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ABSTRACT 

Objective: The study focuses on enhancing the pharmacological activity of hesperetin, a bioflavonoid, to develop novel derivatives with improved 
efficacy and reduced side effects compared to existing Thiazolidinediones (TZDs) as PPAR  agonist.  

Methods: The Methodology involves various computational approaches, including pharmacophore modelling, molecular docking, Molecular 
Mechanics with Generalised Born and Surface Area Solvation (MMGBSA), and molecular dynamics simulations. Pharmacophore modelling identifies 
essential binding features validated by Quantitative Structure-Activity Relationship (QSAR) models. Database screening and docking confirm lead 
compounds' binding affinity, with MMGBSA aiding lead optimization. Toxicological assessment ensures drug likeness and bioavailability. Molecular 
dynamics simulations explore protein-ligand complex stability and dynamics, revealing insights into their interactions.  

Results: The results indicate MOL-297 exhibits improved properties over hesperetin, including ADME properties, solubility, blood-brain barrier 
permeability, docking score, and binding energy. Molecular dynamics simulations confirm Mol-297-PPAR γ complex stability, with favourable 
ligand-amino acid interactions.  

Conclusion: The developed new molecule MOL 297, is a novel Peroxisome Proliferator-Activated Receptor (PPAR) gamma agonists with enhanced 
pharmacological properties, warranting further experimental validation and drug development. 
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INTRODUCTION 

PPAR gamma agonists, also referred to as peroxisome proliferator-
activated receptor gamma agonists, are a class of drugs that 
stimulate the PPAR gamma receptor. This receptor, a nuclear 
receptor, plays a vital role in controlling glucose and lipid 
metabolism, as well as inflammation regulation [1]. 

Peroxisome Proliferator-Activated Receptor gamma (PPAR γ) has 
two isoforms: PPAR γ1 and PPAR γ2 [2]. These isoforms are 
generated through alternative splicing of the PPAR γ gene and have 
distinct functions and distributions in tissues. PPAR γ1 is the 
primary isoform present in various tissues like adipose tissue [3], 
skeletal muscle [4], liver, and vascular endothelium. It is crucial in 
regulating adipogenesis, lipid metabolism, insulin sensitivity, and 
inflammation. PPAR γ1 also plays a role in mediating the metabolic 
effects of Thiazolidinedione (TZD) drugs, which are synthetic PPAR γ 
agonists. Conversely, PPAR γ2 is mainly expressed in adipose tissue, 
particularly in mature adipocytes [3, 5]. It is essential for adipocyte 
differentiation and maintaining adipocyte function, especially in 
regulating genes related to lipid metabolism and adipokine 
secretion. PPAR γ2 is the primary target for the antidiabetic effects 
of TZD drugs [6]. 

Although both isoforms have similar functions and regulatory 
mechanisms, they differ in tissue expression patterns and 
physiological roles. Understanding the unique functions and 
regulation of PPAR γ1 and PPAR γ2 is essential for developing 
targeted therapies for metabolic disorders such as type 2 diabetes 
and obesity [7]. 

The most well-known PPAR γ agonists are TZD or glitazones, which 
include drugs like pioglitazone and rosiglitazone. These medications 
function by activating PPAR γ receptors in adipose tissue, skeletal 
muscle, and the liver, resulting in improved glucose utilization and 
decreased hepatic glucose output [8]. Despite the known side effects 
of PPAR γ agonists, such as weight gain, fluid retention, and an 
increased risk of heart failure, research into these drugs continues. 
Efforts are being made to develop new medications that can 

effectively control glycemic levels while minimizing these adverse 
effects [9]. One example of a PPAR γ agonist that faced market 
withdrawal due to concerns about cardiovascular events is 
rosiglitazone [10, 11]. 

Hesperetin, a bioflavonoid and, more specifically a flavanone, is 
found in high concentrations in the peel of citrus fruits compared to 
the fleshy part. Flavanones are the most prevalent subclass of 
flavonoids in Citrus species [12] and are characterized by the 
absence of a double bond between carbons 2 and 3 in the flavonoid 
skeleton as shown in fig. 1. Grapefruit contains naringenin, oranges 
contain hesperetin, and lemons contain eriodictyol as their primary 
aglycones. Flavanones can also naturally occur in these forms. 

