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Abstract

Context: The search for antidiabetic drugs that target the receptors involved in diabetes has received significant attention in recent years. Peperomia pellucida
(L.) Kunth's ethanol extract and ethyl acetate fraction have antihyperglycemic activity. 8,9-dimethoxy ellagic acid (DEA) has shown significant diabetes
mellitus activity in mice, but its interaction with diabetes receptors remains unknown.

Aims: To perform molecular docking and molecular dynamics simulations to explore the binding interactions and stability of DEA within the binding sites of
enzymes involved in diabetes.

Methods: At the outset, the utilization of molecular docking was limited to forecasting the DEA's binding orientations and affinities within the active sites of
the enzymes implicated in diabetes. Following this, molecular dynamics simulation was employed to investigate the interactions, stability, and dynamic
behavior of these complexes over a period of 100 nanoseconds.

Results: Molecular docking results revealed that DEA interacts with all selected receptors involved in diabetes and interacts more strongly with the aldose
reductase receptor (PDB ID 3S3G) than the native ligand, with a binding energy of -10.3 kcal/mol. However, further molecular dynamics simulations confirmed
the stability of the receptor complex with DEA over 100 ns, which is less potent than that of the native ligand. This is probably due to the rigidity of the DEA
molecular structure.

Conclusions: This study highlights the potential of DEA derived from P. pellucida as an inhibitor of various receptors involved in diabetes.

Keywords: 8,9-dimethoxy ellagic acid; antidiabetic; in silico; Peperomia pellucida.

Resumen

Contexto: La busqueda de farmacos antidiabéticos que se dirijan a los receptores implicados en la diabetes ha recibido mucha atencién en los dltimos afios.
El extracto etandlico de Peperomia pellucida (L.) Kunth y la fraccidon de acetato de etilo tienen actividad antihiperglucemiante. El acido 8,9-dimetoxielagico
(DEA) ha mostrado una actividad significativa en la diabetes mellitus en ratones, pero su interaccion con los receptores de la diabetes sigue siendo
desconocida.

Objetivos: Realizar simulaciones de dindmica molecular y acoplamiento molecular para explorar las interacciones de unidn y la estabilidad de la DEA dentro
de los sitios de unidn de las enzimas involucradas en la diabetes.

Métodos: Al principio, la utilizacién del acoplamiento molecular se limitaba a pronosticar las orientaciones y afinidades de unién de la DEA dentro de los sitios
activos de las enzimas implicadas en la diabetes. A continuacién, se empled simulacién de dindmica molecular para investigar las interacciones, la
estabilidad y el comportamiento dindmico de estos complejos durante un periodo de 100 nanosegundos.

Resultados: Los resultados del acoplamiento molecular revelaron que la DEA interactda con todos los receptores seleccionados implicados en la diabetes e
interactia mas fuertemente con el receptor de aldosa reductasa (PDB ID 3S3G) que el ligando nativo, con una energia de unién de -10,3 kcal/mol. Sin
embargo, otras simulaciones de dindmica molecular confirmaron la estabilidad del complejo del receptor con DEA durante 100 ns, que es menos potente que
el del ligando nativo. Probablemente esto se deba a la rigidez de la estructura molecular de la DEA.

Conclusiones: Este estudio destaca el potencial de la DEA derivada de P. pellucida como inhibidor de diversos receptores implicados en la diabetes.

Palabras Clave: acido 8,9-dimetoxi eldgico; antidiabético; in silico; Peperomia pelucida.
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INTRODUCTION

Diabetes mellitus is a group of diseases that is
characterized by metabolic hyperglycemia, also
known as high blood sugar levels. This condition
occurs as a direct result of the body's inability to pro-
duce or make effective use of insulin. Insulin is an
essential hormone that helps move glucose from the
bloodstream into the cells of the body, where it can be
used as a source of energy (American Diabetes Asso-
ciation, 2013). Both type 1 and type 2 diabetes are
considered to be the most common forms of the dis-
ease. Diabetes type 1, also known as insulin-
dependent diabetes, is a condition that typically af-
fects children and adolescents; however, adults can
develop the condition as well. People who have type
1 diabetes have damage to the cells of the pancreas
that produce insulin, which leads to a lack of insulin
throughout the body (Atkinson et al., 2014). Insulin
resistance is a condition that can lead to type 2 diabe-
tes, which is a more general form of the disease. Insu-
lin resistance occurs when the body is unable to use
the insulin that it produces effectively. This condition
is more common in adults and has been linked to
being overweight, leading a life devoid of style, and
having genetic predispositions (DeFronzo et al., 2015).
Over several decades, there has been a worldwide
upward trend in diabetes-related death rates, which is
finally in line with the rising incidence of the disease.
According to the International Diabetes Federation
(IDF), the number of adults with diabetes was esti-
mated to be 463 million in the year 2019, which is
anticipated to increase to 700 million in the year 2045
(Ogurtsova et al., 2022). It is anticipated that the
number of deaths caused by diabetes will increase in
tandem with the rising prevalence of the disease, par-
ticularly in low- and middle-income countries (Zim-
met et al., 2001).

Treatment for diabetes entails the utilization of a
variety of strategies for regulating blood sugar levels,
minimizing the risk of developing complications and
maximizing one's quality of life. Insulin therapy,
PPAR-y receptor agonists, DPP-4 inhibitors, SGLT-2
inhibitors, and lifestyle changes are all essential com-
ponents of an effective diabetes management plan.
Insulin therapy is not without its risks, some of which
include hypoglycemia, an increase in weight, and
insulin allergies. PPAR-y agonists have been shown to
increase insulin sensitivity in tissue (DeFronzo et al.,
2015), while DPP-4 inhibitors have been shown to
decrease incretin levels (Karagiannis et al., 2012).
SGLT-2 inhibitors work by lowering the amount of
glucose that is absorbed by the kidneys and raising
the amount of glucose that is excreted in the urine
(Zimmet et al., 2001). On the other hand, existing anti-
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diabetic drugs still have weaknesses both in terms of
efficacy and side effects. Thus, the search for new
anti-diabetic drugs is a very interesting challenge.

