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Introduction
Breast cancer (BC) is a highly complex and multifactorial dis-
ease involving a network of numerous extracellular signal 
transduction pathways, which contributes to it heterogeneity.1,2 
Extracellular signaling is a process where cells produce specific 
molecules that bind to other cells’ receptors, activating intracel-
lular pathways.3 Cell signal transduction is crucial for cancer 
growth and development, with tumor cells exhibiting charac-
teristics such as uncontrolled proliferation, genomic instability, 
and apoptosis evasion.4,5 Modifications to various cell signaling 
pathways promote these processes, often due to mutations in 
oncogenes, mutated proteins, or inactivation of tumor 

suppressor genes.6,7 Breast cancer cells have been subjected to 
various alterations, including calcium-sensitive receptors, 
hypoxia-inducible factor, and apoptotic cell mechanisms.8,9 
Estrogen receptor and human epidermal growth factor recep-
tors are the most researched on which are often directly 
involved in promoting signaling of other pathways, highlight-
ing the importance of signal integration and transduction pro-
cesses in BC progression.4,10

The phosphoinositide 3-kinase (PI3K)/serine/threonine 
kinase (Akt)/mechanistic target of rapamycin (mTOR) complex 
is a crucial pathway for essential cellular activities like metabo-
lism, growth, proliferation, apoptosis, and angiogenesis.11,12 A 
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ABSTRACT

Introduction: Breast cancer (BC) is a heterogeneous disease involving a network of numerous extracellular signal transduction path-
ways. The phosphoinositide 3-kinase (PI3K)/serine/threonine kinase (Akt)/mechanistic target of rapamycin (mTOR) pathway is crucial for 
understanding the BC development. Phosphoinositide 3-kinase, phosphatase and tensin homolog (PTEN), mTOR, Akt, 3-phosphoinositide-
dependent kinase 1 (PDK1), FoxO1, glycogen synthase kinase 3 (GSK-3), mouse double minute 2 (MDM2), H-Ras, and proapoptotic B-cell 
lymphoma 2 (BCL-2) family protein (BAD) proteins are key drivers of this pathway and potential therapeutic targets. Pleurotus ostreatus is an 
edible mushroom that is rich in flavonoids and phenols that can serve as potential inhibitors of proteins in the PI3K/Akt/mTOR pathway.

Aim: This study evaluated the anticancer properties of P ostreatus through a structure-based virtual screening of 22 biologically active com-
pounds present in the mushroom.

Method: Model optimization was carried out on PI3K, PTEN, mTOR, Akt, PDK1, FoxO1, GSK-3, MDM2, H-Ras, and BAD proteins in the 
PI3K/Akt/mTOR pathway and molecular docking of compounds/control inhibitors in the binding pocket were simulated AutoDock Vina in 
PyRx. The drug likeness, pharmacokinetic, and pharmacodynamic features of prospective docking leads were all anticipated.

Result: Several potent inhibitors of the selected key driver proteins in PI3K/Akt/mTOR pathway were identified from P ostreatus. Ellagic 
acid with binding affinities of −8.0, −8.0, −8.1, −8.2, −6.2, and −7.1 kcal/mol on PI3K, Akt, PDK1, GSK-3, MDM2, and BAD, respectively, had 
better binding affinity compared with their reference drugs. Likewise, apigenin (−7.8 kcal/mol), chrysin (−7.8 kcal/mol), quercetin (−6.4 kcal/
mol), and chlorogenic acid (−6.2 kcal/mol) had better binding affinities to PTEN, mTOR, FoxO1, and H-Ras proteins, respectively.

Conclusion: Ellagic acid, apigenin, luteolin, quercetin, chlorogenic acid, chrysin, and naringenin phytochemicals are seen as the better 
lead molecules due to their ability to strongly bind to the proteins under study in this pathway. Analogs of these compounds can also be 
designed as potential drugs.
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ligand binds to a cell-membrane receptor, activating PI3K and 
phosphorylating phosphatidylinositol 4,5-bisphosphate (PIP2), 
which recruits Akt and 3-phosphoinositide-dependent kinase 1 
(PDK1) to the plasma membrane. This phosphorylation stimu-
lates cell survival, growth, and proliferation.13 PI3K/Akt/mTOR 
is a cell signaling pathway involved in growth, proliferation, sur-
vival, motility, metabolism, and immune response regulation.14 It 
is associated with various diseases and syndromes, including 
tuberous sclerosis, Parkinson’s disease, and vascular diseases. The 
dysregulation of this pathway is linked to cancer hallmarks like 
uncontrolled proliferation, genomic instability, and metabolic 
reprogramming and is implicated in up to 60% of human 
tumors.4 PI3K/Akt/mTOR activation is also a major cause of 
cancer cell resistance to antitumor therapies.15 Therefore, the 
PI3K/Akt/mTOR pathway is crucial for understanding the dis-
ease’s development, potential therapeutic targets, and prognostic 
and diagnostic value in BC patients.

Current research has focused on the discovery of multiple 
PI3K inhibitors that can be used alone or in combination with 
other drugs; however, much work still remains to be done.16-21 
The pursuit of natural bioactives as potent PI3K/Akt/mTOR 
pathway inhibitors is justified by the limitations observed in 
synthetic inhibitors. Despite the development of various PI3K 
inhibitors, including first-generation, second-generation, and 
dual PI3K/mTOR inhibitors, their therapeutic efficacy is often 
compromised.21-23 Tumor cell mutations, compensatory feed-
back mechanisms, and significant toxicity have hindered the 
success of these synthetic agents.24 Consequently, research has 
shifted toward using these inhibitors in combination with 
other drugs to enhance their effectiveness, although challenges 
persist.25-27 Natural bioactives present a promising alternative 
due to their potential to offer higher specificity, reduced toxic-
ity, and the ability to overcome resistance mechanisms inherent 
in tumor cells.28 This approach could lead to more effective and 
safer cancer therapies, addressing the shortcomings of current 
synthetic inhibitors.

