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Network pharmacology and molecular dynamics studies unveil the
therapeutic mechanisms of Zingiber officinale against dyspepsia
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treatments for functional dyspepsia often yigld i s. This study investigates the potential of Zingiber
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officinale (ginger) in treating dyspepsia“usi pharmacology and molecular dynamics approaches.
A total of 31 bioactive compounds eidentified, targeting 29 proteins associated with dyspepsia. Kyoto
Encyclopedia of Genes and Genomes pathway ‘enrichment analysis revealed 160 related pathways (p-value <
0.05), including the phosphatid sitol*3-kinase/Akt signaling pathway, gastric cancer, and nuclear factor
kappa-light-chain-enhance iyated B cells signaling pathway. A compounds—targets—pathways (C-T-
P) network highlighte t@a roles of epidermal growth factor receptor (EGFR) and Ras-related C3
botulinum toxin su%d;&d a serine/threonine-protein kinase (AKT1) in modulating inflammatory responses
T

and prolifegat ointestinal epithelial cells, with significant implications in the pathogenesis of

A
Dyspepsia, or indigestion, is a condition marked by s&{ort in the upper gastrointestinal tract, and existing
t
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1 ers, validated via molecular docking. Compounds such as 3,5-diacetoxy-1-(4-hydroxy-
phényl)-7-(4-hydroxy-3-methoxyphenyl)heptane (DDMHMH), alpha-tocopherol, gingerol, and
shogaol shewed good binding (AGbmdi“[g < —5.00 kcal/mol). Molecular dynamics simulations for 50 ns confirmed
the stability of DDMHMH-AKT! and DDMHMH-EGFR complexes. Binding free energy (Molecular
mechanics/Poisson—Boltzmann surface area) calculations supported strong interactions, with AG,, . ~values

of =8.71 kcal/mol (AKT1-DDMHMH) and —11.44 kcal/mol (EGFR-DDMHMH). These findings support Z.

officinale’s potential for dyspepsia therapy.

INTRODUCTION

Dyspepsia, often described as indigestion, is a medical
condition encompassing a spectrum of discomfort or pain in the
upper gastrointestinal tract [1,2]. This prevalent gastrointestinal
disorder in medical practice exerts a significant global impact,
affecting millions and resulting in substantial healthcare costs,
work absenteeism, and decreased quality of life for patients
[3]. Dyspepsia is classified into two main categories: organic
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and functional dyspepsia (FD). Organic dyspepsia arises
from identifiable pathological causes such as peptic ulcers,
gastroesophageal reflux disease, gastrointestinal malignancies,
pancreatic or biliary disorders, and drug or food intolerance
[2]. In contrast, FD is diagnosed when no observable organic
cause is found despite persistent symptoms such as postprandial
fullness, early satiety, and epigastric pain [4]. The development
of FD involves various factors, including dietary factors,
psychological stress, disruptions in gastric physiology, duodenal
inflammation, and infections like Helicobacter pylori [5].

The standard treatment for FD includes H. pylori
eradication drugs, improving gastrointestinal motility, alleviating
visceral hypersensitivity, and addressing anxiety and depression.
However, their limited efficacy, risk of adverse effects, and high
recurrence rates highlight a therapeutic gap [4,6]. Consequently,
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there is an increasing interest in complementary and alternative
approaches, particularly herbal medicines, which are deeply
rooted in traditional medical systems, especially in Asia. Liu Jun
Zi Tang, also known as Rikkunshito, has been recognized since
the 16th century for treating dyspepsia [6]. Accordingly, experts
anticipate that herbal medicines will emerge as safe therapeutic
options for FD [7]. Herbal medicines such as ginger, licorice,
papaya, peppermint oil, caraway oil, and activated charcoal have
been widely studied for managing FD [8]. Additionally, related
studies on gastrointestinal disorders have shown promise in
demonstrating the therapeutic potential of herbal medicines. For
example, the bioactive fraction DLBS2411 from Cinnamomum
burmanni (cinnamon) effectively reduced ulcer size and severity
in a rat model of peptic ulcers, with efficacy comparable to
omeprazole or sucralfate, and a good safety profile [9,10].
Ginger (Zingiber officinale) is a perennial rhizomatous
plant of the Zingiberaceae family, recognized for its widespread
application as a culinary spice, seasoning, and herbal remedy
[11]. Ginger has been widely recognized as a traditional dietary
remedy for alleviating gastrointestinal symptoms such as
nausea, bloating, and indigestion, making it a beneficial option
for managing FD. In addition to these effects, ginger’s potential
to stimulate appetite, enhance metabolic activity, and modulate
gut microbiota further underscores its multifaceted role within
contemporary nutritional and gastrointestinal research [12].
Gastric ulcers can be caused by various factors, including
H. pylori infection, hydrochloric acid, pepsin, alcohol, and

the use of nonsteroidal anti-inflammatory drugs [13]. Gin%

A
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has shown effectiveness in preventing gastric ulcers induced
by these factors [14]. Several studies have demonstrated
ginger’s anti-inflammatory, antioxidant, antitumor, and anti-
ulcer effects. Its biological effects include the presence of
phenolics, such as gingerols, shogaol, paradol, and zingerone,
as well as monoterpenes like limonene and citral. Among these
components, gingerols and shogaols are identified as the most
active ingredients [15,16]

The traditional ‘one drug-one target-one disease’
paradigm is challenged by complex conditions like dyspepsia,
which are driven by a wide range of biological processes
(BPs) and molecular functions (MFs). To address this, network
pharmacology can be employed to elucidate the therapeutic
mechanisms of drugs at the biological targets and pathways
levels, aligning seamlessly with the complexity of traditional
Chinese medicine (TCM), characterized by multi-component,
multi-targeted, and integrative efficacy [17]. For instance,
network pharmacology has been conducted to investigate
the therapeutic effects of various herbal plants, including the
immunomodulatory properties of Astragali radix (Huangqi)
[18], the antidiabetic potential of Lagerstroemia speciosa and
C. burmanni in type 2 diabetes [19], and the hepatoprotective
activity of Phyllanthus niruri [20]. The present study aims to
investigat therapeutic mechanisms of Z. officinale against
dyspepsiamusing’an integrative approach that combines network

h@ y, molecular docking, and molecular dynamics
ulation (MDS). The results of this study may contribute

the development of ginger-based therapeutic agents for
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Figure 1. The workflow diagram of network pharmacology, molecular docking, and MDS of Z. officinale concerning dyspepsia.
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functional gastrointestinal disorders. Figure 1 illustrates the
study’s workflow graphically.