One interesting source of drug compounds is nat-
ural products. Traditional medicine has made use of
natural products for decades or even centuries; some
of these products have demonstrated hypoglycemic
benefits and have the potential to be used as treat-
ments for diabetes. It has been discovered that medic-
inal plants (Kusuma et al., 2017), polyphenols (Ary-
aeian et al., 2017), amino acids, and peptides (Elam et
al.,, 2021) can all treat diabetes and have hypoglycemic
effects. Natural products are more effective in the
treatment of diabetes because they have better bio-
compatibility, diversity of chemical structures, and
multi-receptor targeting (Cragg and Newman, 2013).

Peperomia pellucida (L.) Kunth (family Piperaceae) is
a plant medicine that is utilized to treat a variety of
conditions. It has shown promise as a potential source
of new drugs for the treatment of a wide range of
diseases, including anti-inflammatory and analgesic
effects (de Fatima Arrigoni-Blank et al., 2004), antimi-
crobial, antioxidant, and anticancer (Wei et al., 2011).
In a study that was carried out by Susilawati et al.
(2015), researchers were able to successfully isolate
and identify the compound known as (S)-2-methyl-2-
(4-methylpent-3-enyl)-6-(propan-2-ylidene)-3,4,6,7-
tetrahydropyrano[4,3-g]chromen-9(2H)-one from P.
pellucida (Susilawati et al.,, 2015) as well as in silico
study (Susilawati et al., 2022). In other studies, com-
pound 8,9-dimethoxy elagate (DEA) was successfully
isolated and identified from P. pellucida. The method
of inhibition of the a-glucosidase enzyme (Susilawati
et al., 2017) was used to evaluate the DEA for its po-
tential anti-diabetic activity. However, the mechanism
of action of DEA on receptors involved in the treat-
ment of diabetes has yet to be disclosed in this work.

Researching the ligand 8,9-dimethoxy ellagic acid
(DEA) from P. pellucida is crucial for diabetes studies
(Susilawati et al., 2017). DEA is an organic chemical
extracted from P. pellucida, a medicinal plant known
for its healing effects and historical use in several
cultures (Clemen-Pascual et al., 2022). Exploring the
potential of DEA as a therapeutic agent for diabetes
could use the advantages of natural products in con-
temporary medicine. Initial research indicates that
DEA may have antidiabetic effects. Exploring how
DEA influences diabetes could help create innovative
treatment approaches for controlling the condition.
Natural compounds such as DEA are important re-
sources for inspiring medication research and ad-
vancement. Researchers can enhance the therapeutic
potential of DEA and create derivatives with better
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efficacy and safety profiles by understanding its
structure-activity correlations and pharmacological
features. Examining the safety and potential toxicity
of DEA is essential for its clinical advancement as a
medicinal drug. Thorough toxicity studies can offer
important insights into DEA's tolerance, side effects,
and potential drug interactions, guaranteeing its safe-
ty for human consumption.

The connection between the ethnomedical applica-
tions of P. pellucida (family Piperaceae) and its intended
activity is rooted in the ancestral wisdom transmitted
across generations concerning the plant's healing
attributes and its impact on human well-being. P.
pellucida has a rich traditional usage in different civili-
zations globally, especially in tropical areas where it
is plentiful (Boy et al., 2018). P. pellucida is used in
ethnomedicine for several medicinal purposes, such
as treating diabetes, hypertension, inflammation,
wound healing, and gastrointestinal issues (Alves et
al., 2019). These conventional practices are frequently
derived from empirical observations and experiences
gathered over time within specific localities. P. pellu-
cida 's putative antidiabetic action is generally based
on traditional knowledge of its therapeutic character-
istics. Researchers seek to confirm and clarify the
pharmacological foundation of these traditional prac-
tices through scientific research, which involves ana-
lyzing plant chemicals, conducting pharmacological
tests, and carrying out clinical trials. Researchers can
identify bioactive components in P. pellucida by ana-
lyzing its ethnomedical usage and linking them with
specific pharmacological activity. This information
could be used to create novel pharmaceuticals or
herbal treatments based on P. pellucida for managing
different illnesses.

In silico studies have been used to identify poten-
tial receptor targets for diabetes treatment. Aldose
reductase inhibitors can prevent the accumulation of
sorbitol, which is associated with diabetic complica-
tions such as nephropathy, cataracts, and neuropathy
(Yayla and Binnetoglu, 2022). Aldose reductase inhib-
itors can also prevent oxidative stress and inflamma-
tion, which are involved in the pathogenesis of dia-
betic complications. Alpha-amylase inhibitors can
delay the digestion and absorption of carbohydrates,
which can reduce postprandial glucose and insulin
peaks. Alpha-glucosidase inhibitors can delay the
absorption of ingested carbohydrates, which can re-
duce postprandial glucose and insulin peaks (Behl et
al., 2022). Dipeptidyl peptidase IV inhibitors can in-
crease the levels of endogenous GLP-1, which is in-
volved in glucose-dependent insulin secretion (Yayla
and Binnetoglu, 2022). Modulation of insulin receptor
function can improve insulin sensitivity and glucose
uptake, which can improve glycemic control in diabe-

https://jppres.com

Molecular docking and dynamics studies of 8,9-dimethoxy ellagic acid

tes (Yan et al., 2021). It is important to note that fur-
ther research is needed to develop more effective and
less toxic treatment options for diabetes.

