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Helicobacter pylori causes peptic ulcer, which is estimated to affect about half of the human
population. Current treatments present with adverse side effects, and increasing antibiotic resistance
have intensified the search for alternative therapeutic agents. Aim: This study explores the inhibitory
potential of selected bioactive compounds of Aloe vera against H. pylori neutrophil-activating

protein (NAP) using an in-silico approach. Methods: Molecular docking, simulation (300 ns), ADMET
(absorption, distribution, metabolism, excretion and transportation) predictions and density function
theory (DFT) were carried out using standard protocols with the co-crystal or native ligand used as
control. Results: Docking results identified aloesin as the top candidate (-7.4 kcal/mol), followed by
aloe-emodin and chrysophanic acid (-6.4 kcal/mol) and esculetin (-6.3 kcal/mol), all outperforming the
control ligand (-4.3 kcal/mol). Key receptor-ligand interactions involved amino acids residues, including
Serl35, Glu46, and Tyr99, essential for binding stability. Molecular dynamics simulations confirmed
complex stability, with RMSD values < 4 A. RMSF analysis highlighted fluctuations at residues 30,
80/85, and 140, while contact analysis revealed the significance of water bridges and hydrogen bonds.
ADMET profiling revealed that all the ligands complied with the Lipinski rule of five and exhibited high
intestinal absorption values. Our ranking of the ligands using the docking affinities and RMSD values
showed that chrysophanic acid and esculetin were the best ligands. The DFT evaluation showed that
esculetin was the most reactive of all the ligands indicated by its least energy score. These findings
suggest that aloesin, chrysophanic acid and esculetin could serve as promising alternatives for H.
pylori treatment. However, further in vitro and in vivo studies are needed to validate their therapeutic
potential.
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Helicobacter pylori (H. pylori) is a highly mobile, curved, Gram-negative bacterium that colonises the human
gastroduodenal mucosa'. This bacterium has unique microbiological characteristics, which enable it to survive
in extreme environments, including the acidic conditions of the stomach. The primary mode of transmission is
oral-faecal, through contaminated food and water?. H. pylori infection affects approximately half of the world’s
population, posing a significant public health concern, and its prevalence continues to rise®. The Neutrophil-

1Regional Laboratory for Animal Influenza and Transboundary Animal Diseases, National Veterinary Research
Institute (NVRI), Vom 930101, Plateau State, Nigeria. 2Department of Biological Science (Microbiology Unit),
Arthur Jarvis University, Akpabuyo, Cross River State, Nigeria. *Department of Zoology and Environmental
Biology, Faculty of Biological Sciences, University of Calabar, PMB1115, Calabar, Cross River State, Nigeria.
“School of Medicine, Qilu Institute of Technology, Jinan, Shandong, PR China. *Biotechnology Department,
Faculty of Science and Technology, Shendi University, Nher Anile, Shendi 11111, Sudan. ®Department of Medical
Bacteriology, Virology & Mycology, Faculty of Medical Laboratory Science, University of Calabar, PMB1115, Cross
River StateCalabar, Nigeria. ’Research Center, King Fahad Medical City, Riyadh, Saudi Arabia. 8Department of
Botany and Microbiology, College of Science, King Saud University, P.O.Box 22452, Riyadh 11495, Saudi Arabia.
Department of Medical Laboratory Science, College of Medicine, University of Lagos, Lagos, Lagos State, Nigeria.
10pediatric Research Institute, Children’s Hospital Affiliated to Shandong University, Jinan 250022, China. *Yemail:
uwemedet27 @gmail.com; mohnadabdalla200@gmail.com

Scientific Reports | (2026) 16:545 | https://doi.org/10.1038/s41598-025-30119-w nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-30119-w&domain=pdf&date_stamp=2025-11-28

www.nature.com/scientificreports/

Activating Protein (NAP) of H. pylori is a key virulence factor that contributes to increased inflammation and
oxidative stress in the stomach, which leads to the development of ulcers*®. The NAP activates the neutrophils
prompting them to produce reactive oxygen species (ROS) and adhere to endothelial cells, thereby increasing
the inflammatory response and oxidative damage to gastric tissues®. In addition, NAP protein also stimulates
the mast cells and monocytes and, in the process, enhances their pro-inflammatory and pro-oxidant activities*>.
Collectively, these inflammatory and oxidative stress reactions induced by the NAP of H. pylori alter the
gastric mucosal barrier, leading to tissue injury and the development of peptic ulcers and their characteristic
symptoms*°.

Peptic ulcers are treatable, and several pharmacological options are currently in use®. Current treatment
typically involves antibiotics, acid suppression, and lifestyle modifications (dieting)®’. However, the main route
for the management of ulcers is via the use of antibiotics and proton pump inhibitors, whose ultimate aim is the
eradication of the bacterium®. Other options include the discontinuation of Non-Steroidal Anti-Inflammatory
Drugs (NSAIDs) and reduction of gastric acid secretion to promote healing®. The continued increase in the
prevalence of H. pylori infection highlights the issues with existing medication. Resistance of H. pylori to existing
antibioticshave been reported®~'°. Existing treatment, especially the triple therapy that combines antibiotics and
proton pump inhibitors, currently presents with declining success rates over the past decade, largely driven
by the evolution of resistance by the bacterium®1°. Furthermore, available medications such as the bismuth
quadruple therapy require patients to take four different medications multiple times daily for either 10 or 14
days'"!2. Taking multiple medications can be burdensome and could result in incomplete eradication of the
infection following non-compliance and ultimately development of resistance'®. Moreover, currently prescribed
treatment options present with adverse side effects such as dyspepsia and altered bowel habits and could further
discourage patients from completing the prescribed course, a concern that has been linked to the development
of resistant H. pylori strains.