P ostreatus is an edible mushroom that is rich in nutrients, 
antioxidants and diverse phytochemicals such as flavonoids, 
phenols, and saponins among others.29,30 These bioactive com-
pounds increase its biological and medicinal significance. 
Reports by Effiong et al,30 have shown that P ostreatus contains 
apigenin, benzoic acid, caffeic acid, chlorogenic acid, chrysin, 
cinnamic acid, ellagic acid, ferulic acid, gallic acid, luteolin, nar-
ingenin, phenylacetic acid, quercetin, rutin trihydrate, salicylic 
acid, syringic acid, vanillic acid, and 3,4-dimethoxybenzoic acid 
which have high antioxidant, anticancer, and anti-inflamma-
tory properties. These natural bioactives can be explored in 
relation to their ability to influence the PI3K/Akt signal trans-
duction by interacting with key drivers of the pathway, thereby 
serving as promising drug agents in BC treatment. Therefore, 
this study evaluates the inhibition potential of identified phy-
tochemicals present in P ostreatus against selected key drivers of 
the PI3K/Akt pathway with the aim of identifying novel 
inhibitors and drug promising agents.

Materials and Methods
Protein retrieval and preparation

The 3-dimensional structure of the proteins involved in PI3K 
pathway of BC: PI3K (IE8Y), phosphatase and tensin homolog 
(PTEN) (1D5R), mTOR (1AUE), Akt (3CQW), PKD1 
(1H1W), H-Ras (121P), FoxO1 (3CO6), glycogen synthase 
kinase 3 (GSK-3) (7SXF), MDM2 (1RV1), and proapoptotic 
B-cell lymphoma 2 (BCL-2) family protein (BAD) (7Q16) 
was obtained from the RCSB Protein Data Bank (PDB) 
(https://www.rcsb.org/). The proteins were prepared with 
Chimera 1.17.3. This includes the removal of co-crystallized 
ligands and other nonstandard residues, the addition of hydro-
gen atoms and charges, and the energy minimization of the 
structures.

Ligand library generation and preparation

The ligands used were the flavonoids and phenol compounds 
identified by High Performance Liquid Chromatography 
(HPLC) of P ostreatus (Figure 1). The canonical smiles and 
3-dimensional structure of these ligands were obtained from 
PubChem (https://pubchem.ncbi.nlm.nih.gov/) to create the 
ligand library. Known inhibitors of the proteins under study were 
added to the library to serve as reference compounds (Table 1).

Molecular docking

The molecular docking was carried out using AutoDock Vina 
in PyRx.31,32 Furthermore, the interactions formed after dock-
ing were visualized using Discovery Studio 2021.

ADMET and pharmacologic properties  
of the compounds

The Absorption, Distribution, Metabolism, Excretion and 
Toxicity (ADMET) properties of the best-performing com-
pounds were predicted using pkCSM server according to the 
method described by Xiong et al33 and Effiong et al.34

Molecular dynamics simulation

The study used molecular dynamics (MD) to simulate biologi-
cal behavior, including water molecules and lipid membranes 
using the methods described by Owoloye et al.35 Newton’s 
equations were used to calculate the movements of water, ions, 
small molecules, macromolecules, and complex systems. The 
study focused on the pattern of recognition of ligand-protein or 
protein-protein complexes, focusing on structural motions 
driven by temperature and solute/solvent.36 Desmond 
Schrodinger was conducted to do 100-ns MD simulations, 
whereas docking experiments were used to generate protein-
ligand complexes for MD simulations. The Protein Preparation 
Wizard of Maestro Schrodinger Suite 2017 was used to pre-
process the protein-ligand complex, and all systems were 

https://www.rcsb.org/
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created using the System Builder tool.37-39 The simulation was 
conducted using the OPLS_2005 force field,40 with the solvent 
model with an orthorhombic box as the transferable intermo-
lecular interaction potential 3 points (TIP3P). Counter  
ions were introduced to neutralize the models, and the Number 
of Particles, Pressure and Temperature (NPT) ensemble with 
300 K temperature and one atmospheric pressure was chosen 
for full simulation using the Martyna-Tuckerman-Klein 

Barostat.41 The models were equilibrated before the simulation, 
and the trajectories at a total run of 100 ns were carried out. The 
stability of the simulations was assessed by calculating the root 
mean square deviation (RMSD) of the protein and ligand over 
time before assessing the mean square fluctuation (RMSF) and 
protein-ligand interactions.

Results
Molecular docking

Molecular docking predicts the binding affinity and the struc-
ture formed by the protein-ligand complex.42,43 The information 
on the docking scores of the ligands to the proteins is in 
Supplemental File 1. The visualization of the interactions formed 
by the best ligands and proteins is found in Supplemental File 2.

