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ABSTRACT

Introduction: Diabetes mellitus (DM) and Alzheimer’s disease (AD) are two highly linked
disorders due to their association with the aging population. Several studies have reported the
beneficial effects of diosgenin and pterostilbene in treating neurodegenerative diseases. This
study aimed to investigate the neuroprotective mechanisms of diosgenin and pterostilbene
through molecular docking and dynamics studies and assess their pharmacokinetic
parameters.

Methods: To understand the link between diabetes and AD, molecular docking of the natural
ligands diosgenin and pterostilbene against the specific targets of AD, including p-secretase,
glycogen synthetase kinase beta (GSK-3f), gamma-secretase, tumor necrosis factor-alpha
(TNF-a), and interleukin-6 (IL-6) was done to find out their binding affinities to explain
the molecular mechanisms involved in their neuroprotection. Further molecular dynamics
studies and binding energy calculations for the ligands with GSK-3 and [-secretase were
carried out to confirm their docking activities. Additionally, pharmacokinetic analysis of
these two phytoconstituents was performed by the SWISSADME server.

Results: Molecular docking and dynamics studies revealed the good docking activity of
diosgenin and pterostilbene with the selected targets. Further, the two phytoconstituents
revealed suitable pharmacokinetic parameters along with blood-brain barrier permeability,
confirming their druggable nature.

Conclusion: This research identified multiple neuroprotective pathways of diosgenin and
pterostilbene that might be significant for treating diabetes-associated Alzheimer’s disease.

Implication for health policy/practice/research/medical education:

Implications for health policy/practice/research/medical education: This article elucidated the multiple molecular mechanisms
by which diosgenin and pterostilbene interacted with specific targets to provide neuroprotection in diabetes-induced Alzheimer’s
patients, opening new pathways for further research. This work may introduce new drug candidates with enhanced therapeutic
efficacy, reduced cost, easy accessibility, and fewer side effects than conventional medications.

Please cite this paper as: Fatima SJ], Prasad DK. Unveiling neuroprotective mechanisms of diosgenin and pterostilbene in
diabetes-associated Alzheimer’s disease through multi-target molecular docking approach. ] Herbmed Pharmacol. 2024;13(4):659-

673. doi: 10.34172/jhp.2024.52606.

Introduction

Diabetes mellitus (DM) and Alzheimer’s disease (AD), the
two highly linked disorders have been identified as the
greatest threats in the history of medical sciences. DM is
the most prevalent endocrine disorder, with an estimated
415 million people suffering from it worldwide (1). AD
is a common neurodegenerative disorder affecting 50
million people globally with reports expecting it to be
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doubled by 2030, according to World Alzheimer Disease
Report (2). Evidence suggests a strong epidemiological
and pathophysiological association between DM and
AD, as the two share common pathogenic pathways such
as persistent hyperglycemia, beta-amyloid deposition
in the tissues, and oxidative stress leading to toxicity
and inflammation (3). Chronic diabetes is implicated
in cognitive decline, including attention dysfunction,
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problems with learning and memory, and dementia.
Thus, the term type 3 DM has often been used to describe
AD-associated dementia caused by insufficient insulin
receptor signaling and insulin resistance in the brain (4).
AD involves progressive, irreversible memory loss with
behavioral disturbance.

Deposition of beta-amyloid in brain parenchyma
forms senile plaques as a result of proteolytic cleavage of
amyloid precursor proteins by beta-secretase (f-secretase)
and gamma-secretase (y-secretase); the aberrant tau
hyperphosphorylation by glycogen synthetase kinase beta
(GSK-3p) resulting in neurofibrillary tangles are the main
characteristics of AD. Due to these inclusions causing
synaptic loss, oxidative stress, and neuroinflammation,
particularly in the neocortex and hippocampus, neuronal
dysfunction occurs leading to decreased levels of
acetylcholine (ACh) (5). This hypothesis explains the
use of AChE inhibitors like donepezil, rivastigmine, and
galantamine in the therapy of AD to increase ACh levels
by preventing its metabolism (6). However, none of these
drugs has proven to totally stop the disease progression.
Elevated AChE levels and poor glycemic control trigger
chronic inflammatory processes in the brain, resulting in
damaged neurons due to microglial activation releasing
inflammatory cytokines such as interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-a) (7). With AD
being regarded as a complex disorder involving multiple
molecular targets, the usual one-target one-drug approach
might not be an effective strategy in its drug development.
Instead, a drug capable of acting simultaneously on
different targets may be a more promising approach
(8,9). Although there is evidence for a strong association
between DM and AD, the exact pathological mechanism
linking the two disorders remains unknown. Therefore,
we aim to identify the linking molecular pathways by
screening the common pharmacological targets, which
may provide newer therapeutic options in the treatment
of DM and AD.

Natural compounds have long been relied on to manage
various disorders due to the presence of a wide range of
bioactive substances demonstrating potential therapeutic
benefits (10). Diosgenin obtained from Dioscorea species,
is a natural steroidal saponin with effects similar to
phytoestrogens. Multiple biological effects of diosgenin
have been reported, including anti-hyperglycemic,
cardioprotective, anti-hyperlipidemic, anti-inflammatory,
and antioxidant effects (11). It also enhanced spatial
learning and memory in animals with amyloid-beta-
peptide-induced cognitive deficits (12). Pterostilbene,
obtained from Pterocarpus marsupium, also demonstrated
various activities like anti-inflammatory, antioxidant,
anticancer, and neuroprotection (13). Pterostilbene
was also reported to improve the amyloid beta-induced
neuroplastic inflammation in mice (14). Diosgenin and
pterostilbene were selected for the study because of their
encouraging therapeutic potential as antioxidants and

anti-inflammatory agents. Being natural plant-based
products, they are less expensive alternatives with fewer
side effects (14). However, the underlying neuroprotective
mechanisms of both phyto-molecules were yet to be
discovered.

