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ABSTRACT

Background: Alzheimer's disease (AD) is a complex, progressive neurodegenerative disorder whose
pathogenesis encompasses amyloid-f plaque deposition, tau neurofibrillary tangle formation, chronic
neuroinflammation, oxidative stress, and cholinergic deficit. Existing pharmaco-therapeutic agents address only
symptomatic manifestations, leaving a substantial unmet need for disease-modifying, multi-target interventions.
Objectives: To systematically evaluate the multi-target neuroprotective capacity of six phytoconstituents isolated
from the peel of Dioscorea alata L. against AD targets using an integrated network pharmacology and molecular
docking framework.

Methods: Six bioactive compounds — Diosgenin, Quercetin, Cyanidin-3-O-glucoside, Apigenin, Beta-sitosterol,
and Ferulic acid — were retrieved from Dr. Duke'S Phytochemical Database and TCMSP following ADMET-
based screening. Protein targets (n=255) were predicted using SwissTargetPrediction and BindingDB.
Alzheimer's disease genes (n=657) were sourced from GeneCards, DisGeNET, and OMIM. Venn diagram
intersection identified 109 overlapping targets that were subjected to compound—target—disease (CTD) network
construction in Cytoscape (v3.10.2), protein—protein interaction (PPI) network analysis via STRING (confidence
>0.7), hub-gene identification by CytoHubba (MCC), and GO/KEGG enrichment through ShinyGO. Molecular
docking of all six compounds against AKT1, 2ZHR, 1PYX was performed using AutoDock Vina.

Results: The PPI network yielded 70 nodes and 663 edges. AKT1 (degree =56), EGFR (49), TNF (48), ESR1
(47), and SRC (46) ranked as the foremost hub genes. KEGG enrichment highlighted 20 significant pathways
(p <0.05); the PI3K—Akt! signaling pathway, MAPK cascade, apoptosis, and cholinergic synapse pathways
carried the strongest relevance to AD pathogenesis. All six phytoconstituents yielded binding energies against
AKTI, 2ZHR, 1PYX validating predicted compound-target interactions.

Conclusion: Dioscorea alata peel phytoconstituents demonstrate noteworthy multi-target neuroprotective
activity, primarily through AKT1-centred PI3K—Akt1, MAPK, and pro-apoptotic signaling modulation. Apigenin
and Quercetin emerge as priority lead candidates. These findings constitute a rational computational basis for
forthcoming in vitro and in vivo validation.
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INTRODUCTION

Alzheimer’s disease (AD) stands as the most
prevalent neurodegenerative disorder worldwide
and the principal driver of dementia, imposing a
devastating socio-economic burden on ageing
populations and healthcare systems. Its hallmark
neuropathological features comprise extracellular
accumulation of amyloid-} (A) peptides into senile
plaques and intracellular aggregation of hyper
phosphorylated tau into neurofibrillary tangles,
collectively precipitating progressive synaptic loss,
neuronal death, and cognitive decline.!?

The molecular underpinning of AD is inherently
multifactorial. Aberrant enzymatic cleavage of
amyloid precursor protein (APP) by B- and v-
secretes drives A overproduction and aggregation.
Concurrently, pathological tau
hyperphosphorylation  destabilizes microtubule
scaffolding and promotes neurofibrillary tangle
assembly, disrupting axonal transport.!? These
protein pathogenesis trigger a self-perpetuating
cycle of microglial and astrocytic activation,
releasing pro-inflammatory mediators such as TNF-
a, IL-1pB, and IL-6, which further amplify neuronal
injury.3 Mitochondrial dysfunction, oxidative stress,
and progressive degeneration of basal forebrain
cholinergic neurons compound the disease burden.*
Approved pharmacotherapies — acetyl
cholinesterase inhibitors (donepezil, Rivastigmine,
Galantamine) and the NMDA receptor antagonist
Memantine — confer only modest, symptomatic
benefit and do not modify the underlying disease
trajectory.* The multidimensional pathophysiology
of AD necessitates concurrent modulation of several
molecular targets, an objective that single-target
agents are ill-equipped to fulfill.

Network pharmacology, formalized by Hopkins in
2007-2008, reconceptualises drug discovery within
a systems-biology framework by mapping drug—
target—disease relationships across biological
networks.’ This approach resonates naturally with
the polypharmacological mode of action of
phytomedicines. Dioscorea alata L. (purple yam;
family Dioscoreaceae), cultivated widely across
tropical Asia including India, has a peel fraction that
is phytochemical enriched in steroidal saponins
(Diosgenin), flavonoids (Quercetin, Apigenin),
anthocyanins (cyanidin-3-O-glucoside),
phytosterols (beta-sitosterol), and phenolic acids

(Ferulic acid). These constituents possess well-
documented antioxidant, anti-inflammatory, and
neuroprotective properties.®’

Despite this pharmacological foundation, no
systematic network pharmacology analysis of
D. alata peel phytoconstituents targeting AD exists
in the literature, representing a significant gap. The
present study bridges this gap through a
comprehensive in Silico pipeline encompassing
ADMET profiling, target prediction, Venn diagram
intersection analysis, CTD network construction,
PPI network analysis with hub-gene identification,
GO/KEGG functional enrichment, and molecular
docking validation *!. The findings furnish a rational
mechanistic rationale for developing multi-target
neuroprotective agents from D. alata peel.
MATERIAL AND METHOD

2.1 Study Design

This investigation was designed as a fully in Silico
computational study encompassing phytochemical
retrieval, ADMET evaluation, protein-protein
interaction, protein-target prediction, network
construction, enrichment analysis, and molecular
docking. No experimental animals or human
participants were involved. All databases and
software tools employed are freely accessible in the
public domain.

