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Abstract

Alzheimer's disease continues to be one of the major critical neurodegenerative ailments of the
modern era, with acetylcholinesterase (AChE) inhibition standing as a foundational therapeutic
strategy. Natural products continue to provide a rich, sustainable source of structurally diverse
bioactive scaffolds that offer sustainable options in the search for new treatments. In this study,
five (05) naturally occurring sesquiterpenoids isolated from a single botanical source, Laggera
pterodonta, designated as HM-1 to HM-5, were investigated as potential AChE-targeting
candidates through a unified in silico framework, evaluated against the clinically established
drug galantamine. Density functional theory (DFT) at the B3LYP/6-311G (d, p) level
elucidated the electronic structures of these compounds, including frontier molecular orbitals,
density of states, global reactivity descriptors, molecular electrostatic potential, non-covalent
interaction topology, and electron localization, while time-dependent DFT further identified
their optical signatures Molecular docking showed that all five natural compounds interacted
with the AChE active site with binding affinities closer to galantamine; HM-1 had the highest
binding value of all (-8.6 kcal/mol), inducing stable interactions via hydrogen bonding and =n-
mediated contacts inside the catalytic cavity of the enzyme. A 300 ns molecular dynamics
simulation of the AChE-HM-1 complex further supported its conformational stability, with
stable backbone RMSD and radius of gyration, persistent hydrogen-bonding interactions, and
localized residue flexibility. MM/GBSA analysis yielded a binding enthalpy of —14.37 + 0.38
kcal/mol, with van der Waals interactions providing the major favourable energetic
contribution, further supporting the stable association of HM-1 with the AChE active site.
Notably, ADMET profiling showed that while galantamine retained a slight edge in intestinal
absorption and blood-brain barrier permeability, two of the five natural compounds (HM-1 and
HM-5) achieved comparable brain penetration, and all five candidates exhibited a safer toxicity
profile relative to the reference drug, especially showing reduced neurotoxic and immunotoxin

potential.

Keywords: Alzheimer's disease, natural extracts, computational analysis, Molecular

docking and ADMET.
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Introduction

Alzheimer’s disease (AD) is a rapidly increasing neurodegenerative disorder characterized by
memory and cognitive decline.(Kochman et al. 2025) It is the most common form of dementia,
abundantly found in the aging population.(Pardo-Moreno et al. 2022) It is estimated that more
than 50 million individuals are suffering from dementia worldwide (Gustavsson et al. 2023). It
was discovered by Dr Alois Alzheimer in 1906 (Thakor et al. 2024).

While the exact cause of Alzheimer’s disease is yet to be established, two principal
pathological hallmarks have been defined: aggregation of extracellular amyloid-f (Ap) protein
and the presence of hyperphosphorylated tau protein in neurofibrillary tangles (NFT), leading
to degeneration of an AD patient’s brain (Martins et al. 2023). There are various hypotheses
proposed for AD, including the amyloid-f hypothesis, neuroinflammatory hypothesis, tau
hypothesis (Garbuz et al. 2021)and the cholinergic hypothesis (Chen et al. 2022). The amyloid-
p hypothesis suggests that disruption in clearance of amyloid precursor protein leads to
accumulation of amyloid-f peptides into extracellular plaques (Ma et al. 2022). While the
neuroinflammatory hypothesis states that disease progression is caused by continuous
activation of microglia, which, although initially helps in the removal of amyloid-p,
subsequently releases pro-inflammatory mediators accelerating neuron damage
(AmeliMojarad and AmeliMojarad 2024). In the tau hypothesis, hyperphosphorylation of the

microtubule-associated tau protein results in its dissociation from microtubules and



aggregation in the form of neurofibrillary tangles (Rawat et al. 2022). Among these, the
cholinergic hypothesis was the first to outline the pathogenic mechanisms of AD (Zhang et al.
2024). The cholinergic hypothesis was based on the observation that there was a notable decline
in acetylcholine (ACh) and cholinergic neuron levels in AD patients' brains (Nasb et al. 2024).
The cholinergic system is involved in cognitive processes including learning, memory, and
attention. Its degradation leads to cognitive decline (H Ferreira-Vieira et al. 2016; Yan et al.
2022). The cholinergic hypothesis was the basis for the first pharmacological strategy,
producing acetylcholinesterase (AChE) inhibitors as the first-generation Alzheimer’s
medications (Behl 2023). Among the sources researched for new AChE inhibitors, natural
products have attracted significant attention, as plant-derived alkaloids and phytoconstituents
have repeatedly shown potent AChE inhibitory activity alongside comparatively favourable
safety profiles relative to synthetic candidates (Gajendra et al. 2024) .

Galantamine is a reversible acetylcholinesterase (AChE) inhibitor which exhibits its
therapeutic response by increasing acetylcholine levels in the brain, resulting in improved
cognitive ability and better memory (Kalola et al. 2026; Silva et al. 2023). It is a tertiary
alkaloid of natural origin, isolated from bulbs of the Caucasian snowdrop, Galanthus
woronowii, and now obtained industrially from several other Amaryllidaceae species, including
Leucojum aestivum and cultivated Narcissus varieties, alongside chemical synthesis (Koirala
et al. 2022). Though well-known for cholinergic relevance, natural AChE inhibitors have
several bioactive components in Laggera pterodonta that remain mostly undiscovered at the
molecular level, with little or no computational data to justify their inhibitory potential or
forecast their pharmacokinetic behaviour.

In the present study, five naturally occurring sesquiterpenoids from a single plant source,
Laggera pterodonta: Laggeranine A, Laggeranine B, Pterodontic Acid, Pterodontriol A, and
Ilicic Acid (Getahun et al. 2019; Li et al. 2023), are referred to as HM-1 to HM-5, respectively,
as shown in Figure 1. These compounds were selected because, although they have been
isolated and screened against AChE experimentally to the best of our knowledge no
computational study of them has been reported. They were selected for detailed in silico
investigation, using galantamine, a well-known anti-Alzheimer's drug, as the reference
standard. Along with global reactivity metrics such as chemical hardness and softness, Density
functional theory (DFT) computations were performed to determine the electronic structure
and reactivity of these compounds by frontier molecular orbital (FMO) analysis, molecular
electrostatic potential (MEP) mapping, reduced density gradient-non-covalent interaction

(RDG-NCI) analysis, Electron localization function (ELF), and projected density of states



(PDOS). Although ADMET predictions were carried out to assess their pharmacokinetic and
toxicological suitability as possible candidate drugs, molecular docking was then employed to
ascertain the binding affinity and interaction pattern of each molecule with the AChE active
site. To go beyond the rigid-receptor approximation of docking, a 300 ns molecular dynamics
simulation with MM-GBSA free-energy calculations was performed for the AChE-
Laggeranine A (HM-1) complex to assess its dynamic stability and binding energetics. This

combined computational strategy seeks to offer mechanistic insight into the AChE inhibitors.

Reference HM-1

HM-2 HM-3

HM-4
Fig 1 Scheme of HM-1 to HM-5 and galantamine.

