cancer 1.02E-09 PIK3CA, GSK3B, AKT2, PIK3R1, AKT1, PIK3CB
hsa05010 Alzheimer disease 7.01E-08 PIK3CA, GSK3B, AKT2, PIK3R1, AKT1, PIK3CB
hsa05205 Proteoglycans in cancer 1.89E-07 PIK3CA, AKT2, PIK3R1, AKT1, PIK3CB
hsa04014 Ras signaling pathway 3.66E-07 PIK3CA, AKT2, PIK3R1, AKT1, PIK3CB
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aggressive nature of pancreatic cancer, making it a crucial target for therapeutic interventions aimed at reducing metastasis and 
improving patient survival [58]. Furthermore, the study by Altomare and Testa (2005) explored the PI3K/AKT pathway and high
lighted AKT2’s involvement in various malignancies, emphasizing its role in tumor cell invasion, resistance to apoptosis, and drug 
resistance [59]. These findings underline the significance of AKT2 as a therapeutic target, particularly for cancers that exhibit 
deregulated PI3K/AKT signaling. In terms of therapeutic development, several small molecule inhibitors have been developed to target 
the PI3K/AKT/mTOR pathway, including AKT2 [60,61]. Inhibitors like MK-2206 and ipatasertib directly target AKT2, demonstrating 
potential in reducing tumor growth by blocking AKT phosphorylation and subsequent downstream signaling [62]. However, chal
lenges such as drug resistance and off-target effects remain prominent issues, prompting further research into alternative inhibitors, 
including natural compounds like phytochemicals [63,64].

Phytochemicals identified in this study, such as uzarigenin, offer a promising alternative to synthetic inhibitors due to their lower 
toxicity and potential to overcome limitations like drug resistance and poor selectivity. These compounds could complement existing 
therapies, enhancing efficacy in cancer treatment. Furthermore, the dual role of AKT2 in cancer and neurodegenerative diseases 
highlights the broader therapeutic applications of these inhibitors, including potential use in conditions like Alzheimer’s. Future 
studies focusing on pharmacokinetics and in vivo efficacy will be critical to translating these findings into clinical applications. 
Uzarigenin’s compact and stable binding profile, as observed through MD simulations, makes it an excellent candidate for further 
experimental validation. To substantiate these results, future research should include conducting kinase inhibition assays to measure 
the compounds’ effects on AKT2 activity. For example, in vitro kinase assays have been used to evaluate the efficacy of AKT inhibitors 
in previous studies. Assessing the impact on cancer cell lines with overactive AKT2 to determine effects on cell proliferation and 
survival. Cell-based assays have been instrumental in understanding the role of AKT2 in cancer progression. Utilizing animal models to 
evaluate the therapeutic potential and safety profile of these compounds. In vivo studies have provided insights into the antitumor 

Fig. 6. Overview of the PI3K/AKT/mTOR Pathway and Its Role in Disease Progression. This figure illustrates the activation of the AKT 
pathway by receptor tyrosine kinases (RTKs) through the PI3K/PDK1 signaling cascade. Upon activation, AKT phosphorylates key downstream 
targets involved in processes such as cell cycle progression, glucose metabolism, and survival. Arrows indicate activation (solid black lines), while 
inhibitory effects are depicted with red lines and blunt-ended arrows. Key downstream components include mTOR, which regulates autophagy, 
inflammation, and neuronal death, and GSK-3β, which is linked to neurological diseases like Alzheimer’s. AKT also inhibits apoptosis by phos
phorylating pro-apoptotic proteins like BAD and activates survival pathways via NF-κB. Dysregulation of this pathway contributes to disease states, 
including cancer, neurodegenerative diseases, and metabolic disorders such as Type 2 diabetes. The color coding distinguishes pathway nodes: green 
for activated targets, red for inhibited components, and blue for regulatory intermediates. This schematic highlights the therapeutic potential of 
targeting specific pathway components for disease management.
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activities of AKT inhibitors [65,66]. The future in vitro and in vivo studies will be crucial to confirm the efficacy of these phyto
chemicals in inhibiting AKT2 and reducing tumor progression. Given that AKT signaling also intersects neurodegenerative pathways, 
these inhibitors could potentially be explored for neuroprotective applications as well.

5. Conclusion

The AKT2 isoform plays a pivotal role in cancer progression, particularly in cancers such as breast, ovarian, and pancreatic. 
Targeting AKT2 for therapeutic interventions remains a significant focus due to its involvement in cell survival, proliferation, and 
glucose metabolism. This study identified phytochemicals, including millettone, uzarigenin, and dihydrobiochanin A, as potential 
inhibitors of AKT2. These compounds demonstrated higher binding affinities compared to the control AKT2 inhibitor ipatasertib, 
indicating their inhibitory potential. Molecular docking and molecular dynamics simulations validated the stability of these inhibitors 
in binding to AKT2, with uzarigenin showing superior stability and compact binding. This stability, coupled with the inhibition of key 
residues in the AKT2 active site, suggests that these compounds may offer new avenues for therapeutic development in cancer. 
Moreover, their effectiveness in targeting AKT2 suggests their applicability across multiple cancer types where AKT2 overexpression or 
dysregulation is a key driver of disease progression. These findings provide a strong foundation for the translational development of 
these inhibitors as targeted cancer therapies. Future in vitro and in vivo studies will be critical to confirm these findings, optimize their 
efficacy, and explore their potential clinical applications in diverse cancer contexts.
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