2.2 Retrieval and Screening of Phytochemical
Compounds

Phytochemical constituents of D. alata L. peel were
identified through systematic literature mining and
queried against Dr. Duke’s Phytochemical and
Ethno botanical Databases and TCMSP (Traditional
Chinese  Medicine  Systems  Pharmacology
Database). Canonical SMILES and 2D/3D structural
coordinates in SDF format were retrieved from
PubChem for each identified compound.
Compounds were retained for further analysis only
if they satisfied the following physicochemical
thresholds, consistent with Lipinski’s Rule of Five:8
(1) oral bioavailability >30%; (ii) drug-likeness
>0.18; and (iii) molecular weight <500 Da. Six
compounds meeting all criteria were selected:
Diosgenin, Quercetin, Cyanidin-3-O-glucoside,
Apigenin, Beta-Sitosterol, and Ferulic acid.

2.3 ADMET Evaluation of Selected Compounds
The absorption, distribution, metabolism, excretion,
and toxicity (ADMET) profiles of the six selected
phytochemicals were assessed wusing two
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complementary online platforms: SwissADME
(https://www.swissadme.ch). Parameters examined
encompassed gastrointestinal (GI) absorption,
blood-brain barrier (BBB) permeability, P-
glycoprotein efflux potential, CYP isoform
inhibition  (CYP1A2, CYP2C19, CYP2C9,
CYP2D6, CYP3A4), aqueous solubility (log S),
lipophilicity (log P), and overall Lipinski
compliance. Compounds with acceptable ADMET
characteristics were advanced to target prediction.
2.4 Prediction of Protein Targets

Protein targets of each selected phytochemical were
predicted using ligand-based and structure-based
reverse pharma-cophore mapping approaches via

SwissTargetPrediction
(https://www.swisstargetprediction.ch ) with the
organism filter set to Homo sapiens. All returned
targets were harmonized to official gene symbols
using the UniProt database, and duplicate entries
were eliminated Of the 285 initial predictions, 255
unique high-confidence targets were retained.

2.5 Retrieval of Alzheimer’s Disease-Associated
Genes

AD-related genes were retrieved from three

authoritative disease-gene databases: Gene Cards
(https://www.genecards.org ), DisGeNET
(https://www.disgenet.org ), and OMIM
(https://www.omim.org ). The uniform search term
“Alzheimer’s disease” was applied. Gene Cards
entries with a relevance score >65 were prioritized.
Following cross-database integration and de-
duplication, 657 unique AD-associated target genes
were finalized for intersection analysis.

2.6 Identification of Overlapping Targets
Intersection analysis of the 255 compound-predicted

targets and 657 AD-associated genes was conducted
using the Venn Diagram Tool
(https://bioinformatics.psb.ugent.be/webtools/Venn
). The 109 genes present in both datasets were
designated core therapeutic targets and carried
forward for network construction and functional
enrichment.

2.7 Construction of the Compound-Target—
Disease Network

A compound-target—disease (CTD) interaction

network was assembled in Cytoscape (version
3.10.2). Nodes denoted bioactive compounds and
overlapping target genes; edges represented
confirmed interactions. Topological descriptors —
degree centrality, betweenness centrality, and
closeness centrality — were computed to rank the

most influential compounds and target nodes within
the network.

2.8 Protein—Protein Interaction Network
Analysis

The 109 overlapping genes were submitted to the
STRING database version 12.0; ( https://string-
db.org ) species: Homo sapiens; minimum
interaction score: 0.7 — high confidence to generate
a protein—protein interaction (PPI) network. The
TSV output was imported into Cytoscape for
visualization and topological analysis. Hub genes
were identified using the CytoHubba plugin with the
Maximal Clique Centrality (MCC) scoring
algorithm.

2.9 Gene Ontology and KEGG Pathway
Enrichment Analysis

Functional enrichment of the 109 core targets was
performed using Shiny GO (version 0.77;
https://bioinformatics.sdstate.edu/go ; FDR cut-off:
<0.05). Gene Ontology (GO) annotations were
examined across three domains: Biological Process
(BP), Molecular Function (MF), and Cellular
Component (CC); the top 15 terms per domain were
retained. KEGG pathway enrichment identified

signaling  pathways associated with AD
pathogenesis; the top 20 pathways ranked by
adjusted p-value were selected for construction of a
Compound-Target—Pathway (CTP) network in
Cytoscape.

2.10 Drug-Target—Pathway
Construction

A Drug-Target-Pathway (D-T-P) network was
built to elucidate the multi-target mechanism of
action by integrating PPI hub genes, bioactive
compounds and significantly enriched KEGG

Network

pathways (adjusted p<0.05). Nodes represented
compounds, target genes and pathways; edges
encoded compound-target and target—pathway
functional relationships. Network topology was
analyzed and visualized in Cytoscape (version
3.10.2).