Screening of phytochemicals against PI3K.  Among the 22 phyto-
chemical compounds, the top 5 were ellagic acid, chrysin, 
quercetin, luteolin, and apigenin and classified by their low 
binding affinities. The binding affinity range among these 
compounds was −8 to −8.7 kcal/mol. The binding affinity of 
the standard inhibitors was −9.7 and −8 kcal/mol for LY294002 
and wortmannin, respectively (Table 2). All the top ligands 
outperformed wortmannin. Ellagic acid with the lowest bind-
ing affinity from the top ligands formed hydrogen bonds with 
TYR867, ASP964, and VAL882. Other interactions include 
Pi-Sulfur with MET953; Pi-Sigma with ILE963, Pi-Pi 
T-shaped with TYR867, and Pi-Alkyl with ILE879, ILE831, 
MET80, ILE963, and MET953 (Figure 2).

Figure 1.  Graphical abstract.

Table 1.  Known inhibitors of the proteins under study.

S/N Proteins Standard drugs/inhibitors

1 PI3K Wortmannin and LY294002

2 PTEN bpV(phen), bpV(pic), VO-OHpic, and 
SF1670

3 mTOR Torin 1, torin 2, vistusertib, and rapamycin

4 Akt LY2780301

5 PDK1 MP7, PKM2 activator 6

6 H-Ras Tipifarnib

7 FoxO1 AS1842856

8 GSK-3 Indirubin, tideglusib, CHIR99021

9 MDM2 Brigimadlin, idasanutlin

10 BAD N-cyclopentyl-3-((4-(2,3-dichlorophenyl) 
piperazin-1-yl) (2-hydroxyphenyl) methyl) 
benzamide
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Screening of phytochemicals against PTEN.  Among the 22 phyto-
chemical compounds, the top 5 were apigenin, luteolin, chloro-
genic acid, naringenin, and chrysin and classified by their low 
binding affinities. The binding affinity range among these com-
pounds was −7.8 to −8 kcal/mol. The binding affinity of the 
standard inhibitors was −8.4, −6.4, and −5.2 kcal/mol for SF1670, 
bpV(phen), and VO-OHpic, respectively (Table 3). Based on the 
binding affinity, all the top ligands outperformed the inhibitors 
bpV(phen) and VO-OHpic but not SF1670. Apigenin with the 
lowest binding affinity from the top ligands formed a hydrogen 
bond with ARG173. Other interactions formed include Pi-
Alkyl with ARG173 and Pi-Pi T-shaped/Amide Pi-stacked 
with TYR176, ARG172, and TYR177 (Figure 3).

Screening of phytochemicals against mTOR.  Among the 22 phy-
tochemical compounds, the top ligands were chrysin, luteolin, 
apigenin, naringenin, and quercetin and classified by their low 
binding affinities. The binding affinity range among these 
compounds was −7.8 to −8.4 kcal/mol. The binding affinity of 
the standard inhibitors was −8.9, −7.6, −6.9, and −6.6 kcal/mol 
for torin 2, vistusertib, torin 1, and rapamycin, respectively 
(Table 4). Based on the binding affinity, all the top ligands 
outperformed the inhibitors vistusertib, torin 1, and rapamy-
cin but not torin 2. Apigenin with the lowest binding affinity 
from the top ligands formed a hydrogen bond with ASP2103 
and a van der Waals interaction with GLU2033 and Pi-Pi 
Stacked/Amide Pi-Stacked with PHE2040 and LEU2032 
(Figure 4).

Table 2.  Binding affinities for top phytochemicals against PI3K.

S/N Ligand Binding affinity (kcal/mol)

1 LY294002 −9.7

2 Ellagic acid −8.7

3 Chrysin −8.5

4 Quercetin −8.4

5 Luteolin −8.3

6 Apigenin −8.0

7 Wortmannin −8.0

Figure 2.  2D visualization of ligand interaction in the PI3K-ellagic acid 

complex.

Table 3.  Binding affinities for top phytochemicals against PTEN.

S/N Ligand Binding affinity (kcal/mol)

1 SF1670 −8.4

2 Apigenin −8.0

3 Luteolin −8.0

4 Chlorogenic acid −7.8

5 Naringenin −7.8

6 Chrysin −7.8

7 bpV(phen) −6.4

8 VO-OHpic −5.2

Figure 3.  2D visualization of ligand interaction in the PTEN-apigenin 

complex.
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Screening of phytochemicals against Akt.  Among the 22 phyto-
chemical compounds, the top ligands were ellagic acid, narin-
genin, quercetin, luteolin, and chlorogenic acid and classified 
by their low binding affinities. The binding affinity range 
among these compounds was −8 to −8.3 kcal/mol (Table 5). 
The binding affinity of the standard inhibitor, LY2780301, was 
−10.3 kcal/mol. Ellagic acid with the lowest binding affinity 
from the top ligands formed hydrogen bonds with ASP292 
and LYS179. Other interactions include Pi-Sulfur with 
MET227 and MET281; Pi-Sigma with VAL164 and 
THR291; and Pi-Alkyl with ALA177, MET227, MET281, 
and VAL164 (Figure 5).

Screening of phytochemicals against PDK1.  Among the 22 
phytochemical compounds, the top ligands were ellagic acid, 
chrysin, naringenin, luteolin, and chlorogenic acid and clas-
sified by their low binding affinities. The binding affinity 
range among these compounds was −8.1 to −8.6 kcal/mol 

(Table 6). The binding affinity of the standard inhibitors was 
10.7 and −9.6 kcal/mol for MP7 and PKM2 activator 6, 
respectively. Ellagic acid with the lowest binding affinity 
from the top ligands formed hydrogen bonds with LYS111 
and SER160. Other interactions include Pi-Sigma with 
VAL96, and Pi-Alkyl with VAL96, LEU212, ALA109, and 
ALA162 (Figure 6).