Recent developments have identified enzymes as
the most promising therapeutic targets involved in the
pathogenesis of various diseases. GSK-3f, [B-secretase,
y-secretase, TNF-a, and IL-6 were selected as common
interlinking target proteins for molecular docking,
associated both with diabetes and AD. This study
performed molecular docking, molecular dynamic
(MD) simulation studies, free energy computation, and
pharmacokinetic evaluation for the ligand’s diosgenin
and pterostilbene to identify the therapeutically active
molecular pathways. The anticipated outcome of this
investigation is to introduce a novel combination against
diabetes-associated AD treatment through multiple
enzyme target effects.

Methods

The workflow in this study comprised selecting and
preparing protein targets and ligands for molecular
docking, calculating binding free energy, simulating MD,
and assessing pharmacokinetics. The 3D structures of target
enzymes and ligands were identified and downloaded using
the DrugBank and RCSB-PDB databases (http://www.rcsb.
org/pdb/).

Molecular docking

The docking study selected GSK-38 (PDB:1J1B,
Resolution: 1.8 A), B-secretase (PDB:1TQF, Resolution:
1.8 A), y-secretase (PDB:61YC, Resolution: 2.6 A), TNF-a
(PDB:5M2]J, Resolution: 1.9 A), and IL-6 (PDB:1ALU,
Resolution: 1.9 A) x-ray crystal structures for docking.
Schrédinger 2019-2’s protein preparation wizard module
was used for protein preparation (15). Crystallographic
water molecules were eliminated by hydrogen addition.
Prime (Schrédinger 2019-2) was used to incorporate the
missing side chains (16). Root mean square deviations
(RMSDs) of heavy atoms were maintained at 0.30 A using
the OPLS3e forcefield for energy reduction (17). A 10 A
radius surrounding the bound ligand defined the active
site, and a grid box was created with the co-crystallized
ligand at its core. The docking protocol was validated
using the extra precision (XP) Glide docking procedure
employing redocking protocol, where the co-crystal
ligands from the binding sites of human tau protein
kinase, GSK-3 (PDB:1J1B) and p-secretase (PDB:1TQF)
were removed and redocked in their respective binding
sites. The two ligands, pterostilbene and diosgenin
(Figure 1), were synthesized using LigPrep and docked
with Glide in the extra-precision (XP) mode, leaving other
options default (18). The ligand’s ideal docking location
was chosen based on the values of the docking score, glide
energy, and glide Emodel energy.
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Diosgenin ‘ Pterostilbene

Figure 1. Chemical structures of the two selected ligands, diosgenin and
pterostilbene.

Molecular dynamics simulation

Using the Desmond software, the docked complex of
diosgenin and pterostilbene in complex with 1TQF
(GSK-3p) and 1J1B (B-secretase), was chosen to run the
MD simulation with the OPLS3e force feld (Schrodinger
2019-2). When the molecular system was solvated with
TIP4P water molecules, the protein and the borders of
the orthorhombic box were approximately 10 A apart. In
order to neutralize the system, the proper counter Na+
ions were introduced. To minimize the solvated system
using limited memory, three vectors and ten steepest
descent steps were employed, until the gradient threshold
of 25 kcal/mol/A was reached (Broyden-Fletcher-
Goldfarb-Shanno) (19). The Ewald approach was utilized
for distant electrostatic interactions with smooth particle
mesh at a tolerance of 1e—09 and for short-range columbic
interactions with a radius of cut-off of 9.0 A (20). The
temperature was maintained at 300 k and the pressure at 1
bar using the Nose-Hoover thermostat and the Martyna-
Tobias-Klein barostat, respectively (21,22). The time step
chosen was 2 fs to simulate the molecular system for 100
ns under isothermal-isobaric ensemble (NPT) conditions.
Frames were built every 100 ps using a REPSA integration
algorithm with multiple time steps for interactions that
are bound, distant from bonded, and close to non-bonded
(2, 2, and 6 fs, respectively) (23). Trajectory posture and
three-dimensional structure analysis were generated using
the Maestro graphical user interface.

Binding free energy calculations

For each protein-ligand complex, the binding free energy
was determined using the PRIME Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA) technique
(Schrodinger 2019-2). The VSGB 2.0 solvation model, in
conjunction with the OPLS3e force field, was utilized to
minimize energy. This approach combines an optimized
implicit solvation with a physics-based correction for
hydrophobic interactions, self-contact interactions, n-m
interactions, and hydrogen bonding (24).

Drug-likeness properties & ADMET analysis
Lipinski’s rule of five (RO5) establishes a set of criteria
for evaluating drug-likeness, a crucial parameter in the
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discovery of novel medications. These criteria include a
molecular weight of less than 500 Da, a maximum of five
hydrogen bond donors, a maximum of 10 hydrogen bond
acceptors, and a value of AlogP of no more than five. The
SwissADME server was used to check the bioavailability
of diosgenin and pterostilbene and analyze various
other rules (25-28). The server was also utilized to track
the pharmacokinetic parameters, such as absorption,
distribution, metabolism, and excretion, as well as toxicity,
solubility, and some other pharmacokinetic factors (29).
Selected ligands’ SMILES were uploaded to the webserver
to assess the various parameters.

