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Abstract

Context: Uncontrolled platelet aggregation underlies thrombotic disorders and remains a major contributor to cardiovascular mortality. The platelet-specific
P2Y,, receptor is a validated target for antithrombotic therapy.

Aims: To identify natural P2Y,, antagonists via an integrated in silico workflow.

Methods: Pharmacophore modeling (AAARR hypothesis), virtual screening of 449,008 SN3 natural compounds, Glide docking (HTVS>SP->XP), MM-GBSA
rescoring, and 100 ns molecular dynamics simulations were employed.

Results: Three tannin derivatives (SN0208535, SN0257464, SN0084030) exhibited superior XP docking scores (< -15.0 kcal/mol), favorable MM-GBSA energies
(= -84 kcal/mol), and stable binding throughout MD (RMSD <2.5 A).

Conclusions: These compounds have promising potential for further development as new antiplatelet candidates.

Keywords: cardiovascular diseases; E-pharmacophore modelling and screening; health and wellbeing; molecular dynamics; natural product; P2Y12.

Resumen

Contexto: La agregacion plaquetaria incontrolada subyace a los trastornos trombéticos y sigue siendo un factor importante en la mortalidad cardiovascular.
El receptor P2Y,, especifico de plaquetas es una diana validada para la terapia antitrombdtica.

Objetivos: Identificar antagonistas naturales del P2Y;, mediante un flujo de trabajo integrado in silico.

Métodos: Se emplearon modelado de farmacdforos (hipdtesis AAARR), cribado virtual de 449.008 compuestos naturales de SN3, acoplamiento Glide
(HTVS>SP->XP), repuntuacién MM-GBSA y simulaciones de dindmica molecular de 100 ns.

Resultados: Tres derivados de tanino (SN0208535, SN0257464, SN0084030) mostraron puntuaciones de acoplamiento XP superiores (< -15,0 kcal/mol),
energias MM-GBSA favorables (< -84 kcal/mol) y una unién estable a lo largo de la MD (RMSD < 2,5 A).

Conclusiones: Estos compuestos tienen un potencial prometedor para su desarrollo como nuevos candidatos antiplaquetarios.

Palabras Clave: dindmica molecular; enfermedades cardiovasculares; modelado y cribado de e-farmacéforos; salud y bienestar; producto natural; P2Y12.

ARTICLE INFO AUTHOR INFO

Received: January 3,2025. ORCID: 0000-0001-8695-6852 (AAA) 0000-0001-9555-1814 (KME) 0000-0003-4081-0369 (AA)

Accepted: June 23, 2025. 0000-0003-4484-9367 (WI) 0000-0003-4368-5161 (WO) 0000-0001-6517-9409 (RMS)

Available Online: July 20, 2025. 0000-0001-9276-0311 (FAE) 0000-0001-7062-540X (AES) 0000-0002-2971-6008 (GAM)
0000-0002-6553-7840 (HMM) 0009-0004-3271-5307 (TMA) 0000-0002-6858-7560 (SRMI)



https://jppres.com/
https://doi.org/10.56499/jppres25.2327_13.s1.153
mailto:abdulrahim.altoam@uofg.edu.sd
mailto:abdulrahim.altoam@gmail.com
mailto:sabrin.ibrahim@bmc.edu.sa
https://orcid.org/0000-0001-8695-6852
https://orcid.org/0000-0001-9555-1814
https://orcid.org/0000-0003-4081-0369
https://orcid.org/0000-0003-4484-9367
https://orcid.org/0000-0003-4368-5161
https://orcid.org/0000-0001-6517-9409
https://orcid.org/0000-0001-9276-0311
https://orcid.org/0000-0001-7062-540X
http://orcid.org/0000-0002-2971-6008
https://orcid.org/0000-0002-6553-7840
https://orcid.org/0009000432715307
https://orcid.org/0000-0002-6858-7560

Alzain et al.

