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Abstract

	 Resveratrol, a natural polyphenolic compound, was systematically investigated for its potential 
inhibitory interaction with the thromboxane A2 receptor (TxA2R) using an integrated computational 
approach. ADMET prediction revealed favorable pharmacokinetic and safety profiles, including high 
intestinal absorption (98%), acceptable solubility, and absence of mutagenicity or hepatotoxicity, 
indicating good drug-likeness. DFT calculations confirmed the molecular stability and electronic 
properties conducive to receptor binding. Molecular docking identified a well-defined binding pose, 
stabilized by hydrogen bonds with THR81 and HIS89 and hydrophobic contacts with key residues. 
Subsequent 200 ns molecular dynamics simulations demonstrated structural stability of the 
complex, with consistent RMSD and compact Rg values. MM/GBSA analysis yielded a binding free 
energy of –26.09 kcal/mol, dominated by van der Waals and electrostatic interactions. Free energy 
decomposition highlighted ASP165, THR172, and GLY168 as principal contributors to binding. 
Hydrogen bond occupancy and free energy landscape analyses previous studies have shown that 
conformational stability and a persistent binding mode. Collectively, these findings indicate that 
resveratrol exhibits strong affinity and structural compatibility with the TxA2R, supporting its potential 
as a promising modulator for thromboxane A2-mediated vascular dysfunction.

Keywords: Thromboxane A2 receptor, Resveratrol, Molecular docking,  
Molecular dynamics simulation, Free energy calculation.

Introduction

	 Thromboxane A2 (TxA2), a metabolite of 
arachidonic acid, is well recognized for its ability to 
promote platelet aggregation and vasoconstriction 
through activation of TxA2/prostanoid receptor 
(TxA2R)1,2. Increasing evidence indicates that 

TxA2R plays a critical role in the pathogenesis of 
hypertension3. Both hypertensive patients and 
salt-sensitive hypertensive mouse models exhibit 
markedly elevated TxA2 levels accompanied by 
upregulated TxA2R expression4,5. Pharmacological 
blockade or genetic deletion of TxA2R has been 
shown to attenuate blood pressure elevation and 
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vascular constriction, highlighting their pathological 
significance6. The three-dimensional structure of the 
TxA2R is shown in Figure S1.

	 Resveratrol (RSV), a natural polyphenolic 
compound abundant in grapes, berries, and 
peanuts, has attracted considerable attention due 
to its broad pharmacological activities, including 
antioxidant, anti-inflammatory, cardioprotective, and 
antihypertensive effects7. Accumulating evidence 
suggests that RSV exerts blood pressure-lowering 
effects through multiple mechanisms, such as 
improving endothelial function, enhancing nitric oxide 
bioavailability, and suppressing vascular oxidative 
stress8,9. Recent studies have further revealed that 
RSV can modulate arachidonic acid metabolism 
and down regulate the thromboxane A2 (TxA2)/TxA2 
R pathway, thereby attenuating vasoconstriction and 
vascular remodeling10. Given the pivotal role of TxA2R 
over activation in the pathogenesis of hypertension5, 
targeting TxA2R signaling through RSV intervention 
represents a promising therapeutic strategy. Fig. 1 
below shows the molecular structure of RSV.

	 This study applied a comprehensive 
computational approach to predict the inhibitory 
interaction between resveratrol and the thromboxane 
A2 receptor (TxA2R). The aim was to establish 
a theoretical framework for identifying natural 
compounds with potential antihyper tensive 
activity through receptor modulation. Compared 
with conventional drug discovery strategies, 
computational simulations provide clear advantages 
in characterizing binding mechanisms, optimizing 
molecular conformations, and accelerating the 
identification of promising candidates. By reducing 
the number of compounds subjected to subsequent 
laboratory evaluation, in silico screening enhances 
both the efficiency and cost-effectiveness of early-
stage drug discovery.