Results
Various approaches used for in silico analysis:
1. Molecular docking of ligands (diosgenin and pterostilbene)
o GSK-3B
o P-Secretase
o y-Secretase
o IL-6
o TNF-a
2. Molecular dynamics (Diosgenin and Pterostilbene)
o GSK-3B
o P-Secretase
3. Binding free energy calculations
4. Drug-likeness properties and ADMET analysis

Molecular docking analysis

The docking protocol was validated based on its ability to
reproduce the binding mode of the GSK-3f and p-secretase
bound co-crystalized inhibitors, respectively. Similar
orientation was observed between the conformations
of XP docked pose and co-crystal pose with a low root
mean square deviation (PDB:1J1B - RMSD: 1.51A and
PDB:1TQF - RMSD: 1.35A) as shown in Figure 2. This
suggests the reliability of our Glide XP-docking protocol
in reproducing the experimentally observed binding
modes of inhibitors. Molecular docking of the two ligands
diosgenin and pterostilbene with the receptors GSK-
38 (PDB:1J1B), p-secretase (PDB:1TQF), y-secretase
(PDB:6IYC), TNF-« (PDB:5M2J), and IL-6 (PDB:1ALU)
revealed several interactions of the ligands and their
docking scores, as represented in Table 1, confirming their
proposed multitarget nature.

GSK-338 (PDB:1J1B) docking with diosgenin and
pterostilbene

The homodimer GSK-3f crystal structure showed that
each monomer was made up of a small N-terminal
domain composed of beta sheets and a large C-terminal
domain made up of loops and alpha helices. The most
important ATP binding site, located at the interface of the
alpha and beta helical strands, is formed by the catalytic
domain and substrate binding site. Most interactions
made at the ATP binding site are hydrophobic and polar.
The hydroxyl group of diosgenin formed a hydrogen

http://www.herbmedpharmacol.com

Journal of Herbmed Pharmacology, Volume 13, Number 4, October 2024 661


http://www.herbmedpharmacol.com

Fatima and Prasad

PDB:1J1B - RMSD: 1.51A (Grey: XP docked
pose and green: Co-crystal pose)

PDB:1TQF - RMSD: 1.35A (Grey: XP docked pose
and green: Co-crystal pose)

Figure 2. Comparison between the docked pose of the GSK3f and B-secretase inhibitors as produced by the docking study (grey) and the original
crystallographic structure of the same inhibitor within the binding pockets (green).

bond with Ser66 (bond length 2.10A) of the N-terminal,
located near the substrate binding site. The hydrophobic
interactions were shown with Val70, Phe67, Ile62, Ala83,
Tyr134, Vall135, Leul88, and Cys199 located in N and C
terminal domains important for substrate recognition.
Polar interactions were shown with Ser66, Asn64, Thr138,
GIn185, Asn186 (Figure 3a). Interactions with Thr138 and
GIn185 play a role in the complex binding stabilization.
Docking with pterostilbene showed two hydrogen bonds
formed between the hydroxyl group at the phenyl ring
with the -NH backbone of Val135 (bond length 2.17A)
and Asp133 (bond length 2.08A). In the ATP binding
domain, the hydrophobic pocket was formed with Val110,
Leul32, Ala83, Tyr134, Vall35, Cys199, Val70, Phe67,
Ile62, and Leul88 and polar interactions with Asn186,
GIn185, Ser66 and Asn64 (Figure 4a). The docking scores
of diosgenin and pterostilbene, with GSK-3p were found
to be -9.25 kcal/mol and -10.99 kcal/mol, respectively.

B-Secretase (PDB:1TQF) docking with diosgenin and
pterostilbene

The 3D crystal structure of the beta-site amyloid precursor
protein cleaving enzyme is structurally a challenging
protein with multiple sites showing effective binding.
It shows eleven pockets, an essential feature influencing
the interaction with ligands, having several sub-pockets,
such as S1, S2, S21, S3, S31, S4, and S41, with binding
mostly in S2-S21 and $3-S21. Figure 3b and Figure 4b
respectively show the interaction of the ligands diosgenin
and pterostilbene with the PB-secretase enzyme. Ligand
diosgenin contacts the residues Ile110, Leu30 and Trp115
in the S3 pocket and has polar interactions with GIn326,

Ser325, Asn233, Thr232, Thr231, GInl2, Thr72 and
GIn73 in the S2 pocket. The ligand pterostilbene shows
two hydrogen bonds with its hydroxyl group with Ser325
(bond length 3.12A) and its methoxy group with Asp32
in the S1 pocket. It also showed hydrophobic interactions
with Tyr71, Phel08, Trpll15, Ilel118, Leu30 in the S1
pocket and polar interactions with Ser325, GIn73, Thr72,
Asn233, Thr232, Thr231, and Ser35 in the S1 and S2
pockets. The docking score of diosgenin and pterostilbene
with B-secretase was found to be -7.67 kcal/mol and -8.56
kcal/mol, respectively.

v-Secretase (PDB:6IYC) docking with diosgenin and
pterostilbene

Human y-secretase X-ray crystal structures disclose the
four main subunits comprising presenilin (PS), PEN-
2 (presenilin enhancer-2), APH-1 (anterior pharynx
defective-1), and nicastrin. The catalytic part, presenilin,
and the two transmembrane aspartates within the active site
of the membrane-embedded protease complex are mainly
responsible for their action. Presenilin (PS1) is formed
of transmembrane helices with residues at their interface
responsible for their inhibition. Binding in diosgenin is
primarily due to hydrophobic interactions with Val138
and Cys140 and polar interactions with His158, GIn163,
and GIn139 residues (Figure 3c). Pterostilbene has a pair
of hydrogen bonds with its hydroxy group and N backbone
of the amino acids Asn55 (bond length 2.77A) and Asp336
(bond length 1.58A), with many hydrophobic interactions
shown with Trp648, Tyr173, Phe145, Cys140, and Val138.
It also showed few polar interactions with Asn55, GIn139,
and His158 residues (Figure 4c). The docking scores of

Table 1. Docking scores of diosgenin and pterostilbene in complex with various proteins

Docking score (kcal/mol)