MATERIALS AND METHODS

Data collection and screening of bioactive compounds

We collected compounds of Z. officinale from literature
sources [16,21,22] and databases, including Bioinformatic
Analysis Tool for Molecular Mechanism of Traditional Chinese
Medicine (BATMAN-TCM, http://bionet.ncpsb.org.cn/
batman-tcm/) [23] and Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform (TCMSP, https://
old.tcmsp-e.com/tcmsp.php) [24]. These compounds underwent
screening using a threshold of >30% for oral bioavailability
(OB) and >0.18 for drug-likeness (DL) values, resulting in
bioactive compounds fit for further analysis [25]. We used
SwissADME (http://www.swissadme.ch/index.php) to predict
the OB properties of the compounds and the MolSoft database
(https://www.molsoft.com/) to predict the DL properties of
the compounds, with these steps involving the insertion of the
compounds’ canonical simplified molecular input line entry
system (SMILES) [26,27]. We retrieved information, such as
the compound’s molecule name, PubChem CID, and canonical
SMILES, from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/) [28].

Data collection and screening of target proteins

Target proteins linked to Z. officinale were collected a
limited to Homo sapiens (human) only, using the Pharm

server (https://www.lilab-ecust.cn/pharmmapper;
Similarity ensemble approach database (SEA, https¥/seal6.

docking.org/) [29,30]. Targets from the~Pha I server
were collected by inputting the comp @ 2Drstructure data
file format from the PubChem database?We/Only chose targets

with a z’ score with a positive value. Meanwhile, targets from
the SEA database were collected by inputting the canonical
SMILES of the bioactive compounds and choosing targets
with a Tanimoto coefficient of >0.5. We also used the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (RCSB PDB, https://www.rcsb.org/) to complement
the ligand mapping provided by PharmMapper. Furthermore,
we excluded the duplicate targets and used the UniProt database
(https://www.uniprot.org/) to standardize the identified target
proteins [31-33].

Targets linked to dyspepsia were collected using the
search keyword “dyspepsia” from the GeneCards database
(https://www.genecards.org), the National Center for
Biotechnology Information Gene (NCBI Gene, https://www.
ncbi.nlm.nih.gov/gene/), and Disease Gene Network version
7.0 (DisGeNET, https://www.disgenet.org/). We excluded
duplicate identified targets, standardized the targets using
UniProt, and employed the JVenn program (https://jvenn.
toulouse.inra.fr/app/example.html) to illustrate the intersection
of targets between Z. officinale and dyspepsia [34-37].

Construction of protein-protein interaction (PPI) network

We constructed PPI networks for targets linked to
Z. officinale, dyspepsia, and their common targets using the
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string App within the Cytoscape software version 3.10.2 (https://
cytoscape.org/) for visualization [38,39]. The species type
selected was H. sapiens, with a confidence level set at 0.700
for reliability values, while the rest remained at default settings.
Common targets were identified by intersecting PPI networks
associated with Z. officinale and dyspepsia. Additionally, we
employed CytoNCA tools within Cytoscape software to analyze
the PPI network results and assess network topology parameters,
including degree centrality (DC), eigenvector centrality,
betweenness centrality (BC), and closeness centrality (CC) of
targets [40]. We used these findings to identify essential nodes
in the network by selecting target nodes with values surpassing
the respective median values in the PPI network. Subsequently,
we utilized the selected target nodes to form a new network
comprising crucial targets linked to Z. officinale and dyspepsia
[41].

Enrichment analysis

We employed Gene Ontology functional annotations

(GO, https://www.geneontology.org/) and the Kyoto

Encyclopedia of Genes and Genomes database (KEGG, https://

www.genome.jp/kegg/pathway.html) for the crucial targets

linked to Z.,officinale and dyspepsia using Enrichr (https://

maayanla @Enrichr/) as the enrichment analysis tool

[42]. % tabase can examine BPs, MFs, and cellular

&t CCs) [43]. Meanwhile, KEGG was employed to

uire- the signaling pathways associated with Z. officinale

dyspepsia [44]. We also visualized the top 10 GO terms

and KEGG pathways using SRplot (https://bioinformatics.com.

cn/) according to the smallest p-value to draw bar graphs and
Sankey diagrams [45,46].

Construction of the C-T-P network

The C-T-P network, which illustrates the interaction
between bioactive compounds, crucial targets, and signaling
pathways involved in Z. officinale for dyspepsia, was constructed
using Cytoscape version 3.10.2 [39]. Within this network,
biological nodes represent potential bioactive compounds,
crucial targets, and signaling pathways, while edges illustrate
their interactions. The significance of a target in this network is
assessed by its DC, indicating the number of connections it has
with other targets. Targets with higher DC exhibit more robust
connectivity and influence the overall network of bioactive
compounds and pathways [47].