Materials and Methods
 
Prediction of ADMET Profile
	 Ine f f i c ien t  phar macok inet ics  and 
unexpected toxicity are among the predominant 
causes of attrition in the development of new 
therapeutic agents. Implementing computational 
prediction at the preliminary stage provides an 
effective means of improving the likelihood of 
success in drug discovery pipelines. In this context, 
before proceeding with molecular docking and 
structural refinement, we systematically evaluated 
the pharmacokinetic characteristics, safety profile, 
and overall drug-likeness of resveratrol by employing 
three widely accessible in silico platforms: pk 
CSM11 (https://biosig.lab.uq.edu.au/pkcsm/), Tox 
ACoL12 (https://toxacol.bioinforai.tech/), and the 
Swiss ADME database13 (http://www.swissadme.
ch). Critical descriptors, including absorption, 
distribution, metabolism, excretion, compliance with 
Lipinski’s Rule of Five, and predicted toxicity, were 
analyzed, thereby providing essential insights into 
whether resveratrol demonstrates physicochemical 
properties aligned with clinically validated drugs.

pKa calculation
	 The prediction of pKa values offers 
significant advantages, as it enables the rapid and 
accurate determination of the ionization state of 
compounds, which is crucial in drug development 
research14. In this study, the pKa values of resveratrol 
were calculated using Chemax on software based on 
the distribution of partial charges within the molecule. 
Furthermore, the relative proportions of different 
ionization states were determined under various pH 
conditions, providing insights into the compound’s 
physicochemical behavior in biological environments.

Conformational search
	 Computational conformer generation 
and energy minimization allow rapid and accurate 
exploration of a large number of possible molecular 
structures, enabling identification of low-energy 
conformations in a short time15. In this study, 50 
distinct conformers of resveratrol were generated 
using RDKit16,17, and the lowest-energy structure was 
selected for subsequent investigation of its potential 
interaction with the thromboxane A2 receptor.

Density functional theory calculations
	 To invest igate  the s t ruc tura l  and Fig. 1. Molecular structure of resveratrol 
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electronic features of resveratrol and their 
potential role in modulating the thromboxane A2 

receptor (TxA2R), a systematic computational 
study was conducted using the density functional 
theory (DFT) approach. The molecular geometry 
of resveratrol was first optimized at the B3LYP/6-
311++G** level to obtain the most stable low-
energy conformation. Subsequent frequency 
analysis confirmed the absence of imaginary 
f requencies,  ver i fy ing that  the opt imized 
structure represents a true local minimum with 
thermodynamic stability. Based on this optimized 
geometry, frontier molecular orbital (FMO) 
characteristics and molecular electrostatic type 
(MET) charge distribution were calculated to 
elucidate the electronic properties and potential 
binding reactivity of resveratrol.

Molecular docking
	 To construct the initial model of the 
resveratrol–receptor complex, molecular docking 
was performed using Auto Dock 4.2. The ligand 
structure was obtained from the lowest-energy 
conformation generated by density functional 
theory (DFT) optimization, while the TxA

2R 
structure was retrieved from the Protein Data 
Bank (PDB, ID:6llU)18 with a defined resolution, 
representing the crystallographic structure of the 
thromboxane A2 receptor. Receptor and ligand 
preparation were carried out using Auto Dock 
Tools 1.5.6. In the preprocessing procedure, all 
co-crystallized ligands and water molecules were 
removed, and polar hydrogens together with 
Gasteiger charges were added to the receptor to 
improve docking accuracy. A three-dimensional 
docking grid of 40×40×40 points with a spacing 
of 0.375 Å was applied to encompass the 
putative binding pocket. The docking calculations 
employed the Lamarckian genetic algorithm 
(LGA) implemented19 in Auto Dock 4.2, generating 
2000 potential binding poses. The most favorable 
conformation was chosen based on its binding 
orientation within the active site as well as 
the corresponding binding energy, which was 
subsequently used as the starting point for further 
structural and mechanistic analysis.