2. Computational Methodology
2.1.Selection of DFT Level

The reference Galantamine was first optimized using four distinct levels: B3LYP, CAM-

B3LYP, ®B97XD, and MPW1PWO91, with the basis set 6-311G (d, p). UV/Visible analysis was



carried out at the same functionals noted above in methanol solvent following reference
compound optimization. The absorption maximum values for the reference in methanol solvent
were 272.33, 249.73, 263.61, and 250.47 nm, at the above-mentioned functionalities coupled
with the 6- 311 G (d, p) level (Figure 2). The experimental value of Amax for reference was
288nm.(Tagpinar and Bulduk 2022) The B3LYP level, along with 6- 311 G (d, p), was selected

for further evaluation as it gives the result closest to the experimental Amax value.
2.2.DFT Calculations

Molecular properties were extensively investigated utilizing advanced computational
techniques. Molecular behaviour was examined through quantum chemical calculations in
Gaussian 09W(Gaussian 09 2016)To visualise the results obtained from the input, GaussView
6.0 was used as a key tool. To evaluate the electronic properties of molecules for a broad
analysis, the Density Functional Theory (DFT) computational simulation approach was
employed for all molecules at the B3LYP functional level, combined with the 6-311G (d, p)
basis set. The main aim was to investigate the electronic properties of the reference molecule,
designated as (GTM), as well as a series of Natural molecules(Rashid et al. 2023).

The absorption maximum of each molecule was calculated based on the calculation of the
molecule when dissolved in a solvent phase, utilizing a conductor-polarizable continuum
model (CPCM) to perform the computational calculations in a methanol solvent(Abdelaziz et
al. 2023). Reference as well as Natural compounds were investigated using Molecular
electrostatic potential plots (MEP), Global reactivity descriptors, reduced density gradient,
non-covalent interaction plots (RDG/NCI), and Electron localization function plots. The ELF
and NCI were analyzed by Multiwfn(Lu 2024), while VMD (Humphrey et al. 1996)was used
for NCI visualization.

2.3. Molecular Docking

For the molecular docking analysis, the crystallographic structure of human
acetylcholinesterase (AChE) complexed with Galantamine (PDB ID: 4EY6)(Cheung et al.
2012) was obtained from the Protein Data Bank (PDB) (https://www.rcsb.org/). The co-
crystallized ligand, chain B, solvent, and unnecessary molecules were removed by PyMOL
(Schrodinger 2015) for docking studies. The chemical structures of the five investigated
eudesmane-type sesquiterpenoids naturally occurring in Laggera pterodonta—specifically
Laggeranine A, Laggeranine B, Ilicic Acid, Pterodontic Acid, and Pterodontriol A—along with

the reference alkaloid compound, Galantamine, were compiled for this study.



The target molecular structures were manually sketched in ChemDraw based on the validated
configurations reported in the literature. These 2D drawings were subsequently imported into
Chem3D (conversion into three-dimensional formats, followed by geometric optimization and
energy minimization to ensure accurate spatial conformation before molecular docking
simulations. The optimized ligand structure was saved and imported into PyRx, where they
were automatically converted into PDBQT format. The AutoDock Vina (Trott and Olson 2010)
engine integrated into PyRx was used to perform the Molecular docking simulation. The spatial
position of the co-crystallized ligand inside the active site helped to define the grid box's
dimensions and center, hence guaranteeing an exact depiction of the binding pocket. To
improve the reliability and convergence of the projected binding poses, molecular docking was
run with an exhaustiveness level of 64. Using Discovery Studio Visualizer 2025, the produced
docked complexes together with their related intermolecular interactions were then
investigated and visualized (BIOVIA 2025).
2.4.Molecular Dynamics Simulations

The top-ranked docked pose of HM-1 in complex with acetylcholinesterase (AChE; PDB ID:
4EY6, chain A) was selected as the starting structure for molecular dynamics (MD)
simulations. The ligand was prepared using the CHARMM-GUI Ligand Reader & Modeler
(Lee et al. 2015)with the CHARMM General Force Field (CGenFF, version 5.0)(Brooks et al.
2009) for atom typing and assignment of partial charges. The protein was assigned the
CHARMM36 additive force field within GROMACS(Abraham 2025; Abraham et al. 2015;
Bekker et al. 1993). The protein-ligand complex was centred in a rthombic dodecahedral
simulation box, maintaining a minimum distance of 1.0 nm between the solute and the box
boundaries. The system was solvated using TIP3P water molecules, followed by the addition
of Na* and CI" ions via the GROMACS genion utility to neutralize the net charge and achieve
a physiological ionic concentration of 150 mM NaCl. Energy minimization was performed
using the steepest-descent algorithm. This was followed by 100 ps of NVT equilibration at 300
K using V-rescaling, then 100 ps of NPT equilibration at 300 K and 1 bar using Berendsen
coupling. A 300 ns restraint-free production MD simulation was then performed with a 2 fs
timestep. Bonds involving hydrogen atoms were fixed using LINCS, electrostatics were treated
using PME with a 1.2 nm cutoff, and van der Waals interactions were switched off between
1.0-1.2 nm. Periodic boundary conditions were employed, and coordinates were saved every

10 ps for analysis. Graphs were plotted using XMGRACE.
2.5. Binding Free Energy Calculations (MM-GBSA)



Binding free energy calculations were assessed using the Molecular Mechanics/Generalized
Born Surface Area (MM-GBSA) method as executed in gmx MMPBSA (v1.6.5)(Valdés-
Tresanco et al. 2021). Fifty snapshots were collected at 3-ns intervals from the 150-300 ns
interval of the production period to confirm that calculations were based on the structurally
equilibrated system. The analysis employed a single-trajectory approach, with polar solvation
energies calculated through the Generalized Born model (igb =5, salt concentration = 150 mM)
and non-polar contributions estimated from the solvent-accessible surface area. The entropic
contribution to binding was evaluated using the Interaction Entropy (IE) approach, while per-

residue energy decomposition was analysed for residues located within 4 A of the ligand.
2.6.ADMET

Finally, the pharmacokinetic (ADME) and toxicity profiles of the investigated compounds
were evaluated using ADMETIab 3.0 (Fu et al. 2024) and ProTox 3.0 (Banerjee et al. 2024),

respectively.
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Fig 2 Benchmark of DFT functionals against experimental UV-Vis absorption maximum (A,ay)-

3. Results and Discussions
3.1.Frontier Molecular Orbital (FMO) Analysis



Evaluation of Frontier Molecular Orbitals (FMO) provides important information about
molecule stability and reactivity. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) reflect the electron-donating and electron-accepting
capacity of molecules. The difference in energy between HOMO and LUMO defines the energy
gap (AE). One of the main factors used to forecast reactivity and stability is this one (Hussein
and Fadhil 2023). A lower AE shows increased reactivity and lesser stability of molecules,
while a wider gap shows less reactivity and more stability (Bakheit et al. 2024).