Molecular docking

Potential bioactive compounds identified from the
C-T-P network with high DC were selected as the ligands
for molecular docking against crucial targets using the High
Ambiguity Driven Protein-Protein Docking (HADDOCK,
https://rascar.science.uu.nl/haddock2.4/) web server version
2.4 [48]. The three-dimensional structures of epidermal growth
factor receptor (EGFR) (PDB ID: 1M17) at a resolution of
2.60 A (chain A) [49] and RAC-alpha serine/threonine-protein
kinase (AKT1) (PDB ID: 3096) at a resolution of 2.70 A (chain
A) were retrieved from RCSB PDB [32]. In contrast, the two-
dimensional structures of ligands were obtained from PubChem
[28]. Heteroatoms were removed from protein structures using
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BIOVIA Discovery Studio (https://discover.3ds.com/discovery-
studio-visualizer-download) [50]. In cases where the structure
exhibited disruptions due to missing amino acid residues,
the corresponding corrected models were sourced from the
AlphaFold Protein Structure Database (https://alphafold.ebi.
ac.uk/) [51]. Furthermore, the Computed Atlas of Surface
Topography of the universe of protein Folds (CASTpFold,
https://cfold.bme.uic.edu/castpfold/) [52] was employed to
predict the ligand-binding domains based on these structures.
Ligand structures were prepared and geometrically
optimized wusing Chem3D with MM2-based energy
minimization to reduce steric strain and refine bond angles and
lengths [53]. To serve as reference compounds, two standard
ligands were incorporated: Erlotinib, a recognized EGFR
inhibitor [54], and MK-2206, an AKT1 inhibitor [55]. Both
ligands were also subjected to MM2 energy minimization to
ensure uniform preparation across all docking analyses. Protein
Data Bank summary (https://www.ebi.ac.uk/thornton-srv/
databases/pdbsum/) was used to determine the ligand-binding
domains by entering the relevant PDB ID [56]. Furthermore,
binding affinities (AG) in kcal/mol of the docked complexes
were predicted using PRODIGY-LIGAND (PROtein binDIng
enerGY prediction, https://rascar.science.uu.nl/prodigy/) [57],
with more negative values indicating stronger protein-ligand
interactions [58]. The 2D structures of the complexes were
visualized using BIOVIA Discovery Studio, while the 3D
structures were visualized using UCSF ChimeraX (https:/
www.rbvi.ucsf.edu/chimerax/) [59]. 6
[ ]

To investigate the dynamic behavior,.confo ional
stability, and binding interactions of t T ing ligand
with target receptors AKT1 and EGF@ ere conducted
using GROMACS 2024.3 [60]. L topologies were
generated with GAFF2 parameters, and atomic partial charges
were assigned using the AM1-BCC method via ACPYPE
integrated with AmberTools21. The CHARMM?27 force field
was applied to the protein receptors, while the TIP3P water
model was used for solvation within a triclinic simulation box,
maintaining a 1.0 nm buffer distance. The ligand and receptor
coordinates were merged and verified using UCSF Chimera,
with subsequent topology file modifications to ensure correct
inclusion of ligand parameters. The system was solvated using
the SPC216 water model, neutralized with counterions, and
adjusted to 0.1 M NaCl concentration to mimic physiological
ionic strength.

Energy minimization was performed using the steepest
descent algorithm to remove steric clashes. Equilibration was
carried out in two phases: an number of particles (N), system
volume (V) and temperature (T) are constant / conserved)
ensemble phase using a Berendsen thermostat at 310 K,
followed by an number of particles (N), system pressure (P)
and temperature (T) are constant / conserved) phase using the
Berendsen barostat at 1 bar. Position restraints were applied to
both protein and ligand during equilibration to maintain initial
conformations. Index files were generated to define restraint
groups accurately. Finally, a 50 ns production run was performed
under unrestrained conditions using the V-rescale thermostat

Molecular dynamics simulation

and Parrinello-Rahman barostat for temperature and pressure
control, respectively. Long-range electrostatics were handled
using the Particle Mesh Ewald method, and a 1.2 nm cutoff was
used for van der Waals interactions, enabling a detailed analysis
of the ligand—receptor complex dynamics.

Molecular mechanics/Poisson—Boltzmann surface area (MM/
PBSA) calculations

To estimate the binding free energy of the top-
performing ligand with the AKT1 and EGFR receptors, MM/
PBSA calculations were performed using the gmx MMPBSA
module [61]. This approach provided a quantitative evaluation of
the binding affinity by combining molecular mechanics energies
with solvation energies obtained from continuum electrostatics.
Trajectory files from the 50-ns molecular dynamics (MD)
production run were utilized, and representative snapshots were
extracted at regular intervals for post-processing. The MM/
PBSA calculations included van der Waals, electrostatic, polar
solvation, and non-polar solvation energy components, with
solvent-accessible surface area used to approximate non-polar
contributions. The analysis was executed with default dielectric
constants and grid spacing parameters optimized for protein—
ligand comﬁes, enabling robust and accurate estimation

e

of. bindi getics critical for validating ligand-receptor
i ti\’:) bserved during MDS.
SULTS AND DISCUSSION

Data collection and screening of bioactive compounds

Based on previous phytochemical studies and
databases, such as BATMAN-TCM and TCMSP, 477
compounds were retrieved (Supplementary Table S1 for
detailed information). In TCM, compounds must possess
appropriate pharmacokinetic characteristics to effectively
reach target organs and exert their biological effects [62]. OB
is a component of the absorption, distribution, metabolism,
and excretion parameters, which serves as an indicator of a
compound’s potential efficacy. Compounds with an OB value
of >30% are generally considered to exhibit favorable DL [63].
Furthermore, DrugBank reports an average DL index of 0.18,
and compounds with a DL value of 0.18 or higher are therefore
considered to exhibit high druggability [62]. Upon screening
using a threshold of >30% for OB and >0.18 for DL values,
36 bioactive compounds were selected as potential bioactive
compounds for further analysis (as detailed in Supplementary
Table S2). Retained for consideration among potential bioactive
compounds were shogaol, paradol, zingerone, gingerol, citral,
and limonene, all known for their therapeutic potential in
gastrointestinal diseases, supported by previous studies.

Data collection and screening of target proteins

Targets corresponding to the 36 bioactive compounds
of Z. officinale were retrieved from the SEA and PharmMapper
databases, yielding 576 targets following the removal of
duplicates (Supplementary Tables S3 and S4 for comprehensive
data). Concurrently, targets linked to dyspepsia were
retrieved from the GeneCards, NCBI Gene, and DisGeNET
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Figure 2. Venn diagram illustrating common targets between Z. officinale and

signifies dyspepsia targets.

dyspepsia. The green circle denotes Z. officinale targets, while the blue cir@
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databases, resulting in 2,119 targets after removing duplicates
(Supplementary Table S5). The intersection of unique Z.
officinale and dyspepsia targets led to the identification of 263
common targets, as delineated in Supplementary Table S6.
Figure 2 represents these shared targets as a Venn diagram
generated using the JVenn program.