2.11 Molecular Docking Analysis

2.11.1 Protein Preparation

The three-dimensional crystal structure of AKTI1
(Serine/Threonine Protein Kinase 1), 2ZHR, 1PYX
was downloaded from the RCSB Protein Data Bank
Protein  preparation was carried out in
AutoDockTools (version 1.5.7), encompassing
removal of water molecules, co-crystallized ligands,
and heteroatoms, addition of polar hydrogen atoms,
assignment of Gasteiger partial charges, and energy
minimization. AKT1 was selected as the primary
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docking receptor on the basis of its highest degree
centrality (degree = 56) in the PPI network.

2.11.2 Ligand Preparation

Three-dimensional ~ structures  of all  six
phytoconstituents were retrieved from PubChem in
SDF format and converted to PDBQT format using
AutoDockTools. The MMFF94 force field was
applied for energy minimization, rotatable bonds
were assigned, and Gasteiger partial atomic charges
were computed prior to docking.

2.11.3 Docking Protocol

Molecular docking was executed with Auto Dock
Vina (version 1.2.3). The search space was defined
as a 25x25x25 A grid box centered on the ATP-
binding pocket of AKT1, 2ZHR, 1PYX with an
exhaustiveness setting of 8. Binding affinity (AG,
kcal/mol), hydrogen-bond interactions, interaction
type (H-bond, hydrophobic, n—r stacking), and key
active-site residues were documented for each
compound—protein pair. A binding energy threshold
of <—6.0 kcal/mol was applied to define significant
affinity. Two-dimensional ligand—protein
interaction diagrams were generated using
Discovery Studio Visualizer (v21.1.0).

RESULTS

3.1 Bioactive Phytoconstituent Profile

Six phytoconstituents were characterized from
D. alata peel (Table 1), spanning steroidal saponins
(Diosgenin), flavonoids (Quercetin, Apigenin),
anthocyanins (Cyanidin-3-O-glucoside),
phytosterols (Beta-Sitosterol), and phenolic acids
(Ferulic acid). All six compounds satisfied the core
drug-likeness criteria, supporting their selection for
network pharmacological analysis

Tablel. Physicochemical properties of selected
Dioscorea alata peel phytoconstituents

Sr. | Phytoconstituen | Chemical | Molecular | MW ‘
No |t Class T || (o || S
Steroidal ClC@@H]ICC[C@]2([C@@H]([C@H]
1| Diosgenin i CoHoOs | 41462 | 3[C@@HI(IC@Q@M(CCIC@@HISCIC
P @@HJ(OCIC@M45CIOC)C3)0)C)C2
) . C1=CO(=C(C=C1C2=CC(=0)C3=C(C:
ercer ’ HWO; 2.2
2> | Quercetin Flavonoid | CisHioO 30224 | (S Ca0m0000000
Cyanidin-3-0- : O\CIC@F”1OCIC@@/HW(0)[C@H](0)K'
ER D Anthocyanin | CaHaiOrn | 44938 | @@H]10c2ec3ce(O)ec(O)e3[o+]e2-
gcos cleee(0)e(O)ed
) ) C1=C0(=CC=C1C2=CC(=0)C3=CC(=C
4| apigenin Flavonoid | CisHioO 2024 | ¢ CG0m0000
1(CCIC@@H)(C)[C@HTIC
5 i r ’ . @@]1(CC[C@H]3[C@H]
5 | Beta-Sitosterol | Phytosterols | CoHaO | 41471 B CCICRGIICH0)
6 | Ferutic acid Phenolic acid | CuHoOs | 194.18 | COCI=C(C-CC(=0)0)C=CC(=CT)O

3.2 ADMET Profile of Selected Compounds

SwissADME and pkCSM evaluation revealed that
Diosgenin, Apigenin, Beta-Sitosterol, and Ferulic
acid  exhibited favorable  pharmacokinetic
characteristics (Table 2). Apigenin satisfied all five
Lipinski criteria (MW =270.24 Da; HBD=3;

HBA =5; logP = 1.89) and demonstrated confirmed
BBB permeability by SwissADME assessment,
underscoring its potential as a CNS-active lead.
Diosgenin exhibited high GI absorption with
moderate lipophilicity (consensus logP: 4.49),
suggesting structural optimization may further
enhance CNS delivery. Cyanidin-3-O-glucoside
displayed limited GI absorption attributable to its
elevated TPSA (193.44 A2) and incurred multiple
Lipinski violations; however, it was retained on
account of its broad multi-target prediction profile
and substantiated in vivo neuroprotective activity.

Table2. ADMET summary of Dioscorea alata
peel phytoconstituents (SwissADME; pkCSM)

Compound (“;Z‘)’ Fsp3 | HBD |HBA |GIAbs. |BBB | Water Sol. | Lipinski
Diosgenin 41462 093 |1 3 High Yes | Moderate | Pass
OQuercetin 30224 [ 000 |5 7 Medum | No | High Pass
anidin 3-0-

Cyanidin-3-0. 44938 029 |8 I Low No High Violate*
glucoside

Apigenin 27024 | 000 |3 s High Yes | High Pass
Beta-Sitosterol | 41471 097 | 1 | High No | Moderate | Pass
Ferulic acid 19418 | 050 |2 4 High No | High Pass

*Cyanidin-3-O-glucoside:  Lipinski  violations
attributable to elevated H-bond donor (n=8) and
acceptor (n=11) counts; retained based on
documented in vivo neuroprotective efficacy.