 

 

Fig. 1: Two dimensional structure of hesperetin 

 

Flavanones are glycosylated with disaccharides, specifically the 
neohesperidose group at position 7. This glycosylation is believed to 
impact the antioxidant activity of flavanones by potentially 
interfering with the interaction between the methoxyl group [13, 14] 
at position 4 of the sugar molecule [15]. The earlier studies have 
shown interaction of hesperetin glucuronides with PPAR γ protein 
and exhibited agonistic activity [16]. In comparison to PPAR agonist 
TZD, the aminoacid interaction was shown to be different with 
hesperetin. Therefore it can be presumed that due to difference in 
binding interaction, the pharmacological activity might also differ. 
Hence in the present study modified hesperetin molecule was 
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developed to have similar binding characters and interaction like 
PPAR γ agonist TZD. 

MATERIALS AND METHODS 

Protein preparation 

The Research Collaboratory for Structural Bioinformatics Protein 
Data Bank (RCSB PDB) was used to download the crystal structures 

of PPAR (PDB ID: 5Y2T), with resolution of 1.70 Å (fig. 2). Based on 
the protein structure's lesser resolution, the chosen structures were 
picked. [17]The PPAR-lobeglitazone complex consists of 454 water 
molecules, two lobeglitazone molecules, and two chains (chains A 
and chain B). The PPAR Ligand Binding Domain (LBD) is composed 
of 13 helices, including the C-terminal (AF2-H12), and is arranged in 
a multi-layered sandwich structure with alpha helices and β-
stranded sheets. 

 

 

Fig. 2: Structure of PPAR with LBD 

 

Protein refinement was carried out utilizing the protein preparation 
wizard of Schrodinger. The protein preparation process involved 
four essential steps: import, pre-process, review, and modify [18]. 
Upon importing a structure, the initial step in the process involves 
addressing the primary structural concerns. These concerns include 
assigning bonds and bond orders, adding hydrogens, filling in any 
missing loops or side chains, capping uncapped termini, adjusting 
bonds and formal charges for metals, and rectifying any mislabelled 
elements. Additionally, it is possible to remove water molecules that 
are located beyond a specific distance from the het groups and align 
the protein structure with another protein structure. This pre-
processing stage is crucial for subsequent structure preparation 
actions, such as generating het states, assigning H-bonds, and 
performing minimization.  

Receptor grid generation 

In this step, the molecule coupled to the protein structure was used 
to define the internal and external receptor grid boxes, which were 
10 10 10 and 20 20, respectively. Optimized Potentials for Liquid 
Simulations (OPLS5) was the force field energy employed during the 
creation of the receptor grid. Penalties were reduced by allowing a 
Vander wall radius scaling of 1.0 and a partial charge cutoff value of 
0.25 for non-polar atoms [19, 20]. 

Ligand preparation  

A set of 148 hesperetin derivatives [21–25] were collected from the 
literature based on the anti-inflammatory, apoptosis and 
neuroprotective effect. In this work, the biological activities were all 
expressed as pIC50=-log10IC50.  

LigPrep generates potential stereoisomers, tautomers, and states at 
physiological pH or any other user-defined pH in addition to 
converting the 2D chemical structure into a 3D energy-minimized 
molecular structure. The conformers from the ligand preparation 
process were used to create a database using the Create Phase 
Database panel in the PHASE v3.8 module of the Schrodinger 
maestro [26].  

Pharmacophore generation 

In this study, the phase module of the Schrodinger suite 
(Schrodinger, LLC, New York) was used for pharmacophore 
generation. Here, a crystal structure (PDB code: 5Y2T) of PPAR 
complexed with lobeglitazone was used in this approach. The phase 
module provides a set of 5 pharmacophore features such as 
Hydrogen bond Acceptor (A), Donor (D), Aromatic ring (R), and 
Hydrophobic (H) [27, 28].  

Finding common pharmacophores and scoring hypothesis 

Active and inactive thresholds of pIC50, 7.000 and 4.500, respectively 
were applied to the dataset to yield 19 active and 16 inactive 
molecules, which were used for pharmacophore generation and 
subsequent scoring. 

Model validation 

All hypotheses produced in the last step were then used to build 
three-dimensional QSAR models. The dataset was randomly divided 
into a training and test set (standard 3:1 ratio) by using the 
“Automated Random Selection” option present in the PHASE 
program. Care was taken to ensure that the most inactive and active 
molecules were included in the training set. The activity data of the 
training set was evaluated by the generated QSAR models to assess 
the quality of the pharmacophore hypothesis [29, 30]. 