Screening of phytochemicals against FoxO1.  Among the 22 phy-
tochemical compounds, the top ligands were quercetin, luteo-
lin, ellagic acid, chlorogenic acid, and naringenin and classified 
by their low binding affinities. The binding affinity range 
among these compounds was −6.4 to −6.1 kcal/mol (Table 7). 
The binding affinity of the standard inhibitor, AS1842856, was 
−5.8 kcal/mol. Based on the binding affinity, all the top ligands 
outperformed the inhibitor, AS1842856. Quercetin with the 

Table 4.  Binding affinities for top phytochemicals against mTOR.

S/N Ligand Binding affinity (kcal/mol)

1 Torin 2 −8.9

2 Chrysin −8.4

3 Luteolin −8.2

4 Apigenin −8.0

5 Naringenin −7.9

6 Quercetin −7.8

7 Vistusertib −7.6

8 Torin 1 −6.9

9 Rapamycin −6.6

Figure 4.  2D visualization of ligand interaction in the mTOR-apigenin 

complex.

Table 5.  Binding affinities for top phytochemicals against Akt.

S/N Ligand Binding affinity (kcal/mol)

1 LY2780301 −10.3

2 Ellagic acid −8.3

3 Naringenin −8.1

4 Quercetin −8.1

5 Luteolin −8.1

6 Chlorogenic acid −8.0

Figure 5.  2D visualization of ligand interaction in the Akt-ellagic acid 

complex.
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lowest binding affinity from the top ligands formed hydrogen 
bonds with GLU178, GLN185, and GLU188, and a carbon-
hydrogen bond with SER176. Other interactions include Pi-
Sigma and Pi-Akyl with LEU181 (Figure 7).

Screening of phytochemicals against GSK-3.  Among the 22 phy-
tochemical compounds, the top ligands were ellagic acid, 
quercetin, apigenin, and luteolin and classified by their low 
binding affinities (Table 8). The binding affinity range among 
these compounds was −8.2 to −8.3 kcal/mol. The standard 
inhibitors’ binding affinity was −8.7, −8.6, and −8.2 kcal/mol 
for indirubin, tideglusib, and CHIR99021, respectively. Based 
on the binding affinity, all the top ligands outperformed the 
inhibitor, CHIR99021, but not indirubin and tideglusib. 

Ellagic acid with the lowest binding affinity from the top 
ligands formed hydrogen bonds with VAL198 and ASP263. 
Other interactions include Pi-Sulfur with CYS262; Pi-Sigma 
with LEU251; and Pi-Alkyl with VAL173, LEU195, ALA146, 
CYS262, LYS148, and VAL133 (Figure 8).

Screening of phytochemicals against MDM2.  Among the 22 phy-
tochemical compounds, the top ligands were ellagic acid, chry-
sin, luteolin, chlorogenic acid, and naringenin and classified by 
their low binding affinities (Table 9). The binding affinity 
range among these compounds was −6.2 to −6.7 kcal/mol. The 
standard inhibitors’ binding affinity was −9.3 and −7.1 kcal/
mol, respectively. Based on the binding affinity, none of the top 
ligands outperformed the inhibitors. Ellagic acid with the low-
est binding affinity from the top ligands formed hydrogen 
bonds with ASP68, GLU69, and TYR67 and a carbon-hydro-
gen bond with LEU66. It also formed Pi-Pi Stacked interac-
tions with TYR76 (Figure 9).

Screening of phytochemicals against H-Ras.  Among the 22 
phytochemical compounds, the top ligands were chlorogenic 
acid, luteolin, ellagic acid, apigenin, and quercetin and classified 

Table 6.  Binding affinities for top phytochemicals against PDK1.

S/N Ligand Binding affinity (kcal/mol)

1 MP7 −10.7

2 PKM2 activator 6 
(compound Z10)

−9.6

3 Ellagic acid −8.6

4 Chrysin −8.3

5 Naringenin −8.2

5 Luteolin −8.2

6 Chlorogenic acid −8.1

Figure 6.  2D visualization of ligand interaction in the PDK1-ellagic acid 

complex.

Table 7.  Binding affinities for top phytochemicals against FoxO1.

S/N Ligand Binding affinity (kcal/mol)

1 Quercetin −6.4

2 Luteolin −6.2

3 Ellagic acid −6.2

4 Chlorogenic acid −6.1

5 Naringenin −6.1

6 AS1842856 −5.8

Figure 7.  2D visualization of ligand interaction in the FOXO1-quercetin 

complex.
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by their low binding affinities (Table 10). The binding affin-
ity range among these compounds was −9.5 to −8.6 kcal/mol. 
The binding affinity of the standard inhibitor, tipifarnib, was 
−9.2 kcal/mol. Based on the binding affinity, only chlorogenic 
acid outperformed tipifarnib. Chlorogenic acid with the lowest 
binding affinity from the top ligands formed hydrogen bonds 
with ASP119, LYS147, ALA146, LYS117, SER17, GLY15, 
ALA11, LYS16, GLY13, and ASP33. It also formed a car-
bon-hydrogen bond with ASP33, a Pi-Alkyl interaction with 
ALA18, LYS117, and ALA146 and a Pi-Sigma interaction 
with PHE28 (Figure 10).