PPI network

We constructed the PPI network using stringApp
within Cytoscape software version 3.10.2. The PPI network
of Z. officinale targets contained 571 nodes and 2,423 edges,
representing 576 listed genes. Concurrently, the PPI network
of dyspepsia targets contained 2,108 nodes and 26,939 edges,
representing 2,119 listed genes. The merging intersection of
both PPI networks resulted in a common target PPI network,
comprising 262 nodes and 1,290 edges, representing 263 listed
genes. Figure 3 shows these PPI networks. Additionally, the
common targets network underwent analysis using CytoNCA
within Cytoscape software version 3.10.2, resulting in 74
potential and 29 crucial targets identified through tiered
screening based on topological parameters such as DC, EC,
BC, and CC > their median. We selected the identified 74
potential tarﬁt“rom the common targets to gather the crucial
cogpo the study. Supplementary Tables S7-S10

roxy-3-methoxyphenyl)heptane (DDMHMH) (PubChem
D: 5316611) was the most potent compound with the

0 etailed information. Among 36 bioactive compounds,
%}-& toxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-7-(4-
I

(DC, EC, BC, and
CC) 2 median

POTENTIAL TARGETS

DYSPEPSIA TARGETS

CRUCIAL TARGETS

Figure 3. Construction of PPI networks.
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highest DC of 50.00, followed by (2R)-2-[[2-[2-chloro-
N-methylsulfonyl-5-(trifluoromethyl)anilino]acetyl]-[(3-
methoxyphenyl)methyl]amino]-N-propylpropanamide with DC
0f'49.00 and alpha-tocopherol (PubChem CID: 14985) with DC
of 48.00. However, (2R)-2-[[2-[2-chloro-N-methylsulfonyl-5-
(trifluoromethyl)anilino]acetyl]-[(3-methoxyphenyl)methyl]
amino]-N-propylpropanamide has not been previously reported
or studied in the context of dyspepsia or any gastrointestinal
disease. Additionally, aromatic compounds like gingerols
(PubCHem CID: 442793) and shogaols (PubChem CID:
5281794) are the most active in Z. officinale [64], exhibiting a
high DC of 44.00. Therefore, we selected these compounds for
molecular docking.

DDMHMH, the most potent bioactive compound
found in ginger, belongs to the class of diarylheptanoids, is

Simatupang et al. / Journal of Applied Pharmaceutical Science 2025: Article in Press

one of the more significant phenolic compounds commonly
present in ginger [65]. Diarylheptanoids exhibit a complex
phenolic structure, comprising two aromatic rings linked by
a seven-carbon chain. These compounds contribute to the
organoleptic characteristics of ginger. Renowned for their
diverse pharmacological activities, diarylheptanoids possess
anti-inflammatory,  anti-ulcer, anti-cathartic, antiemetic,
diuretic, choleretic, hepatoprotective, cholesterol-lowering,
antibacterial, antifungal, analeptic, and antidiabetic properties
[66]. The potent anti-ulcer properties of diarylheptanoids
might be attributed to their notable anti-inflammatory and
antioxidant effects [66,67]. Research by Tao et al. [68] revealed
that diarylheptanoids isolated from Z. officinale can inhibit the
formation of lipid peroxides in liver microsomes and effectively
scavenge superoxide anion radicals. Through their antioxidant
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actions, diarylheptanoids may offer protection against gastric
ulceration by counteracting reactive free radicals implicated in
gastric mucosal damage, thereby mitigating the risk of ulcer
development [67].

Alpha-tocopherol, a form of vitamin E, has
demonstrated  gastroprotective  properties  against  the
development of gastric lesions. Observations show that alpha-
tocopherol can mitigate the harmful effects of ulcerogenic
agents by preserving the function of antioxidant enzymes
within the stomach. This action shields the gastric tissue
from oxidative stress, consequently reducing its susceptibility
to ulcer formation. Furthermore, Huang et al. [69] research
revealed that alpha-tocopherol also influences intestinal tight
junctions, both in vitro and in vivo. Although alpha-tocopherol
is not a primary constituent of ginger, it appeared as a high-
DC node in our network because of its broad antioxidant role.
A study by Ajith et al. [70]found that ginger extract (250-500
mg/kg) in combination with alpha-tocopherol provided better
protection against cisplatin-induced kidney damage than either
one alone. This suggests a synergistic effect between ginger and
alpha-tocopherol [70].

Gingerol, recognized as the principal pungent
constituent of ginger, exhibits a wide range of pharmacological
properties. Belonging to a group of compounds that share a
3-methoxy-4-hydroxyphenyl core, gingerols are categorized
into several forms, including shogaols, paradols, zingerone,
gingerdiones, and gingerdiols. These bioactive molecules

have been associated with multiple therapeutic effects, sug

as anticancer, antibacterial, blood glucose-reguldtin

and kidney-protective, gastrointestinal, neuro 1, d
cardiovascular protective effects [71]. Ginge are, sensitive
to heat and quickly dehydrate to form g . @L providing
gastroprotective benefits by maintainingghe gut barrier. In animal
models, an experimental study showed tliat shogaol preserves
intestinal tight junctions and shields enteric dopaminergic
neurons from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced damage [72]. A study also discovered that shogaol
helps protect the gut barrier in Caco-2 and HT-29/B6 cells
inflamed by tumor necrosis factor o (TNF-a). It does this by
regulating tight junction-related proteins like claudin-2 and
claudin-1 through the inhibition of NF-kB signaling [73].