Database screening 

The best pharmacophore model was used as a search query to 
retrieve molecules with novel and desired chemical features from 
the commercially available database [30]. 

Molecular docking 

Drug candidates from database screening were docked using GLIDE 
V7.7 from the Schrodinger suite (Schrodinger, LLC, New York) to 
identify e-pharmacophore-matched compounds. The docking process 
was performed in flexible mode with extra-precision (XP) settings to 
analyze the highest-ranking hits and establish scoring restrictions 
[31]. Torsional constraints were maintained at their default values. 
The selection of top compounds was based on their docking score, G-
score, and binding interactions, utilizing GLIDE v7.7 [32]. 

MMGBSA 

The PRIME MM/GBSA program utilized the equation below to 
forecast the binding free energy (G bind) of the Ligand docked 
complexes with VSGB as an implicit solvent model:  

∆G bind = ∆Emm+∆Gsolv+∆Gsa 

The binding free energy (∆G bind) is equal to the sum of the changes 
in the electrostatic interaction energy (∆Emm), solvation free energy 
(∆Gsolv), and surface area energy (∆Gsa) [33]. 

Toxicology prediction using QikProp v5.4 

The QikProp tool in Maestro v11.9 was utilized to analyze the initial 
Absorption, Distribution, Metabolism and Excretion (ADME) 
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properties of the chosen ligands. Schrödinger QikProp v5.4 was 
employed for the prediction of ADME properties. Post structure-
based virtual screening; the ligands underwent further filtration 
based on ADME properties using the QikProp tool. QikProp offers a 
comprehensive set of key characteristics to comprehend Absorption, 
Distribution, Metabolism, Excretion, and toxicity (ADME/tox). These 
descriptors encompass forecasted blood-brain barrier partition 
coefficient (logBB), anticipated aqueous solubility (QPlogS), 
hydrophilic group (FISA), Solvent Accessible Surface Area (SASA) 
and elucidates the bioavailability of orally active medications etc 
[34]. 

Molecular dynamics 

The stability of complex formation in a biologically inspired setting was 
evaluated by subjecting complexes to a molecular dynamics simulation 
using DESMOND V5.2. The TIP3P model was utilized, and all protein-
ligand complexes were solvated in orthorhombic boxes. Counterions 
such as Na+ and Cl-ions were added to neutralize the system at a salt 
concentration of 0.15M. The OPLS_2005 force field was then applied to 
loosen the system. To gain a comprehensive understanding of the 
dynamics of the small molecule during its interaction, the equilibrated 
system was simulated for 100 ns using the NPT ensemble class after 
multiple energy minimization stages [31]. 

The resulting MD trajectory was analyzed using various metrics, 
including PL-RMSD, RMSF, SSE distribution of residual index, % 
Protein-ligand interactions, and ligand torsion profile. The stability 
of complex formation was assessed and compared to co-crystal 
complexes. 

RESULTS  

Pharmacophore modeling research yielded multiple four- and five-
point common pharmacophore hypothesis (fig. 3). The four-featured 
hypothesis were excluded from the scoring analysis because they 
did not match the active compounds' common locations. A common 
pharmacophore hypothesis acquired with ADHRR-1 was utilized to 
generate 3D QSAR models. Focusing primarily on pharmacophore 
models with scores in the top 1%, the most predictive QSAR model 
was found to be connected with the five-point hypothesis ADHRR-1.  

3D QSAR model and validation 

The obtained QSAR model was validated by various statistical 
parameters, such as r2 (Squared Correlation Coefficient), Q2 (Cross 
Validated Correlation Coefficient), Pearson-R, SD (Standard 
Deviation), RMSE (Root mean Square Error), and F-value (Variance 
Ratio) for the selected CPH, which are shown in fig. 4. The high r2 
(0.9788) and q2 (0.7825) values demonstrate the model's predictive 
power. The high values of R2 and variance ratio (F) for this model 
demonstrate its statistical robustness. Statistical significance 
(P<0.05) suggests higher levels of confidence.  

This means F is significant at 95% level. The low SD and RMSE 
obtained in the present study indicate that the model is significant. 
The intersite distances and angles of the CPH with a significant QSAR 
model (ADHRR 1) are shown in fig. 3 and table 1. The 
superimposition of ADHRR 1 with the most active (fig. 4) showed 
that the most active compounds map very well with the 
pharmacophore model. 