FMO calculations were performed for all references along with the investigated Natural
products HM-1, HM-2, HM-3, HM-4, and HM-5 by utilizing the B3LYP level along with the
6-311G (d, p) basis set. DFT-optimized structures of R and HM-1 to HM-5 are shown in Figure
3. The LUMO distribution of natural compounds showed minimal alteration compared to R. In
HM-1, HM-2, HM-3, and HM-5, the acceptor density moved toward the ester
carbonyl/oxygen-bearing moiety of the saturated ring framework, while in R, the LUMO was
still concentrated over the aromatic ring and the nearby methoxy-substituted region. The
LUMO in HM-4 moved more towards the hydroxyl/epoxide-bearing region because of this
oxygenated site's increased electron-withdrawing nature. The HOMO of R was largely
restricted to the saturated ring core, suggesting that in the absence of extended conjugation,
this non-aromatic framework serves as the main electron donor site, whereas in the natural
compounds, it was primarily localized on the aromatic ring and its adjacent oxygenated
substituent. In HM-4, the HOMO was localized on one face of the decalin ring, owing to the
reduced donor contribution of the oxygenated moiety. The fading orders for LUMO and
HOMO were R<HM-1<HM-2<HM-3<HM-5<HM-4 and R<HM-1<HM-2<HM-3<HM-
5<HM-4, respectively. The energy band gap (AEg) for R and the DDs (HM-1 to HM-5) was
4.209, 4.412, 5.202, 5.244, 5.605, and 7.347 eV, respectively (Table 1). The distributions of
electron density in the HOMO and LUMO of the reference and all natural compounds are

o
oo,

shown in Figure 4.
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Fig 3 Representation of optimized 3D structure of the reference (R) and natural compounds HM-1 — HM-5.
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Table 1. Frontier molecular orbital energy levels (Eyomo, Erumo) and regional energy bandgap

parameters computed for the reference drug (R) and HM-1 through HM-5.

Compound
Reference
HM-1
HM-2
HM-3
HM-4
HM-5

HOMO (eV)
-4.508

-6.353
-6.881
-6.894
-6.859

-7.211

LUMO (eV)
-0.299

-1.941
-1.679
-1.649
+0.488

-1.606

Gap (eV)
4.209
4.412
5.202
5.244
7.347

5.605
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Fig 4 Frontier molecular orbital (HOMO and LUMO) electron density distribution patterns for the reference compound (R) and natural
compounds HM-1 to HM-5.

3.2.0ptical properties
Time-dependent density functional theory (TD-DFT) best captures optical characteristics that
show how a molecule interacts with light, especially in the UV-visible range, by predicting

excitation energies, absorption wavelengths, and oscillator strengths for transitions between



ground and excited states. Unlike the fixed HOMO-LUMO gap, TD-DFT considers electron-
hole interaction during excitation, therefore giving a more accurate representation of the actual
absorption behavior of a molecule. Every excited state shows the electronic source of its optical
character by its excitation energy (Ex, eV), wavelength (Amax, nm), oscillator strength (f), and
the orbitals implicated (Akman and Kutlu 2025). The absorption maxima (Amax) for R and the
natural compounds (HM-1 to HM-5) were computed using the CPCM solvation model. This
made use of B3LYP and the 6-311G (d, p) basis set; methanol was chosen as the solvent
for computing. The theoretical Amax value for R was calculated as 272.33 nm, compared to its
experimental value of 288 nm, indicating reasonably good agreement between theory and
experiment. And HM-2 was calculated at 197.25 nm and 196.82 nm, respectively, both in close
agreement with their reported experimental value of 195 nm. The Amax values for HM-3, HM-
4, and HM-5 were calculated as 281.30, 175.48, and 252.13 nm, respectively (Table 2).
Relative to R, HM-3 exhibited a bathochromic (redshift) shift to a longer wavelength, likely
due to the conjugation between its ring double bond and the adjacent acrylate ester's C=C—-C=0
system, which narrows the HOMO-LUMO gap for the dominant transition. While HM-1, HM-
2, HM-4, and HM-5 all showed hypsochromic (blueshift) shifts towards a higher-energy
region, HM-4 showed the most notable blueshift throughout the series. The increasing order
of absorption maxima (Amax) for R and the natural compounds was HM-4 < HM-2 < HM-1 <
HM-5 < R < HM-3. Table 2 lists the excitation energies and oscillator strengths (f) for R and
HM-1 to HM-5. With lower and more varied oscillator strengths, between 0.0002 (HM-5) to
0.0331 (HM-2), The natural products showed limited to moderate transition intensities (f =
0.0383 for R), ranging from 0.0002 (HM-5) to 0.0331 (HM-2, closest to R). While R, HM-3,
and HM-4 were dominated by HOMO—LUMO transitions (91%, 98%, 80%), HM-1, HM-2,
and HM-5 arose mainly from deeper occupied orbitals (H-5—LUMO, H-1—-L+1, H-
3—LUMO), indicating minimal frontier HOMO contribution. Dipole moments ranged from

2.07 D (HM-2) to 6.44 D (HM-3), reflecting differing polarity across the series.

Table 2. Calculatedin the solvated state predicted photodynamic properties and
optical characteristics of the reference drug (R) and natural compounds (HM-1-HM-5).
Compound Amax(nm) Experimental Ex(eV) f Major Dipole
Value (nm) Assignment solvent

(Debye)



Reference 27233 288 4.553 0.0383 HOMO- 5.04
>LUMO
(91%)

HM-1 197.25 195 6.286 0.0015 H-5->LUMO  6.36
(92%)

HM-2 196.82 195 6.300 0.0331 H-1->L+1 2.07
(74%)

HM-=3 281.30 4.408 0.0107 HOMO- 6.44
>LUMO
(98%)

HM-4 175.48 7.066 0.0159 HOMO- 2.41
>LUMO
(80%)

HM-5 252.13 4917 0.0002 H-3>LUMO  3.42
(41%)

3.3. Global Hardness and Global Softness
The two important indicators of reactivity based on the concept of density functional theory
(DFT), global hardness (1) and global softness (S), suggest the resistance of a molecule to
fluctuations in electron density. Greater hardness indicates greater stability and lesser reactivity.
Softer molecules generally exhibit greater reactivity and charge transfer capability. So, softness
is the inverse of hardness and signifies the ease with which the electron density of a molecule
can be polarized. These factors are calculated from the energy levels of frontier orbitals as
follows: n = (E_ LUMO — E HOMO)/2 and S = 1/(2n) (Allal et al. 2024; Chaudhary et al.
2021). The computed band gap, global hardness, and global softness for Reference and all the
natural Compounds (HM-1 to HM-5) are presented in Table 3. The reference compound
showed the lowest value for band gap (4.209 eV), thus the lowest hardness (2.105 eV) and
highest softness (0.2376 eV™'), which means that the compound had the most polarizable
electronic arrangement and the highest reactivity within the series of the six compounds. HM-
1 shows resemblance to the reference; it had a slightly higher band gap value (4.412 eV), yet
similarly low hardness and high softness values, suggesting almost similar reactivity to the
reference. However, HM-2, HM-3, and HM-5 had progressively larger band gaps (5.202,

5.244, and 5.605 eV, respectively), thus higher hardness and lower softness values, which is an



indication of a comparatively stable compound with low polarity within the electronic
arrangement. The largest band gap value of all compounds was observed in HM-4 (7.347 eV);
for that reason, HM-4 had the highest hardness (3.674 e¢V) and the lowest softness (0.1361
eV™). Overall, the hardness/softness trend followed the order R < HM-1 < HM-2 < HM-3 <
HM-5 < HM+4, closely paralleling the band gap trend, and confirming that compounds with a
narrower HOMO-LUMO gap (reference and HM-1 possess a softer, more reactive electronic
character, while HM-4, with its markedly wider gap, stands out as the most kinetically stable
and least reactive candidate in the series. Across the series, HM-1 most closely matched
reference reactivity (AE = 4.412 vs. 4.209 eV; S = 0.2266 vs. 0.2376 eV™"), predicting the
suitable enzyme inhibition. HM-2, HM-3, and HM-5 showed gradually lower softness and
moderate reactivity, while HM-4's highest hardness (3.674 eV) and lowest softness (0.1361

eV™") making it as the least reactive and weakest predicted inhibitor.