Abbreviations: ACSs: Acute coronary syndromes; ADP: Adenosine diphosphate; CVDs: Cardiovascular diseases;

Natural P2Y12 inhibitors

HTVS: High-

Throughput Virtual Screening; MMGBSA: Molecular Mechanics Generalized Born Surface Area; MD: Molecular dynamics; NPs: Natural
products; POPC: 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; RMSD: Root mean square deviation; RMSF: Root mean square
fluctuation; SP: Standard precision; VSGB: Variable surface generalized born; XP: Extra precision.

INTRODUCTION

Cardiovascular diseases (CVDs) account for ~30%
of global mortality (>17.7 million deaths/year) and
pose escalating healthcare burdens. Thrombotic
events, driven by platelet aggregation, underlie acute
coronary syndromes and stroke, emphasizing the
need for safe, effective antiplatelet therapies (Hao et
al.,, 2011; Heit et al., 2016; Mozaffarian et al., 2016;
Sanchis-Gomar et al., 2016; Wendelboe and Raskob,
2016; Wong, 2014).

The predominant antiplatelet agents in use today
include aspirin, dipyridamole, glycoprotein IIb/Illa
antagonists, and thienopyridines, which remain the
primary options for managing vaso-occlusive diseases
(Horiuchi, 2006; Koski and Kennedy, 2018; Mackman
et al., 2018): In recent decades, the clinical utility of
these drugs has been limited by adverse side effects,
such as thrombocytopenia, neutropenia, thrombotic
thrombocytopenic purpura, and aplastic anemia
(Floyd and Ferro, 2015; Youssef et al., 2011). In pa-
tients with vascular disease, aspirin demonstrated
lower efficacy compared to clopidogrel. Despite its
effectiveness, clopidogrel adversely impacts its clini-
cal efficacy. The active metabolite of clopidogrel irre-
versibly and selectively inhibits the adenosine di-
phosphate (ADP) receptor. Upon receptor activation,
the drug irreversibly binds to platelets. Clopidogrel
exhibits a gradual onset and offset of pharmacological
effects (Meadows and Bhatt, 2007; Savi et al., 2000).

In serious conditions, such as hemorrhage or
trauma requiring emergency surgical intervention,
clopidogrel may prove insufficient. In recent decades,
resistance to these platelet-aggregating agents has
been reported (Angiolillo et al., 2017; Armstrong et
al., 2008; Gurbel et al., 2003; Hankey and Eikelboom,
2006). Intensive efforts have focused on discovering
innovative antiplatelet agents that are more potent,
safer, direct-acting, and orally bioavailable, which are
essential for addressing the urgent therapeutic needs
against CVDs.

Platelets are critical components in hemostasis,
containing O-granules or dense bodies that house
platelet-activating factors, including adenosine di-
phosphate (ADP) (Trabold et al., 2019).- ADP serves as
a significant platelet agonist, capable of inducing rigid
platelet aggregate formation even at minimal concen-
trations (Hall et al., 2000). Their critical roles in the
regulation of thrombosis and hemostasis were
promptly recognized, although the molecular identity
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of their receptors remained undetermined for a pro-
longed duration. P2Y1 and P2Y12 are important P2Y
receptors that modulate the effects of ADP on plate-
lets (Dogne et al., 2002; Saad et al., 2025). The Gq-
coupled P2Y1 receptor (Jin et al., 1998) induces a tran-
sient elevation in Ca?*, while the Gi-coupled P2Y12
receptor (Hollopeter et al., 2001) is linked to the inhi-
bition of adenylate cyclase. Both receptors are in-
volved in the transduction of the ADP signal. Platelet
aggregation requires simultaneous activation of the
Gq and Gi pathways by ADP (Jin et al.,, 1998). The
activation of the Gq pathway through P2Y12 leads to
changes in platelet morphology and a rapidly reversi-
ble wave of platelet aggregation. The activation of the
Gi pathway by P2Y12 enhances (Gqg-mediated re-
sponses, leading to gradual and sustained aggrega-
tion (Broos et al., 2011; Cattaneo, 2010; 2015). The
P2Y12 receptor inhibits adenylate cyclase, resulting in
decreased intracellular cAMP levels, and activates
glycoprotein IIB/Illa integrin through a phospho-
inositide 3-kinase pathway and/or an unidentified G
protein. The P2Y12 receptor is essential for the irre-
versible phase of platelet aggregation triggered by
ADP exposure. Experimental studies indicate that
selective blockade of either receptor is sufficient to
inhibit platelet activation. In contrast, P2Y12 is a re-
ceptor specific to platelets, while P2Y1 exhibits ubig-
uitous expression. This distinction renders P2Y12 a
more viable therapeutic target for the selective modu-
lation of ADP-induced platelet activation. These stud-
ies identified the P2Y12 receptor as the target for the
development of novel anti-platelet compounds.