In silico methods have been used in the develop-
ment of medicinal compounds, both molecular dock-
ing (Asnawi et al., 2022; Febrina et al., 2021), pre-
ADME, and molecular dynamic (Asnawi et al., 2023;
Febrina et al., 2022). Molecular docking and molecular
dynamics are two common examples of in silico
methods utilized in the study of developing new
medicines. Molecular docking is a technique that can
be used to predict the orientation of molecules within
deep protein-target protein-ligand complexes as well
as their interactions with one another. This method
helps determine the most stable conformation and
calculates the binding energy associated with that
conformation (Torres et al., 2019). Whereas, the simu-
lation of the motion of atoms and molecules inside
biological systems and molecules over a given time
can be done through a technique known as molecular
dynamics. This method provides a perspective on the
mechanisms and kinetics of biological processes at the
atomic level, such as changes in protein conformation,
protein-ligand interactions, and the stability of pro-
tein-ligand complexes. For example, changes in pro-
tein conformation can be used to study the stability of
protein-ligand complexes (Ischak et al., 2023).

This study evaluated the potential of DEA, a mole-
cule isolated from P. pellucida, as an inhibitor of cer-
tain diabetes receptors. Specifically, we were interest-
ed in whether or not this chemical could prevent dia-
betes. Within the binding sites of the receptors, mo-
lecular docking and molecular dynamics simulations
were used to investigate the binding interactions and
stability of DEA.

MATERIAL AND METHODS

Molecular docking modelling

Molecular modeling simulation was run on a per-
sonal computer equipped with an Intel (R) Core (TM)
i7-4600U CPU running at 2.10 GHz and 2.70 GHz,
8.00 GB of RAM, 512 GB of SSD, with a dual operat-
ing system of Linux Ubuntu 22.04 and Windows 10
Pro 64-bit, x64-based processor. Target proteins like
aldose reductase (PDB ID 3S3G), alpha-amylase (PDB
ID 1B2Y), alpha-glucosidase (PDB ID 2QM]), dipep-
tidyl peptidase IV (PDB ID 3F8S), and insulin receptor
(PDB ID 1IR3) were obtained from the RCSB Protein
Data Bank (http://www.rcsb.org/, accessed on 03
May 2023). The NCBI PubChem database
(https:/ /pubchem.nlm.nih.gov/, accessed on 03 May
2023) was used to derive the three-dimensional struc-
ture of DEA, its native ligand (NL), and acarbose (ref-
erence drug). AutoDock Vina under PyRx 8.0 (Morris
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et al., 2009) was used to interact DEA, its native lig-
and (NL), and acarbose (reference drug) with the
proteins. The DEA, its native ligand (NL), and acar-
bose (reference drug) were converted to PDBQT
(Asnawi et al., 2023) and then performed a docking
study (Febrina et al., 2022). The BIOVIA Discovery
Studio 2017 program was used to visualize the mo-
lecular docking data (Ischak et al., 2023). The present-
ed technique was used to explore molecular docking
(Asnawi et al., 2023; Febrina et al., 2021).

Molecular dynamics modeling

Molecular dynamics simulations were conducted
using the GROMACS 2022.4 program. The test ligand
file selected from the optimal conformation obtained
during molecular docking prior to initiating the mo-
lecular dynamics simulations was prepare. The mo-
lecular dynamics simulation process involves assem-
bling enzymes and ligands, creating topology and
coordinates, minimizing complexes, heating, equili-
brating complexes, and generating and analyzing
molecular dynamics data. After creating the test lig-
and and protein files, they were topologically pro-
cessed and combined into a unified complex. The
complex was enclosed in a grid box, and aqueous
solvents, along with various ions, were introduced to
attain a neutral state. The ions included Na* or CI-.
The intricate system underwent three rounds of test-
ing. The initial phase of energy minimization in-
volved reducing water molecules through 1000 steps.
The subsequent phase involved minimizing the over-
all ligand-enzyme system and water molecules
through 1000 steps. The final phase encompassed the
entire system architecture. Heating was conducted in
a gradient from 0-100 K, then from 100-200 K, and
eventually reaching 200-310 K. After the system
reached equilibrium, the final stages involved a pro-
duction process lasting 100 nanoseconds. The root
mean square deviation (RMSD), root mean square
fluctuation (RSMF), molecular mechanics generalized
born surface area (MMGBSA), and decomposition
were used to examine the findings of the molecular
dynamics simulation. Molecular dynamics was ex-
plored with the help of the provided method (Febrina
et al., 2022; Ischak et al., 2023).

ADME and toxicity

The method employed for the predictive study of
the metabolic and toxicological profiles of 8,9-
dimethoxy ellagic acid (DEA) from P. pellucida using
SwissADME comprised multiple steps. The chemical
structure of DEA (SMILES: COclec2¢(cc10C)COcl
c2ccccl) was initially entered into the SwissADME
online portal. The tool was used to forecast several
pharmacokinetic features, such as absorption, distri-
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bution, metabolism, and excretion (ADME). The fea-
tures included measures like gastrointestinal absorp-
tion, blood-brain barrier permeability, cytochrome
P450-mediated metabolism, and renal excretion.

In silico data analysis

The study utilized different methods to validate
the docking method, evaluate predicted absorption
and distribution properties, and assess potential tox-
icity. Analyzed chemical interactions between ligands
and target proteins using molecular docking and mo-
lecular dynamics simulations. The free energy of each
ligand was determined using techniques such as
MMGBSA. The study examined individual species or
compounds in comparison to native ligands on target
proteins to assess their potential as therapeutic
agents. Information was analyzed and presented
through the use of tables, figures, and charts. Refer-
ence substances were utilized as benchmarks for
comparison and validation to contextualize and eval-
uate efficacy.

RESULTS AND DISCUSSION

Molecular docking and molecular dynamics simu-
lations are used to predict the binding affinity and
orientation of a ligand molecule to a receptor protein
and simulate the behavior of the ligand-receptor
complex over time (Rahman et al., 2023; Yuliantini et
al., 2024).