MD simulations
	 In the molecular dynamics (MD) simulations, 
the most favorable resveratrol-TxA2R binding pose 
obtained from docking was employed as the initial 

structural model. Ligand parameters were generated 
according to the General AMBER Force Field 
(GAFF 2.0)20, with Antechamber in Amber Tools 
used to derive atomic charges and topology files. 
The TxA2R and its binding interface with resveratrol 
were described using the Amber ff19SB force field21. 
Each complex system was subjected to 200 ns of 
all-atom MD simulations using the GPU-accelerated 
PMEMD.CUDA engine implemented in AMBER 
2222, ensuring adequate conformational sampling. 
Post-simulation analyses were performed with 
CPPTRAJ23,24, including assessments of system 
energy convergence, backbone and side-chain 
flexibility, as well as dynamic interaction patterns of 
residues within the active binding region.

Binding free energy calculation
	 To quantitatively evaluate the binding 
strength between resveratrol and the thromboxane 
A2 receptor (TxA2R), the binding free energy 
was estimated using the molecular mechanics/
generalized Born surface area (MM/GBSA) 
approach25. This method is commonly employed 
due to its balance of computational efficiency and 
reliability in predicting receptor-ligand interaction 
energies. The calculation was performed on 
trajectory snapshots extracted from the last 20 ns 
of the molecular dynamics simulations, with energy 
values averaged over 2000 representative frames. 
In addition, per-residue free energy decomposition 
was conducted using the MM/GBSA protocol to 
reveal the energetic contributions of specific amino 
acid residues to ligand binding. All computations 
were executed using the MMPBSA.py module in the 
AMBER software suite26.

Free energy landscape analysis
	 To explore the conformational states of 
resveratrol during molecular dynamics simulations, 
the trajectory files were first preprocessed using 
the CPPTRAJ module implemented in AMBER22. 
The cleaned trajectories were then analyzed with 
GROMACS utilities to calculate the RMSD and 
radius of Rg over a 200 ns simulation. These 
parameters were employed as reaction coordinates 
for constructing the free energy landscape (FEL). 
The resulting data were imported into Origin 2021 
for visualization, where three-dimensional FEL 
plots were generated to represent the energy 
distribution of receptor conformations along the 
RMSD and Rg axes27.
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Results

Application of computational ADMET data 
prediction
	 In the context  of  drug discovery, 
computational approaches for predicting ADMET 
properties are indispensable for early-stage 
evaluation of drug candidates28. Lipinski’s “Rule 
of Five” remains a widely applied benchmark for 
assessing oral drug-likeness29. The calculation 
results of this time are shown in Table 1. Resveratrol 
meets all the standards of Lipinski, indicating that 
it has good potential for oral bioavailability. Among 
the pharmacokinetic parameters, water solubility is 
a critical determinant of absorption and systemic 
distribution. Resveratrol shows a predicted Log S 
of –3.36, placing it within the moderately soluble 
range (–4 to –2), which is considered acceptable 
for oral formulations. It's predicted human intestinal 
absorption rate reaches 98%, reflecting efficient 
uptake through the gastrointestinal tract and further 
supporting its oral absorption potential.

	 Regarding distribution, the steady-state 
volume of distribution (VDss) exhibits a Log value 
of –0.15, implying that resveratrol predominantly 
resides within the plasma compartment with limited 
tissue penetration. Nonetheless, its blood–brain 
barrier (BBB) permeability index of 0.97 suggests a 
pronounced ability to cross into the central nervous 
system, highlighting possible therapeutic applications 
in neurological or cerebrovascular disorders.

	 The metabolism-related predictions show 
that resveratrol has a high likelihood of interaction 
with CYP450 1A2 (0.97), while exhibiting a moderate 
probability of being a substrate for CYP450 
2D6 (0.46). This implies that phase I metabolic 
transformation may be primarily mediated through 
specific CYP isoforms. In terms of excretion, the 
compound demonstrates a total clearance rate 
of 0.91 mL/min/kg, indicating efficient systemic 
elimination, while its renal OCT2 substrate probability 
remains relatively low (0.10), suggesting that non-
renal pathways play a larger role in clearance.

	 Toxicity predictions further support a 
favorable safety profile: resveratrol is considered 
negative for AMES mutagenicity, non-sensitizing 
to skin, and non-hepatotoxic. Additionally, the 
maximum tolerated dose (MTD) is predicted to be 
1.2 log mg/kg/day, reflecting good oral tolerance 
and low toxicity risk.