The P2Y12 gene, encoding a receptor of 342 amino
acids, has been identified. The discovery of novel
antiplatelet agents will yield significant advantages.
Achieving this aim through experimental approaches
is challenging due to the nature of membrane pro-
teins. The rapid advancement of molecular modeling
methods has significantly enhanced our capabilities in
both fundamental and industrial research, serving as
a productive and cost-effective technology for the
design of novel lead compounds (Chou, 2004; Wang
et al., 2010a; 2010b; Xu et al., 2011). CVDs are the lead-
ing cause of death globally, with cancer following.
However, initial observations suggest that data from
computer modeling in the area of CVDs is relatively
limited when compared to oncology (WHO, 2021a,
2021b). Molecular modeling offers significant mecha-
nistic insights into drug-target and drug-membrane
interactions (Lopes et al., 2017; Di Meo et al., 2016),
facilitating the development of new cardiovascular
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drug candidates. A mechanistic understanding of the
interactions between drugs and their therapeutic tar-
gets allows for the rational design of drug candidates,
thereby minimizing side effects and enhancing drug
efficacy, rather than relying on indiscriminate search-
es through potential candidates. Computer simula-
tions at the molecular scale enhance the understand-
ing of cardiovascular drug behavior and the mecha-
nisms of cardiotoxicity (Anwar-Mohamed et al., 2014;
Haghighi et al., 2021; Yousefpour et al., 2018).

Natural products (NPs) have been used as a signif-
icant source and inspiration for a considerable portion
of human therapeutics. Their contributions over the
years have enriched the pharmaceutical industry
through both conventional and complementary medi-
cine (Luo et al.,, 2014). Numerous natural products,
primarily derived from plants, possess multiple active
components and have been utilized for millennia by a
substantial portion of the population. These products
continue to play a role in healthcare across various
countries and regions (Majeed et al., 2012). The utili-
zation of natural products for the prevention and
treatment of various cardiovascular diseases has a
historical precedent spanning several millennia across
numerous countries. Natural products are increasing-
ly recognized globally for their role in healthcare
promotion and disease prevention, serving as both
conventional and complementary medicines for vari-
ous treatable and incurable conditions (Lépez et al.,
2009). Recent years have seen an increasing interest in
identifying new P2Y12 antagonists that demonstrate
greater efficacy and reduced toxicity compared to
existing choices, particularly through the screening of
natural products (Jagroop, 2014).

In this study, molecular docking was used to re-
veal the affinity of natural compounds from the Lotus
database and the bonds formed by interactions, and
also a Molecular Mechanics Generalized Born Surface
Area (MM-GBSA) was used to estimate their free
binding energy. Furthermore, the top four com-
pounds from these natural substances were simulated
by MD to confirm the results. In short, the purpose of
this study was to identify natural antiplatelet and
assess their antiplatelet activity. Herein, the signifi-
cant potential of natural products as modulators of
P2Y receptors is discussed, along with supporting
evidence.

MATERIAL AND METHODS

The Maestro software version 12.8, developed by
Schrodinger, was utilized to conduct various simula-
tions, encompassing molecular docking, ADME anal-
ysis, MM-GBSA, and molecular dynamics.

https://jppres.com
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Protein preparation

The three-dimensional structure of P2Y12 was ob-
tained from the Protein Data Bank (PDB ID: 4NTJ)
and pre-processed using the protein preparation wiz-
ard panel. The protein underwent preprocessing steps
including bond order assignment, hydrogen addition,
metal and disulfide bond assembly, selenomethionine
substitution, side chain and loop completion, and
water removal, followed by H-bond assignment and
structural optimization with PROPKA at pH 7.0. The
OPLS3 force field was employed for protein minimi-
zation.