Binding mode interaction

Molecular docking is a computational method that
enables the exploration of enzyme binding sites, sub-
strate interactions, and their preferred orientations
(Asnawi et al., 2022). It can be used to study the inter-
action between a protein and a ligand in the active
site, which is the region of the protein where the lig-
and binds (Stanzione et al., 2021). It can provide in-
sights into the binding mechanism and optimize lig-
and design and can be integrated with other compu-
tational methods for a more comprehensive under-
standing of the interaction.

The DEA ligand was able to interact with the bind-
ing site of the selected receptors (Fig. 1). The interac-
tion of the native ligand in the active site of aldose
reductase (PDB ID: 3S3G) has a free energy of binding
(AG) of -7.9 kcal/mol. DEA shows a stronger binding
affinity with a lower AG of -10.3 kcal/mol. DEA ex-
hibits a more favorable binding energy compared to
the native ligand, indicating a potentially stronger
interaction with aldose reductase. In the active site of
alpha-amylase (PDB ID: 1B2Y), the native ligand has a
AG of -9.7 kcal/mol, and DEA has a lower AG of -7.8
kcal/mol. In this case, the native ligand shows more

J Pharm Pharmacogn Res (2024) 12(5): 932


https://jppres.com/

Susilawati et al.

favorable binding energy compared to DEA, suggest-
ing that the native ligand has a stronger affinity for
alpha-amylase.

The interaction of the native ligand in the active
site of alpha-glucosidase (PDB ID: 2QM]J) has a AG of
-7.8 kcal/mol, and DEA has a slightly lower AG of -
7.1 kcal/mol. DEA demonstrates a slightly stronger
binding affinity compared to the native ligand, indi-
cating a potential improvement in the interaction with
alpha-glucosidase. In the active site of dipeptidyl
peptidase IV (PDB ID: 3F8S), the native ligand has a
AG of -8.7 kcal/mol, and DEA exhibits a lower AG of -
6.9 kcal/mol. DEA shows more favorable binding
energy than the native ligand, suggesting a potential-
ly stronger interaction with dipeptidyl peptidase IV.
In the active site of insulin receptor (PDB ID: 1IR3, the
native ligand and DEA have an AG of -8.6 and -7.4
kcal/mol, respectively. DEA demonstrates a slightly
stronger binding affinity compared to the native lig-
and, indicating a potential improvement in the inter-
action with the insulin receptor.

Overall, the comparison of energies in various
macromolecules reveals that DEA shows enhanced
binding affinities compared to the respective native
ligands in aldose reductase, alpha-glucosidase, dipep-
tidyl peptidase IV, and the insulin receptor. However,
in the case of alpha-amylase, the native ligand exhib-
its a stronger binding affinity than DEA. These find-
ings suggest that DEA has the potential to serve as a
potent ligand for the studied macromolecules, but its
effectiveness may vary depending on the specific
target protein.

Hydrogen bonds are important for stabilizing lig-
and-receptor interactions and can play a crucial role
in ligand recognition and binding affinity. On the
other hand, hydrophobic interactions, characterized
by non-polar interactions between hydrophobic re-
gions of the ligand and receptor, contribute to the

Molecular docking and dynamics studies of 8,9-dimethoxy ellagic acid

overall stability of the ligand-receptor complex (Fig.
2). In the active site of aldose reductase (PDB ID:
3S3G), while NL forms hydrogen bonds with Tyr49
and His111, DEA forms hydrogen bonds with Ala300,
Leu301, Leu302, and Ser303. The DEA ligand forms a
greater number of hydrogen bonds, indicating a po-
tentially stronger and more extensive interaction net-
work with the binding site residues. Both NL and
DEA form hydrophobic interactions with Trp21, sug-
gesting a common binding site residue that contrib-
utes to ligand stabilization.

However, NL forms an additional hydrophobic in-
teraction with Phel23, while DEA does not exhibit
such interaction. Overall, the NL and DEA ligands
exhibit distinct interaction patterns within the binding
site of 3S3G. NL primarily forms hydrogen bonds and
hydrophobic interactions with specific residues,
whereas DEA forms a larger number of hydrogen
bonds and a similar hydrophobic interaction.

In the active site of a-amylase (PDB ID: 1B2Y), NL
forms a larger number of hydrogen bonds (six) com-
pared to DEA (three). NL interacts with a diverse set
of residues, including Trp59, GIn63, Argl95, Glu233,
Asp300, and His305. On the other hand, DEA primari-
ly interacts with GIn63 and His305. The greater num-
ber of hydrogen bonds in NL suggests a more exten-
sive interaction network and potentially stronger
binding affinity. NL does not form any hydrophobic
interactions, whereas DEA forms three hydrophobic
interactions with Trp58, Trp59, and Tyr62. These hy-
drophobic interactions contribute to the stabilization
of the ligand in the binding site. Overall, the NL and
DEA ligands exhibit different interaction patterns
within the binding site of 1B2Y. NL primarily forms
hydrogen bonds with multiple residues, while DEA
forms a smaller number of hydrogen bonds but also
engages in hydrophobic interactions.

353G
3FBS
2qmM)
1IR3

1B2Y

Binding energy, kcal/mol

Acarbose (kcalf mol) m DEA (kcal/mol)

Figure 1. The free energy of binding of the NL, DEA, and acarbose
(reference compound) on the active site of aldose reductase (PDB ID
3S3G), alpha-amylase (PDB ID 1B2Y), alpha-glucosidase (PDB ID 2QMJ),
dipeptidyl peptidase IV (PDB ID 3F8S), and insulin receptor (PDB ID
1IR3).
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Figure 2. 2D visualization for the interaction of the NL, DEA, and acarbose (reference compound) on the active site of aldose reductase (PDB ID 3S3G),
alpha-amylase (PDB ID 1B2Y), alpha-glucosidase (PDB ID 2QMJ), dipeptidyl peptidase IV (PDB ID 3F8S), and insulin receptor (PDB ID 1IR3).