 

Table 1: Interbond distance and angle 

Atom 1 Atom 2 Atom 3 Angle 
A3 D9 R13 67.4 
A3 D9 R14 34.5 
D9 R13 R14 16.5 
H12 A3 D9 83.8 
H12 D9 A3 73 
H12 D9 R14 38.9 
H12 R14 A3 127.1 
R13 A3 D9 80.4 
R13 A3 H12 7.3 
R13 A3 R14 38.1 
R13 R14 A3 126.2 
R14 A3 D9 42.3 
R14 H12 R13 13.9 
Site 1 Site 2 Distance 
 A3 R14 2.782 
D9 A3 4.782 
D9 H12 12.083 
D9 R13 8.833 
D9 R14 3.305 
H12 A3 11.626 
H12 R13 3.579 
H12 R14 9.735 
R13 A3 8.271 
R13 R14 6.319 

 

The database screening of commercially available compounds 
resulted in 7 Hit molecule (fig. 5), which was further filtered by 
ADME properties tabulated in table 2 and molecular dynamic 
studies. Mol-297:2-Oxo-2-phenylethyl 4-acetamido-1-(4-
methoxybenzyl)-1H-pyrazole-3-carboxylate (Molport-046-701-621) 
was identified as a lead molecule. 

The chain A and chain B of PPAR have nearly identical 
conformations; the so-called "Ω-loop," which connects H2b and H3, 
forms a loop structure. The Ω-loop, acting as a gateway to the ligand-
binding pocket, is a highly flexible region of the LBD. Chain B has a 
more structured Ω-loop due to the lattice interactions stabilizing the 

loop. The central region is predominantly composed of nonpolar 
residues, such as Leucine330, Leucine339, Leucine353, and 
Methionine 364. However, at both ends of the ligand-binding cavity, 
there are clusters of polar residues. The AF-2 pocket is formed by 
several polar residues, including Cysteine 285, Serine289, Histidine 
323, Tyrosine 327, Histidine 449, and Tyrosine 473 (fig. 6). A few 
polar residues, such as Glutamic acid 259, Arginine 280, and Serine 
342, can be found in the Ω-pocket. The majority of the Ω pocket is 
composed of hydrophobic residues from the sheet, including 
IsoLeucine249, Methionine 348, and Isoleucine341, as well as H2b 
(Leucine 255, Glycine258, and Isoleucine262), and H3 (Isoleucine 
281) [35, 36]. 
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Fig. 3: Phase pharmacophore hypothesis 

 

 

Fig. 4: Atom based QSAR 
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Fig. 5: Scheme of pharmacophore modelling and molecular docking-based drug discovery 

 

 

Fig. 6: LBD of PPAR, TZD and MOL 297 

 

The modified molecule of hesperetin, MOL 297 have shown similar 
interaction with amino acids like ARG 288, SER 342 and HIS 266 like 

the standard drug thiazolidinedione. However, the parent compound 
hesperetin shown interaction with aminoacid SER 342 only (fig. 7). 
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Fig. 7: Interaction of hesperetin with PPAR 
 

The ADME properties, aqueous solubility, ability to cross blood-
brain barrier docking score and binding energy of MOL 297 was 

comparitively improved when compared to the parent compound 
hesperetin, which were tabulated in table 2. 

 

Table 2: Toxicological properties, docking score and binding energy 

Parameters Hesperetin Mol.297 
(QPlogS) Predicted aqueous solubility, log S. S in mol dm–3 -1.764 -3.489 
QlogBB -0.9 -1.446 
Percentage Human Oral absorbtion 61.586 87.665 
FISA (Hydrophilic group) 158.085 267.48 
SASA (Solvent assessable surface area) 398.794 666.618 
Glide G Score -7.794 -10.061  
MM-GBSA Binding Energy dG bind -60.76 Kcal/mol -92.40 Kcal/Mol 

 

Fig. 8: Molecular dynamics-Mol 297 
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Molecular dynamics 

The conformations produced for the top-ranked complex were 
analysed for 100 ns simulation, and RMSD was determined for the 
protein backbone, ligand RMSD, and protein side chain throughout a 
100 ns simulation trajectory over a given time. Protein-ligand RMSD is 
used to calculate the average change in displacement of a subset of 
atoms for a certain frame compared to the reference frame, and LP-
contacts represent a thorough report on ligand atom interactions with 
protein residue. The protein-ligand combination is stable (fig. 8A). 

In the ligand-protein contacts the major interactions were hydrogen 
bond formation with ARG 288, SER-342, pi-pi cationic interaction 
with HIS 266. 