Ligand minimization and grid generation of
receptor protein

Structural information for 449,008 natural com-
pounds was retrieved from the SN3 database, and
ligand structures were minimized using Schrodinger's
Macromodel. The receptor protein's active site was
specified using the grid generation tool, focusing on
the centroid of the pre-existing bound ligand (Friesner
et al.,, 2006).

Pharmacophore modeling and screening

The Phase Module (Schrodinger 12.8) generated an
E-pharmacophore from the P2Y,,-AZD1283 complex,
identifying three hydrogen-bond acceptors and two
aromatic features (AAARR). The SN3 natural-product
library (449,008 molecules) was screened for matches
to this hypothesis, yielding 23,782 candidates.

Molecular docking

Docking simulations were conducted using Glide
with default settings. The shortlisted compounds
from pharmacophore screening were screened using
the generated grid, with compounds initially docked
in the ligand binding pocket using the High-
Throughput Virtual Screening (HTVS) docking mode,
followed by standard precision (SP) and extra preci-
sion (XP) modes to refine results. The top four com-
pounds with the highest binding energy were selected
for further analysis.

Free binding energy calculation (MM-GBSA)

The highest-ranked complexes from the XP mode
docking were subjected to MM-GBSA calculations
using the prime module, employing the variable sur-
face generalized born (VSGB) solvation model, water
as the solvent, and the OPLS3e force field for refine-
ment. Results were compared with those of the co-
crystallized ligand to assess free binding energy.
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Molecular dynamics simulations

To study the stability of protein-ligand interactions
and conformational changes, molecular dynamics
(MD) calculations were performed using the Des-
mond software. The simulation system aimed to sim-
ulate the physiological conditions of the human body,
attained by using the TIP3P water model and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) membrane and neutralizing charges with
sodium and chloride ions. The system was enclosed
in a box with uniform dimensions of 10 angstroms.
MD simulations were conducted in the NPT ensemble
at a temperature of 300 K and a pressure of 1 bar with
temperature control maintained throughout the simu-
lation duration of 100 nanoseconds.

ADMET analysis

To assess the safety and pharmacokinetic proper-
ties of the top-ranked hits, ADMET analysis was per-
formed on three selected compounds retrieved from
the SuperNatural database using the ProTox-1II web
server. This platform provides in silico predictions of
toxicity endpoints based on molecular structure and
machine learning models. The analysis included eval-
uation of oral toxicity (LDs,), predicted toxicity class,
organ toxicities (Hepatotoxicity, Neurotoxicity, Ne-
phrotoxicity, Respiratory toxicity, and Cardiotoxici-
ty), toxicity endpoints, i.e., Carcinogenicity, Immuno-
toxicity, Mutagenicity, Cytotoxicity, and Clinical tox-
icity, and cytochrome P450 interactions. The predicted
toxicity classes and probability scores were used to
identify potential safety liabilities and to support the
prioritization of compounds with favorable toxicity
profiles.

RESULTS AND DISCUSSION

Acute coronary syndromes (ACSs) are life-
threatening thrombotic disorders, which are account-

Natural P2Y12 inhibitors

able for most of the morbidity and mortality in cardi-
ovascular patients. Thrombus formation and platelet
aggregation are the pathological basis of these throm-
botic disorders (Lei et al., 2020). The P2Y12 receptor,
which is expressed on platelets, plays a crucial role in
platelet aggregation and thrombus formation (Al-
Najjar et al., 2022; Paoletta et al., 2015; Sheng et al.,
2018). Therefore, it has been recognized as a signifi-
cant antithrombotic target for the treatment and pre-
vention of thrombotic events in patients with ACS
(Lei et al., 2020; Paoletta et al., 2015). There are only
five approved P2Y12 inhibitors associated with some
drawbacks, such as slow onset of action and high
bleeding risk (Lei et al., 2020). Therefore, the search
for new inhibitory candidates that are more potent
and safer would be an interesting area of research.