In the active site of a-glucosidase (PDB ID: 2QM]J)
NL forms a greater number of hydrogen bonds (five)
compared to DEA (two). NL interacts with a diverse
set of residues, including Thr205, Asp327, Asp443,
Asp542, and His600. In contrast, DEA primarily inter-

acts with Arg526. The larger number of hydrogen
bonds in NL suggests a more extensive interaction
network and potentially stronger binding affinity. NL
does not form any hydrophobic interactions, while

DEA forms three hydrophobic interactions with
https://j
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Tyr299, Trp406, and Phe575. Overall, NL and DEA
ligands exhibit different interaction patterns within
the binding site of 2QM]. NL primarily forms hydro-
gen bonds with multiple residues, indicating a poten-
tially strong binding affinity. On the other hand, DEA
forms a smaller number of hydrogen bonds but en-
gages in hydrophobic interactions, which can also
contribute to the stability of the ligand-receptor com-
plex. These differences in interaction patterns suggest
variations in binding affinity, selectivity, and poten-
tial functional roles of the ligands within the receptor.

In the active site of dipeptidyl peptidase IV (PDB
ID: 3E8S), NL forms five hydrogen bonds, whereas
DEA does not form any hydrogen bonds. This differ-
ence suggests that NL may have a stronger and more
specific interaction with the receptor compared to
DEA. Both NL and DEA engage in hydrophobic in-
teractions. NL forms four hydrophobic interactions,
while DEA forms six hydrophobic interactions. Over-
all, NL and DEA exhibit distinct interaction patterns
within the binding site of 3F8S. NL forms hydrogen
bonds with specific residues, indicating strong and
specific interactions, and also engages in hydrophobic
interactions. DEA, on the other hand, relies primarily
on hydrophobic interactions for binding, as it does
not form any hydrogen bonds. In the active site of the
insulin receptor (PDB ID: 1IR3, NL forms six hydro-
gen bonds, while DEA does not form any hydrogen
bonds. This indicates that NL has a stronger propensi-
ty for specific interactions mediated by hydrogen
bonding in the binding site of 1IR3 compared to DEA.
NL does not form any hydrophobic interactions,
whereas DEA forms six hydrophobic interactions.
Overall, the interaction patterns between NL and
DEA in the binding site of 1IR3 highlight their distinct
binding modes. NL forms multiple hydrogen bonds,
indicating strong and specific interactions, while DEA
predominantly relies on hydrophobic interactions.

Stability interaction of the complex

To confirm the DEA ligand's interaction stability
with the binding site of aldose reductase (PDB ID
353G), a molecular dynamic simulation for 10 ns was
used. The observed parameters include RMSD, RMSF,
SASA, gyration, and energy components.

Root-mean-square deviation (RMSD)

RMSD is a measure of the average distance be-
tween the atoms of a superimposed structure, indicat-
ing how much the structure deviates from a reference
structure. A higher RMSD value indicates a greater
deviation or instability in the structure. For the pro-
tein, we can see that at the beginning (time 0 ns), the
RMSD was relatively low (0.0836656 A). As time pro-
gresses, the RMSD values increase, reaching a maxi-
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mum value of 1.5218257 A at 45 ns, and then gradual-
ly decrease again towards the end of the simulation,
with a value of 0.9838794 A at 99.99 ns. For the NL,
the initial RMSD value was very low (0.0004906 A). It
then increases over time, with fluctuations, reaching a
maximum value of 0.5661862 A at 30 ns. After that,
the RMSD decreases and stabilizes around 0.3-0.4 A
for the rest of the simulation, with some minor fluctu-
ations (Fig. 3A).

RMSD is a measure of the average distance be-
tween the atoms of a superimposed structure, indicat-
ing how much the structure deviates from a reference
structure. A higher RMSD value indicates a greater
deviation or instability in the structure. For the pro-
tein, we can see that at the beginning (time 0 ns), the
RMSD was relatively low (0.0836656 A). As time pro-
gresses, the RMSD values increase, reaching a maxi-
mum value of 1.5218257 A at 45 ns, and then gradual-
ly decrease again towards the end of the simulation,
with a value of 0.9838794 A at 99.99 ns. The initial
RMSD value for the NL was very low (0.0004906 A). It
then increases over time, with fluctuations, reaching a
maximum value of 0.5661862 A at 30 ns. After that,
the RMSD decreases and stabilizes around 0.3-0.4 A
for the rest of the simulation, with some minor fluctu-
ations (Fig. 3A).

While for the protein in Fig. 3B, we can see that at
the beginning (time 0 ns), the RMSD was relatively
low (0.0874144 A). The RMSD values fluctuate as time
progresses but generally remain within a moderate
range. The maximum RMSD value observed was
1.0589728 A at 70 ns, indicating a relatively higher
deviation from the reference structure. Towards the
end of the simulation, the RMSD decreases and stabi-
lizes around 0.5-0.8 A for the protein. For the ligand,
the initial RMSD value was also very low (0.0005031
A). The RMSD values increase slightly over time, with
some fluctuations. The maximum RMSD value ob-
served was 0.3305948 A at 95 ns. However, the RMSD
generally remains below 0.3 for the ligand throughout
the simulation.