Put together, these pressing challenges have necessitated the search for safer and more effective alternatives
for treatment of ulcers caused by H. pylori from diverse sources that include natural bioactive compounds
from plants'*!>. One of such plants with promising bioactive compounds is Aloe vera, which contains diverse
bioactive compounds, including flavonoids, lectins, terpenoids, anthraquinones, fatty acids, salicylic acid, mono-
and polysaccharides, enzymes, vitamins, and minerals'®~°. A. vera is well recognised for its broad spectrum of
medicinal properties, including anti-inflammatory, antimicrobial, antioxidant, anti-cancer, cardioprotective,
anti-diabetic, prebiotic, bone-protective, and skin-healing effects20. Notably, several in vitro and assay-based
studies have reported the inhibitory activity of A. vera-derived compounds against H. pylori, supporting its
potential as a natural anti-H. pylori agent®!-23.,

From its pool of bioactive compounds, we selected esculetin, aloe emodin, chrysophanic acid, and aloesin
for an in silico study against the NAP of H. pylori. Docking and molecular dynamic (MD) simulations are
essential for evaluating their binding potential and stability within the NAP active site. Esculetin, a coumarin
derivative, has hydroxyl groups at the 6 and 7 carbon positions, enabling strong hydrogen bondings with key
residues in NAP. Aloe emodin and chrysophanic acid, both anthraquinones, contain hydroxyl and carbonyl
groups that facilitate hydrogen bonding, electrostatic interactions, and nt-nt stacking, potentially stabilising their
binding to NAP. Aloesin, a glycosylated chromone, has multiple hydroxyl groups, increasing its solubility and
ability to form hydrogen bonds which may interfere with the protein’s function. These diverse compounds will
allow for the evaluation of the effect of diverse functional groups that could enhance their ability to interact
with the target protein (NAP) and potentially disrupt its pro-inflammatory activity. Our choice of the NAP is
due to its already established role in promoting inflammation and oxidative stress, which contribute to ulcer
formation. Targeting NAP with these bioactive compounds offers a promising therapeutic approach due to their
anti-inflammatory, antioxidant, and antimicrobial properties. Thus, our study aims to evaluate the anti-H. pylori
of the aforementioned compounds using docking and molecular dynamics (MD) simulations.

Methods

Ligands and protein retrieval

In this study, we utilised bioactive compounds previously reported in the literature!®. The selected compounds
were aloe-emodin (PubChem CID: 10207), chryosophanic acid (PubChem CID: 10208), esculetin (PubChem
CID: 5281416), and aloesin (PubChem CID: 160190). The compounds were selected based on reported
experimentally validated biological activities that including antimicrobial, anti-inflammatory, anti-cancer,
cardioprotective, anti-diabetic effects, and antioxidant properties?’. Furthermore, we selected the compounds
to evaluate the interactions of their diverse functional groups, particularly hydroxyl and carbonyl moieties on
the target protein. On the other hand, from the Research Collaboratory for Structural Bioinformatics (RCSB)
database, we selected the H. pylori Neutrophil-Activating Protein (NAP) (PDB ID: 1J14)?*. The NAP is a key
virulence protein that initiates a cascade of events contributing to ulcer pathogenesis®>2*,

Ligands and target protein preparations

The structures of the ligands were first sketched using ChemDraw Ultra version 9.0%, and their energies were
minimised using the MMFF94 force field. Following energy minimisation, the ligands were stored for further
use. The SMILES strings of the ligands were also retrieved for the prediction of ADMET properties. The target
protein, neutrophil-activating protein (NAP) from H. pylori (PDB ID: 1]J14), was prepared using BIOVIA
Discovery Studio®. After loading the protein to reveal the native ligand, the structure was first inspected for
missing residues or atoms and no significant gaps were identified. Next, all the water molecules and heteroatoms,
including co-crystallised ligands and ions, were removed to prevent interference with docking calculations.
Hydrogen atoms were added to the protein structure to maximise the protonation state at physiological pH (7.4),
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and partial charges were also removed. Using the CHARMm force field, the protein was subsequently subjected
to energy minimisation with minimisation steps set to 1000 iterations and a convergence gradient of 0.01 kcal/
mol/A? to relieve steric clashes and optimise geometry. The resulting structure was saved in PDB format and
used for subsequent docking studies?”.

Molecular docking

To assess ligand binding affinities and identify key interacting amino acid residues, molecular docking was carried
out. Molecular docking has emerged as powerful tool in the search for safer and more effective ligands with
therapeutic properties®-31. Docking was performed as described in a previous study*. The protein’s allosteric
pocket was identified using the Site Finder tool in molecular operating enviroment (MOE). The coordinates
of the active site were determined to be X = 24.5016, Y = 14.8366, and Z = 1.0583. To ensure reproducibility,
we performed docking using the Autodock Vina tool version 1.2.0°%. In the tool, the prepared ligands were
individually docked to the target protein. The London dG scoring algorithm which has been validated in various
studies was utilised to compute the binding scores?®. Following docking, the best poses were visualised in 2D
using BIOVIA Discovery Studio®.