NPs are the most important source of potential
new therapeutic compounds and have played a sig-
nificant role in the drug discovery process (Luo et al.,
2014).

In this study, multiple computational techniques
were employed to NPs capable of targeting the active
site of P2Y12.

Using the Phase Module of Schrodinger’s soft-
ware, a Pharmacophore model was constructed based
on the protein-ligand complex (PDBID:4NT]J). The
hypothesis generated revealed five essential features
(AAARR) required for the binding to the active site;
Three Hydrogen bond acceptors (A) and two aro-
matic ring sites (R) (Fig. 1). To identify potential P2Y1,
inhibitors, 23782 NPs from the SN3 database were
screened against the generated model and a total of
11974 NPs were found to match the pharmacophoric
features and were considered for docking screening to
identify NPs with better glide scores. This denotes the
ligand binding affinity toward the receptor, where
more negative values indicate higher binding affinity
(Sun et al., 2014).

Figure 1. Pharmacophore hypothesis derived from

the P2Y12-ligand complex (PDB ID: 4NTJ) using the

Phase Module (Schrodinger 12.8).

The model identifies three hydrogen-bond acceptors (pink
sphere with arrow) and two aromatic features (yellow open
circles).
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Table 1. Docking scores and MM-GBSA results of the top 17 compounds and the reference ligand.

No. Title Glide g score (Kcal/mol) MMGBSA dG bind (Kcal/mol)
1 SN0208535 -15.212 -86.21
2 SN0257464 -15.088 -84.44
3 SN0084030 -15.024 -88.92
4 SN0008052 -14.993 -95.56
5 SN0285322 -14.595 -85.73
6 SN0255147 -14.589 -79.63
7 SN0215994 -14.186 -77.12
8 SN0400930 -13.54 -80.57
9 SN0134783 -13.245 -80.08
10 SN0391105 -13.032 -79.63
11 SN0291738 -12.976 -78.58
12 SN0163798 -12.923 -94.39
13 SN0306351 -12.919 -77.67
14 SN0226067 -12.774 -86.06
15 SN0191738 -12.741 -85.36
16 SN0380627 -12.738 -99.76
17 SN0085924 -12.554 -77.05
18 Reference -12.285 -74.65

Glide Module provides three docking methodolo-
gies that could be utilized to filter large libraries. The
bound ligand was redocked to validate the docking
procedures (RMSD = 2.2244 A). The three methodolo-
gies, HTVS, SP, and XP, differ in docking accuracy
and time consumption. Where HTVS is the fastest and
least accurate, while XP is the slowest and most accu-
rate (Friesner et al., 2004; 2006; Halgren et al., 2004).
Herein, the 11,974 NPs were first subjected to HTVS,
resulting in 10,707 with docking scores ranging from -
9.257 to -10.565 Kcal/mol. Subsequently, SP docking
was employed, and the top-ranked 100 compounds
with docking scores below -7.664 Kcal/mol and the
reference ligand (AZD1283) were selected for further
docking using the XP mode.

In XP mode, 28 natural products scored <-12.285
kcal/mol (AZD1283 reference). Subsequent MM-
GBSA rescoring (VSGB) refined these to 17 com-
pounds with AG_bind <-77.0 kcal/mol (Table 1).
Three top hits (SN0208535, SN0257464, SN0084030)
exhibited XP scores £-15.0 kcal/mol and AG_bind <-
88.9 kcal/mol (Table 1).

SN0208535, SN0257464, and SN0084030 exhibited
the most favorable docking scores (-15.212, -15.088,
and 15.024 Kcal/mol, respectively) and free binding
energy (-86.21, -84.44, and -88.92). These three
shortlisted compounds, along with AZD1283, were
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taken forward for further analysis of interaction pat-
terns and stability (Table 2).

