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 Cardiovascular disease (CVD) continues to represent a significant global health 
challenge, leading to the need for new and more effective therapeutic approaches. 
Organo-selenium compounds have potential as antioxidants and anti-
inflammatory agents, which may help protect the heart and vascular system. 
However, the molecular mechanisms by which Organo-selenium exerts its 
cardioprotective effects are still not fully understood. The interaction with key 
regulatory pathways such as peroxisome proliferator-activated receptor gamma 
(PPAR-γ) and nuclear factor kappa B (NF-κB) has not been clearly defined. 
Therefore, this study aims to investigate the molecular interactions between 
organo-selenium compounds and the PPAR-γ and NF-κB-inducing kinase 
receptors in the context of cardiovascular protection. Molecular docking 
simulations were performed using the ligand-binding domain of PPAR-γ and the 
20 organo-selenium ligands. The binding affinities and interactions between 
organo-selenium and receptors were analyzed. Among the screened organo-
selenium ligands, compound 13 exhibited the most favorable binding affinity 
toward both PPAR-γ and NF-κB compared to the native ligand. Based on these 
results, compound 13 was selected for molecular dynamics simulations. The 
molecular dynamics study, using parameters such as RMSD, RMSF, SASA, and the 
Gyration plot, shows that compound 13 with PPAR-γ exhibits better stability and 
flexibility. At the same time, the NF-κB interaction, though stable, may be less 
energetically favorable than the native ligand. These interactions suggest that 
compound 13 (Ebselen) may modulate PPAR-γ activity, thereby influencing cell 
signaling pathways involved in cardiac protection. Overall, the findings suggest 
that modulation of the PPAR-γ pathway by compound 13 may represent a 
promising mechanism in cell signaling for cardiovascular protection. 

 

1. Introduction 

Cardiovascular disease remains the leading cause of 
death worldwide [1]. Various risk factors can contribute to 
the development of heart disease, such as smoking, lack 
of physical activity, dietary intake, and other conditions 
like hypertension and diabetes [2]. One essential nutrient 
for heart cells is selenium, and its deficiency can lead to 
cell damage and conditions like Keshan disease [3, 4]. 
Previous research has shown that selenium provides 
cardioprotective effects by inhibiting necrosis [5], 

reducing apoptosis and autophagy [6], and decreasing 
inflammation [7]. 

Ongoing research is continuously developing 
cardioprotective studies, encompassing in vitro and in 
vivo approaches, as well as in silico investigations. These 
developments aim to understand the mechanisms of 
cardiac protection, treatment strategies that activate 
heart cell signaling pathways, and novel cardioprotective 
therapies [8]. In vitro and in vivo studies have 
demonstrated the cardioprotective effects of selenium 
through molecular mechanisms in cell signalling 
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pathways, including its ability to reduce apoptosis and 
autophagy, induced via the peroxisome proliferator-
activated receptor (PPAR-γ) pathway [9]. PPAR-γ plays a 
crucial role in maintaining energy homeostasis [10] and 
functions as a ligand-induced transcription factor that 
inhibits inflammatory responses in cardiac tissue, 
thereby minimizing pathological damage in ischemic 
heart conditions [11]. 

Selenium has been reported to contribute to cellular 
protection by modulating the NF-κB signaling pathway, 
which regulates proinflammatory cytokine expression. 
Since NF-κB activation is associated with inflammation-
induced cardiomyocyte apoptosis and functional 
impairment, molecular interactions with this pathway 
are commonly interpreted in the context of pathway 
attenuation to support cellular protection [12]. PPAR-γ 
and NF-κB are distinct signaling pathways; however, they 
exhibit functional crosstalk [13], in which PPAR-γ 
activation negatively regulates NF-κB signaling, thereby 
contributing to the maintenance of redox homeostasis 
and the attenuation of oxidative stress and inflammation 
[14]. 

Organo-selenium compounds have been 
investigated for their potential cardioprotective effects 
[15]. Although several mechanisms have been studied, 
further research is needed to fully understand the 
organo-selenium mechanism in the PPAR-γ and NF-κB-
inducing kinase pathway. Conducting in silico studies and 
predicting the binding of organo-selenium compounds to 
the protein receptor can provide insights into the 
mechanism of organo-selenium’s cardioprotective 
effects on cell survival. 