Molecular dynamics simulations

To assess the stability of the complexes, a 300-nanosecond molecular simulation run was carried out using the
Schrodinger Desmond module and the Optimised Potentials for Liquid Simulations (OPLS) force field. The
system was solvated using the TIP3P water mode, while the simulation box was orthorhombic with a boundary
of 10 A. The solvated system was neutralised by adding appropriate counter ions, and the osmotic state was
maintained by the addition of 0.15 M NaCl. The system was equilibrated prior to the simulation run. The
simulation run was carried out at a pressure and temperature of 1.013 bar and 310 K%,

Density functional theory (DFT) study of the ligands

Ligand reactivity was evaluated through Density Functional Theory (DFT) calculations, a quantum mechanical
method that enables the prediction of molecular reactivity and electronic properties®*. The analysis was conducted
using the Gaussian 09 program. Geometry optimisations and energy calculations were initially conducted using
the B3LYP functional with the 6-31G(d, p) basis set, which is suitable for organic molecules comprising carbon,
hydrogen, nitrogen, and oxygen atoms. To enhance the accuracy of the electronic descriptors and better account
for polarisation and diffuse effects, further optimisations were carried out using the B3LYP/6-31 + G(d, p) level
of theory?”?%. These computations provided insights into the frontier molecular orbitals, energy gaps, and overall
electronic reactivity of the selected ligands?"-%,

Prediction of ADMET properties and evaluation of the lipinski’s ROF of the ligands
The pkCSM tool was used to predict ADMET properties and their molecular descriptors. After prediction, the

molecular descriptors were assessed for compliance with the Lipinski’s rule of five3>-7,

Results and discussions

Molecular docking and simulation dynamics of the formed complexes

We explored the anti-Helicobacter pylori potential of selected A. vera bioactive compounds using in silico
approaches. Table 1 presents the molecular docking results of the ligands against the neutrophil-activating
protein (NAP) of H. pylori (PDB ID: 1]J14). The docking scores varied across the test ligands, all of which
exhibited stronger binding affinities than the control native ligand, which returned the lowest binding affinities
of — 4.3 kcal/mol. The test ligands showed more favourable binding energies, ranging from — 6.3 to — 7.4 kcal/
mol. Specifically, esculetin, aloe-emodin, and chrysophanic acid recorded binding affinities of - 6.3, - 6.4, and -
6.4 kcal/mol, respectively, while aloesin demonstrated the strongest binding with a docking score of — 7.4 kcal/
mol. These higher negative binding affinities observed for the test ligands, compared to the native ligand, suggest
a higher binding affinity and stronger potential for inhibitory activity against the NAP protein. This finding
aligns with previous reports indicating that, in molecular docking studies, more negative binding energies are
associated with more favourable interactions and stronger ligand-protein binding affinities®®. The binding
affinities observed in our study are consistent with a previous report that evaluated the in silico properties of A.
vera phytoconstituents®'. In that study, seventeen compounds, including aloesin, aloe-emodin, and chrysophanic
acid, were docked against glucosamine-6-phosphate synthase, a key enzyme involved in bacterial cell wall
synthesis. The results demonstrated notable binding affinities ranging from 0 to — 12.419 kcal/mol, indicating
potential antibacterial activities. In another study, docking scores that ranged from — 6.4 to —9.73 kcal/mol were
observed for the various natural inhibitors®. The variation in docking scores between the two studies may be
attributed to the use of different target proteins. While our study focused on the neutrophil-activating protein
(NAP) of H. pylori, their studies investigated glucosamine-6-phosphate synthase and outer membrane protein
6 (OMP6). Notably, aloe-emodin was shown to inhibit H. pylori biofilm formation by targeting OMP6>2. The
antibacterial potential of A. vera phytoconstituents has also been supported by other studies combining both in
vitro and in silico approaches?!?2.

Table 1 presents the results of the interacting residues, bond types, and bond distances for each of the ligands
and the control. The control exhibited the weakest binding energy, ranging from —0.1 to — 1.9 kcal/mol, with
bond distances between 2.56 and 2.90 A, primarily forming hydrogen bonds (acceptor and donor) with residues
Glu46, Tyr99, and Ser135. In contrast, the test ligands demonstrated stronger binding interactions, consistent
with the higher binding affinities observed. Binding energies ranged from —0.8 to —1.3 kcal/mol for aloe-
emodin, —0.4 to —6.9 kcal/mol for aloesin, and —0.8 to —2.3 kcal/mol for esculetin. The specific interacting
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Ligand ‘ Receptor ‘ Interaction ‘ Distance ‘ E (kcal/mol) | Binding affinties (kcal/mol)
1ji4/control -4.3
0417 |OE1GLU46 | H-donor 2.56 -0.1

0210 |OHTYR99 H-acceptor | 2.90 -1.9

0210 | OGSER135 | H-acceptor |2.89 -1.4

1ji4/10,207 (Aloe emodin) —6.4
0525 | OE1 GLN 128 | H-donor 2.75 -1.3

021 CAILE 43 H-acceptor | 3.38 -0.8

1ji4/10,208 (Chrysophanic acid) 6.4
032 |OGSER135 | H-acceptor ‘ 275 ‘ 20

1ji4/160,190 (Aloesin) -7.4
082 SD MET 138 | H-donor 3.75 -0.4

0632 | OE1 GLN 128 | H-donor 2.59 -2.3

0336 |OILE43 H-donor 2.71 -2.6

082 NZ LYS 134 H-acceptor | 2.77 -6.9

0946 | OGSER135 | H-acceptor |2.66 -1.9

1ji4/5,281,416 (Esculetin) -6.3
0216 | OE1 GLN 128 | H-donor 2.65 -1.4

0318 | SD MET 50 H-donor 3.66 -2.3

042 OH TYR 99 H-acceptor | 3.07 -0.8

042 OG SER 135 | H-acceptor | 2.73 -14

Table 1. Docking properties of the complexes formed.
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Fig. 1. A 2D representation of the docking poses of the various test ligands and control with the target protein
(PDB iJ14 NAP protein from H. pylori).

residues varied across the ligands: aloesin (PubChem CID: 160190) formed interactions with five residues
(Met138, GIn128, Ile43, Lys134, and Ser135), the highest among all, while esculetin (CID: 5281416) interacted
with four residues (GIn128, Met50, Tyr99, and Ser135). These findings support the binding affinities reported
in Table 1 and reveal that Ser135 was involved in all ligand interactions, suggesting its potential significance in
mediating the inhibitory effects of the selected A.vera phytoconstituents.