Table 1: Data on pharmacokinetics and toxicity 
properties obtained from Swiss ADME, ADMETSAR, 

and pK CSM online servers

		  Molecules	 Resveratrol

		  AMES Toxicity	 Safe
	Absorption	 Water Solubility Log S	 -3.36
		  Human Intestinal 	 0.98
		  Absorption (%)
	Distribution	 VDss (Log L/kg)	 -0.15
		  BBB Permeability	 0.97
	Metabolism	 CYP450 1A2 Inhibitor	 0.97
			   (Inhibitor)
		  CYP450 2D6 Substrate	 0.46
			   (Non-substrate)
	 Excretion	 Total Clearance (mL/min/kg)	 0.91
		  Renal OCT2 Substrate	 0.10
	 Toxicity	 Max. Tolerated Dose	 1.2
		  (log mg/kg/day)
		  Skin Sensitization	 Safe
		  Hepatotoxicity	 Safe
	Lipinski Rule	 Result	 Yes
		  Violation	 0

	 Collectively, these ADMET results underline 
that resveratrol possesses promising pharmacokinetic 
and toxicological characteristics, with suitable 
solubility, high gastrointestinal absorption, minimal 
predicted toxicity, and substantial BBB permeability. 
These properties make resveratrol a compelling 
candidate for oral drug development and justify its 
further exploration in preclinical and clinical studies.

pKa calculation
	 To better characterize the ionization 
behavior of resveratrol, the pKa values of its 
three phenolic hydroxyl groups were theoretically 
estimated. As shown in Fig. S2, the calculated 
pKa values were 8.3, 8.9, and 9.9, respectively. 
As shown in Fig. S3, these results suggest that 
resveratrol predominantly exists in its neutral form 
(approximately 90%) under physiological pH, 
which may facilitate favorable interactions with the 
thromboxane A₂ receptor.

Conformational search
	 To explore the structural f lexibi l i ty 
of resveratrol, a conformational search was 
performed using RDKit30, which generated  
50 distinct conformers (Fig. S4). After subsequent 
geometry optimization, their relative energies were 
evaluated. The energy distribution indicated that 
most conformers were clustered within a narrow 
energy window of less than -765 hartree, reflecting 
limited conformational diversity. Among these, the 
global minimum conformer was identified as the most 
energetically favorable structure and was therefore 
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selected for subsequent molecular docking and 
dynamic simulations. This strategy ensured that the 
computational analyses were based on the most 
stable and representative conformation, thereby 
improving the reliability of the predicted binding 
interactions with the thromboxane A2 receptor.

DFT calculation studies
	 To better understand the structural and 
electronic properties of resveratrol, density functional 
theory (DFT) calculations were carried out at the 
B3LYP/6-311++G** level of theory31. The optimized 
geometry of the equilibrium structure is shown in  
Fig. S5. The thermodynamic descriptors, dipole 
moment, and polarizability obtained from these 
calculations are summarized in Table 2.

	 The calculated dipole moment (µ) of 
resveratrol is 2.76 Debye, which indicates a 
moderate degree of molecular polarity and suggests 
the potential to form hydrogen bonds with polar 
residues within the thromboxane A2 receptor binding 
pocket. The static polarizability (α) is 184.55 Bohr³, 
reflecting a significant electron cloud flexibility that 
can enhance intermolecular interactions through 
dispersion forces and facilitate adaptive binding to 
diverse receptor microenvironments.

	 Thermodynamic energy parameters were 
also derived, including the zero-point vibrational energy 
(ZPVE, –766.13 Hartree), the total electronic and 
thermal energy (Etot, –766.12 Hartree), the enthalpy 
(H, –766.12 Hartree), and the Gibbs free energy 
(G, –766.18 Hartree). These values highlight the 
thermodynamic stability of resveratrol in its optimized 
state, supporting its suitability as a drug-like molecule.