2. Experimental 

2.1. Preparation of Ligand Structures 

The 20 ligands were converted into two-dimensional 
(2D) structures and then into three-dimensional (3D) 
structures using ChemDraw 8.0 [16]. 

 

Figure 1. 2D structures of organo-selenium test ligands 

2.2. Preparation of Receptors 

High-resolution crystal structures of the ligand-
binding domains of PPAR-γ complexed with rosiglitazone 
(PDB ID: 2PRG) and nuclear factor kappa B (NF-κB) 
inducing kinase, an upstream regulatory kinase involved 
in the non-canonical NF-κB signaling pathway. (PDB ID: 
4IDV) were obtained from the Protein Data Bank with 4-
{3-[2-amino-5-(2-methoxyethoxy)pyrimidin-4-yl]-
1H-indol-5-yl}-2-methylbut-3-yn-2-ol as native 
ligand. The 3D structures were saved in PDB format, and 
all co-crystallized ligands, native ligands, and solvent 
molecules were removed before docking preparation. 
Hydrogen atoms were added to the protein structures, 
and the structures were then energy-minimized to 
optimize their geometry. Receptor and ligand 
preparations, including grid box determination for 
docking space and coordinate settings, were performed 
using AutoDock Tools version 1.5.6 [17, 18]. 

2.3. Validation of the Molecular Docking Method 

Validation of the molecular docking protocol was 
performed using AutoDock Tools version 1.5.6 by re-
docking the native ligand into the binding site of its 
corresponding target protein after removal of the original 
ligand. Water molecules within the receptor structure 
were removed, and the grid box was positioned using the 
native ligand coordinates before re-docking. The process 
was carried out to determine the root-mean-square 
deviation (RMSD); natural ligand redocking is considered 
successful if the RMSD is < 2 Å [19]. An RMSD value was 
obtained by looking at the overlay of the native ligand, 
which was separated before docking, and the redocked 
native ligand using Discovery Studio Visualizer. 

2.4. Molecular Docking Simulation 

The three-dimensional structures of the native and 
organo-selenium ligands were optimized using Chem3D 
Ultra 8.0, employing the MM2 semi-empirical method. 
Geometry optimization was performed to obtain the 
lowest energy conformation of each ligand. Molecular 
docking was then conducted by binding each ligand to its 
respective receptor in pdbqt format. The grid box 
coordinates were set at (x = 59.42, y = −5.61, z = 42.41) for 
PPAR-γ and (x = 16.11, y = 13.92, z = 87.36) for NF-κB (PDB 
ID: 4IDV), specifically the kinase active site (ATP-binding 
pocket), as defined by the co-crystallized native ligand 
[20], with a total of 50 docking poses generated for each 
complex. All ligands were treated as flexible, while 
receptor macromolecules were kept rigid during docking. 
The resulting binding energies and key molecular 
interactions, such as hydrogen bonding, hydrophobic 
interactions, and bond distances, were analyzed and 
visualized using Discovery Studio Visualizer. 

2.5. Molecular Dynamics Simulation 

Molecular dynamics simulations were performed on 
the organo-selenium compound with the lowest binding 
energy to the PPAR-γ receptor, as determined by 
molecular docking. The simulations were conducted with 
GROMACS 2016.3 using the AMBER99SB-ILDN force field 
[21]. Ligand topology and parameter files were generated 
using ACPYPE [22]. Long-range electrostatic interactions 
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were calculated using the particle mesh Ewald (PME) 
method [23], and the system was neutralized by adding 
Na⁺ and Cl⁻ counterions. The complex was solvated in a 
cubic box using the TIP3P water model. Before the 
production phase, the system underwent energy 
minimization, followed by gradual heating to 310 K and 
equilibration under constant temperature and pressure. 
Subsequently, a 100-ns production run was performed 
using a 2-femtosecond timestep. Post-simulation 
analyses included calculations of the root-mean-square 
deviation (RMSD), root-mean-square fluctuation 
(RMSF), radius of gyration (Rg), and solvent-accessible 
surface area (SASA) to assess conformational stability and 
dominant molecular motions. Furthermore, the binding 
free energy of the protein–ligand complex was estimated 
using the Molecular Mechanics Poisson–Boltzmann 
Surface Area (MM-PBSA) method to provide a more 
accurate understanding of the interaction energetics [24]. 