S. No. Ligand

GSK-3B B-secretase y-secretase IL-6 TNF-a
1. Diosgenin -9.254 -7.679 -8.578 -2.329 -3.631
2. Pterostilbene -10.995 -8.561 -9.869 -5.528 -4.611
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Figure 3. Molecular interactions of diosgenin with
various targets. The hydrogen bond contacts and
residues are indicated by a yellow-dotted line, while
the pink numbers represent their distances in the
first image. The 2D image represents the types of
contacts formed between the ligand and receptor
protein indicated by various colors: with green color
“hydrophobic bond”, blue color “polar bond”, red color
“charged -ve residue”, purple color “charged +ve
residue”, grey color “metal or unspecified residue”,
purple arrow “hydrogen bond”, yellow arrow “halogen
bond”, red line with a dot “pi cation interaction”, green
line with dots “pi-pi stacking”, and a multicolored line
“salt bridge”.
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Figure 4. Molecular interactions of pterostilbene
with various targets. The hydrogen bond contacts
and residues are indicated by a yellow dotted line,
while the pink numbers represent their distances in
first image. The 2D image represents the types of
contacts formed between the ligand and receptor
protein indicated by various colors: with green color
“hydrophobic bond”, blue color “polar bond”, red color
“charged -ve residue”, purple color “charged +ve
residue”, grey color “metal or unspecified residue”,
purple arrow “hydrogen bond”, yellow arrow “halogen
bond”, red line with a dot “pi cation interaction”, green
line with dots “pi-pi stacking”, and a multicolored line
“salt bridge”.
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diosgenin and pterostilbene with y-secretase were found
to be -8.578 kcal/mol and -9.869 kcal/mol, respectively.

IL-6 (PDB:1ALU) docking with diosgenin and pterostilbene
Four interconnected helices A, B, C, and D, and an
additional helix E in the long loop, comprise the crystal
structure of IL-6. Molecular docking with the ligand
diosgenin revealed three hydrogen bonds with its
3-hydroxyl group and Glu42 (bond length 2.43A) on
the A helix and Glul06 (bond length 2.32A), Ser107
located on the brief cross-over link that unites the B and
C helices. The hydrogen bonds formed play a crucial role
in its inhibition upon binding. Furthermore, it showed
hydrophobic interactions with Trpl157 and Phel05 and
polar interactions with Ser47, Thr43, Ser107, and Ser108.
Docking with the ligand pterostilbene showed a hydrogen
bond with its hydroxyl group and Argl04 (bond length
2.06A) located on the connecting short crossover between
B&C helices. Hydrophobic interactions were formed
with Trpl57, Met49, Phel05, and polar interactions
with Asn48, Ser47, Thr43, and Thr163. Additionally, it
displayed m-cation interactions with Lys46 and Argl04.
The interactions shown by the ligands diosgenin and
pterostilbene in Figure 3d and Figure 4d confirmed their
ability to inhibit the inflammatory mechanisms mediated
by IL-6.

TNF-a (PDB:5M2]) docking with diosgenin and
pterostilbene

The crystallographic structure of TNF-a on docking
with the ligand diosgenin showed one hydrogen bond
with its hydroxyl group and the Arg31 residue (bond
length 1.94A) in the binding site. Binding of TNF-a with
diosgenin mainly involved hydrophobic interactions with
Tyr59, Tyrl119, Tyrl51, Vall7, Ala35, Ala33, and polar
interactions with His15, Asn34, and Ser147 in its catalytic
site (Figure 3e). Molecular docking with the ligand
pterostilbene disclosed a hydrogen bond with its hydroxyl
group and the His15 residue (bond length 2.13A). It also
showed hydrophobic interactions with Tyrl5, Vall7,
Pro20, Ala35, Ala33, and polar interactions with Asn34,
His15, and Ser147 residues in the catalytic binding site
of TNF-a (Figure 4e). The interactions of the ligands
diosgenin and pterostilbene with TNF-a indicated their
possibility to modulate the inflammatory mechanisms to
provide neuroprotection.

MD simulation analysis

To verify the dynamic behaviour and stability of 1J1B
(GSK-3B) and ITQF (B-secretase) bound with the
ligands diosgenin and pterostilbene, the retrieved posture
complexes were put through Desmond 100 ns MD
simulations, incorporated with Schrodinger suite 2019-2.
The root-mean-square deviation (RMSD) metrics for Ca
(backbone carbon atoms in amino acids), the backbone,
and the heavy atoms of the protein and ligand are shown in

Diosgenin and pterostilbene in Alzheimer’s disease

Figure 5 based on a detailed examination of the trajectory
frames.