Analyzed the stability of the complex by measur-
ing the RMSD of the protein and acarbose (reference
chemical) over time to study the dynamic behavior of
the system (Fig. 3C). The RMSD values for the protein
remained rather stable around an average of 0.5 A
during the 100 ns simulation, suggesting consistent
structural changes. Minor oscillations were noticed,
particularly at the beginning of the simulation, but the
RMSD stayed within a tight range, indicating that the
protein structure sustained its stability throughout the
simulation. The RMSD readings for acarbose showed
greater variations than those for the protein. At first,
the RMSD was modest, suggesting a stable confor-
mation. As the simulation continued, the RMSD

J Pharm Pharmacogn Res (2024) 12(5): 935


https://jppres.com/

Susilawati et al.

Molecular docking and dynamics studies of 8,9-dimethoxy ellagic acid

A
2

B

=

a

a

=

o

0 20 40 60 80 100
Time (ns)

(o

0 20 40 60 80 100

Time (ns)

Protein

Acarbose |

0 20 40 60 80 100
Time (ns)

Protein Lig

Figure 3. The plot of RMSD of the native ligand (A), DEA (B),
and (C) acarbose (reference compound) on the active site of
aldose reductase (PDB ID 3S3G).

steadily grew, suggesting departures from the origi-
nal shape. This indicates that acarbose may have ex-
perienced dynamic structural alterations or assumed
several conformations over the duration of the simu-
lation. The RMSD analysis shows that the protein
maintained a stable shape during the simulation,
while acarbose had more dynamic activity, possibly
exploring several binding modes or conformations
inside the binding region. These findings provide
vital insights into the stability and dynamic behavior
of the protein-ligand complex and can inspire addi-
tional studies targeted at understanding the molecu-
lar mechanisms of ligand binding and therapeutic
efficacy.

RMSD of the NL and DEA over time were com-
pared. The RMSD values for NL exhibit some fluctua-
tions but generally remain relatively low throughout
the simulation. The maximum NL RMSD observed
was 0.5661862 A at 30 ns. Towards the end of the
simulation, the NL RMSD decreases and stabilizes,
with a value of 0.3266089 A at 99.99 ns. The RMSD
values for DEA also show fluctuations but generally
remain relatively low compared to NL. The maximum
RMSD observed was 0.3305948 A at 95 ns. Similar to
NL, the RMSD decreases towards the end of the simu-
lation, with a value of 0.1568925 A at 99.99 ns. The
complex has reasonable stability throughout the sim-
ulation time, as indicated by the RMSD values. Fluc-
tuations in the RMSD values for NL and DEA suggest
structural changes or dynamics within the complex.
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Acarbose, serving as the reference compound,
demonstrates consistent RMSD values in comparison
to NL and DEA, indicating its crucial role in preserv-
ing the stability of the complex.

Root-mean-square fluctuation (RMSF)

The RMSF provides insight into the residual fluc-
tuations of each residue in the complex. Higher RMSF
values indicate greater flexibility and fluctuations,
while lower RMSF values indicate more stable resi-
dues. The NL residues display varying degrees of
fluctuation. The variations in the RMSF of amino acid
residues at the active site of aldose reductase (PDB ID
353G) offer important insights into the enzyme's dy-
namic behavior when interacting with various ligands
such as NL, DEA, and acarbose. Analysis of the data
shows that some residues display significant varia-
tions in RMSF under the three different ligand situa-
tions. Residues 199 to 206 exhibit greater RMSF values
in the presence of DEA compared to NL and acarbose
(Fig. 4). These residues may exhibit increased flexibil-
ity or structural alterations when interacting with
DEA, suggesting a potential unique binding mecha-
nism or affinity for this ligand.

Residues 225 to 237 show significant variations in
RMSF under all three ligand conditions. These resi-
dues are found inside the active site area of aldose
reductase, where ligand binding and enzymatic ac-
tion occur. The RMSF variations of these residues
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Figure 5. Plot of the SASA of the native ligand (blue), DEA (orange),
and acarbose as the reference compound (grey) on the active site of
aldose reductase (PDB ID 3S3G).

may indicate their role in ligand recognition, binding,
or catalytic activity. Residues 264 to 268 show lower
RMSF values, suggesting greater stability or less mo-
bility in this enzyme region, likely because of their
crucial function in upholding the active site's struc-
tural integrity.

Solvent-accessible surface area (SASA)

SASA provides information about the solvent-
accessible surface area of molecules, which can be
indicative of their exposure to the solvent and poten-
tial interactions with other molecules. SASA of the
active site residues in aldose reductase (PDB ID 3S3G)
offers important information on the exposure and
accessibility of critical residues involved in ligand
binding and catalysis. The SASA values, measured in
nanoseconds (ns) at various time intervals, provide a
dynamic view of the interactions between the enzyme
and its ligands NL, DEA, and acarbose (Fig. 5). The
data shows that the SASA values vary with time for
all three ligand situations. At time point zero, the
SASA values for NL, DEA, and acarbose are 133.042,
131.686, and 137.56 A2, respectively, suggesting com-
parable solvent exposure levels for the active site
residues in each ligand-bound state.

Variations in SASA values are noticed throughout
the simulation at different time points and under
various ligand circumstances. Changes in SASA val-
ues can indicate alterations in the conformational
dynamics of active site residues caused by ligand
binding or solvent interactions. At later time intervals,
such as 95 ns and 100 ns, small variations in SASA
values are noticed between the ligand-bound states,
indicating varying solvent accessibility and possible
changes in the active site environment caused by each
ligand. The observations emphasize the changing
nature of interactions between ligands and proteins,
stressing the significance of taking into account tem-
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poral variations in SASA to fully comprehend the
dynamics of enzyme-ligand binding.

Comparing SASA values under various ligand set-
tings shows different trends in solvent exposure for
the active site residues. Acarbose had somewhat
greater solvent-accessible surface area (SASA) values
compared to NL and DEA at most time points, sug-
gesting a possibly more open or solvent-accessible
active site environment in the presence of acarbose.
On the other hand, NL and DEA have lower SASA
values, indicating a more compact or constrained
active site conformation. The discrepancies in SASA
values could indicate variances in ligand binding
modalities, affinity, or the degree of induced confor-
mational changes in the enzyme's structure.