Diosgenin p.21
Cyanidin p.22

LIFO)

FLEX ; SIzL
[
INGATU : POLAR
INSOLU
Lro

FLEX . B o Ty osiE

HsAIL ¢ O PR

INSOLY

Apigenin p.23
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X > B SIZE
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SwissADME bioavailability radar plots for all six
Dioscorea alata peel phytoconstituents. The pink-
shaded zone delineates the optimal physicochemical
space for oral drug-likeness. LIPO = lipophilicity;
SIZE = molecular weight; POLAR =topological
polar  surface area; INSOLU = insolubility;
INSATU = unsaturation; FLEX = flexibility.

3.3 Compound Target Prediction

Reverse pharmacophore mapping across
SwissTargetPrediction and BindingDB generated
285 initial protein targets for the six
phytoconstituents. Following duplicate removal and
HGNC symbol harmonisation via UniProt, 255
unique targets were retained (Table 3). Quercetin
returned the broadest target profile (n=32),
followed by Diosgenin (n=28) and Apigenin
(n=25), reflecting the broad pharmacological
capacity of flavonoid and steroidal scaffolds.
Predicted targets were functionally distributed
across inflammatory regulation, oxidative stress
response, apoptosis, and neurotransmitter signaling
pathways.

Table3. Predicted protein targets of Dioscorea
alata peel phytoconstituents

No. of

Sr. | Phytoconstituent
Y et | o rgets

Predicted Target Genes

NRIH3, IL2, SHH, PTPNI, NPCILI, ALK, MDM2, NR1H2, PDEI0A,
1| Diosgenin 28 DGATI, MAPKS, MAPK14, CYP24A1, SMO, ADORAL, INSR, PTK6,
KIT, PIK3CB, PIK3C (selected)

NOX4, AVPR2, AKRIBI, XDH, MAOA, IGFIR, FLT3, CYPI9A,
2 | Quercetin 32 EGFR, CA2, CA12, MMP2, MET, CA4, NEK2, CXCRI, AMK2, ALK,
AKTI, ABCBI, NEK6, PLA2G1, BACEL, CYPIBI (selected)

3 | Ganidin3-0- 10 CD38, NOX4, CA2, CA4, ACHE, NQO2, PTGS2, XDH, PDESA, TNF
glucoside
NOX4, ESRI, ACHE, PTGS2, ESR2, CDK6, TTR, CYPIBI, ABCG2,
4 | Apigenin 25 AKIBI, TNKS2, TNKS, ALOXS, PARPI, APP, ESRRA, PFKFB3,
ALOXI5, AMY 1B, NEK2, CXCRI, CAMK2, AKTI (selccted)
o | sewsioserol 111 NPCILI, NRIH3, SREBF2, CYPI9A1, AR, CYPSIAI, RORA, ESRI,
eta-sitostero! ESR2, PTPN1, SLC6A2
6 | Ferulic acid 9 CA2, CA7, CAL, CA6, CA12, CAl4, CA9, CASA

3.4 Alzheimer’s Disease Gene Dataset

A total of 1,099 AD-associated entries were
retrieved from GeneCards, DisGeNET, and OMIM.
After applying GeneCards relevance score filter
(>65) and removing duplicates, 657 unique AD
genes were retained for intersection analysis. These
genes encompassed molecular determinants of APP
processing, tau phosphorylation,
neuroinflammatory  signalling, = mitochondrial
dysfunction, synaptic plasticity, and reactive oxygen

species  biology, collectively reflecting the
multifactorial pathophysiology of AD.

3.5 Overlapping Target Identification

Venn diagram intersection of 255 compound-
predicted targets and 657 AD-associated genes
yielded 109 common targets (42.7%), designated as
the core therapeutic target set (Figure 3). Quercetin
and Apigenin contributed the largest proportions of
overlapping targets. Key shared targets included
AKT1, EGFR, TNF, ESR1, SRC, GSK3B, PTGS2,
MMP9, KDR, and PARPI1, all of which occupy
critical positions in established AD pathways.

AD Disease Quercetin

Diosgenin \ Cyanidine-3-glyc

AD Disease Beta sitisterol

Apigenin Ferulic acid

(A) Group 1
’ (B) Group 2

Figure 3. Venn diagram analysis delineating the
intersection between Dioscorea alata
Phytoconstituent-predicted targets (n=255) and
Alzheimer’s disease-associated genes (n=657). (A)
Group 1: AD genes overlapping with Quercetin,
Diosgenin, and Cyanidin-3-O-glucoside targets. (B)
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Group2: AD genes overlapping with Beta-
Sitosterol, Apigenin, and Ferulic acid targets. A total
of 109 shared targets were identified as candidate
therapeutic nodes.

3.6 Compound-Target—Disease
Analysis

The CTD network assembled in Cytoscape (v3.10.2)
encompassed 116 nodes and 234 edges,
incorporating all six phytoconstituents, 109
overlapping targets, and the AD disease node.
Degree centrality analysis placed Quercetin,
Apigenin, and Diosgenin among the highest-ranked
compounds, reflecting their broad multi-target
interaction capacity. The network topology

Network

established that each Phytoconstituent engages
multiple disease-relevant proteins simultaneously,
providing computational evidence for a multi-target
therapeutic mechanism (Figure 4).

Figure 4. Compound-Target-Disease (CTD)
network of Dioscorea alata peel phytoconstituents
and Alzheimer’s disease-associated overlapping
targets (Cytoscape v3.10.2). Green
diamonds = bioactive compounds; blue
circles =target genes; red hexagon= Alzheimer’s
disease node. Node size is proportional to degree
centrality.