In addition to Table 1; Fig. 1 shows the result of the docking (poses) in 2D for the control and test ligands. The
results indicate the presence of basic, acidic, polar, and greasy interactions among the ligands and amino acid
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residues. Furthermore, in all the poses, ligand exposure was observed and various amino acids involved in the
bonding revealed. The various bonds were acid, polar and basic, with polar and basic bonds being the dominant
ones. All compounds fitted inside the binding pockets and interacted with different amino acids in terms of
numbers and type. Furthermore, various amino acid residues were within the proximity contours and these
were 11, 6, 7, 9, and 7 for ligands 160190, 5281416, 10208, 10207, and control. The amino acids were same as
those captured in Table 1 and these were Phe47, Glu46, Lys131, Ser135, Tyr99, Leul32 and Ile43 for the control.
For ligand 10207, in addition to those found in the control, Phe106, Met50, and GIn128 were also involved in
the docking. For ligand 10208, the residues were Glu46, Ile43, GIn1288, Tyr99, Ser135, Lys131 and Met138.
For ligand 169190, the amino acids were similar to those of the control but in addition, it had Met138, Leul39,
Leul39 and Glu128. For ligand 5,281,416, the amino acids were Ser135, Ile43, Tyr99, Phe47, Met50, and Glu128.
The docking results of the various test native (control) ligands against the H. pylori neutrophil-activating
protein (NAP; PDB ID: iJI4) revealed that all compounds were successfully accommodated within the proteins
binding pocket. The NAP is a major virulence factor of H. pylori that contributes to its pathogenesis by stimulating
neutrophils, promoting inflammation, and aiding immune evasion*>. The control ligand interacted with residues,
including Phe47, Glu46, Lys131, Ser135, Tyr99, Leul32, and Ile43, amino acids crucial for structural stability and
protein-protein interactions. Residues like Glu46 and Lys131 are capable of forming electrostatic interactions
that stabilise the protein’s oligomeric form, while Ser135 and Tyr99 likely to mediate hydrogen bonding. Ligand
10207 interacted with additional residues, including Phe106, Met50, and GIn128, suggesting a broader binding
interface that may enhance stability or binding affinity?’. Ligand 10208 also bound to Met138, a residue close to
the C-terminal that may influence oligomerisation. Furthermore, ligand 160,190 exhibited interactions similar
to the control but also included Glu128, Met138, and Leu139, which may likely disrupt subunit assembly or iron
coordination?®. Ligand 5281416 interacted with both polar and hydrophobic residues such as Ser135, Glu128,
and Met50, suggesting potential to modulate NAP’s structural dynamics. Overall, residues Glu46, Lys131, Phe47,
Ile43, and Leul39 are central to the stability and function of NAP. Their interaction with the ligands suggests
a mechanism of inhibition that may impair H. pylori’s neutrophil-activating ability, reducing its virulence. In
addition, the number of amino acid residues involved in the various interactions appeared to align with the
docking scores of the ligands utilised in this study. The highest number of amino acid residues was observed for
ligand 160,190, further indicating the role of amino acids in the docking process and preferential interactions®’.
Docking alone cannot provide any insight into the stability of a protein as it complexes with various
ligands?*%. To evaluate the stability of the protein in the presence of the ligands as well as the conformational
dynamics of the protein-ligand complexes post-docking, a 300 ns molecular dynamics (MD) simulation was
carried out. Root Mean Square Deviation (RMSD) is a quantitative measure of the structural deviation between
atomic positions in a molecular system over time*!. RMSD is one of the critical parameters that is deployed
to analyse a protein-ligand complex, especially its backbone C-a atoms. It is alsoused to indicate a protein’s
overall conformational stability in a dynamic state as obtained during simulation. Figure 2 presents the Root
Mean Square Deviation (RMSD) profiles over a 300 ns molecular dynamics simulation. The RMSD values
exhibited some variation across the complexes for the duration of the simulation. The control returned RMSD
values that ranged from 1.0 to 2.8 A. Ligand 10,207 gave protein RMSD values between 0.9 and 2.6 A, and
ligand RMSD values ranging from 6.0 to 54.0 A. For ligand 10,208, the RMSD values ranged from 1.2 to 2.6
A for the protein and 1.5 to 12.0 A for the ligand. In the case of ligand 160,190, protein RMSD values ranged
from 1.2 to 2.8 A, while ligand RMSD values extended from 0.0 to 56.0 A. The most stable complex was that
formed between the protein and ligand 5,281,416 which showed stable RMSD values that were well within the
acceptable 3A throughout the duration of the simulation®”*, Ligand 10208, experienced some fluctuations at
the start and around 130 ns but it later stabilised. Ligand 160,190 also shows stable conformation at the start
of the run but experienced fluctuations between 210 and 230 ns, and later stabilised thereafter. The rest of the
ligands especially the control was unstable for the most part of the simulation run. Our findings indicate that
the control protein RMSD values ranged from 0.9 to 2.8 A. This low and almost similar protein RMSD values
across complexes suggest that the protein maintains structural integrity upon binding with the various ligands.
Generally, RMSD values less than 4 A are generally regarded as stable?”*". Furthermore, the stability observed
across all ligand-bound complexes suggests that the ligands closely resemble the control in behaviour and do
not induce significant conformational changes in the protein. The consistently low RMSD values indicate that
the docking poses were retained throughout the simulation and that the ligands remained well accommodated
within the binding site. This structural stability reinforces the docking results, suggesting that the predicted
binding modes were reliable. Notably, ligands 5281416 and 10208, which showed favourable docking scores and
higher numbers of interacting residues, also exhibited stable RMSD trajectories, further supporting the validity
of their binding conformations. Overall, the protein RMSD trajectories for all ligand-bound complexes were
comparable to that of the control, suggesting that the protein maintained structural stability throughout the
simulation regardless of the ligand bound.
In addition, the agreement between docking and RMSD findings enhances confidence in the predicted
binding affinities and supports the hypothesis that these ligands form stable complexes with the NAP protein.
Figure 3 shows the results of the RMSF values of the formed NAP-ligand complexes. The result as expected
showed variations. For the control, the values ranged from 0.5 to 3.0 A but there were spikes above 2 A at
amino acid residues at positions 30, 80 and 140. For ligand 10207, the RMSF values ranged from 0.4 to 2.0 A,
however, there also spikes with RMSF above 1.6 A at residues 30, 80 and 140. For ligand 10,208, the RMSF value
ranged from 0.4 to 2.2 A with spikes above 2 A at residues 80 and 140, respectively. For ligands 160,190 and
5,281,416, the RMSF ranged from 0.5 to 2.4 A and 0.5 to 4.0 A, but there were spikes above 2 A around amino
acid residues at positions 30, 85 and 140, respectively. As a parameter like RMSD, low and consistent values
indicate stability while higher RMSF values indicate low stability and also major changes in a bid to obtain
a stable state*2. Also, regions of elevated RMSF indicate regions of increased flexibility, which may influence
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ligand binding and overall protein stability?®. In our study, it was noted that at amino acid residues 30, 80/85,
and 140, consistently higher fluctuations occurred across the different complexes, indicating their potential role
in dynamic interactions. Specifically, these residues correspond to regions of structural and functional activities
in the NAP target protein.