Enrichment analysis

We conducted the enrichment analysis on the list of 29
crucial targets. The GO function enrichment analysis yielded
1,064 BPs, 152 MFs, and 76 CCs, as detailed in Supplementary
Table S11. The top 10 entries of the GO function (with p <0.05)
for each annotation were visualized in a bar graph, as depicted
in Figure 4A. Additionally, the KEGG pathway analysis
identified 183 pathways, with the 20 selected pathways (with
p < 0.05) illustrated in a Sankey diagram, presented in Figure
4B, and listed in Supplementary Table S12 for comprehensive
details. This study identified 29 key targets, with AKT1 and
EGFR showing the highest DC values of 52.00 and 48.00,
respectively. 183 KEGG pathways were enriched, of which
160 exhibited a p-value < 0.05. Notably, pathways such as
the phosphatidylinositol-3-kinase/Akt (PI3K—Akt) signaling

pathway (KEGG: 04151; p-value = 3.64 x 1072'; FDR = 2.67
x 1072, gastric cancer (KEGG: 05226; p-value = 6.88 x 107";
FDR = 1.97 x 107, epithelial cell signaling in H. pylori
infection (KEGG: 05120; p-value = 6.03 x 107'%; FDR = 1.49
x 1071, tight junction (KEGG: 04530; p-value = 4.09 x 1075
FDR = 594 x 107, adenosine monophosphate-activated
protein kinase (AMPK) signaling pathway (KEGG: 04152;
p-value = 6.87 x 107*; FDR = 8.98 x 10™), and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) NF-
kB signaling pathway (KEGG: 04064; p-value = 9.92 x 107
FDR = 1.15 x 107?), were identified as potentially associated
with dyspepsia in this study.

The PI3K-Akt pathway (refer to Fig. 5 for further
details on the targets studied in this pathway) mainly involves
AKT1 and EGFR. It is a well-conserved signaling network
in eukaryotic cells that supports cell survival, growth, and
progression through the cell cycle [74]. Aktl is a serine/
threonine kinase involved in the regulation of cell growth,
survival, and proliferation [75]. EGFR is a transmembrane
glycoprotein classified as a member of the receptor tyrosine
kinase family. Although EGFR activation promotes wound
healing, cell growth, proliferation, and differentiation, it has
also been linked to the emergence of cancers, including gastric
cancer [76 FR is a crucial assessment marker for the efficacy
ofwlc n gastrointestinal damage due to its protective

n&m or'the digestive tract mucosa. EGF specifically targets
astriomucosa cells, and binding to EGFR enhances the quality
Icer healing and tissue repair [77].

Moreover, 6-shogaol (commonly referred to as shogaol
in PubChem, CID: 5281794), a bioactive compound found
in ginger, exhibits barrier-protective effects during intestinal
inflammation by inhibiting the PI3K/Akt and NF-kB signaling
pathways. It is known that the pro-inflammatory cytokine TNF-a
can induce barrier loss by upregulating claudin-2, a channel-
forming tight junction protein, and attenuating claudin-1,
a sealing tight junction protein. The analysis of PI3K/Akt
signaling showed that 6-shogaol inhibited the TNF-a-induced
phosphorylation of Akt Thr308 [78]. Shogaol inhibits the PI3K/
AKT/mTOR pathway by directly inhibiting AKT1 and AKT2
by binding to an allosteric location at a lower interface amid the
N- and C-lobes of the kinase domain [79].

Through network pharmacology analysis, we identified
several pathways, which are classified under “pathways in
cancer” that are influenced by active compounds in Z. officinale
[80]. Although FD is non-malignant, the molecular mechanisms
inferred from these cancer-related pathways are relevant. Such
pathways control cell adhesion, migration, and barrier integrity,
features critical for gastric mucosal homeostasis and integrity.
The development of gastric cancer (Fig. 6 for further details
on the targets studied in this pathway) is intricately linked to
AKTT1, an isomer of protein kinase B (AKT) [81]. Researchers
have found that the upstream molecules of the PH domain
leucine-rich repeat protein phosphatase 2 and the phosphatase
and tensin homolog of Akt1 protein control its phosphorylation.
Dysregulation of the PI3K/Akt/mTOR pathway is extensively
observed in human cancer [82], including gastric cancer, which
arises from numerous genetic and epigenetic alterations [83].
Exposure of cancer cells to harmful substances like cadmium
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can accelerate tumor progression [84]. In this study, cellular
response to cadmium is one of the top BPs (Supplementary
Table S11).

Epithelial cell signaling in the H. pylori infection
pathway (KEGG:05120) plays a key role in the development
of gastric cancer. EGFR signaling in epithelial cells is essential
for inflammation following H. pylori infection [76]. The H.
pylori secretory protein HPO175 has been shown to bind toll-
like receptor 4 (TLR4) and trigger EGFR transactivation in
human gastric epithelial cells. This process is further associated
with DNA damage through EGFR phosphorylation [76,85].
The H. pylori pathway is also connected to the PI3K/Akt
signaling cascade, where the H. pylori cytotoxin-associated
gene A (CagA) protein suppresses autophagy and promotes
inflammation through activation of the c-Met-PI3K/Akt—
mTOR pathway [86]. It is known that H. pylori transactivates
the EGFR and predisposes to gastric cancer development in
humans and animal models [87]. Notably, gingerol has been
reported to exhibit anti-H. pylori activity [71]. Given the
growing challenge of antibiotic overuse worldwide, which

complicates the treatment of H. pylori infections [88], there
is an increasing interest in exploring herbal medicines as
promising alternative therapies [89,90]. Additionally, several
studies have demonstrated that vitamins C and E can reduce H.
pylori growth and neutrophil-driven inflammation [91].

The integrity of the tight junction is essential for
maintaining the barrier function of epithelial cells. Disruption
of these junctions, particularly in the intestine, can lead to a
leaky gut associated with various gastrointestinal disorders [92].
This pathway involves bioactive compounds such as shogaols
and alpha-tocopherol [69,73]. Studies have demonstrated that
shogaols regulate tight junction-related proteins like claudin-2
and claudin-1 through the NF-xB signaling pathway, which
helps keep the tight junctions intact and the barrier function
of intestinal epithelial cells [73]. Alpha-tocopherol may also
enhance the expression of tight junction proteins throughout the
intestinal mucosa, thereby strengthening them and increasing
transepithelial electrical resistance in intestinal cells [69].