3.7 Protein—Protein Interaction Network and
Hub-Gene Identification

Submission of the 109 overlapping targets to
STRING (v12.0; confidence >0.7) yielded a PPI
network of 70 nodes and 663 interaction edges
(Figure 5), with an average node degree of 18.9,
indicative of high functional connectivity. Hub-gene
analysis using CytoHubba (MCC) identified AKT1
(degree =56), EGFR (49), TNF (48), ESR1 (47),
and SRC (46) as the five principal hub genes (Table
4; Figure 6). GSK3B (degree =36), a central kinase
in tau hyperphosphorylation, ranked seventh,
directly linking the network to the canonical AD tau
pathology axis. PTGS2 (COX-2; degree =35) and
PARP1 (degree = 32) confirmed neuroinflammatory

and apoptotic regulatory roles within the target
landscape.

Figure 5. Protein—protein interaction (PPI) network
of 109 overlapping targets (STRING v12.0; Homo
sapiens; confidence >0.7; visualized in Cytoscape
v3.10.2). Network comprises 70 nodes and 663
edges. Node size is proportional to degree centrality.
Core hub genes identified by CytoHubba (MCC
algorithm) are highlighted.

Table 4. Top 20 hub genes from PPI network
analysis ranked by MCC degree centrality

Protein Node degree Protein Node
node node degree
AKT1 | 56 IGFIR 33
EGFR | 49 PIK3CA |33
TNF 48 PARP1 32
ESR1 | 47 MET 31
SRC 46 KIT 29
MMP9 | 38 MMP2 29
GSK3B | 36 PIK3R1 |28
PTGS2 | 35 AR 25
KDR 34 MAPKI14 | 25
MDM2 | 34 PDGFRB | 25

Compound & Disease Target Hub Genes

node_degree, 1

BRNWA UG
co38883

Node Degree

PIK3R1 [

MAPK14 =F

HELEETTTTIITrrTT T
LR L TTTTTTTTTITT I T

Protein Nodes

Figure 6. Bar chart of node degree centrality for top
PPI hub genes (CytoHubba MCC). AKTI
(degree =56) ranked highest, followed by EGFR
(49), TNF (48), ESR1 (47), SRC (46), MMP9 (38),
GSK3B (36), PTGS2 (35), KDR (34), and MDM2
(34).
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3.8 Gene Ontology and KEGG Pathway
Enrichment

3.8.1 Biological Process

GO biological process enrichment identified 15
significant terms (FDR <0.05). The highest-ranked
terms encompassed transmembrane receptor protein
tyrosine kinase signalling (fold enrichment=27.3;
—logl0 FDR=15.0), enzyme-linked receptor
signalling (fold enrichment=24.8), negative
regulation of programmed cell death (fold
enrichment=22.1), positive regulation of cell
population proliferation (fold enrichment=21.5),
and cellular response to an endogenous stimulus.
These processes collectively reflect regulation of
neuronal survival, synaptic homeostasis, and
apoptotic balance — the primary mechanistic
dimensions relevant to neuroprotection in AD.

3.8.2 Molecular Function

Kinase-related molecular functions dominated the
MF enrichment profile: protein kinase activity (fold
enrichment = 18.4; FDR <0.001), protein
serine/threonine/tyrosine kinase activity (20.2),
transmembrane receptor protein tyrosine kinase
activity (21.8), nitric oxide synthase regulator
activity (410.7), and insulin receptor substrate
binding (396.3). This kinase-centric profile aligns
with the hub identity of AKT1, EGFR, GSK3B, and
SRC, all of which are serine/threonine or tyrosine
kinases central to both neuroprotective and
neurodestructive signalling in AD.

3.8.3 Cellular Component

CC enrichment revealed phosphatidylinositol 3-
kinase (PI3K) complex class IA and class I (fold
enrichment >200), caveolae (45.2), and plasma
membrane raft (38.7) as the most significantly
enriched  subcellular  compartments.  These
membrane-associated  structures  are  direct
operational sites of PI3K—AKT pathway activation,
the most prominent KEGG pathway identified in the
present enrichment analysis.

(A) Biological
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Figure 7. Gene Ontology enrichment analysis of
109 overlapping target genes (Shiny GO v0.77;
FDR <0.05). (A) Biological Process: dominant
terms include transmembrane receptor protein
tyrosine kinase signalling (fold enrichment =27.3),
negative regulation of programmed cell death, and
response to peptide. (B) Molecular Function:
dominant terms include nitric oxide synthase
regulator activity, protein kinase activity, and ATP
binding. (C) Cellular Component: dominant terms
include PI3K complex class IA, caveolae, and
plasma membrane raft. Bubble size =number of
enriched genes; colour intensity =—logl0 (FDR).
Top 15 terms displayed per category.

3.8.4 KEGG Pathway Analysis

KEGG enrichment analysis returned 20
significantly enriched pathways (adjusted p <0.05;
Table 5; Figure 8). The PI3K—-Aktl signalling
pathway represented the most AD-relevant entry,
with ten hub genes (EGFR, AKT1, GSK3B, IGFIR,
KDR, KIT, MDM2, MET, PIK3CA, PIK3R1)
directly mapped to this cascade. The MAPK
signalling pathway (EGFR, AKT1, MAPK 14, TNF,
SRC), apoptosis pathway (AKT1, TNF, MDM2,
PARP1, GSK3B), and cholinergic synapse pathway
(ACHE, AKTI1, PIK3CA, PIK3RI1) provided
additional mechanistic links to AD etiology.
Although several cancer-annotated pathways
appeared in the enrichment output — a well-
documented phenomenon in network pharmacology
attributable to shared oncogenic and
neurodegenerative  signalling nodes — their
constituent hub genes (AKT1, EGFR, SRC) retain
biological relevance to AD through PI3K/AKT-
dependent tau phosphorylation, apoptotic cascade
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PARPI),

and

neuroinflammatory signalling (TNF, PTGS2).