3. Results and Discussion 

3.1. Molecular Docking Validation and Simulations 

The molecular docking of organo-selenium 
compounds with the PPAR-γ receptor yielded a validation 
score of 1.91, which meets the criterion (< 2 Å). Out of the 
20 compounds tested, compound 13 exhibited a lower free 
energy compared to its natural ligand. The results of 20 
organo-selenium compounds are presented in Table 1. 
These findings show that compound 13 has the lowest 
binding energy for the PPAR-γ receptor and may 
modulate its activity. The 2D and 3D visualizations of 
interactions are shown in Figure 2. PPAR-γ plays a vital 
role in preserving energy balance. Ligands activate this 
transcription factor and exert its effects by suppressing 
inflammatory responses in cardiac tissue, reducing 
ischemic damage to the heart [10, 11]. The test ligand was 
docked with PPAR-γ and showed that compound 13 had 

the lowest free binding energy (−10.79) compared to the 
native ligand (−9.37). The same interaction is observed in 
the amino acid residues Leu353, Leu469, Tyr327, Tyr473, 
Gln286, His323, His449, Met364, Gly284, and Arg288, 
predominantly through hydrophobic interactions with 
key residues that form the canonical ligand-binding 
pocket of PPAR-γ. This hydrophobic cavity is a defining 
structural feature of PPAR-γ and plays a role in stabilizing 
ligand orientation and the receptor–ligand complex [25]. 

The molecular docking of organo-selenium 
compounds with the NF-κB-inducing kinase receptor 
yielded a validation score of 1.732 Å, which meets the 
criterion of being lower than 2 Å. Of the 20 compounds 
tested, compound 13 had a lower free energy of −11.53 
kcal/mol than its native ligand, −9.71 kcal/mol; the same 
interaction was observed in amino acid residues Gly409, 
Asp534, and Ser476. Although the interaction involved 
only a limited number of amino acid residues, the 
complex exhibited a more favorable binding free energy, 
suggesting that the formed interactions were well-
positioned within the NF-κB-inducing kinase binding 
pocket. The results of 20 organo-selenium molecular 
docking with NF-κB are presented in Table 2. The 2D and 
3D visualizations of the interactions between NF-κB and 
compound 13 are shown in Figure 3. 

3.2. Molecular Dynamics 

The ligand–receptor complexes of PPAR-γ and 
compound 13 were analyzed using molecular dynamics 
simulations over a 100-ns trajectory with GROMACS 2016. 
System stability throughout the 100-ns simulation was 
evaluated using RMSD and RMSF. Additionally, SASA and 
Rg were analyzed to assess solvent exposure and 
structural compactness, respectively [26]. The molecular 
dynamics trajectories of both complexes are depicted in 
Figures 4 and 5. 

 

Figure 2. Visualization of the interaction of compound 13 and PPAR-γ receptor (a) 3D and (b) 2D 

  

Figure 3. Visualization of the interaction of compound 13 and NF-κB receptor (a) 3D and (b) 2D 
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Table 1. Organo-selenium and PPAR-γ molecular docking results 

Compound 
Binding energy 

(kcal/mol) 

Constant 
inhibition 

(μM) 

Interaction 

H-bond Others 

Native 
ligand −9.37 0.13433 Cys285, Ser289, His323 

Phe282, Phe363, Gly284, Tyr327, Tyr473, Lys367, 
Leu330, Leu453, Leu465, Leu469, Gln286, 

His323, His449, Ile326, Ala292, Arg288, Met364 

1 −4.34 654.56 Tyr327, Lys367, 
Phe282, His449 

Met364, Phe363, Ile362, Ser289, Leu330, Leu453, 
Leu469, Cys285, His323, Tyr473, Gln286 

2 −4.02 1130 Cys285 
Gly284, Ser342, Met348, Met364, Ile281, Ile341, 

Val339, Leu330, Leu333, Leu340, Leu353, Arg288 

3 −4.23 796.15 Cys285, Ser289, Tyr473 Leu453, Leu469, Gln286, His323, His449, 
Phe282, Phe363, Ile326, Tyr327, Arg288 

4 −3.62 2240 Tyr473 
Cys285, Phe282, Phe363, His323, His449, Ser289, 

Tyr327, Leu453, Leu465, Leu469, Gln286 

5 −3.99 1180 Tyr327, Lys367, Met364 Leu330, Leu 469, Gln286, Phe282, Phe363, 
Ser289, His323, His449, Cys285 