AMPK is recognized for its role in modulating
intestinal barrier integrity and controlling inflammation. Its
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activation in intestinal epithelial cells is crucial for preserving
barrier function and mitigating cytokine-induced damage.
Research has demonstrated that treatment with 6-gingerol
stimulates AMPK activation, leading to a reduction in colonic
inflammatory cytokines, including IL-1B, IL-12, and TNF-a.
This process has been shown to suppress NF-«B signaling and
downregulate the expression of pro-inflammatory mediators
such as TNF-o, inducible nitric oxide synthase, monocyte
chemoattractant protein-1, cyclooxygenase-2, and matrix
metalloproteinase-9 [93]. Additionally, phosphorylation of
AMPK leads to the inhibition of phosphorylated target of
rapamycin proteins activity, which in turn promotes autophagy.
In FD, motility problems are linked to changes in interstitial cells
of Cajal (ICC) and ghrelin. Ghrelin affects stomach movement
through the mTOR pathway, and by activating AMPK, it can

influence the motility issues in FD. However, disruption in ICC
function may be related to altered autophagy, suggesting that
the AMPK-mTOR pathway plays a role in the development of
FD [4].

NF-kB is also involved in both gastric diseases and
intestinal mucosal injury [94,95]. As a major transcriptional
regulator, NF-«xB controls genes involved in immune responses,
cell growth, and genomic stability. It is essential for the host
to defend against microbial infections and maintain intestinal
barrier integrity. Moreover, H. pylori, which is a known risk
factor for gastric cancer, can activate the NF-kB in gastric
epithelial cells through pattern recognition receptors such as
TLRs and NODI, which detect bacterial components like
CagA and peptidoglycan. This activation, mediated by the
IKK complex, leads to NF-kB translocation into the nucleus,
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where it triggers pro-inflammatory gene expression [96]. As
previously mentioned, 6-shogaol was shown to inhibit TNF-o—
induced activation of the NF-kB pathway in intestinal epithelial
cells [78].

C-T-P network

We constructed the C-T-P network using Cytoscape
software version 3.10.2, consisting of 29 crucial targets,
32 bioactive compounds, and 20 KEGG pathways. Figure
7 illustrates the C-T-P network’s intricate interplay among
crucial targets, bioactive compounds, and selected pathways.
Rectangular nodes signify crucial targets, diamond-shaped
nodes represent bioactive compounds in CID (Supplementary
Table S2 for detailed information), and V-shaped nodes denote
signaling pathways. Nodes with deeper shades (ranging from
light pink to dark purple) and larger sizes signify higher DC
values.

Molecular docking

Bioactive compounds with a higher DC, known for
their relevance to gastrointestinal diseases, particularly in
Z. officinale, such as gingerol and shogaol, were selected for
molecular docking analysis. The chosen crucial compounds
for docking included DDMHMH, alpha-tocopherol, gingerol,
and shogaol. Thus, our investigation presents a new insight into
the potential of this compound for future analysis, leading to
its exclusion from further discussion and molecular docking

analysis in this study. Additionally, crucial targets such @

AKT!1 and EGFR, exhibiting the highest DC, weresch
the proteins for molecular docking analysis. @
The results of the molecular docki lysis are
S14 for

presented in Table 1 (Supplementary Fable
comprehensive details on binding - d interaction
profiles). Figure 8 provides 2D and 3DwiSualizations of the
proteins and ligands involved in the study’s molecular docking.
The results revealed that among the tested bioactive compounds,
DDMHMH exhibited satisfactory binding affinity towards both
AKT1 and EGFR targets, with AG,, .~ values of —8.48 and

—7.38 kcal/mol, respectively. DDMHMH also demonstrated

Table 1. Molecular docking results.

Complex name Binding affinity AG HADDOCK score
(kcal/mol) PRODIGY
AKTIl-standard ligand —8.71 —455+29
AKT1-DDMHMH —8.48 —279+5.7
AKTl-alpha- —8.03
tocopherol -275+1.1
AKTI-gingerol —6.38 -19.7+04
AKT1-shogaol —6.84 -154+49
EGFR-standard ligand -7.13 14.6 £13.3
EGFR-DDMHMH -7.38 16.6 £10.8
EGFR-alpha- —7.49
tocopherol 234+ 14.1
EGFR—gingerol =7 11.6£5.4
EGFR-shogaol —6.76 29.0+5.8

favorable HADDOCK scores (—27.9 + 5.7 for AKT1 and
16.6 = 10.8 for EGFR) and substantial buried surface areas,
indicating stable and potentially strong interactions. Although
alpha-tocopherol showed a slightly stronger binding affinity
than DDMHMH towards EGFR, DDMHMH was prioritized
for further discussion due to its consistently strong interactions
across both targets, AKT1 and EGFR, making it a more suitable
candidate for subsequent MDS. In contrast, gingerol and
shogaol exhibited relatively lower binding affinities, although
their overall binding strengths remained within a favorable
range.

Molecular docking is used to predict the ability of
molecules to bind to the target protein’s binding site under
static conditions [97]. The molecular docking results show
a favorable change in Gibbs free energy (AG). Gibbs free
energy measures the thermodynamic favorability of molecular
interactions, with a lower or more negative AG indicating a
stable and favorable binding interaction [58]. Protein—ligand
binding occurs when AG is negative at equilibrium under
constant pressure and temperature, like spontaneous processes
[98]. Binding affinity thresholds provide insights into protein—
ligand interaction strengths: a binding energy of <—4.25 kcal/
mol indicates potential binding, <—5.00 kcal/mol indicates good
binding st &1{, and <=7.00 kcal/mol signifies satisfactory
bindi % [99]. Molecular docking results show that

e% Shogaol, AKTIl-gingerol, and AKTl-shogaol

plexes demonstrated good binding affinity (<—5.00 kcal/

1), while the remaining complexes, DDMHMH and alpha-

tocopherol, with both EGFR and AKT1, exhibited satisfactory
binding affinity (<—7.00 kcal/mol).