Molecular Electrostatic Potential (MEP)
	 The molecular electrostatic potential 
(MEP) surface of resveratrol, displayed in  
Fig. S6, provides insights into its reactive regions. 
Red regions correspond to high electron density, 
indicating preferred sites for electrophilic attack, 
whereas blue areas reflect electron-deficient zones 
favorable for nucleophilic interaction. The MEP profile 
shows pronounced negative potential around the 
hydroxyl oxygen atoms, consistent with their ability 
to participate in hydrogen bonding, which may 
contribute to receptor binding affinity.

Frontier Molecular Orbitals (FMOs)
	 The frontier molecular orbital (FMO) 
analysis of resveratrol revealed that the HOMO 
energy level is –7.49 eV, while the LUMO lies at 2.52 
eV, resulting in an energy gap (ΔE) of approximately 
10.01 eV(as shown in Fig. S7). The relatively large 
HOMO–LUMO separation suggests that resveratrol 
possesses high chemical stability and moderate 
reactivity. Spatial distribution analysis showed 
that the HOMO density is primarily localized on 
the aromatic rings and hydroxyl groups, indicating 
strong electron-donating potential, whereas 
the LUMO is delocalized over the π-conjugated 
system, reflecting its electron-accepting ability. This 
electronic structure highlights resveratrol’s potential 
to participate in noncovalent interactions, within the 
thromboxane A₂ receptor binding site, which may 
contribute to its inhibitory activity.

Molecular docking Study
	 Molecular docking was conducted to 
characterize the interaction between resveratrol 
and the target receptor. All generated docking 
conformations were clustered into a single group, 
indicating a highly consistent binding orientation. 
The docking scores of these poses were all below 
-5.0 kcal/mol, reflecting a strong binding tendency 
of resveratrol to the protein.

	 As shown in Fig. 2A, resveratrol was 
positioned within the binding pocket, where it 
established stable hydrogen bonds with residues 
THR81 and HIS89. In addition, the 2D Lig Plot 
representation (Fig. 2B) revealed hydrophobic 
contacts with several surrounding residues, including 
SER181, VAL85, TRP182, and MET112, further 
supporting the stability of the complex. These results 

Table 2: Thermal parameters (Hartree/particle), 
polarizabilities (Bohr3), and dipole moments  

(Debye)of resveratrol

	 Parameter	 Resveratrol

	 Ecorr	 0.23
	 ZPVE	 -766.13
	 Etot	 -766.12
	 H	 -766.12
	 G	 -766.18
	Total Dipole Moment µ	 2.76
	 Polarizability α	 184.55

Ecorr: zero-point correction; ZPVE: sum of electronic and 
zero-point energies; Etot: sum of electronic and thermal 
energies; H: sum of electronic and thermal enthalpies; G: 
sum of electronic and thermal free energies
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demonstrate that resveratrol occupies the catalytic 
cavity and engages in both hydrogen bonding 
and hydrophobic interactions with key residues. 
The uniformity of docking conformations further 
suggests that resveratrol has a well-defined binding 
mode. Nonetheless, since docking describes a 
static interaction, molecular dynamics simulations 
are required to validate the persistence of these 
interactions over time.

fluctuations and remained relatively stable, 
indicating that the overall fold of the protein was 
preserved. In contrast, resveratrol displayed 
lower RMSD values throughout the trajectory, 
suggesting that the ligand maintained a consistent 
binding orientation within the active site.

	 Further insights were obtained from the 
RMSF profile of receptor residues (Fig. 3(b)). Most 
residues exhibited only minor fluctuations (<2.5 Å), 
while a few loop regions displayed higher flexibility, 
consistent with their dynamic nature. Notably, the 
transmembrane helices remained structurally 
stable, demonstrating that ligand binding did not 
induce large conformational changes in the receptor. 
These results collectively support that resveratrol 
can form a stable complex with the thromboxane A2 

receptor, with structural dynamics largely confined to 
peripheral flexible segments rather than the ligand-
binding core.

Fig. 2(a). Three-dimensional docking pose of resveratrol 
within the binding pocket, showing hydrogen bond 

formation with THR81 and HIS89. (b) Two-dimensional 
Lig Plot representations illustrating hydrogen bonds and 

hydrophobic contacts with surrounding residues, including 
SER181, VAL85, TRP182, and MET112.