1J1B (GSK-3p) - Diosgenin simulation

The solvated system comprises of 19966 water molecules
and 65678 atoms. After analysing the trajectory frames,
the RMSD for the Ca, backbone, and ligand fit protein
were found to be between 2.28 and 3.19, 1.52 and 2.83,
and 0.28 and 3.24A, respectively. The Ca RMSDs and
inhibitor backbone combination increased until 13
ns during the equilibrium phase, and after 20 ns, they
converged. Throughout 10-25 ns, variations in the Ca
atoms RMSD values were noted with the 2.28-3.19A
range. The RMSD of the Ca atoms stabilized in the range
of 3.19-2.16A during a period of 50-100 ns after the
equilibration phase (Figure 5a). The RMSF plot reveals
the Ca and the backbone of essential binding residues
of amino acids in the catalytic site showing variations
in RMSF values within the range of 0.58-3.24 and 0.62-
3.28A, respectively. In the course of MD simulation, the
specified protein inhibitor complex was found to have a
steady radius of gyration (rGyr) for its Ca and backbone
atoms, indicating a limited level of structural flexibility
of the protein. Furthermore, it is suggested that the effect
of solvency has led to the inhibitor-protein complex
exhibiting more flexible conformations (stabilization).
Throughout the simulation, the ligand’s RMSD showed
conformational changes starting at 13 ns and stabilizing
at 20 ns. Figure 5a (i) also reveals the binding pocket
residues RMSD adjusting effectively with inhibitory
movement. Interactions such as hydrogen bonds, as
well as hydrophobic and water bridges were noted with
the stable specific residues Aspl81-Lys183, Leul32-
Tyr134, Asp181-Lys183, and GIn185-Leul88. However,
no contacts were seen in the Val135-Thr138 region. The
other interacting residues showing low RMSF values were
Ile62, Phe67, Val70, Ala83, and Leul32. The binding
interactions revealed by the MD simulation trajectory
analysis were consistent with XP docking. The 3-hydroxy
group of diosgenin showed hydrogen bonds, one each
with Lys183, Cys199, and through a water molecule with
Ser66. It exhibited key hydrophobic interactions with
Ile62, Phe67, Val70, Ala83, Leul32, Tyr134, and Leul88
(Figure 5b). Additionally, 100 frames were taken out of
simulation trajectory files, and the clustered structure of
diosgenin/1J1B was created with the trajectory clustering
molecule (Schrodinger 2019-2). The structure that
was generated by diosgenin showed a single hydrogen
bond with Lys183 and mainly hydrophobic interactions
with Val70, Ala83, Tyr134, and Leul88 residues which
correspond well with the crucial interactions shown in
the MD simulation’s ligand interaction diagram, and the
outcome secured in docking study (Figure 6a). After 13
ns of molecular simulation analysis, diosgenin showed an
average radius of gyration (rGyr) of 4.73A and an average
RMSD of 0.38A. The polar surface area (PSA) 51.8-
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Figure 5. Molecular dynamics (MD) parameters
change of various protein-ligand complexes.
i. Root mean square deviations (RMSD) of
the backbone atoms, Ca, and 1J1B simulated
positions relative to the initial structure. ii.
llustrates the type of protein-ligand contacts
with residues; green colour: hydrogen bonds;
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ionic; blue colour: water bridges.
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61.4A% and stable solvent access area (SASA) 80.23-256A2
demonstrated the stability of the inhibitor inside the
binding pocket. Fewer molecular surface area (MolSA)
changes of 378.61-387.23A” indicated the stability of
diosgenin during the MD simulation study.

1J1B (GSK-3p) - Pterostilbene simulation

The solvated system comprises 19312 water molecules
and 63 787 atoms. Following the analysis of the trajectory
frames, the Ca, backbone, and ligand fit protein RMSDs
were determined to be between 2.42 and 3.71, 0.69 and
3.61, and 0.35 and 3.72 A, respectively. The Ca RMSDs
and inhibitor backbone combination increased until 30
ns during the equilibrium phase, and after 50 ns, they
converged. Throughout 8-30 ns, variations in the Ca
atoms RMSD values were noted in the 2.42-3.71A range.
The RMSD of the Ca atoms stabilized in the range of 3.71
and 2.97A during 50 and 100 ns after the equilibration
phase (Figure 5b). The RMSF plot revealed the Ca,
backbone, and B factor of essential binding residues of
amino acids in the catalytic site showing variations in
RMSF values within the range of 0.66-4.09, 0.46-4.18 and
0.62-2.82A, respectively (Figure 7b). In the course of MD
simulation, the specified protein inhibitor complex was
found to have a steady radius of gyration for its Ca and

Diosgenin and pterostilbene in Alzheimer’s disease

backbone atoms, indicating a limited level of structural
flexibility of the protein. Furthermore, it is suggested
that the effect of solvency has led to the inhibitor-
protein complex exhibiting more flexible conformations
(stabilization). Throughout the simulation, the ligand’s
RMSD showed conformational changes starting at 30
ns and stabilizing at 50 ns. Figure 5b (i) also reveals the
binding pocket residues of RMSD adjusting effectively
with inhibitory movement. Interactions such as hydrogen
bonds and hydrophobic and water bridges were noted
with the stable specific residues Leul32-Asp133, Tyr134-
Vall3, and GIn72-Ala83. However, no contacts were seen
in Pro136-Glul37, Thr138-Tyr140, Argl41-Lys183, and
Leul88-Asp200 regions. The other interacting residues
showing low RMSF values were Ile62, Asn64, Phe67,
Argl4l, and GIn185. Binding interactions, shown by the
MD simulation trajectory analysis, were in confirmation
with the XP docking interactions. Similar binding
interactions were shown by the MD simulation trajectory
analysis as predicted by the XP docking interactions. The
hydroxy group of the phenyl ring of pterostilbene showed
two hydrogen bonds, one each with Asp133 and Val135
through a water molecule. These interactions occurred
for more than 40% of the simulation time in the selected
trajectory through 100 ns. Italso exhibited key hydrophobic
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a. Diosgenin interacting with the protein residues
of 1J1B (Glycogen synthetase kinase beta) for
more than 10.0% of the simulation time in the

selected trajectory.

b. Pterostilbene

interacting with the protein
residues of 1J1B (Glycogen synthetase kinase
beta) for more than 40.0% of the simulation time

in the selected trajectory.
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c. Diosgenin interacting with the protein residues
of 1TQF (B-secretase) for more than 10.0% of the

simulation time in the selected trajectory.

d. Ptersostilbene interacting with the protein
residues of 1TQF (B-secretase) for more than
30.0% of the simulation time in the selected

trajectory.