Molecular dynamics simulation

The MDS analysis provided in Figure 9
comprehensively compares the dynamic behavior of AKT1
protein complexes with DDMHMH (top-performing ligand)
and MK—2206 (a known standard inhibitor of AKT1), assessed
over a 50™ simulation period. In Figure 9A, the root mean
square deviation (RMSD) plot indicates that the AKTI-
DDMHMH complex exhibits greater structural stability
throughout the trajectory, maintaining a lower average RMSD
value of approximately 0.780 nm. In contrast, the AKT1—
MK-2206 complex demonstrates significant conformational
fluctuations, reaching an average RMSD of 1.415 nm with
sharp deviations particularly in the early phase (10-20 ns),
suggesting that the binding of MK—-2206 may induce more
structural rearrangements and less conformational stability.
Figure 9B illustrates the root mean square fluctuation (RMSF),
which reflects the flexibility of individual amino acid residues
throughout the simulation. Both AKT1 complexes, bound to
DDMHMH and MK—-2206, exhibited a comparable fluctuation
profile, with a prominent spike observed between residues
Trp80 and Phel50. This region likely corresponds to an
active or regulatory loop critical for receptor function. The
observed spike suggests increased local mobility, which may
disrupt hydrogen bonding networks within this domain and
interfere with receptor signaling. DDMHMH induces a similar
disruption pattern to MK—2206 (an established allosteric AKT1
inhibitor), implying that DDMHMH may exert an antagonistic
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effect. By altering the dynamic behavior of key regulatory
residues, DDMHMH could impair the conformational integrity
required for AKT1 activation, thereby mimicking the inhibitory
mechanism of MK—2206. This functional mimicry reinforces
DDMHMH’s potential as a viable AKT1 antagonist.

In terms of compactness, the radius of gyration (RoG)
results shown in Figure 9C demonstrate that both complexes
retained consistent structural compactness throughout the
simulation. However, the AKTI-DDMHMH complex
maintained slightly lower RoG values, particularly in the latter
part of the simulation (after 35 ns), which may suggest a more
tightly packed protein—ligand complex. This tighter packing
could be attributed to better accommodation of DDMHMH
within the AKT1 binding pocket, potentially contributing to
enhanced structural integrity and favorable intramolecular

013

interactions. Hydrogen bonding interactions, which are critical
indicators of binding affinity and stability, are presented in
Figure 9D. Throughout the simulation, the AKT1-DDMHMH
complex consistently exhibited a slightly higher number of
intermolecular hydrogen bonds compared to the AKTI—
MK-2206 complex. While both ligands formed between 0 and
5 hydrogen bonds at various points, DDMHMH demonstrated
more frequent and persistent hydrogen bond interactions,
which likely contribute to its more stable RMSD and compact
structure. This observation further supports the notion that
DDMHMH forms more stable and favorable interactions within
the binding site of AKT1.

Moving to the EGFR complexes, the RMSD plot
(Fig. 10A) tracks the structural deviation of the protein—ligand
complex over time, serving as a proxy for overall stability.
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Figure 9. MDS were conducted to evaluate the stability and interactions of AKT1-ligand complexes, comparing DDMHMH (the top-performing ligand) with
MK-2206 (the standard inhibitor). (A) RMSD to assess overall structural stability. (B) RMSF to examine residue-level flexibility. (C) RoG to evaluate structural
compactness. (D) The hydrogen bond (H—bond) count is used to characterize intermolecular interactions.
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EGFR complexed with DDMHMH demonstrated a more stable
trajectory, with an average RMSD of 10.483 nm, compared
to 10.952 nm for the EGFR—Erlotinib (standard inhibitor)
complex. While both values are relatively high when compared
to previously reported AKT1-ligand complexes (ranging from
0.780 to 1.415 nm), the lower RMSD value of DDMHMH
indicates improved conformational consistency during the
simulation. However, the abnormally high RMSD values
observed here for EGFR are likely attributed to structural
characteristics such as extended loops or disordered terminal
regions, which may have caused large coordinate shifts without
compromising the local stability of the ligand-binding region.
This elevation in RMSD does not necessarily reflect true
instability of the protein-ligand complex but may be influenced

Simatupang et al. / Journal of Applied Pharmaceutical Science 2025: Article in Press

by technical aspects of the simulation setup, including initial
model configuration. Furthermore, the use of the CHARMM?27
force field, while reliable for protein simulations, may exhibit
variability when applied to large or highly flexible proteins such
as EGFR.

Figure 10B examines the RMSF values, reflecting
the flexibility of individual amino acid residues throughout the
simulation. Both ligands produced generally similar RMSF
profiles across the EGFR backbone, suggesting that neither
compound induced abnormal local flexibility or instability.
However, a pronounced fluctuation was detected within the
Leu90-Asnl110 residue region, denoted with a red dashed box.
This region may represent a flexible loop or surface-exposed
region affected by ligand binding. Interestingly, DDMHMH
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Figure 10. Dynamic simulation analysis was employed to explore the behavior of EGFR in complex ligands, comparing the top-performing ligand (DDMHMH) with
the benchmark Erlotinib (standard inhibitor). The evaluation included: (A) Tracking RMSD values to monitor conformational consistency over time, (B) Analyzing
RMSEF to reveal flexibility patterns across amino acid residues, (C) Measuring the RoG to gauge the degree of molecular compactness, and (D) Quantifying H—bond

events to understand the strength and stability of ligand—receptor interactions.
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displayed slightly reduced residue fluctuation in this region
compared to Erlotinib, which could suggest tighter anchoring or
more restrained interactions at this segment. The preservation
of backbone flexibility, especially in non-core residues, can be
beneficial for maintaining necessary protein functions while
allowing selective inhibition.