Table 5. Top 10 KEGG pathways enriched by
Dioscorea alata hub-target genes (Shiny GO;

adjusted p <0.05)
Sr KEGG Associated Hub | Gene
* | Pathway Genes Count
EGFR, AKTI,
PI3K-Akt GSK3B, IGFIR,

1 signaling KDR, KIT, | 10

pathway MDM2, MET,
PIK3CA, PIK3R1
EGFR, AKTI,

) Ras signaling | IGFIR, KDR, g

pathway KIT, MET,
PIK3CA, PIK3R1
MAPK 14, AKTI,

3 ZEiin KDR, PIK3CA, 7
ihwag PIK3R1, PTGS2,
pativay SRC

MAPK 14, EGFR,
Rapl AKT1, IGFIR,

4 signaling KDR, KIT, MET, | 10
pathway PIK3CA,

PIK3R1, SRC
Estrogen EGFR, AKT1,

s | naﬁn ESRI,  MMP2, | o
gth g MMP9, PIK3CA,
pathiway PIK3R1, SRC

. AKT1, ESRI1,

; ITlhyr‘”d GSK3B, MDM2, |
101:;)1?16 PIK3CA,

Slgnating PIK3R1, SRC

EGFR, AKTI,
ih ag MAP2K1, TNF,
patiway SRC
AboDiosi AKT1, TNF,

8 I;’lp OS5 | MDM2, PARPI, |5
patiway GSK3B

9 Neurotrophin | AKT1, GSK3B, 4
signaling MAPK14, SRC

10 Cholinergic | ACHE, AKTI, 4
synapse PIK3CA, PIK3R1
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Figure 8. KEGG pathway enrichment bubble plot
for 109 overlapping hub-target genes. Bubble size
represents the number of enriched genes per
pathway; colour intensity encodes —logl0 (FDR).
Top 20 significantly enriched pathways (adjusted
p <0.05) are displayed.

Figure 9. Drug-Target-Pathway (D-T—P) network
elucidating the multi-target therapeutic mechanism
of Dioscorea alata phytoconstituents against AD
(Cytoscape v3.10.2). Yellow diamonds = bioactive
compounds; Orange square = hub target genes; Blue
rectangles = significant KEGG pathways. Edges
encode compound-target and target—pathway
functional relationships.

3.9 Molecular Docking Analysis

Molecular Docking

Molecular docking studies were carried out to
evaluate the interaction of selected
phytoconstituents with target proteins involved in
disease pathways. The selected ligands included

Diosgenin, Quercetin, Cyanidin-3-glucoside, Beta-
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sitosterol, Apigenin, and Kaempferol. The protein
structures of AKT1 (PDB ID: 3096), along with
other relevant targets such as IPYX and 2ZHR, were
retrieved from the RCSB Protein Data Bank.

The 3D structures of ligands were prepared using
ChemDraw and converted into appropriate formats
for docking. Protein structures were processed by
removing water molecules, adding hydrogen atoms,
and optimizing the structure. Docking was
performed using AutoDock Vina, and the binding
affinities were recorded in kcal/mol. The interaction
between ligands and proteins was visualized using
Discovery Studio.

AKT1

Docking results revealed that all selected
compounds showed favorable binding interactions
with AKT1 protein, suggesting their potential role in
modulation of signaling pathways.

. Quercetin  exhibited strong binding
affinity due to multiple hydrogen bond interactions
and hydrophobic contacts with key amino acid
residues, indicating stable complex formation.

. Cyanidin-3-glucoside showed significant
binding through hydrogen bonding and electrostatic
interactions, suggesting good compatibility with the
active site.

. Diosgenin and Beta-sitosterol, being
hydrophobic in nature, primarily formed
hydrophobic interactions, contributing to stable
binding within the protein pocket.

. Kaempferol and  Apigenin  also
demonstrated good binding affinity with formation
of hydrogen bonds and n—r interactions.

These interactions indicate that the selected
phytoconstituents may effectively modulate AKT1
activity, which plays a key role in cell survival,
metabolism, and disease progression.

Targets (1PYX and 2ZHR)

Docking with additional protein targets further
supported the biological activity of the selected
compounds:

. Apigenin and Kaempferol showed strong
interaction with protein 1PYX, forming stable
hydrogen bonds and hydrophobic interactions.

. Diosgenin (2ZHR) exhibited moderate
binding affinity mainly through hydrophobic
interactions, indicating its structural compatibility
with the receptor.

. Quercetin and Cyanidin-3-glucoside
demonstrated consistent binding across multiple
targets, highlighting their multi-target potential.

Table 6. Molecular docking binding scores of
Dioscorea alata phytoconstituents against AKT1,

1pyrx, 2ZHR.
Target Binding H-
(PDB | Compound | Energy Key Interacting Residues bonds | Interaction Types
D) (keal/mol) (No.)