Screening of phytochemicals against BAD.  Among the 22 phyto-
chemical compounds, the top ligands were ellagic acid, quercetin, 
chlorogenic acid, apigenin, and luteolin and classified by their low 
binding affinities (Table 11). The binding affinity range among 
these compounds was −7.1 to −6.6 kcal/mol. The binding affin-

ity of the standard inhibitor N-cyclopentyl-3-((4-(2,3-dichloro-
phenyl) piperazin-1-yl) (2-hydroxyphenyl) methyl) benzamide 
(NPB) was −7.8 kcal/mol. Based on the binding affinity, none of 
the top ligands outperformed NPB. Ellagic acid with the low-
est binding affinity from the top ligands formed hydrogen bonds 
with GLU180, ASN224, TYR128, and ARG56. It formed a Pi-
Sulfur interaction with ARG127, Pi-Sigma, and Pi-Alkyl inter-
actions with VAL176 and ARG127 (Figure 11).

Pharmacologic properties of compounds

The pharmacologic properties of selected hit compounds, 
ellagic acid, apigenin, quercetin, and chlorogenic acid, are 
depicted in Table 12. The water solubility (log M/L) was all 

Table 8.  Binding affinities for top phytochemicals against GSK-3.

S/N Ligand Binding affinity (kcal/mol)

1 Tideglusib −8.7

2 Indirubin −8.6

3 Ellagic acid −8.3

4 Quercetin −8.2

5 Apigenin −8.2

6 Luteolin −8.2

7 CHIR99021 −8.2

Figure 8.  2D visualization of ligand interaction in the GSK-3-ellagic acid 

complex.

Table 9.  Binding affinities for top phytochemicals against MDM2.

S/N Ligand Binding affinity (kcal/mol)

1 Brigimadlin −9.3

2 Idasanutlin −7.1

3 Ellagic acid −6.7

4 Chrysin −6.6

5 Luteolin −6.5

6 Chlorogenic acid −6.2

7 Naringenin −6.2

Figure 9.  2D visualization of ligand interaction in the MDM2-ellagic acid 

complex.
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negative values. Likewise, negative results were observed for 
blood-brain barrier (BBB) penetrability for all compounds. A 
high intestinal absorption was predicted for all compounds 
except chlorogenic acid, which reported a low intestinal absorp-
tion. All the compounds were P-glycoprotein substrates (Table 
12). As seen in Figure 12, the boiled egg shows that except for 
the Topological Polar Surface Area (TPSA) of chlorogenic 
acid and the LogP of apigenin, the compound parameters are 
all in the acceptable range for a drug.

Cytochrome P450 potentials of the compounds

The inhibitory properties of the ellagic acid, apigenin, querce-
tin, and chlorogenic acid on cytochrome P450 (CYP) isoforms 
are contained in Table 13. None of the compounds were able to 
inhibit CYP3A4, CYP2D6, and CYP2C9; likewise, none of 
the compounds were substrates of CYP2D6 and CYP3A4. All 
compounds except chlorogenic acid were able to inhibit 
CYP1A2. Only apigenin and quercetin were able to inhibit 
CYP2C9.

Excretion and toxicity properties of the compounds

The excretion and toxicity studies of the selected compounds 
were examined as shown in Table 14. The compounds showed 
no AMES toxicity and hepatotoxicity. None of the compounds 
were inhibitors of human ether-à-go-go-related gene (hERG) 
I and hERG II inhibitor.

Molecular dynamics simulation

The MD simulation of ellagic acid was carried out on PI3K 
and Akt. The selected ligands were tested for conformational 
stability within the receptor’s binding pocket. We studied the 
protein-ligand root mean square deviation (RMSD), protein 
root mean square fluctuation (RMSF), ligand RMSF, protein 
secondary structure, protein-ligand interactions, and ligand 

Table 10.  Binding affinities for top phytochemicals against H-Ras.

S/N Ligand Binding affinity (kcal/mol)

1 Chlorogenic acid −9.5

2 Tipifarnib −9.2

3 Luteolin −8.8

4 Ellagic acid −8.8

5 Apigenin −8.7

6 Quercetin −8.6

Figure 10.  2D visualization of ligand interaction in the chlorogenic acid in 

complex with H-Ras.

Table 11.  Binding affinities for top phytochemicals against BAD.

S/N Ligand Binding affinity 
(kcal/mol)

1 N-cyclopentyl-3-((4-(2,3-
dichlorophenyl) piperazin-1-yl) 
(2-hydroxyphenyl) methyl) benzamide

−7.8

2 Ellagic acid −7.1

3 Quercetin −7.0

4 Chlorogenic acid −6.6

5 Apigenin −6.6

6 Luteolin −6.6

Figure 11.  2D visualization of ligand interaction in the BAD-ellagic acid 

complex.
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torsion profile. The RMSD is the average deviation in the dis-
placement of a collection of atoms relative to a reference frame 
for a particular frame. Ellagic acid-Akt complex (lig-fit-prot) 
reached equilibrium at 58 ns. However, the equilibrium was not 
maintained until the conclusion of the evolution (100 ns) and 
ended at 62 ns, with lowest and maximum values of 0.60 and 
3.00 Å, respectively (Figure 13A and B). However, the ellagic 
acid-PI3K complex (lig-fit-prot) attained equilibrium after the 
first 8 ns and held it until the end. The ellagic acid-PI3K com-
plex (lig-fit-prot) achieved equilibrium after 8 ns and held it 
until the conclusion of the evolution (100 ns), with minimum 
and maximum values of 2.60 and 3.80 Å, respectively (Figure 
13A and B).

The Cα atoms in the ellagic acid-Akt (Figure 13A) and 
ellagic acid-PI3K (Figure 13B) complexes showed constant 
variation after 1.8 and 3.4 Å, which lasted throughout the 
model. The equilibrium in the Cα atoms of the ellagic acid-
PI3K complex lasted 90 ns (10-100 ns), whereas the equilib-
rium in the ellagic acid-Akt complex only lasted 4 ns 
(58-60 ns).