Table 3. Calculated global conceptual DFT descriptors, chemical hardness (77) and softness (S),
for the reference compound (R) and natural compounds HM-1 to HM-5.

Compound Band Gap (AE, eV) Hardness (1, eV)  Softness (S, eV™")
Reference 4.209 2.105 0.2376
HM-1 4.412 2.206 0.2266
HM-2 5.202 2.601 0.1922
HM-3 5.244 2.622 0.1907
HM-4 7.347 3.674 0.1361
HM-5 5.605 2.803 0.1784

3.4.Global Reactivity Descriptors
Derived from conceptual density functional theory (DFT), global chemical reactivity
descriptors offer quantitative metrics of a molecule's general stability, tendency for electron-
donating and electron-accepting, and susceptibility to chemical interactions (Muya et al. 2019).
Koopmans' theorem-derived parameters (IP, EA, p, ¥, ®, ANmax) characterize a molecule's
electron-donating/accepting tendencies: | and y indicate the direction of electron flow, while
higher o reflects greater capacity to accept electron density from a nucleophile. Together, these
descriptors clarify the relative reactivity, stability, and binding potential of the studied
compounds (Tiéba et al. 2023). The calculated global reactivity descriptors ionization potential

(IP), electron affinity (EA), chemical potential (p), electronegativity (), electrophilicity index



(w), and maximum charge transfer capability (ANmax) for the reference and the investigated
natural compounds (HM-1-HM-5) are presented in Table 4. The reactivity indicators suggest
that the reference compound showed the lowest values of IP (4.508 e¢V) and EA (0.299 eV)
together with low electronegativity (2.404 eV) and electrophilicity index (1.372 eV). This
suggests that this compound shows the least tendency to accept electrons and is thus the richest
and most nucleophilic of the six compounds. HM-1 had the highest value of electrophilicity
index (3.899 eV) and maximum AN (1.880). This confirms that it is the most electrophilic
species with maximum charge-accepting potential. The HM-2 and HM-3 structures are very
similar, having high values of the electronegativity (4.280 and 4.272 eV, respectively) and
electrophilicity index (3.522 and 3.480 eV, respectively), indicating that these have high
electron acceptor properties. The HM-4 structure was completely different, since it had a
negative EA value (—0.488 eV) due to the positive energy of the LUMO, together with the
lowest electrophilicity index (1.381 eV) and the low ANmax value (0.867), which justifies the
largest HOMO-LUMO gap between the natural extracts. As a result, this structure is the most
electronically stable and electrophilic compound. The HM-5 molecule had the highest value
of the ionization potential (7.211 eV) and moderately electronegativity (4.409 eV) but still had
an electrophilicity index of (3.468 eV). Overall, HM-1, HM-2, HM-3, and HM-5 emerged as
comparably strong electrophiles with electrophilicity indices exceeding that of the reference
compound, while HM-4's markedly lower electrophilicity and higher stability distinguish it as
the electronic outlier within the series. Reference shows a distinct electron-donating profile
(low IP = 4.508 eV, ® = 1.372 eV) versus the sesquiterpenoids. HM-1 has the highest
electrophilicity (o =3.899 eV) and ANmax (1.880), predicting the suitable inhibitory potential,
followed by HM-2, HM-3, and HM-5 with comparably high but lower electrophilicity (o =
3.47-3.52 eV); HM-4's negative EA (—0.488 eV) and lowest ® (1.381 eV) mark it as the

weakest electron acceptor.

Table 4. Computed conceptual DFT descriptors, including ionization potential (IP), electron
affinity (EA), chemical potential (i), electronegativity (), electrophilicity index (w), and

maximum charge transfer (AN, ,x), for reference (R) and natural compounds HM-1 to HM-5

Compound IP(eV) EA(@V) peV) yx(@€V) (V) ANmax
Reference 4.508 0.299 -2.404 2.404 1.372 1.142
(Galantamine)

HM-1 6.353 1.941 -4.147 4.147 3.899 1.880



HM-2 6.881 1.679 -4.280 4.280 3.522 1.646

HM-3 6.894 1.649 4272 4272 3.480 1.629
HM-4 6.859 -0.488 3.186  3.186 1.381 0.867
HM-5 7.211 1.606 4409  4.409 3.468 1.573

3.5. Molecular Electrostatic Potential
MEP analysis shows important electrophilic and nucleophilic sites where chemical reactions
are most likely to take place by detailing molecular directionality and charge distribution
(Rajesh et al. 2025). It is useful for identifying reactive sites towards electrophilic/nucleophilic
assault and hydrogen bonding, red/yellow indicates electron-rich (negative) regions, blue/light
blue indicate electron-poor (positive) areas, and green marks neutral (zero-potential) regions
on the MEP surface visualizes molecular charge distribution and polarity. (Sumathi et al. 2025).
The MEP graphs of Reference and the investigated natural products (HM-1-HM-5) are
exhibited in Figure 5. In Reference, the negative potential was concentrated around the
hydroxyl and methoxy oxygens, while a weaker positive potential surrounded the tertiary
amine nitrogen. In HM-1, the negative potential was localized over the acrylate carbonyl
oxygens, while the positive potential was delocalized across the left side and top-right region
of the decalin core. In HM-2, the negative potential was centred on the ester carbonyl and
adjacent hydroxyl oxygens, with no significant positive region elsewhere, reflecting an overall
electron-poor skeleton. In HM-3, the negative potential was sharply localized around the ethyl
ester carbonyl on the right side, with a weaker contribution from the epoxide oxygen, while the
rest of the framework remained largely neutral. The negative potential was localized in the
upper left part of HM-4 on the hydroxyl/epoxide oxygens, while the positive part was on the
opposite right side. For HM-5, the negative potential is clustered in the centres on the epoxide
and ester carbonyl oxygens, while the positive potential is assembled in the upper left corner
and far-right corner of the molecule. Generally, the negative potential was always on the
oxygen atoms (ester carbonyls, hydroxyls, epoxides), which are determined as the main
nucleophilic centres, while the positive is diffusely spread across the alkyl/methyl parts of the
decalin-like framework. The same pattern is observed in Reference. The negative potential
localizes oxygen atoms (carbonyls, hydroxyls, epoxides) across all compounds, marking key
nucleophilic sites, mirroring reference patterns. HM-1 and HM-5 show charge distributions
favoring active-site binding, HM-2 and HM-3 display comparable electrostatic profiles, while

HM-4's more separated charge regions suggest weaker electrostatic suitability.
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Fig 5 MEP surface maps for the reference compound (R) and natural extracts (HM-1, HM-2, HM-3, HM-4, HM-5) were generated based on

DFT calculations.