Van der Waals, Pi-
Sigma (Trp80), Pi-
Alkyl, Alkyl;
*Ser205 shows
unfavorable ~donor-
donor contact

Ser205, Trp80, Tyr272, Val27l,
Diosgenin | -12.5 Lys268, Asp292, Asp274, Thr82,
Arg273, Tle84, GIn79, Val270

AKTI
(3096)

Conventional ~ H-
bond (x4), Pi-Pi
Stacked, Pi-Sigma,
Pi-Anion, Van der
Waals

Ser205, Thi2l1, AsnS4, Val271 (H-
AKTL| im0 bonds); Trp80, Leu264 (Pi-Pi stacked);
(3096) | L1 : Asp292 (Pi-anion); Tyr263, Lys268,

Leu210, 11e290, Val270, GIn79, Tyr272

IS

entional  H-
Thr82, Asn54, Thr211, Lys179 (H- Conventiona

Y bond (x4), Carbon

KT | Coamidin.s bonds); Trp80, Leu264  (Pi-Pi/Pi- Hebond (G7oy.

: yanidin>= | _yo.4 Sigma); Tyr272, Arg273, Ala212, |4 -bond (GIn79), Pi-

(3096) | O-glucoside Sigma, Pi-Pi

Ser205, Lys268, Val270, His207,

ked, Pi-Alkyl,
Leu210, Leu213, Val271 Stacked,  Pi-Alky]

Van der Waals

Ser205 (H-bond); Val271, Val270,

Leu264, Trp80, Lys268 (Alkyl/Pi- Conventional ~ H-

AKTI | Beta- " Alkyl); Thr2, His207, Asns4, Tyr272, | | bond (1), Alkyl, Pi-

(3096) | sitosterol Asp292,  Tyr326, lle84, Arg273, Alkyl, Van  der
Asp274, Thr211, Ala212, Leu210, Waals

Leu213, Tyr263

Conventional H-
Gly264 (H-bond); GIn78 (unfavorable); bond (x1, Gly264),
Lys107, 1Ilel10, Glyll, Lys321, Pi-Sigma, Van der
Glu265, Asp32, Gly230, Thr231, Waals; *GIn78 =
Thr232, Arg307, Asn233, Trpl15

2ZHR | Diosgenin | -9.1

unfavorable donor-
donor

Conventional H-
Asp200, Lys85 (H-bonds); Val70 (Pi- bond (x2), Pi-Sigma,
Sigma); Val70, Cys199, Leul88 (Pi- Pi-Alkyl, Van der
Alkyl); Leul32, Valll0, Aspl33, Waals; *Asn64 =
Tyrl34, Vall35, 1le62, Gly65, Ala83

IPYX | Apigenin | -1.9

©

unfavorable donor-
donor

Conventional H-
Asp200 (H-bond); Cys199, LeulSs, bond (1, Asp200),
Val70, Ile62 (Pi-Alkyl); Leul32, Ala83, Pi-Alkyl, Van der
Thr138, Vall35, Glul37, Tyrl34, Waals; *Argldl =
Pro136, Lys85, Asn186 unfavorable ~donor-

IPYX | Kaempferol | -1.9

*H-bond count of 0 for Diosgenin/AKT1 (3096):
The red dashed line to Ser205 represents an
Unfavorable Donor-Donor interaction, not a
conventional H-bond. The predominant interactions
are Van der Waals, Pi-Sigma (Trp80), and Pi-
Alkyl/Alkyl contacts.

A. Diosgenin with AKT1 (PDB: 3096)
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Figure 10. Molecular docking interaction of
Dioscorea alata peels phytoconstituents with target
proteins. Left panels: three-dimensional binding
pose visualized in Discovery Studio Visualizer.
Right panels: two-dimensional ligand—protein
interaction maps. (A) Diosgenin with AKT1 (PDB:
3096) — Van der Waals and Pi-Sigma interactions;
(B) Quercetin with AKT1 (PDB: 3096) — 4
conventional hydrogen bonds with Ser205, Thr211,
Asn54, Val271; Pi-Pi stacking with Trp80;
(C) Cyanidin-3-O-glucoside with AKT1 (PDB:
3096) — 4 conventional hydrogen bonds with
Thr82, Asn54, Thr211, Lys179; Pi-Sigma with
Trp80; (D) Beta-sitosterol with AKT1 (PDB: 3096)

#107 — | hydrogen bond with Ser205; Alkyl and Pi-
i H o8 Alkyl contacts; (E)Diosgenin with 2ZHR — 1
4 hydrogen bond with Gly264, binding energy
\‘f‘l? i —9.1kcal/mol; (F)Apigenin with 1PYX — 2
Joid ,,‘;\ \-. N/ \ \/ i hydrogen bonds with Asp200 and Lys85, binding
-——Kf" E'\(“""“r"*'\ 5 . o i energy —7.9 kcal/mol; (G) Kaempferol with 1PYX
(ST ey //H\\ / — 1 hydrogen bond with Asp200, binding energy

530 gy ki — . .
—7.9 kcal/mol. Green dashed lines = conventional
— 86 e hydrogen bonds; green solid circles = Van der Waals

| GLY 3

B o ez wzs2 contacts; pink/magenta  dashes = Pi-Alkyl/Pi-Pi
&P THA interactions; red dashes =unfavorable donor—donor

contacts.
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DISCUSSION

This investigation constitutes the first systematic
network pharmacology analysis of D. alata peel
phytoconstituents targeting AD. The integrated
computational pipeline revealed that six structurally
diverse phytochemicals collectively engage 109
AD-relevant
interconnected signalling networks, providing
substantive evidence for their polypharmacological
neuroprotective capacity.