Gyration

Gyration, a metric indicating the density or size of
a protein's structure, provides important information
about the flexibility and movement of the active site
residues in aldose reductase (PDB ID 3S3G) while
interacting with ligands and catalyzing reactions (Fig.
6). Studying gyration values over time offers insight
into how the active site conformation changes in reac-
tion to various ligand conditions such as NL, DEA,
and acarbose. At time point zero, the gyration values
for the NL, DEA, and acarbose ligand conditions are
generally similar, suggesting similar degrees of com-
pactness and structural stability in the active site.

Throughout the simulation, variations in gyration
values occur at various time points and under varied
ligand circumstances. The variations may indicate
changes in the conformational dynamics of the active
site residues caused by ligand binding or solvent in-
teractions. Subtle discrepancies in gyration values
between the ligand-bound states become noticeable
after 55 ns and beyond. Acarbose demonstrates
somewhat higher gyration values than NL and DEA
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Figure 6. Plot of gyration of the native ligand (color in blue),
DEA (color in orange), and acarbose as the reference compound
(colorin grey) on the active site of aldose reductase (PDB ID
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Figure 7. The energy component (ATotal) of the native ligand, DEA, and
acarbose (reference compound) in complexes with aldose reductase
(PDB D 353G).

at most time intervals, indicating a potentially more
prolonged or flexible active site conformation in the
presence of acarbose.

Analyzing gyration values under various ligand
circumstances shows diverse patterns in the structural
compactness of the active site residues. Although NL
and DEA often have comparable gyration profiles,
acarbose regularly displays higher gyration values,
suggesting a potentially more extended or solvent-
accessible active site structure. The variances in gyra-
tion values may indicate variations in ligand-driven
conformational changes, binding modalities, or the
degree of induced flexibility within the active site of
aldose reductase.

Energy component

The MMGBSA method is used to estimate the
binding free energy of a protein-ligand complex. The
energy components of NL and DEA ligands from the
MMGBSA calculations (Fig. 7).

The energy factors related to ligand binding to the
active site of aldose reductase (PDB ID 3S3G) offer
vital insights into the energetics of ligand recognition
and binding. An examination of the energy compo-
nents, such as AVDWAALS, AEEL, AEGB, AESUREF,
AGGAS, AGSOLV, and ATOTAL, for NL, DEA, and
acarbose shows unique trends in the energetics of
ligand attachment. AVDWAALS and AEEL denote the
binding free energy's van der Waals and electrostatic
energy components, respectively. Acarbose has strong
and complementary interactions with the active site
residues, particularly in terms of van der Waals inter-
actions (AVDWAALS = -58.63 kcal/mol) and electro-
static energy (AEEL = -15.25 kcal/mol).

AEGB represents the polar solvation energy, while
AESURF represents the nonpolar solvation energy
when the ligand binds. Acarbose has a more advanta-
geous solvation energy profile, showing lower AEGB
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(-36.5 kcal/mol) and AESUREF (-6.84 kcal/mol) values
compared to NL and DEA. The results indicate that
acarbose may have reduced negative solvation effects
when binding to the active site of aldose reductase,
which enhances its overall binding affinity.

The energy components AGGAS and AGSOLV in-
dicate the changes in gas-phase and solvation-free
energy when the ligand binds. Acarbose demon-
strates a more favorable gas-phase energy change
(AGGAS = -73.88 kcal/mol) than NL and DEA, sug-
gesting stronger binding interactions with the active
site residues. The solvation-free energy change
(AGSOLV) for acarbose (-29.66 kcal/mol) is more
favorable than that of NL and DEA, indicating that
acarbose is less destabilized by solvent interactions
during binding.

An in-depth examination of energy components
offers useful insights into the energetics of ligand
binding to the active site of aldose reductase. Acar-
bose is the most energetically favorable ligand due to
its stronger van der Waals and electrostatic contacts,
as well as more favorable solvation and gas-phase
energy changes compared to NL and DEA. These
results highlight the need to take into account various
energy components when studying ligand-binding
energetics and creating stronger inhibitors that target
aldose reductase for treating diseases like diabetes
and its consequences. Additional computational and
experimental research is needed to confirm these find-
ings and provide guidance for strategic medication
development aimed at aldose reductase.

ADME prediction

SwissADME was used to estimate the metabolic
and toxicity profiles of 8,9-dimethoxy ellagic acid
(DEA) from P. pellucida, which offers useful infor-
mation on its pharmacokinetic features and probable
toxicity. The analysis includes multiple parameters
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like molecular weight (MW), heavy atom count, sp3
carbon fraction, rotatable bond count, hydrogen bond
acceptors and donors, topological polar surface area
(TPSA), molecular polarizability (MR), and partition
coefficients (log P values) determined through vari-
ous methods.

DEA has a molecular weight of 242.27 g/mol, in-
cluding 18 heavy atoms and a considerable amount of
aromatic heavy atoms, suggesting a complex and
potentially bioactive structure. The molecule shows
moderate lipophilicity, as indicated by its logP values
determined by several techniques. DEA is expected to
have good solubility based on the ESOL and Ali tech-
niques, indicating favorable aqueous solubility, which
is important for medication absorption and bioavaila-
bility. DEA is expected to have significant gastrointes-
tinal absorption in terms of pharmacokinetics, indicat-
ing good oral bioavailability. It is not expected to
cross the blood-brain barrier (BBB), suggesting mini-
mal activation in the central nervous system. DEA is
not anticipated to function as a substrate or inhibitor
of P-glycoprotein (Pgp), a crucial efflux transporter
that plays a role in drug distribution.