MD simulation
	 To evaluate the stability of the resveratrol–
thromboxane A2 receptor complex, a 200 ns 
molecular dynamics (MD) simulation was carried 
out using the AMBER suite.As this timescale is 
commonly sufficient for protein–ligand complexes 
to reach structural equilibration and produce 
statistically reliable binding stability parameters, 
according to previous studies. As shown in  
Fig. 3(a), the backbone RMSD of the receptor 
gradually reached equilibrium after the initial 

Fig. 3(a)Root mean square deviations (RMSDs) of the 
ligand during 200 ns MD simulations of the RSV-TxA2R. 

(B)RMSF variations of the Cα atom of complexed systems 
from MD simulations for the RSV- TxA2R systems



81Zhao et al., Orient. J. Chem., Vol. 42(1),  75-86 (2026)

	 To fur ther characterize the dynamic 
behavior of the resveratrol–thromboxane A2 
receptor complex, additional structural parameters 
were analyzed. The Rg remained stable across 
the 200 ns trajectory, suggesting that the global 
compactness of the receptor was preserved 
upon ligand binding(Fig. S8). Similarly, the SASA 
exhibited only minor fluctuations, and the ligand 
consistently showed a low SASA value, indicating 
that resveratrol was stably buried within the binding 
pocket without undergoing significant solvent 
exposure(Figure S9).

	 Finally,representative conformations 
were extracted at 50, 100, 150, and 200 ns. As 
illustrated in Fig. S10, the overall architecture 
of the receptor remained essentially unchanged 
throughout the simulation, and the binding 
orientation of resveratrol within the active site was 
consistently maintained. No significant structural 
rearrangements of the receptor or substantial 
displacement of the ligand were observed, 
underscoring the robustness and consistency of 
the binding mode.

Binding free energy
	 The binding free energy serves as a 
quantitative indicator of the strength of interaction 
between resveratrol and the thromboxane A2 
receptor (TxA2R). As summarized in Table 
S2, the calculated binding free energy for the 
resveratrol- TxA2R complex was −26.09 kcal/mol, 
suggesting a stable and energetically favorable 
interaction. Decomposition of the energy terms 
revealed that van der Waals forces (EvdW = 
−29.50 kcal/mol) make a substantial contribution 
to the binding, highlighting the importance of 
hydrophobic contacts in stabilizing the complex. 
Electrostatic interactions (Eele = −19.88 kcal/mol), 
although weaker compared to van der Waals 
forces, also provided favorable contributions. 
The polar solvation term (EGB = 27.80 kcal/
mol) exer ted a destabi l iz ing effect,  which 
partially counteracted the favorable electrostatic 
interactions, a phenomenon commonly observed 
in ligand–protein complexes. In contrast, the 
non-polar solvation energy (Esurf = −4.51 kcal/
mol) contributed slightly to the stabilization. 
Overall, the negative free energy value indicates 

that resveratrol binds to A2R with high affinity, 
with both hydrophobic and electrostatic forces 
working cooperatively to stabilize the ligand 
within the binding pocket. This result suggests 
that resveratrol has the potential to act as a strong 
inhibitor by maintaining a stable interaction with 
the thromboxane A2receptor.