3.6.Total Density of States (TDOS)
Multiwfn software was used to obtain the combined TDOS/PDOS/OPDOS plot, where the
black TDOS line indicates the overall energy level distribution and HOMO/LUMO positions,
while the PDOS curves show the percentage contributions of donor and acceptor fragments.
which are represented by different colored lines. The blue line represents the acceptor and the
red line the donor fragment, while the green OPDOS line indicates bonding, non-bonding, or
anti-bonding character between them. Positive values show positive cohesion, negative values
show negative convergence, and values near zero show non-bonding interactions. Between
HOMO/LUMO, each framework has a unique energy gap; larger gaps are linked to lower
ICT and perhaps lower reactivity. The results are shown below in (figure 6). The results showed
that the HM-4 molecule exhibited a positive OPDOS due to its function as an electron donor.
The electron density on the aromatic ring was increased by the presence of electron-donating
groups like OH and CH3 (which exhibit the +M effect). Interestingly, the PDOS results for the
HM-1 molecule were positive. This results from the carboxyl group's dual nature. In the
system's conjugation, the carbonyl portion functions as an acceptor and the OH substituent as
a donor. Increased ICT will result from positive overlapping. HM-4's largest band gap suggests
lower global reactivity, yet its positive OPDOS reflects efficient local charge transfer between

OH/CHS3 groups and the ring, favouring localized enzyme interactions. HM-1's dual donor-



acceptor character (OH donor, carbonyl acceptor) similarly enhances ICT, supporting its

predicted strong binding.
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3.7. RDG and NCI Analysis of Non-Covalent Interactions

Another effective technique to look at the strength of the bonds and the degree of charge

transfer between atoms, reduced density gradient (RDG) and non-covalent interaction (NCI)

analysis, was employed. This study shows regions around molecules where homogeneous

electrons are more concentrated, and it is derived from basic DFT properties.(Boudjahem et al.

2025) RDG maps and NCI structures are very useful in determining the regions that exhibit

attractive and repulsive forces between the atoms in the structure of a compound. This analysis

also gives us information about weak van der Waals forces or interactions between the

atoms.(Barukial et al. 2026) RDG vs. sign(A2)p plots (Figure 7) reveal interaction type via the

sign of A2 and strength via isosurface color: blue denotes attraction, green denotes van der



Waals/hydrogen bonding, and red denotes repulsion. The reference compound showed a typical
tripartite pattern, a red spike (repulsion), a green region near zero (van der Waals), and a blue
region (attraction) consistent with a balanced noncovalent interaction profile. The same type
of pattern, with comparable red spikes, is exhibited in all the (HM-1 to HM-5) natural products,
indicating that steric repulsion is a key feature of these compounds. The reference molecule
showed a great number of green discs across the combined rings and the red-orange patches at
the ring fusion around the methoxy-substituted ring, which represent the steric hindrance in
addition to dispersion interactions. The HM-1 molecule also showed considerable green
isosurfaces on the fused ring with significant red discs at the positions of ring fusion. The HM-
2 molecule also displayed green spikes over the ring core with a significant red-orange disc at
the ester carbonyl oxygens. The HM-3 molecule had a compressed green isosurface with a red
patch at the location of the epoxide oxygen due to strain on the oxirane ring. The HM-4 extract
showed green discs over its alkyl substituent and decalin core, with a red-orange disc around
the hydroxyl group. The HM-5 molecule exhibited a similar pattern, just like HM-2, with green
spikes over the ring core and a significant red-orange disc around the ester oxygens. At the end,
the consistent presentation of the spike network and isosurface configurations in both the
reference and the HM-1 through HM-5 implies that the natural product also maintain their
conformations via an interaction mode comparable to that in reference and notably involving
in van der Waals interaction which are helpful in enzymatic interaction and in addition to
compounds also exhibit hydrogen bonding/electrostatic interactions and an amount of steric
repulsions due to the fused polycyclic systems. Especially, the observation we obtain in this
analysis is that the regions of blue, which represent the attractive force, are mainly due to the
centres around the ester carbonyl, hydroxyl, and epoxide oxygens in HM-1 through HM-5.
These observations are also verified by the investigation of molecular electrostatic potential
(MEP) plots. The constant green (van der Waals) and localized red-disc (steric strain) patterns
across HM-1-HM-5, mirroring the reference, indicate that compounds can adopt stable,
favorable conformations for enzyme binding through similar noncovalent interaction modes.
The blue attractive regions centered on ester carbonyl, hydroxyl, and epoxide oxygen further
predict these as key sites for hydrogen bonding/electrostatic interactions with enzyme active-

site residues.



Reference HM-1 HM-2

0.020
0.015
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020
~0.025
-0.030
-0.035

0.020
0015
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020
-0.025
~0.030
-0.035

-0.05
-0.04
-0.03
-0.02
-0.01 | =
00
0
0.02
0
0.04
0.05

W 2T O N 2 = N @ % B 2 9 8 = 89 = N 9 =T 9 > 3
& & 8 § 3 8 538 § 8 & 8 8 &8 8 8 38 &8 3 & & & © s o S
6 6 © © © © © © © o o ¢ § ¢ § § & & & & °© o

T T 9 9 9 T

sign(z)p (a.u)

HM-3 HM-4 HM-5

0,020 0.020 0.020
0.015 0.015 0.015
0.010 0.010 0.010
0,005 0.005 0.005
0.000 0.000 0.000
g -0.00¢ -0.005 -0.005
< -0.01¢ -0.010 -0.010
* -0.01% ~0.015 -0.015
i ~0.02¢ -0.020 -0.020
! o0t -0.025 -0.025
. H =Dox -0.030 0030
. . -0.03¢ i3 ~ -0.035

2 328358358838 W % 8 8 = 8 5 &8 8 3 8 O £ 2 28 53838828

P ¥ F4=d S8R s 33388558338 $3§s3s3ssss

T B S S
sign(A,)p (a.u) . - sign(Z,)p (a.u.)
'l
P
4

Fig 7 The representation of RDG plots and NCI isosurfaces for Reference and natural compounds HM-1 through HM-5.

3.8.Electron Localization Function
The electron localization function (ELF) is used to visualize the localization and delocalization
in the molecule. This analysis offers information about the relationship between the localization
of lone pairs, bonding, and core electrons (Dhifet et al. 2025). It also gives information about
the areas where there are clustered electrons, such as covalent bonds and lone pairs, along with
the regions of delocalized electrons, giving a complete view of the bonding characteristics
(Belghalia et al. 2026). It is a dimensionless real space function with values ranging from 0 to

1, (ELF— 1) means localized electron densities, which can be seen by the red areas in the plot.