The RMSF describes local variations in the protein chain 
(Figure 13C and D). Local variations in the Akt and PI3K 
amino acid residues were examined over a 100-ns simulated 
run duration. Figure 13C and D shows a maximum loop region 
fluctuation of 5.4 Å across all models. Interestingly, there was a 
significant variation in the loop regions when comparing 
within models. The amino acid residues in Akt and PI3K mod-
els fluctuated between 0.5 to 4.0 Å and 0.6 to 6.0 Å, 
respectively.

Ellagic acid complex with lead compounds (E: Akt, 3CWQ; 
F: PI3K, 1E8Y): percentage of protein-ligand interactions 
observed over a 100-ns simulation run duration. The stacked 
bar charts illustrate the various forms of interactions between 
the ligands and the ellagic acid complex. The legend above dis-
plays the kind of interactions that occurred using the color 
code. The colors green, blue, purple, and red indicate hydrogen 
bonds, water bridges, hydrophobic bonds, and ionic bonds, 
respectively. Protein-ligand interactions were tracked through-
out the simulation (Figures 13E and F).

Hydrogen bonds are vital in protein-ligand binding. In the 
ellagic acid-Akt complex, the conserved residues that gener-
ated hydrogen bond contacts were Lys158, Lys179, Glu228, 
Ala230, and Asp292, while in the ellagic acid-PI3K complex, 
they were Lys421, Leu475, Asn522, Arg614, Gln646, Glu649, 
Arg679, and Lys683. Hydrophobic contacts also developed 
between Val164, Ala177, and Met281 in the ellagic acid-Akt 
complex, as well as between Ile420, Val645, Ala676, and Lys683 
in the ellagic acid-PI3K complex. Ionic bonds were only found 
in the ellagic acid-Akt complex generated by the Asp 292 resi-
due; the ellagic acid-PI3K complex did not have ionic bonds. 
The simulation findings also showed that amino acid residues 
can be conserved by forming water bridges. The ellagic acid-
Akt complex created water bridges with 12 of the 23 amino 
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Figure 12.  Radar charts generated by ADMETlab 2.0 tool with the chemical space of apigenin (A), chlorogenic acid (B), ellagic acid (C), and quercetin (D) 

on the upper and lower limits of crucial features for the drug likeness.

Table 13.  The metabolism properties of the hits.

Compounds CYP2D6 
substrate

CYP3A4 
substrate

CYP1A2 
inhibitor

CYP2C19 
inhibitor

CYP2C9 
inhibitor

CYP2D6 
inhibitor

CYP3A4 
inhibitor

Ellagic acid No No Yes No No No No

Apigenin No No Yes Yes No No No

Quercetin No No Yes No No No No

Chlorogenic acid No No No No No No No
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acid residues, including Leu156, Lys158, Thr160, Lys179, 
Glu198, Thr211, Ala230, Glu228, Glu234, Asp292, Tyr437, 
and Asp439. The water bridges generated in the ellagic acid-
PI3K complex involved 15 of the 28 amino acid residues, which 
are Arg359, Ile420, Lys421, Leu423, Leu475, Arg477, Asn522, 
Gln601, Arg614, Glu638, Asn639, Ala642, Asp674, Arg679, 
and Lys683.

Discussion
HPLC analysis of P ostreatus has revealed a wealth of phenols, 
flavonoids, and unidentified saponins in its extracts. These 
compounds have potential anticancer properties, such as pre-
venting cancer cell proliferation through mechanisms like cell 
cycle interruption and apoptosis induction.44,45 However, the 
exact mechanisms underlying these effects remain elusive, and 
their specific impact on BC is scarcely explored. To fully har-
ness the therapeutic potential of P ostreatus, in silico analysis 
was carried out to elucidate their molecular targets, and evalu-
ate their efficacy in BC with respect to the PI3K/Akt/mTOR 
pathway.

The PI3K/Akt/mTOR pathway plays a crucial role in BC 
development as it is linked to a number of cancer markers. The 
PI3K/Akt/mTOR pathway is a complex network of proteins 
that regulates cell growth, survival, and proliferation.14,46 The 
selected proteins in this study which consists of PI3K, PTEN, 
mTOR, Akt, PDK1, FoxO1, GSK-3, MDM2, H-Ras, and 
BAD play crucial roles in the activation of the PI3K/Akt/
mTOR pathway enabling it to elucidate its downstream 
effects.14 Overactivation of these proteins, which is often 
caused by phosphatidylinositol-4,5-bisphosphate (PIK3CA) 
gene mutations, promotes cell proliferation, survival, and 
migration, all of which contribute to BC progression.47,48 
PTEN, a tumor suppressor, acts as an antagonist to PI3K, 
inhibiting excessive PI3K signaling. mTOR, a Akt, regulates 
cell proliferation, survival, and protein synthesis.11 Akt, key 
regulator protein in this pathway, encourages cell survival, pro-
liferation, growth, angiogenesis, and metastasis. Overactivation 
of PDK1 leads to increased Akt activity, which promotes can-
cer.11 FoxO1, a transcription factor involved in cell cycle arrest, 
apoptosis, and glucose metabolism, is also affected by Akt 

phosphorylation.46 Overexpression of MDM2, a ubiquitin 
ligase that targets p53, can lower p53 levels, hence promoting 
cancer. Mutations in H-Ras may activate the PI3K pathway, 
which contributes to cancer.47,48