6 −5.13 174.55 
Tyr473, His449, 

Met364 

Arg288, Ser289, Phe282, Phe363, Lys367, Gln286, 
Tyr327, Leu330, Leu469, Leu453, His323, Ile326, 

Cys285 

7 −2.12 27890 
Tyr327, Ile326, Arg280, 

Ser342 

Met329, Met332, Met348, Met364, Lys367, 
Ile249, Ile281, Ile341, Phe363, Leu255, Leu330, 

Leu333, Leu340, Gly284, Val339, Cys285, Ala292, 
Ser289, Arg288 

8 −7.08 6.48 - 
Lys367, Phe363, Met364, Cys285, Leu330, 

Leu469, Arg288, Tyr327, Tyr473, His323, His449, 
Gln286, Ser289, Ile326 

9 −5.34 122.07 Tyr473, His449 
Tyr327, Phe363, His323, Ser289, Gln286, Leu453, 

Leu469, Cys285 

10 −4.02 1140 Tyr473, Ser289 Leu453, Leu465, Leu469, His323, His449, 
Gln286, Cys285 

11 −2.31 20260 Tyr473 
Leu453, Leu465, Leu469, His323, His449, 

Gln286, Cys285, Tyr327, Ser289 

12 −8.17 1.03 Ser289 
Phe282, Phe363, Gln286, Leu330, Leu453, 

Leu465, Leu469, Tyr327, Tyr473, His323, His449, 
Ile326, Met364, Arg288, Cys285 

13 −10.79 0.01238 - 

Leu255, Leu330, Leu353, Leu469, Ile281, Ile326, 
Ile341, Met348, Met364, Gly284, Arg280, Arg288, 
Ser289, Ser342, Tyr327, Tyr473, His323, His449, 

Gln286, Cys285, Val339, Phe363 

14 −8.15 1.07 
Cys285, Tyr327, 
Met364, Lys367 

Gln286, Ser289, Arg288, Ile326, Leu330, Leu333, 
Val339, Leu340, Ile341, Phe363, His449 

15 −7.01 7.24 Tyr327, Met364 
Leu330, Leu453, Leu465, Leu469, Phe282, 

Phe363, His323, His449, Ile326, Arg288, Cys285, 
Ser289, Lys367, Gln286, Tyr473 

16 −7.35 4.11 His323, Tyr327, Lys367 
Met364, Phe282, Phe363, Ile326, Leu330, Leu453, 

Leu465, Leu469, His449, Cys285, Ser289, 
Arg288, Gln286, Tyr473 

17 −6.9 8.77 
Cys285, Ser289, Tyr327, 

Tyr473 
Leu330, Leu453, Leu465, Leu469, Phe282, 

Phe363, His323, His449, Ile326, Arg288, Gln286, 

18 −5.99 40.7 Tyr473 
Leu330, Leu453, Leu469, His323, His449, Ile326, 
Gln286, Arg288, Met329, Ala292, Cys285, Tyr327, 

Ser289, 

19 −7.78 1.99 Phe282 
Leu330, Leu469, Phe363, His323, His449, Lys367, 
Tyr327, Tyr473, Ile326, Gln286, Cys285, Arg288, 

Ser289 

20 −5.51 91.41 Phe282, Ser289, Tyr473 
Leu453, Leu465, Leu469, His323, His449, Ile281, 

Phe363, Cys285, Gln286 
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Table 2. Organo-selenium and NF-κB molecular docking results 

Compound 
Binding 
energy 

(kcal/mol) 

Constant 
inhibition 

(μM) 

Interaction 

H-bond Others 

Native 
ligand −9.71 0.07623 Glu440, Glu470 

Phe535, Lys429, Cys444, Ile467, Leu522, 
Val414, Cys533, Leu472, Pro454, Val453, 
Ala427, Leu471, Gly536, Gly475, Gly409, 