Residue 30 lies within a surface-exposed loop, suggesting that the flexibility of the region may accommodate
conformational adjustments upon ligand binding interactions. Residues 80/85 are situated close to the ferroxidase
channel and may play roles in ligand access, metal coordination, or stabilising the catalytic pocket. Meanwhile,
residue 140 lies near the C-terminal helix, a region noted for its dynamic nature and possible involvement in
oligomer stability and allosteric regulation*’. Together, the observed consistency between docking affinities,
interaction profiles or the residues involved, and observed stable simulation values (RMSD, RMSF) strengthens
the validity of the docking results and confirms the dynamic compatibility of the selected ligands with the target
protein and its flexibility of the target as it binds with the study ligands.

The ranking of the ligands using their docking scores and RMSD values as presented in Table 2 indicates
that chrysophanic acid and esculetin ranked first and second. Aloesin recorded the strongest binding affinity
(=7.4 kcal/mol), indicating strong binding affinity, but showed the least structural stability, with RMSD rising
above 16 A for a significant duration. Aloe emodin, despite a good docking score (—6.4 kcal/mol), also showed
poor stability after 70 ns, reaching up to 54 A. In contrast, chrysophanic acid maintained a consistently low
RMSD profile, staying below 10 A throughout and ranking highest in stability. Esculetin demonstrated both
favourable binding and structural integrity, with RMSD ranging between 1.5 and 11 A. The control compound
was initially stable but showed a steep increase in RMSD beyond 230 ns.

Figure 4 shows the results of the interactions, the different bond types and the respective amino acids involved
in the various bonds. The results indicate that hydrogen, hydrophobic, ionic and water bridges were the main
bond types. Water bridges were the most dominant bond followed by hydrogen bond. The number of amino
acids involved in the interacting fractions returned a total of 43, 92, 19, 51, and 15, respectively.

Figure 5 presents the results of the contact analysis performed during the simulation. The findings show that
both the control and test ligands formed multiple contacts with the target protein throughout the simulation
run. The total number of contacts recorded were 6, 12, 6, 9, and 6 for the control and ligands 10207, 10208,
160190, and 5281416, respectively. Notably, ligands 5281416 and 10208 engaged a greater number of amino acid
residues, suggesting more extensive interactions. For ligand 10,208, the key interacting residues were Glu42,
Glu46, Tyr99, and Ser135. Ligand 5,281,416 interacted primarily with Glu46, Asp53, and Tyr99. In the case of
ligand 160190, Glu42 and Met138 were the residues with the most persistent or strongest contacts. The control
ligand formed interactions with Glu46, Phe47, Tyr99, GIn128, and Lys131. These findings highlight differences
in contact profiles across the ligands, potentially reflecting variations in binding strength and stability. Our
analysis of interaction fractions within the protein-ligand complexes revealed that hydrogen bonds and water
bridges were the predominant types of non-covalent interactions, with water bridges occurring the most.
These findings are consistent with previous studies highlighting the crucial role of hydrogen bonding and
solvent-mediated interactions in complex stabilisation?”-¥4244-4¢_ Water bridges, in particular, suggest active
participation of surrounding water molecules in mediating and stabilising ligand binding, which may contribute
to dynamic stability within the binding pocket*’. The predominance of these interactions correlates with the
observed binding affinity trends from molecular docking. Complexes with higher interaction fractions, especially
involving hydrogen bonds and water bridges, also demonstrated more favourable binding energies, suggesting a
functional link between these stabilising forces and binding strength. Furthermore, our contact analysis showed
that ligands 5,281,416 and 10,208 formed more extensive contacts with the protein, with residues Glu42, Glu46,
Tyr99, and Ser135 involved. These residues are functionally significant and contribute to protein structural
integrity and specificity.