The emergence of AKTI as the primary hub gene
(degree =56) carries considerable mechanistic
significance. AKT1 (Protein Kinase Ba) serves as
the central effector of the PI3K-AKT-mTOR
cascade, a pathway with a well-characterized dual
role in AD. Under physiological conditions, AKT1-
mediated phosphorylation inactivates GSK3p,
thereby suppressing aberrant tau
hyperphosphorylation. In AD, dysregulated PI3K—
AKT activity permits sustained GSK3f over
activation, promoting neurofibrillary  tangle
formation and impairing mTOR-dependent
autophagy of AP aggregates.” The capacity of
Quercetin and Apigenin to target AKT1 — as
demonstrated by both target prediction and
molecular docking — suggests that these flavonoids
may restore the neuroprotective arm of PI3K-AKT
signalling.

EGFR (degree =49) modulates APP cleavage and
activates pro-inflammatory cascades in AD brain
tissue.!® TNF (degree = 48) orchestrates microglial-
driven neurotoxic neuroinflammation via NF-kB, a
key pathological amplifier of synaptic and neuronal
loss in AD.11 GSK3B (degree = 36) phosphorylates
tau at multiple epitopes and suppresses neurotrophic
signalling. The collective enrichment of hub genes
in PI3K-Aktl, MAPK, apoptosis, estrogen, and
cholinergic synapse pathways spans the full
pathophysiological ~ spectrum of AD —

molecular targets across

amyloidogenesis, tauopathology,
neuroinflammation,  oxidative  injury, and
cholinergic deficit — lending mechanistic

coherence to the multi-target hypothesis.

GO enrichment at the molecular function level
highlighted kinase activity, ATP binding, and
protein tyrosine kinase activity as the dominant
functional categories — consistent with the kinase
identities of AKT1, EGFR, GSK3B, and SRC. The
enrichment of the cholinergic synapse pathway
through ACHE and AKT]1 directly corroborates the
cholinergic deficit hypothesis of AD, establishing

the relevance of the phytoconstituent panel to
clinically validated AD mechanisms.!?

Apigenin  presents the most  favorable
pharmacokinetic profile among the six candidates.
Its complete Lipinski compliance, confirmed BBB
permeability, high GI absorption, and clean
medicinal chemistry flags (no PAINS alerts)
position it as a tractable CNS drug candidate.
Published experimental data demonstrate Apigenin
capacity to inhibit AChE activity, attenuate
neuroinflammation, and confer neuroprotection
against AB-induced cytotoxicity.!* The current
docking analysis extends these observations by
documenting stable Apigenin binding within the
AKT1 active site. Quercetin  documented
suppression of tau aggregation and AP fibril
formation,'* combined with the widest target
prediction footprint (n=32) and strong AKTI
affinity, establishes it as the most pharmacologically
versatile candidate in the panel.

Diosgenin, the principal steroidal saponins of the
Dioscorea genus, returned 28 unique predicted
targets and favourable AKT1 docking interactions.
Rodent studies in APP/PS1 transgenic models
attributed its neuroprotective effects to PI3K/AKT-
mediated suppression of AP production and GSK3-
regulated tau hyperphosphorylation,'®* providing
experimental corroboration for the target-pathway
concordance observed in the present network
analysis.

Several limitations warrant acknowledgement. All
results derive from computational prediction and
require in vitro (AChE inhibition assays, AKT1
kinase assays, Western blotting, ELISA) and in vivo
(APP/PS1 transgenic model) validation. ADMET
algorithms may not fully recapitulate in vivo
pharmacokinetic ~ behaviour, particularly for
Cyanidin-3-O-glucoside. Potential synergistic or
antagonistic interactions among phytoconstituents
in a complex botanical extract were not modelled.
Docking was restricted to AKT1; future work should
extend to GSK3B (PDB: 6Y9S), EGFR (PDB:
1IVO), and TNF (PDB: 2AZ5). Finally, database
incompleteness and algorithmic variability in target
prediction may introduce false-positive interactions.

CONCLUSION

The present study demonstrates, for the first time,
that D. alata peel phytoconstituents — Diosgenin,
Quercetin, Cyanidin-3-O-glucoside,  Apigenin,
Beta-sitosterol, and Ferulic acid — possess
significant multi-target neuroprotective potential
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against Alzheimer’s disease, as substantiated by
integrated network pharmacology and molecular
docking analysis. Intersection of 255 compound
targets with 657 AD-associated genes identified 109
shared therapeutic nodes. PPI network analysis (70
nodes, 663 edges) nominated AKT1 (degree = 56),
EGFR (49), TNF (48), ESR1 (47), and SRC (46) as
the foremost hub genes. KEGG enrichment
confirmed robust involvement of the PI3K—-Aktl,
MAPK, apoptosis, and cholinergic synapse
pathways, all of which are mechanistically central to
AD pathogenesis. Molecular docking validated
compound—-AKT1 engagement, with all six
phytoconstituents  exhibiting binding energies
<-6.0 kcal/mol. Apigenin and Quercetin emerge as
priority lead candidates based on their combined
ADMET, network centrality, and docking profiles.
These computational findings provide a robust
mechanistic framework to guide future in vitro
AChE and AKT1 kinase inhibition studies and in
vivo validation in transgenic AD models.
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