The interaction pattern analysis revealed that hy-
drogen bonds with Cys97, Tyrl05, Asnl191, and
Lys280 were the common interactions exhibited by
the three tested compounds. Moreover, compounds
SN0257464 and SN0084030 both formed hydrogen
bonds with His187 which was lacking in SN0208535.
However, the latter displayed a hydrogen bond with
Asn159, which agreed with the reference AZD1283.
Whereas a hydrogen bond with Arg256 was observed
with both SN0208535 and AZD1283. Meanwhile, the
cyano group of AZD1283 formed a hydrogen bond
with GIn195, which was not observed with the tested
compounds. Additionally, electrostatic and n-n inter-
actions were formed between AZD1283 and Arg256
and Tyrl05, respectively (Fig. 2, Table 2). Even
though Tyrl05 cannot form a stacking interaction
with the aromatic rings of the tested compounds, as
observed with AZD1283 and other known inhibitors
(He et al., 2015; Lei et al., 2020; Nofianti and Ekowati,
2019; Paoletta et al., 2015; Zhang et al., 2016), it helped
stabilize the binding pose of these compounds
through hydrogen bond interactions.

It was found that SN0208535 could engage in two
hydrogen bonds with Asn191 and Asnl59. Mean-
while, one hydrogen bond was formed by SN0257464,

J Pharm Pharmacogn Res (2025) 13(s1): S157
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Table 2. 2D structure and interaction of the three top compounds and reference ligand with P2Y1..

Natural P2Y12 inhibitors

. Hydrogen lonic . .
Title 2D structure bond bonds 7- stacking Hydrophobic
SN0208535 OH Cys97, Cys97, Vall02, Tyr105,
HO Tyr105, Tyr109, Val190, Cys
Asn159, 194, Phe252, Ala255,
HO 0 o Asn191 Tyr259, Leu276,
le) o OH Phe252, Lys Val279.
% 0 280
HO (@) OH OH
OH OH
HO
OH
SN0257464 OH Cys97, Cys97, Vall02, Tyr105,
HO Tyrl05, Tyr109, Leul55
o His187, Asn Val190, Cys 194,
O HO 191, Arg256, Phe252, Ala255,
HO o 09%¢ Lys280 Tylr259, Leu276,
Val279.
HO HO o)v\@
OH OH OH
SN0084030 OH Cys97, Cys97, Vall02, Tyr105,
HO Tyr105, His Tyr109, Val190, Cys
o 187, Asn191, 194, Phe252, Ala255,
0 HO Lys280. Tyr259, Leu276,
HO O (0] Val279.
(@)
OH OH
Reference N (0] Asn159, Gln Arg256 Tyrl05 Vall102, Tyr105, Phe
NG
(AZD1283) AN O/\ 195, Arg 256, 106, Met152, Leul55,
Q Lys 280 Met159, Val 190,
N N

Cys194, Phe252, Ala
255, Tyr259, Leu276,
Val279.

SN0084030, and the reference with either Asn159 or
Asnl91. It was mentioned in previous studies that
hydrogen bonds with Asn191 and Asn159 are crucial
to ligand affinity (Kong et al.,, 2019; Paoletta et al.,
2015). It was reported that Arg256 and Lys280 resi-
dues are involved in receptor function and ligand
binding (Kong et al., 2019). Fig. 2 shows that the four
compounds displayed hydrogen bonds with Lys280,
whereas AZD1283 and SN0257464 interacted with
Arg256.

To validate molecular docking results, MD of the
three selected compounds was then performed. MD
enables the study of the dynamic behavior of com-
plexes over time by calculating their root mean square
deviation (RMSD) and root mean square fluctuation
(RMSF) (De Vivo et al.,, 2016; Sargsyan et al., 2017;
Schreiner et al., 2012). Furthermore, the ligand-protein
interactions were computed at numerous intervals
during the simulation experiment. RMSD measures
the variable distance between the fluctuating atoms in
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the complex (Schreiner et al., 2012). As depicted in
Fig. 3, SN0208535/ reference ligand-P2Y12 complexes
were mostly unbound during the simulation, and
both exhibited an average RMSD of 4.3 and 2 A, re-
spectively, which is lower than the RMSD observed
with the membranous protein backbone (5.4 A). The
RMSD plot of the SN0257464-P2Y1» complex dis-
played deviation until ~42 ns, after which it main-
tained steadiness with an average RMSD of 4.8 A
until 100 ns. The most stable RMSD was observed
with SN0084030; the complex attained an equilibrium
state within the first 10 ns and remained bound
throughout the simulation (Fig. 3).