Figure 6. Specific ligand-atom interactions with the protein residues. Interactions of the ligands with the protein residues of Glycogen synthetase kinase
beta and B-secretase that take place in the chosen trajectory (0.00 through 100.50 nSec) are represented with the colors green and red for hydrophobic and
negatively charged states, respectively. Arrows indicate the hydrogen bonds through water molecules.
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interactions with Ala83 and Leu188. Val135 is considered
to be a critical interacting residue available throughout the
MD study (Figure 5b). The moderate flexibility of Ile62,
Asné64, Lys85, Thr138, Argl41, and Asp200 is responsible
for intermittent frequency hydrogen bonding interaction.
The MD simulation study’s findings are consistent with
the docking results. Additionally, 100 frames were taken
out of simulation trajectory files, and the clustered
structure of pterostilbene/1J1B was created with the
trajectory clustering molecule (Schrodinger 2019-2). The
structure generating pterostilbene showed two hydrogen
bond interactions with Aspl33 and Vall35 residues,
which corresponded well with the crucial interactions
shown in the MD simulation’s ligand interaction diagram
and the outcome secured in the docking study (Figure
6b). Therefore, it is clearly understood that Asp133 and
Vall35 are essential for the stability of the inhibitors in
the catalytic pocket. Pterostilbene revealed an average
radius gyration (rGyr) of 4.21A and an average RMSD
of 0.42A after 30 ns of the MD study. The polar surface
area of 77.2-84.3A% and stable solvent access area of 78.24-
240.7A? demonstrated the stability of the inhibitor inside
the binding pocket. Fewer molecular surface area changes
of 267.5-274.3A” indicated the stability of pterostilbene
during the MD simulation study.

1TQF (B-secretase) - Diosgenin simulation

The solvated system comprises 13453 water molecules
and 46293 atoms. After analyzing the trajectory frames,
the RMSDs for the Ca, backbone, and ligand fit protein
were found to be between 1.08 and 1.46, 1.11 and 1.74,
and 0.26 and 1.78A, respectively. The Ca RMSDs and
inhibitor backbone combination increased until 21
ns during the equilibrium phase, and after 32 ns, they
converged. Fluctuations were observed in the range of
1.41-1.22A during 32-100 ns (Figure 5c). The RMSF
plot revealed the Ca and the backbone of essential
binding residues of amino acids in the catalytic site
showing variations in RMSF values within the range
of 0.42-2.88 and 0.46-3.42A respectively (Figure 7c).
In the course of MD simulation, the specified protein
inhibitor complex was found to have a steady radius
of gyration for its Ca and backbone atoms, indicating
a limited level of structural flexibility of the protein.
Furthermore, it is suggested that the effect of solvency
has led to the inhibitor-protein complex, exhibiting more
flexible conformations (stabilization). Throughout the
simulation, the ligand’s RMSD showed conformational
changes starting at 32 ns and stabilizing at 40 ns. Figure
5¢ (i) also reveals the binding pocket residues RMSD,
adjusting effectively with inhibitory movement. The most
significant hydrogen bond interactions were observed
with the stable key residues Leu30-Tyr71, Trp262-Leu263,
Leu263-Gly264, Gly264-Glu265, and Ser325-Gln326.
However, no interactions were observed in the region of
GInl12 and Glyl3. Water can bridge with Thr72, GIn73,

Gly74, Lys107, Asp228, Gly230, Thr232, Thr232, Asn233,
Arg235, Lys321, and Ser325. The 3-hydroxy group of the
phenyl ring of diosgenin showed three hydrogen bonds,
one each with GIn326, Leu263, and Glu265 through a
water molecule. Its methoxy group showed two hydrogen
bonds with Thr72 and GIn73 through a water molecule. It
also exhibited key hydrophobic interactions with Leu30,
Tyr71, Phel08, Ile110, Trpll15, and Ilel118 (Figure 5c).
The MD simulation study’s findings were quite consistent
with the docking results. Furthermore, the clustered
structure of diosgenin/1TQF was generated using the
trajectory clustering molecule after 100 frames were
retrieved from simulation trajectory files (Schrodinger
2019-2). The structure generated showed five hydrogen
bond interactions with GIn326, Leu263, Glu265, Thr72,
and GIn73 residues, which were the critical interactions
not visualized in the docking study, confirmed by the MD
simulation’s ligand interaction diagram (Figure 6¢). After
32 ns of MD study, diosgenin showed an average radius
of gyration of 4.72A and an average RMSD of 0.42A. The
observed polar surface area (51.81-62.23A%) and stable
solvent access area (98.63-237.64A?) revealed the stability
of the inhibitor inside the binding pocket. Less variation in
the molecular surface area of 378.24-390.64A? during the
simulation suggests that diosgenin is stable throughout
the MD simulation.

ITQF (B-secretase) - Pterostilbene simulation

The solvated system comprises 13,465 water molecules
and 46,292 atoms. After analysis of trajectory frames,
the RMSDs for the Ca, backbone, and ligand fit protein
were found to be between 1.23 and 2.18, 1.29 and 2.25,
and 0.71 and 2.25 A, respectively. During the equilibrium
phase, the RMSDs of the Ca and backbone inhibitor
combination increased until 62 ns, and then converged
at 68 ns. Following equilibration, the RMSD of Ca atoms
stabilized in the 2.18-1.622A range during 62-100 ns
(Figure 5d). The RMSF (Figure 7d) reveals changes in
the Ca, B factor, and backbone of crucial binding amino
acid residues inside the catalytic site showing fluctuations
with RMSF values in the range of 0.45-3.71, 0.48-4.21,
and 0.41-1.72A, respectively. A low degree of protein
structural flexibility was indicated by the fact that the
selected protein inhibitor complex’s Ca and backbone
atoms” radius of rGyr remained stable throughout the
MD simulation. Additionally, it is hypothesized that
increased conformational relaxation in the protein-
inhibitor complex is a consequence of the solvency effect
(stabilization). Throughout the simulation, the ligand
RMSD showed conformational changes stabilizing at 68
ns. The binding pocket residue RMSD, which shows a
strong correlation with inhibitor movement, is also shown
in Figure 5d. Hydrogen bonds were formed with Tyr68-
Tyr71, Tyr71-Thr72, Thr231-Thr232, Thr232-Asn233,
and Ile324-Ser325. The other interacting residues Leu30,
Aspl06, Phel08, Trpl115, Arg235, Ile110, Ile118, Arg235,
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Figure 7. Root means square fluctuations (RMSF) of diosgenin and pterostilbene with Glycogen synthetase kinase beta (GSK-33) and B-secretase. a. Plot
showing the “RMSF of diosgenin fit on protein” for GSK-3p. b. Plot showing the “RMSF of pterostilbene fit on protein” for GSK-3p. c. A plot for B-secretase
that shows the “RMSF of diosgenin fit on protein”. d. Plot showing “RMSF of pterostilbene fit on protein” for 3-secretase.