(ELF— 0.5) means delocalized electron densities which are the green areas in the plot, and at
the end (ELF—O0), the blue areas give information about the low localized electron
densities.(Nguyen et al. 2025) The two-dimensional ELF maps of the reference compound and
the natural products (HM-1-HM-5) intended onto the molecular plane are displayed in Figure
8, these maps show distinct regions of electron localization and delocalization distributed
across the labelled framework. The reference compound exhibits intense localization focused
on the two terminal hydrogen atoms and the oxygen-substituted carbon on the right side of the
compound, along with a labelled carbon and oxygen pair close to the ring, while the
intermediate ring carbons displayed mostly green, delocalized character. With the surrounding
sigma-bonded framework showing good green delocalization dotted with sharp blue borders,
HM-1 showed strong localization at its three labelled ring carbons and at the terminal hydrogen
and delocalization at its carbon atoms. Regarding HM-2, the labelled oxygen atom, the two
adjacent ring carbons, and both terminal hydrogen atoms exhibit lone-pair and C—H bonding
character, therefore reflecting high ELF intensity at these areas; the middle ring region
remained mainly delocalized. HM-3 showed a single strong carbon-centered localization site
close to the ring core together with a wide, very red hydrogen-associated area at the edge; the
rest of the framework showed a green-to-blue delocalization steepness. On the other hand,
consistent with its highly substituted, saturated skeleton, HM-4, showed several methyl and
hydrogen groups, which show the most extensive localization pattern among the series, with
red spots at all marked hydrogen atoms and the three labelled ring carbons. With delocalized
green areas joining the main ring structure, HM-5 particularly showed localization at the
oxygen atom, three ring carbons, and one terminal hydrogen, also with the delocalization
pattern. All the natural compounds along with the reference constantly display strong ELF
values at the oxygen and terminal hydrogen regions. All six compounds point to these sites as
the main centres of electron localization and lone-pair/covalent bonding character; the inside
ring carbons mainly show extensive green-to-blue character, reflecting extended, diffuse
bonding density all over the fused ring systems. The strong ELF localization at oxygen/terminal
hydrogen sites across all compounds predict directional H-bonding with enzyme residues,
while the diffuse green-to-blue delocalization over the ring cores predicts conformational

stability favorable for stable binding.
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Fig 8 Maps of Electron Localization Function (ELF) of Reference and natural compounds HM-1 to HM-5.

3.9. In silico Docking and Binding Energy Analysis
The docking analysis of galantamine (reference) and its derivatives (HM-1-HM-5) against the
acetylcholinesterase receptor (PDB ID 4EY6) is presented in Table 5. For the docking protocol
validation, the co-crystallized ligand was redocked into the active site of the
acetylcholinesterase receptor, and the redocked pose shows an RMSD value of 1.97 A. The
binding energy of the reference —10.4 kcal/mol was supported by conventional H-bonds with
SER203 (2.86 A) and GLU202 (2.76 A), carbon-hydrogen bonds with SER203, HIS447,
TYRI124, and SER125, and m-sigma/m-alkyl interactions with TRP86, PHE295, PHE297,
PHE338, and HIS447, reflecting strong hydrophobic anchoring and consistent with its potent
inhibitory activity. The presence of the same interactions that are made by galantamine in the
catalytic site gives confidence in the correctness and reliability of the docking method used in

this research. On the other hand, HM-1 showed the highest binding energy among all natural



compounds at -8.6 kcal/mol while maintaining foundational interactions that help stabilize the
molecule in the receptor pocket. The presence of an ester group and a bicyclic ring system
supports in achieving the best position of HM-1 in the binding pocket. The hydrogen bond
interaction with ASN87 was 2.47 A, and the same interaction but with HIS447 was observed
at a distance of 2.13 A. At 3.87 A, a n-sigma interaction with TRP86 was also observed. The
ester group in the HM-1 compound helped in the formation of hydrogen bonding with
important residues of the enzyme, but due to the absence of other aromatic bonding, in contrast
to the reference responsible for its low docking score. HM-2 showed a docking score of —8.0
kcal/mol and made hydrogen bonding at 3.04 A with TYR124 and 2.89 A with TYR337
residues. The carboxylate group present in the HM-2 determined that the molecular structure
might be involved in electrostatic bonding with the positively charged residues lying in the
catalytic site. Formation of a carbon-hydrogen bond interaction with the TYR 124 residue was
at 3.01 A. Aromatic interactions were through m-sigma interactions with the TRP86 residue at
3.52 A and the TYR341 residue at 3.93 A. Hydrophobic interactions were revealed through m
alkyl interaction with TRP86. HM-3 exhibited a binding affinity of —8.3 kcal/mol, featuring
conventional hydrogen bonds with TYR337 at 2.85 A and TYR341 at 3.25 A. The particularly
combined ring structure of HM-3 that consists of many chiral centres and a ketone group is
likely to generate hydrophobic interactions within the aromatic system. A n-x interaction with
TRPS86 at 3.57 A and a n-sigma interaction with TYR337 at 3.89 A were seen. A hydrophobic
interaction was given by the m-alkyl interactions with TRP86. The HM-4 exhibits a binding
energy of —8.0 kcal/mol, making conventional hydrogen bonds with TYR337 at 2.96 A and
ASP74 at 2.22 A. Multiple n-sigma interactions were observed with TRP86 at 3.82 A, TYR337
at 3.45 A, and TRP86 again at 3.55 A. Also, a m-alkyl interaction between the compound and
the TRP86 residue for hydrophobic stability was seen. The HM-5 exhibits a binding score of
—8.1 kcal/mol. It forms many hydrogen bonds with TYR337 (2.90 A), ASP74 (2.05 A),
TYR341 (3.06 A), and HIS447 (2.20 A), determining strong electrostatic interactions. The
hydroxyl and methyl groups in the structure of HM-5 make it possible to form hydrogen bonds
and hydrophobic interactions in the catalytic cavity. A & and sigma interaction with TYR337 at
3.81 A was found. Hydrophobic interactions were seen by means of a few m-alkyl interactions
with TRP86. Although the binding scores of all the compounds were relatively low compared
to galantamine, the interaction profiles of HM-1 and HM-5. Overall, galantamine remained
the most effective binder, while HM-1 (—8.6 kcal/mol) showed the highest binding energy
among derivatives. Reduced scores in HM-2 and HM-4 likely reflect steric effects or

suboptimal orientation, whereas extensive H-bonding and aromatic stabilization in HM-1 and



HM-5 indicate stable pocket accommodation, positioning HM-1 and HM-2 as promising

candidates for further investigation as AChE inhibitors. Figure 9 shows the results for HM-1,

HM-2, HM-5 and the reference remaining result is in S1 in supplementary. The favourable

binding interactions observed for HM-1, HM-2, and HM-3 in the present docking analysis are

consistent with their previously reported experimental AChE inhibitory activity (Li et al. 2023),

supporting the biological relevance of the predicted binding modes.

Table 5: Docking results for galantamine and HM-1 to HM-5 against 4EY6.