Free energy decomposition
	 To  iden t i f y  the  p r inc ipa l  res idue 
determinants that stabilize the resveratrol–
thromboxane A2 receptor complex, per-residue 
MM/GBSA decomposition was performed. The 
decomposition outcomes (Fig. 4 and Table) 
indicate that individual residues make modest 
but meaningful contributions to binding, with 
per-residue subtotal free energies ranging 
from approximately −1.6 to −1.0 kcal•mol-1 for 
the most influential sites. Notably, ASP165, 
THR172, and GLY168 each contribute ~−1.5 to 
−1.6 kcal•mol-1 to the interaction, highlighting a 
cluster of residues near the binding pocket that 
collectively favor ligand association. A closer 
inspection of the energy components reveals 
distinct physical origins for these contributions. 
Several residues display negative van der Waals 
terms (∆EvdW ≈ −0.9 to −1.3 kcal•mol-1), indicating 
that hydrophobic contacts and close packing 
are important stabilizing forces. In contrast, 
strongly favorable electrostat ic terms (for 
example, the large negative ∆Eele for ASP165) 
are frequently offset by unfavorable polar 
solvation (∆Gsol,GB positive), resulting in only a 
small net polar contribution at the residue level. 
This compensation between direct Coulombic 
interactions and desolvation penalties is a typical 
feature of protein–ligand complexes in aqueous 
environments. Overall, the decomposition points 
to a binding mode dominated by nonpolar 
interactions at the residue level, supplemented 
by localized electrostatic effects that are partially 
neutralized by solvent screening. From an 
optimization standpoint, these findings suggest 
that enhancing hydrophobic complementarity 
within the identif ied pocket is a promising 
strategy to increase binding aff inity, while 
modifications aimed solely at strengthening 
polar contacts must account for the associated 
solvation cost.
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with occupancy values representing the proportion 
of simulation time during which the bonds were 
maintained (Table S1). The results indicated that 
resveratrol consistently formed hydrogen bonds 
with MET203 (30.62%) and SER272 (29.77%), 
suggesting that these two residues play a pivotal 
role in maintaining the ligand–receptor complex. 
The presence of multiple hydrogen bonding events 
throughout the trajectory highlights the dynamic 
yet stable nature of these interactions. Moreover, 
the number of hydrogen bonds fluctuated primarily 
between 1 and 3 during the simulation, which is 
characteristic of a moderately strong and persistent 
binding mode (Fig. S1). To further explore the 
conformational energy profile, a Gibbs free energy 
landscape was constructed using RMSD and Rg as 
reaction coordinates (Fig. 5(a) and Fig. 5(b)). The FEL 
revealed a dominant global minimum region located 
at approximately RMSD = 2.3 Å and Rg = 23.5 Å, 
corresponding to the most stable conformational 
ensemble of the resveratrol–TxA

2 R complex. The 
narrow and deep energy basin indicated limited 
structural fluctuations and high conformational 
stability of the complex during the equilibrium phase. 
The continuous and smooth energy surface, previous 
studies have shown that resveratrol binding does not 
induce significant conformational rearrangements 
in the receptor structure, but rather stabilizes its 
active conformation. Collectively, the hydrogen bond 
occupancy and FEL analyses suggest that resveratrol 
forms a stable complex with the TxA2R, mainly 
stabilized by persistent hydrogen bonds and compact 
tertiary structure. The consistent energy minimum 
observed throughout the simulation supports the 
notion that resveratrol maintains strong structural 
complementarily with the receptor binding pocket, 
reinforcing its potential as a viable TxA2R modulator.

Fig. 4(a). The binding free energy of RSV-TxA2R  
(b) The free energy of RSV-TxA2R dissociation

Analysis of hydrogen bond and free energy 
landscapes
	 To further elucidate the stability and 
interaction pattern of the resveratrol–TxA2R 
complex, hydrogen bond dynamics and free 
energy landscapes were analyzed over the course 
of the 200 ns molecular dynamics simulation  
(Fig. 5 and Fig. S11). Hydrogen bonds were monitored 
between resveratrol and individual receptor residues, 

Fig. 5(a). Two-dimensional projection of the principal eigenvectors (RMSD and Rg) from the initial position to 
200 nanoseconds of molecular dynamics simulation. (b). 3D free energy landscape diagram
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Conclusion

	 Hypertension, a chronic cardiovascular 
disorder characterized by vascular remodeling and 
endothelial dysfunction32, continues to be a major 
global health concern33. Accumulating evidence 
indicates that activation of the thromboxane 
A2 receptor (TxA2R) is critically involved in 
vasoconstriction and platelet aggregation, thereby 
contributing to elevated vascular resistance and 
inflammation. Hence, targeting the TxA2R has 
emerged as a promising therapeutic strategy for 
hypertension management34-36. In this study, an 
in silico approach combining ADMET prediction, 
quantum chemical analysis, molecular docking, and 
long-timescale MD simulations was employed to 
elucidate the interaction mechanism and dynamic 
stability of resveratrol with the TxA2R.