In particular, the residues Glu42, Glu46, Tyr99, and Ser135 were all within or near the active site of the target
protein as revealed by the molecular docking, suggesting their functional relevance. The presence of glutamic
acid residues (Glu42 and Glu46)often involved in the catalytic activity and electrostatic interactions of the target,
suggest a role for substrate identification and enzymatic function. As an amino acid, glutamic acid (Glu)
residues can form ionic and hydrogen bonds, contributing to structural integrity and interaction specificity**.
In addition, the presence of Tyr99, also located in the within the binding pocket of the target protein, can
participate in the formations of n-m stacking, hydrophobic and hydrogen bonds, thereby influencing ligand
positioning and binding affinity*®. In the same vein, Ser135 possess a hydroxyl group that is capable of forming
hydrogen bonds and it is routinely implicated in substrate recognition and interaction specificity®. Overall, the
involvement of these residues implies that they may be critical in the modulation of protein function, either by
hindering substrate access or by initiating conformational changes atypically related with allosteric modulation.

Rank | Ligand Docking scores (kcal/mol) | Summary of RMSD Opverall stability assessment
1 Scl;(riYSOP hanic -6.4 <5 A for 0-130 ns; 6-10 A for remainder Most stable overall, limited deviation
2 Esculetin -6.3 1.5-4.5 A for 0-130 ns; 5-11 A thereafter Very stable early on; moderate rise later
3 Control ligand | -4.3 <3 A for 0-230 ns; then rises sharply to 6-54 A | Stable for long, then large instability
4 Aloe emodin | -6.4 <5 A for 0-70 ns; then 12-54 A Short early stability; large deviation
5 Aloesin -7.4 <16 A for 0-220 ns; then 16-24 A Highest RMSD overall; significant fluctuations
Table 2. Ranking of the ligands based on their Docking scores and RMSD values.
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Ligand properties

To further provide insight into the stability and flexibility, compactness, as well as the ligand’s surface characteristics
and potential interaction sites, we further explored the RMSD, rGyr, MolSA, SASA, and PSA properties of the
ligands®”4%42, Collectively, these parameters provide comprehensive insights into the conformational stability
and dynamic behaviour of the ligands within their respective complexes. The results of the ligand property
analysis are presented in Fig. 6. The RMSD values ranged from 0 to 1.4, 0.25 to 0.75, 0.6 to 1.2, 0.5 to 3, and 0.2
to 1.2 A for the control and ligands 10207, 10208, 160,90, and 5281416, respectively.

For the rGyr, the values were 1.92 t0 2.16, 3.1 to 3.4, 2.94 to 3.12, and 3.6 to 4.05, and 2.45 to 2.60, respectively.
The MolSA values were 140 to 148, 250 to 260, 246 to 255, 340 to 370, and 154.5 to 159, respectively, for control
and ligands 10207, 10208, 160190, and 5281416. The PSA values were 60 to 90, 165 to 195, 120 to 165, 225 to
300, and 165 to 175, respectively, for control and ligands 10,207, 10,208, 160,190, and 5,281,416. Overall, the low
RMSD values indicate that the ligands were stable, even better than the control, except for ligand 160,190, which
returned slightly higher RMSD values than the control, and this aligns with previous reports?®*!. The observed
stability is crucial for the effective binding of the ligands and suggests consistent ligand-ligand positioning can
enhance binding affinity and specificity. The rGyr values indicate that the ligands were generally compact, with
528,416 returning the most compact value among the ligands with its lowest rGyr value®®. A more compact
structure has the potential to influence the ligand’s ability to fit tightly into the binding pocket of the protein and
indicates stability together with RMSD values®®.

Together with MolSA, the PSA values provide insights into the ligand’s surface characteristics and potential
interaction sites?®1%4, The MolSA values ranged from 140 to 370 A% SASA from 60 to 300 A2, and PSA from
60 to 300 A% across the control and ligands. The large values for MolSA, the PSA observed for ligand 160190
suggest increased exposure to solvent, which can affect the ligand’s solubility and interaction dynamics. A higher
PSA indicates a greater polar region, potentially enhancing hydrogen bonding with the target protein, and this
corroborates the higher docking score and hydrogen bonds observed for ligand 160,190

We further conducted the Principal Component Analysis (PCA) to determine the dominant motions within
the molecular dynamics simulations®!. The result of the PCA analysis is presented in Fig. 7. The results indicate
that PC1, PC2, and PC3 for each of the ligands varied for the control and test ligands. For ligand 10207, the
respective PC values were 19.6, 10.0, and 6.65, respectively, while for ligand 10208, the values were 18.47, 12.18,
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Fig. 5. Contact analysis plot of the various complexes at 300 ns.

and 9.88, respectively, for PCI, 2, and 3. For ligand 16190, the PC values were 21.69, 18.47, and 6.83, while for
5281416, the values were 31.06, 15.63, and 9.67, respectively, for PCI, 2, and 3. For the control, the values were
19.4, 14.59, and 4.59, respectively, for PC1, 2, and 3. The values varied as expected and in line with a previous
report?. Ligand 5281416 exhibited the highest PC1 value at 31.06, suggesting significant conformational
flexibility. In contrast, ligands 10207 and 10208 showed lower PC1 values (19.6 and 18.47, respectively),
indicating more restricted movements. Put together, the PCA findings align with the RMSD and rGyr results
and overall indicate the stable complexes.