RMSF, on the other hand, assesses the motion of
protein residues during the simulation. Low RMSF
indicates limited motion, meaning that the ligand is
bound tightly to the receptor (Zhou et al., 2017).
SN0084030 and SNO0257464 exhibited the lowest
RMSF values (Fig. 4).

J Pharm Pharmacogn Res (2025) 13(s1): S158


https://jppres.com/

Alzain et al. Natural P2Y12 inhibitors

SN0257464 SN0208535 & SN0084030
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Figure 2. 2D interaction of the top three compounds in complex with P2Y12 (ID: 4NTJ) using XP docking mode of the Glide software.

The hydrogen-bond interactions with residues are represented by a purple dashed arrow directed towards the electron donor. A green line represents the -t
interactions.
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Figure 3. The protein-ligand RMSD plot of the shortlisted compounds and reference ligand complexed with P2Y12 (PDBID: 4NTJ) during a
single run of a 100 ns molecular dynamics simulation using Desmond software.

Y-axis represented the RMSD values of ligands and protein in molecular distance unit Angstrom (A), while the X-axis demonstrated the time in nanoseconds (ns).
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single run of a 100 ns molecular dynamics simulation using Desmond software.

The Y-axis represented the RMSF values of ligands and protein in molecular distance unit Angstrom (A), while the X-axis demonstrated the
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The ligand-protein interactions analysis revealed
that SN0084030 was maintained in the binding pocket
by direct and indirect hydrogen bonds with Gln 98
(68%), Serl01 (50%), Tyrl05 (70%), Leul55 (70%),
Serl56 (44%), Asnl159 (120%), His187 (55%), Asn191
(80%), and Lys 280 (60%) and hydrophobic interac-
tions with Tyr105 (53%), Tyr109 (40%), Phe252 (160%),
Ala255 (40%) and Lys280 (50%). While SN0257464
formed strong direct and indirect hydrogen bonds
with Asp84 (42%), Serl01 (40%), Metl52 (60%),
His187 (50%), Glul88 (100%), Asnl191 (65%) and
Arg256 (60%) and hydrophobic interactions with
Val102 (40%), Tyr105 (50%), Val190 (40%) and Lys280
(40%). SN0208535 displayed interaction with Lys80
(60%), Ser83 (48%), Asp84 (49%), Ser101 (50%), Tyr105
(175%), Tyr109 (55%), Asn159 (70%), Asn191 (100%),
Arg256 (100%) and Lys280 (155%). Besides, the refer-
ence ligand was mainly stabilized by direct and
bridged hydrogen bond interactions mainly with
Asn159 (40%), Arg 256 (102%), Ser262 (37%), and Lys
280 (108%) and hydrophobic interactions with Tyr105
(59%) and Lys280 (73%) (Fig. 5).

The top hits are galloyl glucose esters (tannins),
whose polyphenolic scaffolds facilitate multiple hy-
drogen bonds with key P2Y,, residues (Asnl91,
Lys280). Although the docking and MM-GBSA pro-
files, coupled with MD stability (average ligand

https://jppres.com

RMSD <2.5 A), demonstrate strong affinity to P2Y12,
further experimental assays are required to validate
their pharmacological activity and ADMET profiles.

The ProTox-III prediction provided glances at the
safety and toxicity profiles of the three lead com-
pounds: SN0084030, SN0208535, and SN0257464 (Ta-
ble 3). All of the compounds shared the same predict-
ed oral LDs, value of 2260 mg/kg. Additionally, all
the compounds were ranked in class 5 of toxicity,
which is low acute toxicity and reflects overall safety
for single-dose exposure, but might be harmful if
swallowed.