Compounds | Residues Distance | Type of interaction Docking
score

SER203 2.86 Conventional Hydrogen Bond -10.4
GLU202 2.76 Conventional Hydrogen Bond
SER203 3.77 Carbon Hydrogen Bond
HIS447 3.33 Carbon Hydrogen Bond
TYR124 3.33 Carbon Hydrogen Bond
SER125 3.61 Carbon Hydrogen Bond
TRP86 3.58 Pi-Sigma

Reference GLY121, GLY122 3.94 Amide-Pi Stacked
TRP86 4.46 Pi-Alkyl
PHE295 4.27 Pi-Alkyl
PHE297 4.59 Pi-Alkyl
PHE338 4.89 Pi-Alkyl
HIS447 5.02 Pi-Alkyl
ASNS87 2.47 Conventional Hydrogen Bond -8.6
HIS447 2.13 Conventional Hydrogen Bond

HM-1 TRP86 3.87 Pi-Sigma
TRP86 4.74 Pi-Alkyl
TYR124 3.05 Conventional Hydrogen Bond -8.0
TYR337 2.89 Conventional Hydrogen Bond
TYR124 3.01 Carbon Hydrogen Bond
TRP86 3.52 Pi-Sigma
TYR341 3.93 Pi-Sigma
TRP86 5.49 Pi-Alkyl

HM-2 TRPS86 5.19 Pi-Alkyl
HIS447 5.00 Pi-Alkyl
TYR337 2.84 Conventional Hydrogen Bond -8.3
TYR341 3.25 Conventional Hydrogen Bond

HM-3 TRP86 3.57 Pi-Sigma




TYR337 3.89 Pi-Sigma
TRP86 5.20 Pi-Alkyl
TRP86 4.61 Pi-Alkyl
HIS447 5.29 Pi-Alkyl
TYR337 2.96 Conventional Hydrogen Bond -8.0
ASP74 2.22 Conventional Hydrogen Bond
TRP86 3.82 Pi-Sigma
TYR337 3.45 Pi-Sigma

HM-4 TRP86 3.55 Pi-Sigma
TRP86 4.68 Pi-Alkyl
TYR337 2.90 Conventional Hydrogen Bond -8.1
ASP74 2.05 Conventional Hydrogen Bond
TYR341 3.06 Conventional Hydrogen Bond
HIS447 2.19 Conventional Hydrogen Bond
TYR337 3.81 Pi-Sigma
TRP86 4.09 Pi-Alkyl

HM-5 TRP86 4.93 Pi-Alkyl
TRP86 4.48 Pi-Alkyl
TRP86 3.87 Pi-Alkyl
HIS447 5.25 Pi-Alkyl

A Cc
%-L_& 5
KSNB? { m
'\ - His447
/\- ) > e :

o

S
TRP86

HM-1

TYR341

His447 N
A8

oL :
1S447 ‘.@
&
R337
HIS447
e
L HIS
A:447




IS
A:447

HM-5

RA1
338
B PHE295
\ 47
/

_#" GNT604

2 PHE297

vz

PHE

SER125 A338

TYR124 Y {

Fig 9 (A) 3D view of amino acid interaction (B) Hydrogen Bond interaction view (C) 2D amino acid interaction view of 4EY6 with HM-1,

HM-2, HM-5 and R.
3.10. Molecular Dynamic simulation

The HM1 complex was evaluated over 300 ns by tracking backbone RMSD with respect to the
minimized starting structure due to its better docking score and favorable toxicity profile.
Following a rapid initial rise during the first ~10—15 ns, characteristics of early relaxation from
the minimized geometry, the RMSD stabilized between 0.15 and 0.20 nm and was maintained
until ~150 ns. A gradual shift subsequently stabilized the trajectory into a slightly higher,
equally stable plateau of 0.20-0.23 nm for the remainder of the run, with only minor transient
peaks (~0.26 nm) that relaxed within a few nanoseconds. This smooth, gradual transition
between two stable phases rather than an abrupt or sustained excursion reflects a modest local
conformational adjustment, most likely loop settling, and is uniform with overall structural
stability rather than unfolding. Per-residue RMSF showed most residues fluctuating below 0.2
nm, reflecting a rigid core, with distinct flexible loops near residues 75-90, 220-290, and 480—
500 (0.3—0.6 nm), consistent with surface-exposed regions of AChE as shown in figure 10. The
N- and C-termini showed the highest fluctuations (~1.0 nm), a routine feature of unrestrained
chain ends. Taken together, these results indicate that the catalytic core of AChE remained rigid
and conformationally stable throughout the simulation, with flexibility localized to peripheral
loops and terminal regions, supporting a well-maintained, suitable binding environment for

HMI1. Protein ligand hydrogen bond analysis showed HM1 maintaining persistent polar



contact with AChE throughout the 300 ns simulation, primarily engaging 1-3 hydrogen bonds,

with occasional peaks reaching 4. Complete loss of hydrogen bonding was rarely observed for

the ligand, and the fluctuation between bonding states reflects normal dynamic behavior rather

than gradual dissociation. This continuous, fluctuating profile supports a stable and favorable

binding mode for HM1 within the AChE active site. This stability is also supported by the

radius of gyration, which, after a brief rise within the first ~20—40 ns, oscillated tightly between

2.30 and 2.335 nm for throughout the remainder of the trajectory as shown in figure 11. The

absence of any net drift or expansion indicates that the enzyme's global compactness and

tertiary packing was well retained throughout the simulation.
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3.11. MM/GBSA Calculation

Binding energies for the AChE-HM1 complex were calculated from the steady segment of the
300 ns MD trajectory using the MM-GBSA method in gmx MMPBSA. Entropic contributions
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were not included, so the values are reported as enthalpic binding energies (AH) and are best
used for relative comparison rather than as absolute binding free energies. Energy
decomposition Table 6 shows that van der Waals interactions (AVDWAALS = —26.31 + 0.31
kcal/mol) are the major favourable contribution, followed by gas-phase electrostatics (AEEL =
—13.38 £ 0.52 kcal/mol). However, the polar solvation term (AGGB = +29.13 + 0.40 kcal/mol)
more than compensates the electrostatic gain, indicating the desolvation cost of burying polar
groups at the binding interface. The nonpolar solvation term added a small favourable
contribution (AGSA = —3.81 + 0.04 kcal/mol). Together, these gave a gas-phase energy
(AGGAS) of —39.68 £ 0.62 kcal/mol and a solvation energy (AGSOLV) of +25.32 + 0.37
kcal/mol, for a total binding enthalpy of AH =—14.37 + 0.38 kcal/mol. Binding was therefore
driven mainly by van der Waals packing, with electrostatic gains offset by desolvation.
MM/GBSA was performed only for the lead compound; comparison with the other candidates
and the reference remains for future work.

Table :6 MM-GBSA binding energy and its energy components (kcal/mol) for the AChE-
HM1complex

Energy Component AG (kcal/mol)

AE 4, (van der Waals) —26.31 +0.31
AE,.. (Electrostatic) —13.38 + 0.52
AGgas (AE g4y + AE¢iee) —39.68 £+ 0.62
AGgg (Polar Solvation) +29.13 £ 0.40
AGg, (Non-polar Solvation) —3.81 £ 0.04
AGgory (AGgp + AGsp) +25.32 4 0.37
AH (AGgys + AGgo1y) —14.37 + 0.38

In Silico ADME Prediction

ADMET]lab 3.0 was employed to predict the ADME properties of the reference compound and
the natural products (HM-1 to HM-5) (Table 6). All six compounds were predicted to exhibit
high human intestinal absorption, indicating favorable oral bioavailability potential across the
entire series. Caco-2 permeability values for the natural products ranged from —4.6904 (HM-
2) to —5.2742 (HM-1), all lower than the reference (—4.3126), while MDCK permeability
values were more tightly clustered, ranging from —4.6192 (HM-2) to —4.8997 (HM-5), closely
paralleling the reference (—4.6864). With respect to blood-brain barrier permeation, the
reference compound and HM-1 and HM-5 were predicted to be BBB-permeant, whereas HM-



2, HM-3, and HM-4 were predicted as non-permeant, indicating restricted central nervous
system access for these three derivatives. PPB values were particularly higher among all natural
products than the reference (21.32%), suggesting that the natural products have a higher degree
of drug-protein bound state and a lower proportion of unbound drugs in their circulation in
contrast to the reference. All six compounds, including the reference and natural compounds,
were shown to be non-inhibitors for both CYP1A2 and CYP2D6 metabolism. Regarding
CYP3A4 substrate behavior, only HM-5 was predicted to act as a CYP3A4 substrate, while
the reference and the remaining four natural products were predicted as non-substrates. Plasma
clearance varied across the series, with HM-4 (6.8455 mL/min/kg) and HM-2 (6.2002
mL/min/kg) exceeding the reference (6.1759 mL/min/kg), while HM-1 (3.4348), HM-3
(2.7079), and HM-5 (3.2296) showed comparatively lower clearance, with HM-3 displaying
the slowest clearance among the entire series.