ADMET properties

Tables 3 and 4 show the results of the predicted ADMET and molecular descriptors for the ligands. The ADMET
and molecular descriptor analysis provided further insights into the pharmacokinetics and drug-likeness of
esculetin, aloe emodin, chrysophanic acid, and aloesin. The water solubility values of the studied bioactive
compounds were — 2.497, —3.104, —3.077, and — 2.309, respectively, for esculetin, aloe emodin, chrysophanic
acid, and aloesin. The CaCO, permeability for the ligands were 0.301, —0.233, 1.298 and 0.305, respectively for
esculetin, aloe emodin, chrysophanic acid, and aloesin. Intestinal absorption in humans for the various ligands
ranged from 46.247 to 96.558, while that of the control was 85.07, which was within the range of the studied
ligands. Skin permeability for the ligands ranged from — 0.233 to 1.298, while the intestinal absorption for the
ligands ranged from 46.25 (aleosin) to 86.29 (esculetin). All ligands were substrates for P-glycoprotein except the
control, while all the ligands, as well as the control, were not inhibitors of P-glycoprotein I and II. The predicted
VDss (human) values ranged from 0.212 to 0.671 for the ligands, while that of the fraction unbound, BBB, and
CNS ranged from 0.226 to 0.484, —0.792 to 0.212, and — 3.783 to —2.296, respectively, for esculetin, aloe emodin,
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Fig. 6. The RMSD, rGyr, MolSA, SASA, and PSA evaluations of the ligands at 300 ns.

chrysophanic acid, and aloesin. Overall, the compounds exhibited moderate solubility (-2.497 to —3.104)%,
variable CaCO, permeability (0.301 to ~0.233), and intestinal absorption (46.25% to 96.56%), with esculetin
showing the highest absorption®. Limited blood-brain barrier permeability (-0.792 to 0.212) suggests minimal
CNS effects™.

Gaining an understanding of the metabolic state of ligands is important for providing insight into their
pharmacokinetic behaviour and potential for drug-drug interactions®***. In this study, we evaluated the
metabolism of esculetin, aloe emodin, chrysophanic acid, and aloesin, focusing on their inhibitory and substrate
potential across the breast cancer resistance protein (BCRP), cytochrome P450 enzymes (CYPs), and drug
transporters. The interactions of ligands either as substrates or inhibitors have pharmacokinetic implications®.

Among all the cytochrome P450 enzymes, the isoforms CYP1A2, CYP2C19, and CYP2D6 were the most
affected. Among the ligands, aloe emodin and chrysophanic acid were predicted to inhibit multiple CYP
isoforms with high confidence, showing strong inhibitory potential for CYP1A2 and CYP2D6, and moderate
to high confidence for inhibition of CYP2C19. These CYP enzymes are involved in the metabolism of a wide
range of clinically important drugs, and their inhibition by potential therapeutic compounds, as observed with
our ligands, may result in elevated plasma concentrations of such medications®®. Chrysophanic acid was also
predicted to be a substrate for CYP1A2, CYP2C19, and CYP2C9, indicating that the compound is likely to
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Fig. 7. Principal component analysis (PCA) of the various complexes.

undergo hepatic biotransformation, which could affect its bioavailability and rate of elimination®®. On the other
hand, esculetin and aloesin were predicted to have the lowest interaction profiles. Specifically, both compounds
were identified as non-inhibitors of major CYP enzymes, including CYP3A4, CYP2D6, and CYP2C19,
with medium to high confidence. This suggests a lower risk of metabolic drug-drug interactions. However,
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ADMET ‘ Esculetin ‘ Aloe emodin | Chrysophanic acid | Aloesin
Absorption

Water solubility —-2.497 -3.104 -3.077 -2.309
CaCO, permeability 0.301 -0.233 1.298 0.305
Intestinal absorption (human) 86.291 74.179 96.558 46.247
Skin permeability -2.796 —-2.743 -2.83 -2.736
P-glycoprotein substrate Yes Yes Yes Yes
P-glycoprotein I inhibitor No No No No
P-glycoprotein II inhibitor No No No No
Distribution

VDss (human) 0.528 0.671 0.272 0.212
Fraction unbound (human) 0.484 0.226 0.154 0.416
BBB permeability 0.025 -0.729 0.212 -1.29
CNS permeability -2.296 -2.466 -2.111 -3.783
Metabolism

CYP2D6 substrate No No No No
CYP3A4 substrate No No No No
CYP1A2 inhibitor Yes Yes Yes No
CYP2C19 inhibitor No No No No
CYP2C9 inhibitor No No No No
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor No No No No
Excretion

Total clearance 0.671 0.008 0.02 0.456
Renal OCT?2 substrate No No No No
Toxicity

AMES toxicity No Yes Yes No
Max. tolerated dose (human) -0.262 -0.089 -0.256 0.437
hERG I inhibitor No No No No
hERG II inhibitor No No No No
Oral rat acute toxicity (LD50) 2.337 2.329 2.275 2.47
Oral rat chronic toxicity (LOAEL) | 1.504 1.878 2.057 3.95
Hepatotoxicity No No No Yes
Skin sensitisation No No No No
T.Pyriformis toxicity 0.39 0.563 0.794 0.285
Minnow toxicity 2.341 2.337 1.603 4.394

Table 3. ADMET properties of the selected bioactive compounds.