The bioactive compounds identified in P ostreatus include 
2,5-dihydroxybenzoic acid, caffeic acid, phenylacetic acid, 
trans-cinnamic acid, quercetin, naringenin, chrysin, 
3,4-dimethoxybenzoic acid, gallic acid, 4-hydroxybenzoic acid, 
salicylic acid, p-coumaric acid, rutin hydrate, o-coumaric acid, 
benzoic acid, chlorogenic acid, luteolin, 4-methoxycinnamic 
acid, and other 6 unidentified flavonoid compounds. Gallic 
acid, syringic acid, and ferulic acid have been reported to reduce 
proliferation and angiogenesis in BC cells by decreasing the 
phosphorylation of mTOR and Akt proteins in the PI3K/Akt/
mTOR pathway.49,50 Quercetin and apigenin inhibit the acti-
vation of Akt by increasing phosphatases activity and decreas-
ing kinases activity, resulting in the suppression of mTOR 
signaling, cell growth, and evasion of apoptosis.51-54 Most of 
the phenolic and flavonoid compounds identified have been 
reported to modulate the PI3K/Akt/mTOR pathway by inter-
action with the Akt, mTOR, and PI3K proteins, among others. 
This could be as a result of their high antioxidant, anti-inflam-
matory, anti-proliferative, and anticancer properties.

The in silico evaluation of the interaction between the bioac-
tive compounds in P ostreatus and selected proteins in the 
PI3K/Akt/mTOR pathway revealed the potential of these 
compounds as candidates for BC treatment. The best hits’ 
binding affinities were lower than the reference drugs indicat-
ing a high-affinity binding. Postscreening analysis was used to 
identify the type of interactions and bond lengths between the 
different compounds and the selected proteins. Ellagic acid is 
an ellagitannin that inhibits various signaling pathways 
involved in cancer cell proliferation and survival. It also 
improves DNA repair and inhibits enzymes that enable cancer 
cells to evade cell death.55 Ellagic acid was found to be a top 
ligand for 6 out of the 10 selected proteins in the PI3K/Akt/
mTOR pathway. It outperformed the reference drugs of PI3K, 
Akt, PDK1, GSK-3, MDM2, and BAD proteins, indicating 
that they are promising drug agents (Figure 1). These findings 
are similar to the reports of Mohammed Saleem and Selim,56 

Table 14.  Excretion and toxicity properties.

Compounds Total 
clearance  
(log mL/min/kg)

AMES 
toxicity

Max tolerated 
dose (log mg/
kg/day)

hERG I 
inhibitor

hERG II 
inhibitor

Oral rat acute 
toxicity  
(mol/kg)

Hepatotoxicity

Ellagic acid 0.537 No 0.476 No No 2.399 No

Apigenin 0.566 No 0.328 No No 2.450 No

Quercetin 0.407 No 0.499 No No 2.471 No

Chlorogenic acid 0.307 No −0.134 No No 1.973 No

Abbreviations: hERG, human ether-à-go-go-related gene.
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Figure 13.  (A) Line plot illustrating the progression of RMSD during MD simulations of the ellagic acid complex with Akt (3CWQ). The left frame displays 

the RMSD value for ellagic acid—Cα, whereas the right frame displays the ligand’s RMSD value. Lig-fit-lig shows the RMSD of a ligand that has been 

aligned and measured in its reference (first) conformation. (B) Line plot illustrating the progression of RMSD during MD simulations of the ellagic acid 

complex with PI3K (1E8Y). The left frame displays the RMSD value for ellagic acid—Cα, whereas the right frame displays the ligand’s RMSD value. 

Lig-fit-lig shows the RMSD of a ligand that has been aligned and measured in its reference (first) conformation. (C) The root mean square fluctuation 

(RMSF) describes local variations in the protein chain (Akt, 3CWQ). (D) The root mean square fluctuation (RMSF) describes local variations in the protein 

chain (PI3K, 1E8Y). (E) The stacked bar charts illustrate the various forms of interactions between the Akt (3CWQ) and the ellagic acid complex. (F) The 

stacked bar charts illustrate the various forms of interactions between the PI3K, (1E8Y) and the ellagic acid complex. (G) 2D representation of MD 

simulations of ellagic acid complex and Akt (3CWQ). (H) 2D representation of MD simulations of ellagic acid complex and PI3K (1E8Y).
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Zhao et al,57 Wang et al,58 and Vanella et al,59 with respect to 
prostate cancer, colon cancer, glioblastoma, and prostate cancer 
cell lines, respectively. Other phytocompounds, such as api-
genin, chrysin, quercetin, and chlorogenic acid, were top ligands 
of PTEN, mTOR, FoxO1, and H-Ras proteins, respectively, 
with better binding affinities compared with their reference 
drugs (Figure 1). These reports are in correlation with reports 
of Olayiwola and Gollahon,28 and Čižmáriková et al,55 on the 
chemopreventive and therapeutic abilities of natural com-
pounds in BC.