and Lys321 exhibited low RMSF values. As predicted from
the XP docking interactions, similar binding interactions
were demonstrated by the MD simulation trajectory
analysis. The 3-methoxy group of the second phenyl ring of
pterostilbene showed a hydrogen bond with the negatively
charged Asp228 residue through a water molecule. These
interactions occurred over 30% of the simulation duration
in the chosen trajectory over the first 100 ns (Figure
6d). It also exhibited key hydrophobic interactions with
Leu30, Tyr71, Phel08, Ile110, Trp115, Ile118, Arg235, and
Lys321. The moderate conformational flexibility of GIn12,
Aspl06, Arg235, Leu263, Lys321, and GIn326 carried out
the hydrogen bonding interaction at irregular frequencies.
Additionally, pterostilbene/1TQF’s clustered structure was
produced using the trajectory clustering molecule after
100 frames, which were taken from simulation trajectory
data (Schrodinger 2019-2). Pterostilbene demonstrated an
average RMSD of 0.62A and an average radius of gyration
of 4.19A following 62 ns of MD study. The polar surface
area of 75.72-85.80A% and stable solvent access area of
60.34-320.21A* demonstrated the stability of the inhibitor
inside the binding pocket. The stability of pterostilbene
during MD simulation was indicated by less variations
in the molecular surface area of 66.51-73.56A* during the
simulation period.

Binding free energy - MMGBSA approach

The thermal binding free energy (AGbind) was calculated
using the module thermal mmgbsa.py Script for 102
trajectory frames over 100 ns. AGbind remained constant
throughout the course of the MD simulation for all the
protein complexes. The major contributors to AGbind
were identified to be the van der Waals energy (AGvdW),

lipophilic energy (AGlipo), and hydrogen bond energy
(AGhbond) with moderate favorable Coulomb energy
(AGcou) favoring the inhibitor binding, with the covalent
energy (AGcov) and solvation energy (AGsolv) strongly
disfavoring the inhibitor binding. The MMGBSA approach
binding energy calculations are represented in Table 2 and
Table 3. The binding free energy value, determined using
the MM-GBSA technique, and the binding free energies
obtained through docking, were in agreement with each
other.

Drug-likeness and ADMET analysis

Selected ligands’ SMILES uploaded to the web server
assessed various parameters. The study of drug-like
properties speeded up the drug research and development
process. Table 4 shows the results of applying the Lipinski
rule of five, the Ghose rule of filter, the Veber rule, the
Egan rule, and the Muegge (LGVEM) rule to diosgenin
and pterostilbene. To ascertain the bioactive function of a
potent drug, these criteria have their own set of regulations.
Both the compounds used in this study strictly adhered to
the LGVEM rules and committed no violations.

Discussion

Studies reveal the pathophysiological role of f-amyloid and
phosphorylated tau causing oxidative stress and inducing
inflammatory pathways through releasing IL-6, TNF-q,
and IL-1P in diabetes-associated AD. Despite the failure
of many drugs during clinical trials as inhibitors of GSK-
3B and p-secretase, therapeutic strategies to introduce
lead candidates with this mechanism are encouraging due
to their significant role in pathophysiological mechanism
of the disease (30). However, a more novel approach of
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Table 2. Binding free energies (in kcal/mol) of Diosgenin in complex with various proteins

. M.Sbl.nd AGcou AGh-bond .AGIIP?. AGvdw (Vander  AGCov (Covalent AGSOI,V
Proteins (Binding (Coulomb (Hydrogen bond (Lipophilic (Solvation
Waals energy) energy)
energy) energy) energy) energy) energy )
1J1B -37.30 -32.81 0.35 -20.54 -37.16 -4.23 56.48
1TQF -32.70 -53.92 5.61 -10.00 -3.15 -8.54 36.42
61YC -26.6 35.23 9.27 -14.14 -28.62 -24.08 -12.85
1ALU -33.23 19.81 -2.50 -11.02 -35.44 4.74 -12.37
5M2) -34.91 3.57 -19.94 -0.47 -41.18 13.91 9.30
Table 3. Binding free energies (in kcal/mol) of Pterostilbene in complex with various proteins
AGbind AGcou AGh-bond AGlipo AGvdw (Van AGCov AGsolv
Proteins (Binding (Coulomb (Hydrogen bond (Lipophilic der Waals (Covalent (Solvation
energy) energy) energy) energy) energy) energy) energy)
1J1B -27.48 -30.54 0.80 -15.77 -23.24 -3.41 46.77
1TQF -13.59 -3.82 8.78 -5.24 10.41 -8.54 36.42
61YC 53.13 166.89 25.33 -2.25 -17.94 -52.46 -80.14
1ALU -20.27 5.20 -2.09 -8.53 -24.21 -2.10 8.80
5M2) -49.05 -28.69 -18.71 -2.44 -30.62 11.56 21.06

Table 4. Molecular, pharmacokinetic, and ADMET (Absorption, distribution, metabolism, excretion, and toxicity) properties of diosgenin and pterostilbene