Asp534, Arg408, Ser476 

1 −5.86 50.88 
Glu470, Arg408, Arg416, 

Leu406 
Val453, Leu522, Met469, Val414, His415, 

Gly407, Arg405, Ala427, Leu472 

2 −5.48 95.94 Asp519, Glu470 
Asp534, Ser476, Asn 520, Gly409, Met469, 

Arg408, Ala427, Leu471, Val453, Leu472 

3 −6.68 12.71 
Glu413, Asp534, Asn520, 

Ser410 Leu522, Met469 

4 −4.98 224.22 
Arg416, Arg408, Leu406, 

Val414 Leu472, Arg405, Gly407, His415 

5 −4.86 275.32 Leu406, Arg408, Arg416 Gly407, His415, Arg405, Val414, Leu472 

6 −4.56 454.83 Asp519, Gly409 Gly475, Arg408, Leu522, Cys533, Ser410 

7 −0.15 776390 
Asp519, Gly409, Asp534, 
Ser476, Asn520, Glu470, 

Glu440 

Lys517, Gln479, Arg 408, Cys 533, Leu522, 
Gly475, Ala427, Leu471, Val453, Ile467, 
Val414, Met469, Lys429, Glu413, Ser410 

8 −6.88 9.01 - 
Ser410, Asn520, Lys429, Glu440, Ile467, 

Leu455 

9 −4.97 228.47 Glu440 Gly536, Lys429, Asp534, Ile467, Leu455 

10 −3.79 1660 Asp534, Phe535, Met469 
Cys533, Gly536, Lys429, Leu455, Ile 467, Cys 

444, Val 453 

11 −2.78 9230 Asn520, Asp519, Ser410 Leu522, Cys533, Gly409 

12 −6.78 10.79 - 
Gly409, Ser410, Glu413, Asp534, Val453, 

Glu470, Leu472, Leu471, Arg408 

13 −11.53 0.00352 - 
Asp519, Gly409, Ser476, Gln479, Asp534, 

Glu413 

14 −7.54 2.96 Asp519, Leu472, Glu413 
Arg408, Gly475, Leu471, Glu470, Ala427, 
Leu522, Met467, Val414, Cys533, Lys429, 
Asp534, Gly409, Ser410, Asn520, Ser476 

15 −6.71 12.07 Leu472, Arg408, Leu406 Glu473, Arg405, His415, Leu471, Gly475 

16 −7.32 4.28 
Gln479, Arg408, Arg416, 

Leu406 
Gly475, Val414, Ala427, Leu471, His415, 

Gly407, Leu522, Arg405, Gly409 

17 −6.23 27.35 Leu472 Gly475, Leu471, His415, Arg405 

18 −6.28 24.94 Glu470, Leu406 His415, Gly407, Pro454, Leu472 

19 −7.12 6.03 Glu470, Leu472 His415, Leu406, Arg405, Val453 

20 −5.30 130.21 
Asp534, Asn520, Asp519, 

Ser410, Gly409 Gln479, Arg408, Val414, Leu522, Cys533 
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Figure 4. Molecular dynamics parameters of compound 13 and PPAR-γ: (a) RMSD, (b) RMSF, (c) SASA, and (d) Rg plot 

 

Figure 5. Molecular dynamic parameters of compound 13 and NF-κB inducing kinase (a) RMSD, (b) RMSF, (c) SASA, 
and (d) Rg plot 

Molecular dynamics simulations were performed for 
both the native ligand complex and the compound 13 
complex. RMSD analysis was employed to assess 
structural stability and conformational changes 
throughout the simulation. The organo-selenium 
complex exhibited lower RMSD fluctuations than the 
native ligand, indicating a more stable and consistent 
binding conformation of compound 13 within the PPAR-γ 
active site. RMSF analysis showed similar flexibility 
profiles across amino acid residues for both complexes, 
implying that the binding of compound 13 does not induce 
significant conformational disturbances in the receptor. 

The SASA profile indicated that the native ligand–
PPAR-γ complex exhibited lower surface area 
fluctuations than compound 13, suggesting a compact 
binding mode. This contrasted with the RMSD results, 
which indicated conformational stability for compound 
13. The Rg plots of complexes displayed comparable 
profiles, with Rg values of 1.87 nm (for the native ligand) 
and 1.89 nm (for compound 13), signifying minimal 
variation in global compactness the simulation. PPAR-γ 
activation is associated with cardioprotective effects 
through adiponectin regulation and modulation of 
inflammatory and oxidative stress pathways involved in 

cardiomyocyte survival, as well as regulation of glucose 
metabolism, insulin sensitivity, and adipokine 
expression, linking its activation to metabolic disorders 
such as diabetes and obesity that are associated with 
cardiovascular risk [27]. Although PPAR-γ activation is 
associated with cardioprotective effects, its 
pharmacological activation has been linked to adverse 
outcomes, weight gain, and fluid retention, suggesting 
that PPAR-γ agonists require careful, context-dependent 
evaluation and monitoring [28]. 