Table 7. The ADME analysis for reference and HM-1 to HM-5

ADME Reference HM-1 HM-2 HM-3 HM-4 HM-5
Parameter

Human High High High High High High
Intestinal

Abs. (HIA)

Caco-2 -4.3126 -5.2742 -4.6904 -4.6925 -4.6937 -5.2431
Permeability

MDCK -4.6864 -4.8417 -4.6192 -4.7121 -4.8024 -4.8997
Permeability

Blood-Brain @ Permeant permeant Non- Non- Non- Permeant
Barrier Permeant permeant permeant

(BBB)

Plasma 21.32% 49.53% 50.56% 52.03% 64.77% 48.71%
Protein

Binding

(PPB)

CYP1A2 Non- Non- Non- Non- Non- Non-
Inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor
sCYP2D6 Non- Non- Non- Non- Non- Non-

Inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor



CYP3A4 No No NO No No yes

Substrate
Clearance 6.1759 3.4348 6.2002 2.7079 6.8455 3.2296

3.13. Toxicity Prediction
In Table 7, the results of the toxicity prediction experiment benchmarked with the proposed
reference and all compounds (HM-1 to HM-5) are displayed. The predicted organ toxicities
and toxicity endpoints were evaluated and presented along with the corresponding probability
values. With respect to hepatotoxicity, the reference compound was classified as inactive with
a high probability (0.93), and this favourable profile was largely retained across the series, with
HM-1 (0.56), HM-2 (0.68), HM-4 (0.84), and HM-5 (0.50) all predicted as inactive. HM-3,
on the other hand, behaves differently, showing to be active with low probability (0.57), which
suggests a moderate hepatotoxic potential. In neurotoxicity, the reference drug was predicted
to be active (0.78). But particularly, most of the natural products investigated showed a safer
toxicity profile in contrast to the reference, as HM-1, HM-2, HM-4, and HM-5 were inactive
(0.67, 0.67, 0.90, and 0.73, respectively). HM-3 was a single exception because it was active
(0.66), showing similarity with the reference. In nephrotoxicity, the reference compound (0.81)
and most natural compounds were inactive; these include HM-1 (0.63), HM-3 (0.75), HM-4
(0.68), and HM-5 (0.65). But HM-2 stands alone showing activity but with a low probability
value of (0.50), indicating a low nephrotoxicity profile. In respiratory toxicity, the reference
compound (0.95) along with all five compounds remained active, with predicted values
between 0.72 (HM-2) and 0.87 (HM-1), implying that this toxicity remained across all
compounds regardless of structural alterations. In cardiotoxicity, the reference molecule was
found inactive (0.82), but natural compounds were found to be active with low probability
values. HM-1 (0.64), HM-2 (0.61), HM-4 (0.54), HM-5 (0.67), and HM-3 (0.60) stand alone
and remain as inactive as the reference. It suggests that many natural compounds exhibit
slightly higher cardiotoxicity compared to the reference. At the end, in the immunotoxicity, the
reference compound was active with very high probability (0.98). On the other hand, all the
natural compounds displayed favourably. HM-1 was active (0.91), while HM-2 (0.95), HM-3
(0.57), HM-4 (0.77) and HM-5 (0.67) were inactive. This suggests that the overall toxicity
profile of natural extracts was better than the reference. They all show safer and more

favourable toxicity ranges in contrast to the reference.



Table 8: Toxicity profile of HM-1 to HM-5 and Reference.

Toxicity Reference HM-1 HM-2 HM-3 HM-4 HM-5
Parameter
Hepatotoxicity Inactive Inactive Inactive Active Inactive Inactive
(0.93) (0.56) (0.68) (0.57) (0.84) (0.50)
Neurotoxicity Active Inactive Inactive Active Inactive Inactive
(0.78) (0.67) (0.67) (0.66) (0.90) (0.73)
Nephrotoxicity Inactive Inactive Active Inactive Inactive Inactive
(0.81) (0.63) (0.50) (0.75) (0.68) (0.65)
Respiratory Active Active Active Active Active Active
toxicity (0.95) (0.87) (0.72) (0.74) (0.74) (0.85)
Cardiotoxicity Inactive Active Active Inactive Active Active
(0.82) (0.64) (0.61) (0.60) (0.54) (0.67)
Immunotoxicity Active Active Inactive Inactive Inactive Inactive
(0.98) (0.91) (0.95) (0.57) (0.77) (0.67)

4. Conclusion:
In this research, five (05) selected sesquiterpenoids found in Laggera pterodonta, namely,
Laggeranine A, Laggeranine B, Pterodontic Acid, Pterodontriol A, and Ilicic Acid, designated
as (HM-1 to HM-5), were investigated in the context of Alzheimer's disease, using galantamine
as a reference, which is a proven drug. Electronic properties of these natural compounds were
studied using density functional theory; DFT was used to examine the extensive range of
reactivity parameters, where Laggeranine A (HM-1) shows similar electronic properties to
galantamine. HM-1 and HM-2 also show correlation with the experimental results, proving the
reliability of this computational study. Additionally, Molecular docking shows that all five
compounds occupy the active site of AChE and form favourable binding, also highlighting
galantamine binding interactions via hydrogen bonds and m-interactions. All compounds
displayed binding scores in the range of -8.0 to -8.6 Kcal/mol. The 300 ns molecular dynamics
simulation demonstrated that the receptor-HM1 complex shows acceptable conformationally
stable, with stable backbone RMSD and radius of gyration, localized flexibility in peripheral
loops, and persistent protein-ligand hydrogen-bonding interactions. MM/GBSA analysis
yielded a favourable binding enthalpy of —14.37 & 0.38 kcal/mol, primarily driven by van der
Waals interactions, further supporting the stability of HM1 within the AChE binding site. The
most significant findings are that the ADMET analysis showed that Laggeranine A and Ilicic

Acid (HM-1 and HM-5) cross the blood-brain barrier; however, all five natural extracts have



shown comparably safer and more favourable profiles for the body than galantamine in
neurotoxicity and immunotoxicity profiles. The predicted binding modes of HM-1, HM-2, and
HM-3 further align with previously reported experimental AChE inhibitory activity, supporting
their potential as AChE-targeting candidates. In summary, these findings show that the Laggera
pterodonta extracts have great importance as natural candidates along with galantamine, with
some of the molecules having similar neuroprotective impacts to galantamine and some even
being computational safer and more favourable.
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