Parameter Diosgenin Pterostilbene
Molecular weight (gm/mol) 414.62 256.30
Hydrogen bond acceptor 3 3
Hydrogen bond donor 1 1

Log Po/w (Octanol-water partition coefficient) 4.45 3.02
Log S (Solubility) -5.98 -4-01
Topological polar surface area (A2) 38.69 38.69
Gastrointestinal absorption High High
Blood brain barrier permeation Yes Yes
Log Kp (Plasma partition coefficient) -4.80 cm/s -5.18 cm/s
Lipinski rule Yes; 1 violation Yes
Ghose rule No; 2 violations Yes
Veber rule Yes Yes
Egan rule No; 1 violation Yes
Bioavailability 0.55 0.55
P-glycoprotein substrate No No
CYP3A4 inhibitor No No

targeting multiple receptors is being focused against a
single target approach for complex neurological diseases
like AD. In brief, molecular docking in conjunction with
simulation studies and pharmacokinetic analysis was
applied to meet the critical challenges faced in designing
efficient multi-target drugs to treat AD. Initially, the
phytoconstituents diosgenin and pterostilbene were
docked with GSK-3p, B-secretase, y-secretase, TNF-a, and
IL-6 using the most widely accepted docking program,
Schrodinger, and then the docked complexes with good
binding characteristics were selected for simulation
studies. Also, the binding energies were calculated to
confirm their binding modes. Key residues in each target
were identified and compared with standard inhibitors.
GSK-3B, which is an enzyme responsible for tau

phosphorylation, is considered an important target in the
treatment of AD. The docked complex of diosgenin with
GSK-3p revealed interactions with Thr138 and GIn185,
which play a role in complex binding stabilization (31).
The hinge residue interactions seen with pterostilbene are
considered crucial for molecular recognition, as reported
with most GSK-3f inhibitors (32). The docking scores
of diosgenin and pterostilbene with GSK-3p were highly
comparable to those of Tideglusib, a recent GSK-3(
inhibitor that failed in phase II studies and had a docking
score of 11.37 kcal/mol (33).

B-secretase is another essential enzyme associated
with the processing of the B- amyloid precursor protein,
involved in the amyloidogenic pathway. Its inhibition
improves cognition as it blocks the process that generates
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amyloid plaques. With this target, the ligands diosgenin
and pterostilbene showed several interactions in the
S2 subpocket, representing an essential feature for
binding to it (34). One of the hydrogen bonds formed by
pterostilbene’s methoxy group with Asp32 in the S1 pocket
is significant for catalytic activity, as Asp32 is one of the
two catalytically active aspartates located in the center of
the active site reported in most inhibitors. (35,36).

The docking scores of diosgenin and pterostilbene
with B-secretase were found to be very close to those
of Atabecestat, a standard P-secretase inhibitor with a
docking score of -8.0 kcal/mol (37). y-Secretase, which is
also involved in the amyloid precursor protein processing,
when docked with diosgenin and pterostilbene, showed
docking activity similar to the standard y-secretase
inhibitor L-685458 with a docking score of —10.19 kcal/
mol (38). Upon docking the two phytoconstituents with
the anti-inflammatory targets IL-6 and TNF-a, many
hydrogen bonds were revealed, which were crucial for
their binding-induced inhibition. Thus, these interactions
between the ligands indicated their ability to modulate the
inflammatory mechanisms to provide neuroprotection.
Simulation studies of the ligands with the targets GSK-
3B and B-secretase demonstrated a highly stable solvent
surface area, confirming the stability of the inhibitor inside
the binding pocket, and fewer variations in the molecular
surface area, indicating the stability of the bound complex.

Although the compounds exhibited good binding
affinities towards the targets, it does not mean they possess
the required absorption, distribution, metabolism, and
excretion (ADME) properties for good bioavailability.
Drug pharmacokinetics, commonly referred to as
absorption, distribution, metabolism, and excretion is
the study of how drugs enter, pass through, and exit the
body (39). Therefore, as the study of drug-like properties
speeds up the drug research and development process,
pharmacokinetic analysis of the ligands was also carried
out. The analysis was conducted using the web tool
SwissADME.

The major characteristics assessed included molecular
weight (MW), topological polar surface area (TPSA),
solubility (Log S), consensus estimated logP, and
predicted bioavailability. The ligands confirmed their
good pharmacokinetic characteristics, as indicated by
their bioavailability score of 0.55. Additionally, they
exhibit promising CNS action with a TPSA of less than
40 A2. Although the compounds were moderately soluble
in water, they showed increased blood-brain barrier
permeability and gastrointestinal absorption, which are
significant for drugs that treat AD.

Both the compounds used in this study strictly adhered
to the LGVEM rules and committed no violations. This
illustrates the potential for these compounds to be used as
medications. Reducing tau phosphorylation and amyloid
plaques is the most desirable strategy; however, the failure
of the inhibitors in phase II trials also focused the research

Diosgenin and pterostilbene in Alzheimer’s disease

toward alternative neuroinflammatory pathways to curb
the disease progression (40).

Conclusion

In this study, the selected ligands diosgenin and
pterostilbene were docked with pharmacologically
relevant targets associated with diabetes and AD.
This study provided evidence for the mechanism of
interaction of the ligands with multiple targets, which
might prove beneficial in treating diabetes-associated
Alzheimer’s disease. However, in vitro and in vivo studies
are recommended for further validation of the combined
action of the ligands. Encouraging results and theoretical
predictions confirmed the precise mechanisms targeting
the direct and alternative pathways that paved the way
for novel treatments. The in silico approaches might be
effective in reducing research costs by quickly confirming
mechanisms through computerized tools within a very
short time. The study findings collectively illustrate the
novelty of diosgenin and pterostilbene as potential drug
candidates in AD therapy.
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