All three compounds were also predicted to be in-
active towards hepatotoxicity, neurotoxicity, respira-
tory toxicity, and cardiotoxicity, which indicated a
favorable drug-like safety profile. Yet, SN0257464 was
flagged as active for nephrotoxicity, which deserves
closer attention because of its potential role in kidney-
related adverse effects. Similarly, all compounds were
predicted to be active in immunotoxicity, with high
associated likelihoods (0.75-0.92), indicating a recur-
ring issue throughout the series.

Moreover, mutagenicity and carcinogenicity were
also predicted to be inactive for all the compounds,
implying that there is little possibility of DNA-
damaging or cancer-causing effects.
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Table 3. ProTox-IIl ADMET prediction results.

Natural P2Y12 inhibitors

Clas-
sifica- Organ toxicity Toxicity endpoints Metabolism
tion P.LD Comp.
P.TC
: (mg/kg) D
Tar Hepatotoxi Neuro Ne- Respira- Cardio Carcino Immuno Clinical
N P .. phrotoxi- tory .. .. . Mutagenicity Cytotoxicity . CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 CYP2E1
get city toxicity . - toxicity genicity toxicity toxicity
city toxicity
Pre- Inactive Inactive Active Inactive Inactive Inactive Active Inactive Inactive Active Inactive Inactive Inactive Inactive Inactive Inactive 2260 5 SNo0084
dic- 030
tion
Prob- 0.76 0.88 0.76 0.61 0.50 0.81 0.92 0.79 0.86 0.62 0.87 0.89 0.59 0.84 0.83 0.99
ability
Pre- Inactive Inactive Active Inactive Inactive Inactive Active Inactive Inactive Active Inactive Inactive Inactive Inactive Inactive 2260 5 SN0208
dic- 535
tion
Prob- 0.82 0.89 0.77 0.60 0.56 0.76 0.50 0.81 0.83 0.59 0.93 0.95 0.66 0.86 0.72
ability
Pre- Inactive Inactive Active Inactive Active Inactive Active Inactive Inactive Active Inactive Inactive Inactive Inactive Inactive Inactive 2260 5 SN0257
dic- 464
tion
Prob- 0.81 0.89 0.77 0.68 0.75 0.75 0.75 0.84 0.83 0.60 0.88 0.88 0.64 0.82 0.77 0.99
ability

P.LD: predicted Lethal dose, P.TC: predicted toxicity class, Comp.: compound.

https://j

res.com
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Figure 5. The protein-ligand contact histogram of the shortlisted compounds and reference ligand complexed with P2Y12 (PDBID: 4NTJ), a
single run during a 100 ns molecular dynamics simulation using Desmond software.

The X-axis represented the residues, and the Y-axis represented the interaction fraction. Different colors in the histogram represented different types of bond
interaction fractions. The green color represented H-bond, violet represented hydrophobic, pink represented ionic, and blue represented water bridge interaction.
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Negative cytotoxicity predictions were also notice-
able, indicating that these compounds do not hold
general cell-damaging effects at therapeutic levels.

All three molecules were denoted as inactive
against the major cytochrome P450 enzymes
(CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4, and
CYP2E1), with high confidence values (mostly >0.80).
This endorses a low probability of metabolic interac-
tion.

Collectively, the ProTox-III results suggest a gen-
erally favorable safety profile for the tested com-
pounds, particularly in terms of low acute toxicity,
non-carcinogenicity, and low CYP450 inhibition. The
consistent prediction of immunotoxicity and the ne-
phrotoxicity of SN0257464, however, suggests that
there could be a need for further experimental con-

undertaken to develop new candidates as P2Y12 in-
hibitors. Finally, we outline the in-silico attempts
which  identify =~ SN0208535, SN0257464, and
SN0084030 as potential novel P2Y12 antagonists. Alt-
hough the identified tannin derivatives demonstrate
strong affinity to P2Y12, further experimental assays
are required to validate their pharmacological activity
and ADMET profiles. These findings highlight prom-
ising natural antiplatelet candidates, warranting ex-
perimental validation.
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