The absorption and distribution characteristics of 4 bioac-
tive compounds, ellagic acid, apigenin, quercetin, and chloro-
genic acid, were examined. These characteristics are critical for 
maximizing their pharmacokinetics, particularly when 
employed for therapeutic purposes.35 Water solubility is an 
important factor, as apigenin and ellagic acid are less soluble in 
water, which can reduce their absorption in the gastrointestinal 
tract and overall bioavailability when supplied orally. This is 
similar to reports by Kaur et al., Hu et al., Zuccari et al., 
Elendran et al., Chen et al., and Pais et al. 60-65 Another impor-
tant attribute is intestinal absorption, which apigenin and 
ellagic acid exhibit at comparatively high rates, implying greater 
potential bioavailability when taken orally.64,65 Quercetin has 
intermediate absorption, but chlorogenic acid has the lowest 
absorption, indicating restricted oral bioavailability. All 4 
chemicals are P-glycoprotein (P-gp) substrates, which mean 
they are likely to be removed from cells via the P-gp trans-
porter.66,67 Apigenin has the highest BBB permeability among 
the compounds, suggesting a greater likelihood of crossing into 
the brain, making it potentially useful for CNS-related appli-
cations.68 Ellagic acid, quercetin, and chlorogenic acid have 
significantly decreased BBB permeability, indicating their poor 
efficacy for Central Nervous System (CNS) uses unless perme-
ability enhancers are included.68

The interaction of ellagic acid, apigenin, quercetin, and 
chlorogenic acid with CYP enzymes, which are crucial in drug 
metabolism, was examined. These enzymes affect drug pro-
cessing and interactions with other compounds.69,70 Ellagic 
acid, apigenin, and quercetin act as CYP1A2 inhibitors, 
whereas chlorogenic acid does not inhibit any of these enzymes. 
The inhibition activity of ellagic acid, apigenin, and quercetin 
may limit their use in combination with certain medications. 
Apigenin also inhibits CYP2C19, which can alter drug metab-
olism, leading to higher systemic concentrations and increased 
side effects risk.71 Ellagic acid and quercetin do not inhibit this 
enzyme, suggesting fewer potential interactions. None of the 
compounds inhibit CYP2C9, CYP2D6, or CYP3A4 enzymes, 
which play critical roles in drug metabolism. This lack of inhi-
bition reduces the risk of metabolic disruptions or drug-drug 
interactions with medications metabolized by these enzymes.71 
These metabolism properties provide insights into how these 
compounds might be metabolized in the body and their poten-
tial for combination therapies.

The study examined the excretion and toxicity properties 
of 4 bioactive compounds: ellagic acid, apigenin, quercetin, 
and chlorogenic acid. The compounds tested negative for 
AMES toxicity, indicating they do not cause DNA mutations 
and are unlikely to have mutagenic or carcinogenic effects.72,73 
Quercetin had the highest maximum tolerated dose (MTD), 
suggesting it can be administered at higher doses without sig-
nificant toxicity. However, chlorogenic acid showed a nega-
tive MTD value, suggesting a lower tolerated dose, potentially 
limiting its use due to toxicity concerns at higher doses. No 
compounds inhibited hERG potassium channels, suggesting 
they do not pose a risk of cardiotoxicity. Oral rat acute toxic-
ity measured the acute toxicity of the compounds when 
administered orally to rats, with higher values representing 
lower toxicity. Hepatotoxicity, the potential of a compound to 
cause liver damage, was not identified in any of the 
compounds.

The MD simulations of ellagic acid with the proteins 
phosphoinositide-3-kinase (PI3K) and Akt indicated signifi-
cant differences in stability and interactions. The ellagic acid-
PI3K complex achieved a more stable and consistent 
equilibrium, but the ellagic acid-Akt complex reached equi-
librium later and only held it for 4 ns before becoming unsta-
ble again. This indicates that ellagic acid has a more permanent 
connection with PI3K, but the contact with Akt is more tran-
sitory and unstable. The Cα atom fluctuations confirmed 
these findings, with the ellagic acid-PI3K complex exhibiting 
steady fluctuations throughout the simulation, maintaining 
equilibrium for 90 ns. The ellagic acid-Akt complex demon-
strated short-term equilibrium, lasting only 4 ns, with higher 
fluctuations (3.4 Å). Phosphoinositide 3-kinase has a more 
constant structural backbone (Cα atoms) than Akt, suggest-
ing that ellagic acid fits better in its binding pocket. The 
RMSF analysis indicated significant local variations along 
the protein chains, with both complexes’ loop regions demon-
strating remarkable flexibility. Both complexes created hydro-
gen bonds, hydrophobic interactions, and water bridges; 
however, the distribution and types of interactions differed. 
The ellagic acid-PI3K complex created more constant water 
bridges, possibly contributing to the overall stability of the 
interaction. Furthermore, the ellagic acid-Akt combination 
demonstrated ionic bonding, which was lacking in the PI3K 
complex.

Conclusions
The key findings of this study reveal that various phytochemi-
cals have the potential to inhibit the different genes of the 
PI3K pathway of BC. Phytochemicals such as ellagic acid, api-
genin, luteolin, quercetin, chlorogenic acid, chrysin, and narin-
genin are seen as the better lead molecules due to their ability 
to strongly bind to the proteins under study in this pathway. 
Ellagic acid, apigenin, quercetin, and chlorogenic acid showed 
favorable excretion and toxicity properties, with moderate 
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clearance rates, no mutagenic activity, acceptable MTDs, low 
acute oral toxicity, and no hepatotoxicity or cardiotoxicity con-
cerns. Molecular dynamics (MD) simulation study of ellagic 
acid-Akt and ellagic acid-PI3K complexes highlights signifi-
cant differences in their binding dynamics. Ellagic acid binds 
more stably to PI3K, as shown by faster equilibrium accom-
plishment, persistent RMSD stability, and strong protein-
ligand interactions. However, its interaction with Akt is less 
stable, with shorter equilibrium periods and more oscillations. 
Therefore, analogs of these compounds can also be designed as 
potential drugs. In vivo studies should be carried out to validate 
these findings.
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