The NF-κB-inducing kinase–ligand complexes in 
molecular dynamics analysis showed distinct interaction 
behavior. The RMSD plot demonstrated that the native 
ligand maintained slightly lower deviations during the 
simulation, implying greater overall stability compared 
to compound 13. Nevertheless, compound 13 achieved 
equilibrium after approximately 30 ns and remained 
stable thereafter, indicating good adaptability within the 
NF-κB binding pocket. RMSF analysis revealed minor 
fluctuations in loop regions; however, overall, both 
complexes displayed similar residue-level flexibility 
patterns, suggesting that compound 13 binding does not 
induce large conformational rearrangements in NF-κB-
inducing kinase. 
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Table 3. MM-PBSA energy summary of ligand–receptors during the 100-ns simulation 

Receptors Ligand 
van der Waals 

energy 
(kJ/mol) 

Electrostatic 
energy 

(kJ/mol) 

Polar solvation 
energy 

(kJ/mol) 

SASA energy 
(kJ/mol) 

Total binding 
energy (kJ/mol) 

PPAR- Native ligand −222.89 ±13.42 −39.14 ± 11.71 171.29 ±14.81 −21.27 ±0.74 −112.06 ±17.25 

Compound 13 −255.40 ±11.487 −50.58 ± 9.71 201.32 ±17.74 −25.25± 0.84 −129.92 ±17.38 

NF-κB Native ligand −229.25 ± 12.56 −60.86 ± 10.08 157.56±14.77 −20.55 ± 0.77 −153.12±15.04 

Compound 13 −238.40 ±15.32 −55.39 ± 18.89 219.02±26.68 −24.32 ±1.09 −99.09 ± 17.21 

The SASA profiles revealed that the compound 13 
complex had a moderately higher solvent-exposed 
surface area compared to the native ligand, which may 
indicate a slightly more open conformation of the 
receptor–ligand interface. Meanwhile, the Rg analysis 
showed consistent structural compactness throughout 
the 100-ns trajectory, confirming that both complexes 
retained their globular structure during the simulation. 

These molecular dynamics observations were further 
supported by the MM-PBSA binding energy analysis 
(Table 3). The total binding energy of compound 13 with 
PPAR-γ (−129.92 ± 17.38 kJ/mol) was lower than that of 
the native ligand (−112.06 ± 17.25 kJ/mol), suggesting 
stronger binding affinity. In contrast, for NF-κB inducing 
kinase interaction, compound 13 exhibited a higher total 
binding energy (−99.09 ± 17.21 kJ/mol) than the native 
ligand (−153.12 ± 15.04 kJ/mol), indicating comparatively 
weaker interaction strength. Although docking results of 
NF-κB inducing kinase with compound 13 suggested a 
favorable binding pose, MM-PBSA calculations revealed a 
weaker binding free energy relative to the native ligand. 
This indicates that the native ligand forms more optimal 
interactions, particularly in terms of solvation and 
electrostatic contributions, leading to higher complex 
stability during molecular dynamics simulations. 

Overall, these results suggest that compound 13 
forms a more stable and favorable complex with PPAR-γ. 
In contrast, its interaction with NF-κB inducing kinase, 
though stable, is less energetically favorable than the 
native ligand. Although organic selenium has been 
reported to influence NF-κB–associated responses, the 
present findings suggest that its primary mechanism 
involves modulation of PPAR-γ, with downstream 
attenuation of NF-κB activity occurring indirectly via 
redox-dependent signaling crosstalk [29]. This in silico 
study can be correlated with several in vitro and in vivo 
studies on the effects of selenium on PPAR-γ and NF-κB 
expression [9, 30] 

4. Conclusion 

In this study, compound 13, also known as Ebselen, 
demonstrated strong interactions with the target 
receptor PPAR- as indicated by its low binding free 
energy. RMSD and RMSF showed good stability of the 
compound in complex with the receptor, suggesting its 
primary mechanism of action. Meanwhile, NF-κB 
inhibition was not the primary interaction for compound 
13. With these characteristics, compound 13 shows 
potential as a candidate for heart protection via the PPAR 

pathway and warrants further research for experimental 
validation. 
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