DEA has a positive toxicity profile and does not
show any alarms for pan-assay interference substanc-
es (PAINS) or Brenk compounds. Furthermore, it
shows minimal violation scores for Lipinski, Ghose,
Veber, Egan, and Muegge rules, suggesting favorable
drug-like properties and potential for bioavailability.
The molecule exhibits poor synthetic accessibility,
indicating potential for production and development
as a therapeutic candidate. SwissADME predictive
study indicates that DEA has promising pharmacoki-
netic features and low toxicity, suggesting it could be
a viable therapeutic candidate. Additional experi-
mental validation is needed to verify these predic-
tions and investigate the therapeutic possibilities of
DEA in treating different disorders, such as diabetes.

Molecular docking was performed by placing rigid
molecules or fragments into the protein's active site
using clique-searching approaches (Stanzione et al.,
2021). Docking can be achieved by sampling confor-
mations of the ligand in the protein's active site and
then ranking these conformations based on their bind-
ing energy (Meng et al., 2011). Post-docking interac-
tions between active site residues of a protein and a
ligand can be analyzed to understand the binding
mechanism and optimize ligand design (Febrina et al.,
2021). Overall, molecular docking can provide in-
sights into the binding mechanism and optimize lig-
and design and can be integrated with other compu-
tational methods for a more comprehensive under-
standing of the interaction.

https://jppres.com

Molecular docking and dynamics studies of 8,9-dimethoxy ellagic acid

Aldose reductase is an NADPH-dependent oxi-
doreductase that catalyzes the reduction of a broad
range of aldehydes, including glucose. Since aldose
reductase has been strongly implicated in the devel-
opment of the chronic complications of diabetes melli-
tus, much effort has been devoted to understanding
the structure and mechanism of this enzyme, and
many aldose reductase inhibitors have been devel-
oped as potential drugs for the treatment of these
complications (Borhani et al., 1992). The crystal struc-
ture of human aldose reductase (PDB id 3S3G) com-
plexed with tolmetin has been determined at 1.5 A
resolution (Zheng et al., 2012). This structure has been
used in molecular docking studies to identify poten-
tial aldose reductase inhibitors for treating diabetes
(Zhang et al., 2022). Some efforts to identify treat-
ments for chronic diabetic complications have result-
ed in the discovery of a novel series of highly potent
and selective aldose reductase inhibitors. These inhib-
itors have shown clear beneficial clinical effects on
type 2 diabetes (Yang et al., 2015).

Alpha-amylase is an enzyme that catalyzes the
hydrolysis of internal alpha-1,4-glycosidic linkages in
starch into glucose, maltose, and maltotriose units
(Srishti et al., 2022). Alpha amylase inhibitors can
delay the digestion and absorption of carbohydrates,
which can reduce postprandial glucose and insulin
peaks (Corkovié¢ et al., 2022). Inhibition of alpha-
amylase is important for decreasing postprandial
blood glucose, making it a good target for the man-
agement of diabetes (Magaji et al., 2020). Molecular
docking studies have been used to identify potential
inhibitors of alpha-amylase for the treatment of diabe-
tes (Susilawati et al., 2022). Moringa oleifera extracts
have been found to have alpha-amylase inhibitory
activity, which may be useful for the management of
diabetes.

Alpha-glucosidase is an enzyme that catalyzes the
hydrolysis of a-glucosidic linkages of carbohydrates
into monosaccharides that can be absorbed. Alpha-
glucosidase inhibitors can delay the absorption of
ingested carbohydrates, which can reduce postpran-
dial glucose and insulin peaks (Behl et al., 2022). The
crystal structure of alpha-glucosidase (PDB id 2QM]J)
has been used in molecular docking studies to identi-
fy potential inhibitors of alpha-glucosidase for the
treatment of diabetes (Siregar et al.,, 2020). Alpha-
glucosidase inhibitors from plants have been identi-
fied as potential candidates for the treatment of type-2
diabetes (Dirir et al., 2022).

Dipeptidyl peptidase IV (DPP-IV) is an enzyme
that cleaves incretin hormones, which regulate insulin
secretion and glucose homeostasis, and is a potential
target for the treatment of type 2 diabetes mellitus
(Guasch et al., 2012). DPP-1V inhibitors are a class of
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oral hypoglycemics that work by inhibiting the action
of DPP-1V, thereby prolonging the incretin effect in
vivo (Singh et al., 2021). In silico prediction has been
used to identify novel DPP-IV inhibitors of natural
origin for the treatment of type 2 diabetes mellitus.

The insulin receptor (IR) is a transmembrane re-
ceptor that is activated by insulin, IGF-I, and IGF-II
and belongs to the large class of receptor tyrosine
kinase (Escribano et al., 2017). The insulin receptor
plays a key role in the regulation of glucose homeo-
stasis, and its dysregulation can cause metabolic dis-
eases such as diabetes (Hall et al., 2020). The crystal
structure of the insulin receptor tyrosine kinase do-
main (PDB id 1IR3) has been determined and used in
molecular docking studies to identify potential inhibi-
tors of the insulin receptor for the treatment of diabe-
tes (Li et al.,, 2014). The insulin receptor activates a
complex intracellular signaling network through IRS
proteins and the canonical PI3K and ERK cascades,
which play a role in glucose homeostasis and insulin
resistance in diabetes (De Meyts, 2016). The insulin
receptor gene undergoes differential splicing that
generates two IR isoforms, IR-A and IR-B, which have
different physiological roles in glucose homeostasis
and insulin resistance in diabetes (Belfiore et al.,
2017). Insulin receptor endocytosis is a key mecha-
nism that regulates the intensity and duration of insu-
lin signaling, and its dysregulation can contribute to
insulin resistance and diabetes (Hall et al., 2020).

Molecular docking and dynamics studies of 8,9-dimethoxy ellagic acid
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