The RoG plot (Fig. 10C) provides insight into the
compactness and overall folding behavior of the protein—
ligand complex. The average RoG for EGFR-DDMHMH
was calculated at 1.740 nm, whereas the EGFR—Erlotinib was
lower at 1.594 nm. This suggests that the EGFR structure is
slightly more expanded when bound to DDMHMH, which may
reflect either a looser packing or conformational adaptation
of the binding pocket to accommodate the ligand. Despite the
reduced compactness, the RoG values stabilized after ~25 ns
in both cases, indicating that the systems reached a dynamic
equilibrium. A less compact structure is not necessarily
disadvantageous; in some cases, it might enhance accessibility
ofresidues to solvent or improve flexibility in regulatory regions.
Figure 10D illustrates the temporal distribution of hydrogen
bonds between EGFR and the ligands. Hydrogen bonding
plays a pivotal role in ligand binding affinity and specificity.
DDMHMH consistently maintained a higher average number
of hydrogen bonds compared to Erlotinib, often forming
2-4 H-bonds throughout the simulation, whereas Erlotinib
interactions fluctuated more and generally formed fewer H—
bonds. This pattern indicates that DDMHMH forms stronger
and more persistent polar interactions with the EGFR bindi
pocket, which can contribute to improved binding gffini

stability. Moreover, the presence of frequent ro b
peaks suggests that DDMHMH may form dynamic % ions
atility:

with multiple residues, enhancing binding @ espite
the elevated RMSD, supporting |% ch as RoG,
hydrogen bonding analysis, and RMSF profiles suggest that the
EGFR-DDMHMH complex maintained favorable and stable

interactions throughout the simulation.

MM/PBSA calculations
values obtained

The binding free energy (AG,, ding)
from MM/PBSA calculations (Table 2) provide quantitative
insights into the ligand—protein interaction strength for both
AKTT1 and EGFR complexes. For AKTT1, the reference inhibitor
MK—2206 demonstrated a significantly more favorable binding
energy (—21.53 + 4.98 kcal/mol) compared to DDMHMH
(—8.71 + 1.57 kcal/mol), suggesting that while DDMHMH
interacts with AKT1, it does so with considerably lower binding
affinity. Although DDMHMH showed a weaker binding to
AKT! compared to MK—2206 (—8.71 vs. —21.53 kcal/mol),
the compound induced similar residue fluctuations in critical
regions, particularly Trp80-Phel50, indicating potential
interaction through hydrogen bond disruption. However, the
relatively modest binding free energy toward AKT1 suggests
that DDMHMH may not act as a strong AKT1 inhibitor. In
contrast, the EGFR-DDMHMH complex exhibited a more
favorable binding free energy (—11.44 + 1.80 kcal/mol) than the
EGFR—Erlotinib complex (—7.58 + 8.63 kcal/mol), indicating
that DDMHMH may exhibit a more stable and stronger binding
to EGFR than the clinically approved Erlotinib. The lower

Table 2. Binding free energy (AG,,, ding) results from MM/PBSA
calculations for the AKT1 and EGFR complexes are reported as mean
values accompanied by standard deviations, expressed in kcal/mol.

Complex MM/PBSA calculation results AGlMg (kcal/mol)
AKTI1-MK-2206 —21.53+£6.94
AKT1-DDMHMH —8.71 £ 6.49
EGFR- Erlotinib —7.58 £ 1.65
EGFR-DDMHMH —11.44 +£2.82

standard deviation in DDMHMH’s binding to EGFR further
supports the consistency and reliability of this interaction. These
findings suggest that although DDMHMH is less effective than
MK—2206 in targeting AKT1, it shows promising potential as
an EGFR inhibitor, possibly through stable hydrogen bonding
and favorable conformational compatibility within the EGFR
binding pocket. Although molecular docking results indicated
that DDMHMH exhibited a slightly stronger binding affinity
to EGFR (—7.36 kcal/mol) compared to Erlotinib (=7.13 kcal/
mol), the MM/PBSA binding free energy analysis revealed a
more favorable binding for DDMHMH (—11.44 vs. —=7.58 kcal/
mol). This arent discrepancy arises from the fundamental
difference %een the two approaches: docking provides a
stasic, 1i %) approximation of binding based on a single
C nﬁi , whereas MM/PBSA incorporates dynamic

c and energetic information over time from MDS.

improved MM/PBSA score for DDMHMH suggests that,
despite an initially modest docking score, the ligand forms
more stable and favorable interactions with EGFR under
physiologically relevant, flexible conditions, highlighting its
potential as a more effective binder during dynamic protein—
ligand association.

CONCLUSION

This study provides a comprehensive analysis of
the potential therapeutic mechanisms by which Z. officinale
may alleviate dyspepsia symptoms, integrating network
pharmacology, molecular docking, MDS, and binding free
energy calculations. Through the C—T—P network, key bioactive
compounds such as DDMHMH, alpha—tocopherol, gingerol,
and shogaol were identified, with AKT1 and EGFR emerging
as central therapeutic targets. KEGG pathway enrichment
highlighted their involvement in dyspepsia-related signaling
pathways, including PI3K—Akt, gastric cancer, epithelial cell
signaling in H. pylori infection, the tight junction, AMPK,
and NF-«kB signaling. Molecular docking revealed favorable
interactions, especially between DDMHMH and both AKT1
and EGFR (AG,, ging SCOTES <=7.00 kcal/mol). Notably, MDS
showed that DDMHMH maintained stable binding with EGFR,
demonstrated by consistent RMSD, higher hydrogen bonding,
and stronger MM/PBSA binding energy (—11.44 + 2.82 kcal/
mol) than the standard ligand, Erlotinib.

However, this study has several limitations. As this
research relies solely on in silico methods, including network
pharmacology, molecular docking, and dynamics simulation, the
results are preliminary and should be supported by subsequent
pharmacological and molecular biology experiments to confirm
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their biological significance. The bioactive compounds are
selected based on computational network metrics such as
DC, without consideration of their actual concentrations in Z.
officinale. For example, DDMHMH s natural abundance remains
unquantified or very low, and the inclusion of alpha-tocopherol,
which is not the primary constituent of ginger, may limit the
specificity of the results. Nevertheless, this finding leads to the
identification of less-studied molecular targets and interactions,
highlighting potential new directions for future research. Further
in vitro and in vivo validation is recommended to support the
therapeutic potential of Z. officinale in dyspepsia treatment.
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