Molecular descriptors | Esculetin | Aloe emodin | Chrysophanic acid | Aloesin
Molecular weight 178.143 270.24 254.241 394.376
LogP 1.2042 1.3655 2.18162 —0.54658
#Rotatable bonds 0 1 0 4
#Acceptors 4 5 4 9
#Donors 2 3 2 5

Surface area 72.668 113.283 108.489 158.969

Table 4. Molecular descriptors of the selected bioactive compounds. # = Number of

esculetin was predicted to be a CYP2C9 substrate, implying that it may be metabolised by this enzyme without
exhibiting inhibitory effects®”. In addition to the CYP enzymes, we also assessed the involvement of the breast
cancer resistance protein (BCRP), which plays a critical role in drug efflux and multidrug resistance®®*. Aloe
emodin and chrysophanic acid were predicted to be BCRP inhibitors, albeit with low confidence. If validated
experimentally, this suggests they may interfere with BCRP-mediated drug transport, potentially altering the
pharmacokinetics of BCRP substrates®®*. In contrast, esculetin and aloesin were confidently predicted to be
non-inhibitors, reducing concerns about efflux-related interactions. Furthermore, none of the compounds were
predicted to inhibit OATP1B1 or OATP1B3, which are hepatic uptake transporters important for drug clearance.
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The lack of interaction with these transporters suggests that hepatic accumulation or altered drug disposition via
this route is unlikely®®®!. Overall, esculetin and aloesin, given their metabolically favourable profiles, appear to
be safer candidates for further evaluation.

The predicted excretion parameter showed that total clearance ranged from 0.008 to 0.671 for the ligands,
while all the ligands and control were not substrates for renal OCT?2. Clearance values (0.008 to 0.671) suggest
varying elimination rates, with no renal OCT2 interactions®’. Ames’ toxicity profiling of the ligands showed that
all the ligands, apart from aloe emodin and chrysophanic acid, were not toxic. Hepatotoxicity for both ligands
and the control showed that all were not toxic except for aloesin. Molecular weight of the ligands ranged from
178.143 to 394.376. The log P values ranged from — 0.54658 to 2.18162, while the number of rotatable bonds
ranged from 0 to 4. On the other hand, the number of acceptors and donors ranged from 4 to 9 and 2-5. The
surface area of the bioactive area ranged from 72.668 to 158.969.

Toxicity profiling showed that aloe emodin and chrysophanic acid were mutagenic®, while aloesin was
hepatotoxic. Molecular descriptors confirm drug-likeness, with molecular weights (178.143-394.376 Da),
logP (-0.54658 to 2.18162), and hydrogen bond properties within acceptable ranges of the Lipinski rule of
five®>%”. Their compliance with the Lipinski rule of five indicates that they could serve as potential oral drugs.
Furthermore, these findings suggest esculetin and aloe emodin have the most promising pharmacokinetic
profiles, but toxicity concerns warrant further evaluation.

Density function theory

To further assess chemical reactivity, regioselectivity, stereoselectivity, and the interactions between reacting
orbitals in order to determine the relative reactivity and chemical behaviour of the species, frontier molecular
orbital (FMO) theory was carried out as reported previously®*-. For all the ligands, we looked at the global
hardness (1), orbital overlap (m), softness (S), electrophilicity index (w), and chemical potential (yt) of certain
molecules (Supplementary Fig. 1 and Table 1). The energy gap (AE) of the ligands was found to be between
0.0839 eV (CID 5281416) and 0.3184 eV (control). LIGAND 160,190 had the smallest energy gap. Lower AE
values suggest higher reactivity, while higher values indicate greater stability, implying that the test ligands were
more reactive than the control. Notably, CID 5281416 exhibits the highest electrophilicity index (w = 0.472791
eV), implying a strong potential to accept electrons. The lower energy gap reported for esculetin and high
electrophilicity suggest significant reactivity, making it a potential candidate for biological interactions®”. The
other ligands, CIDs 10207, 160190, and 10,08, exhibit moderate reactivity with AE values between approximately
0.2696 eV and 0.2894 eV, indicating a balance between stability and reactivity. The control compound’s higher
AE suggests it is the most stable and least reactive among the group; however, in the presence of the target
protein, the bioactive compound was also stable as discussed earlier.

Conclusion

This study provides insights into the potential inhibitory activity of selected phytoconstituents against H. pylori
neutrophil-activating protein (NAP). Molecular docking revealed that aloesin exhibited the highest binding
affinity (-7.4 kcal/mol), followed by aloe-emodin and chrysophanic acid (-6.4 kcal/mol), and esculetin
(—6.3 kcal/mol), all outperforming the control ligand (4.3 kcal/mol). Key receptor-ligand interactions involved
Ser135, Glu46, and Tyr99, contributing to complex stability. Molecular dynamics simulations confirmed ligand-
protein stability, with RMSD values within an acceptable range (<4 A). The ranking of the ligands in terms
of docking scores and RMSD values revealed that chrysophanic acid and esculetin possessed strong binding
affinities combined with high dynamic stability, making them the best leading compounds. Our RMSF analysis
highlighted fluctuations at residues 30, 80/85, and 140, while contact analysis emphasized the role of water
bridges and hydrogen bonds in stabilization. Overall, the compounds induced conformational perturbations that
can induce conformational changes that disrupt NAP function, they could serve as potential inhibitors, reducing
H. pylori-mediated ulcerogenesis. ADMET prediction showed favourable pharmacokinetics for all the ligands
except for aloesin that showed hepatotoxicity, while their low energy gaps indicate good biological activities.
These findings suggest aloesin and related phytochemicals as promising candidates for H. pylori treatment.
Future in vitro and in vivo studies are needed to validate their therapeutic potential for ulcer management.
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