	 The ADMET assessment revealed that 
resveratrol possesses favorable pharmacokinetic 
properties, including high intestinal absorption, 
low hepatotoxicity, and acceptable compliance 
with Lipinski’s rule of five. The compound exhibited 
moderate hydrophilicity (LogS = -3.36) and strong 
oral bioavailability, suggesting that it could achieve 
adequate systemic exposure in vivo. Toxicity 
predictions using the Tox ACoL platforms indicated 
that resveratrol belongs to a safe toxicity class, with 
a high LD50 threshold, confirming its low probability of 
acute or chronic toxicity. These findings provide initial 
pharmacological support for the further development 
of resveratrol as a TxA2R antagonist.

	 The molecular geometry of resveratrol 
was optimized using density functional theory (DFT) 
at the B3LYP/6-311++G** level, yielding a stable 
low-energy structure confirmed by the absence of 
imaginary frequencies. The frontier molecular orbital 
(FMO) analysis showed a HOMO–LUMO energy gap 
of 10.01 eV, indicating moderate molecular reactivity 
and electronic stability. The molecular electrostatic 
potential (MEP) map suggested that the phenolic 
hydroxyl groups represent the major electron-donating 
regions, which may facilitate hydrogen bonding with 
polar residues within the receptor active site.

	 To explore the stability of the resveratrol-
TxA2R complex at the atomic level, a 200-nanosecond 
molecular dynamics simulation was conducted using 
the AMBER 22 software suite. The root mean square 

deviation (RMSD) curve indicated that the complex 
remained stable throughout the simulation. The root 
mean square fluctuation (RMSF) analysis revealed 
a reduction in the flexibility of the residues within 
the binding region, suggesting that ligand binding 
restricted local conformational movements. The 
radius of gyration (Rg) also remained stable, while 
the solvent-accessible surface area (SASA) slightly 
decreased, indicating that the complex configuration 
became more compact and energetically stable after 
resveratrol binding. Binding free energy calculations 
using the MM/GBSA approach, previous studies 
have shown that the thermodynamic stability of the 
complex has been established. The total binding 
energy (ΔG

bind) of resveratrol was −26.09 kcal/
mol, dominated by van der Waals (−29.05 kJ/mol) 
and electrostatic (−19.88 kJ/mol) contributions, 
while the polar solvation term opposed complex 
formation. Per-residue decomposition analysis 
identified ASP 165, THR 172, and GLY 168 as key 
contributors to binding affinity, consistent with the 
docking interaction map. This agreement between 
static docking and dynamic free energy evaluation 
supports the reliability of the binding mechanism. The 
free energy landscape (FEL) analysis, constructed 
using RMSD and Rg as reaction coordinates, 
revealed a well-defined, single global minimum 
basin for the resveratrol–TxA2R complex, indicative 
of a highly stable conformational state. In contrast, 
the apo receptor displayed a broader, multi-basin 
energy surface, reflecting enhanced flexibility 
and lower conformational stability. This suggests 
that resveratrol binding effectively restricts large-
scale conformational fluctuations and stabilizes 
the receptor in a compact, energetically favorable 
configuration.

	 Collectively, the results demonstrate that 
resveratrol exhibits excellent pharmacokinetic 
behavior, favorable electronic characteristics, 
and robust binding affinity toward the TxA2R. The 
compound not only engages in strong hydrogen 
bonding and hydrophobic contacts with critical 
residues but also maintains structural integrity 
and thermodynamic stability throughout extended 
molecular simulations. These in silico findings 
provide compelling evidence that resveratrol can 
function as a potent natural antagonist of the TxA2R, 
thereby offering mechanistic insight into its reported 
antihypertensive and vasoprotective effects. Further 
in vitro and in vivo investigations are warranted to 
confirm these computational predictions and explore 
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its theirtherapeutic potential in cardiovascular 
disease intervention.
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