The Root mean Square Fluctuation (RMSF) analysis within 
Molecular Dynamics (MD) simulations serves as a useful method for 
examining the flexibility and dynamic characteristics of the protein 
PPAR. This analysis involves determining the average fluctuation of 
individual atoms within the protein structure in comparison to their 
mean positions throughout a 100ns timeframe. This analysis offers 
insights into the regions of the protein that demonstrate significant 
flexibility or stability (fig. 8B). 

Proteins Secondary structure refers (fig. 8C) to local structural 
motifs within the target protein PPAR, such as alpha helices, beta 
sheets, and turns. Monitoring the changes in secondary structure 
during the MD simulation of 100ns helps to understand the protein 
folding, stability, and interactions with ligands or other 
biomolecules. Amino acid SER 342 interaction is common in both 
hesperetin and MOL. 297 and the other major interactions observed 
in molecular dynamics are ARG 288, GLY 284, ILE 281and the 
remaining interactions are hydrophobic and between the water 
bridges (fig. 8D) 

Torsional analysis 

During the simulation, torsional analysis is performed to examine 
the dihedral angles (torsions) within the ligand molecule. Torsional 
angles are defined by the rotation around single bonds within the 
ligand structure (fig. 8E). Common torsional angles include those 
involving bonds between carbon atoms (C-C bonds) and sometimes 
between carbon and heteroatoms (e. g., C-O, C-N). 

Torsional profiles provide insights into the preferred conformations 
of the ligand molecule and its flexibility. Peaks or multiple peaks in 
the torsional profile indicate preferred or energetically favorable 
conformations of the ligand. Changes in torsional profiles over time 
or in different simulation conditions can reveal dynamic behavior 
and conformational changes of the ligand within the protein binding 
site. 

DISCUSSION 

This study examines the potential of Hesperetin derivatives as 
potential Peroxisome PPARγ agonist for neuroprotection. PPARγ 
activation is known to suppress the production of inflammatory 
mediators in the brain [39, 40], offering a potential benefit for chronic 
neurodegenerative diseases often characterized by chronic, low-grade 
inflammation [2, 4]. Additionally, PPARγ activation can induce the 
expression of antioxidant enzymes, which combat the damaging 
effects of free radicals in the brain, a major contributor to 
neurodegeneration [3]. Studies also suggest that PPARγ agonists might 
promote neurogenesis and enhance neuronal survival [3], potentially 
slowing down or preventing neurodegeneration. Finally, PPARγ 
activation might contribute to maintaining the integrity of the blood-
brain barrier (BBB), which protects the brain from harmful substances 
[3]. A compromised BBB can worsen neurodegeneration, and PPARγ 
agonists might offer some protective benefits [41, 42]. 

Previous investigations have demonstrated that hesperetin 
glucuronides [16] possess PPARγ agonistic activity, exhibiting 
distinct binding characteristics compared to TZDs. To enhance the 
biological activity of hesperetin and create new derivatives as PPARγ 
agonists, the researchers utilized pharmacophore modeling [36, 37]. 
This approach allowed them to identify the essential structural 
characteristics necessary for improving hesperetin's efficacy [43]. 

Among the various QSAR models [30] examined, the ADHRR-1 five-
point hypothesis proved to be the most reliable, as it exhibited high 
r² (0.9788) and q² (0.7825) values, indicating its strong predictive 
capabilities [38]. Through a meticulous screening of databases, the 
compound MOL 297 emerged as a promising candidate. Further 
refinement of MOL 297 was conducted based on MMGBA (Molecular 
Mechanics Generalized Born Surface Area) and ADME (Absorption, 
Distribution, Metabolism, and Excretion) properties. Subsequent 
molecular dynamics simulations were performed to assess the 
stability of MOL 297 when interacting with the target protein PPARγ. 
This analysis revealed the formation of several key bonds that likely 
contribute to MOL 297's potential efficacy as a PPARγ agonist.  

Hydrogen bonds 

The analysis identified hydrogen bond formations between MOL 297 
and two specific amino acids in PPARγ: Arginine (ARG) 288 and 
Serine (SER) 342. Hydrogen bonds are strong interactions that occur 
between a hydrogen atom bonded to an electronegative atom (like 
oxygen or nitrogen) and another electronegative atom. These 
interactions can play a crucial role in stabilizing the binding between 
MOL 297 and PPARγ.  

Pi-pi cationic interaction 

Additionally, the analysis revealed a pi-pi cationic interaction with 
Histidine (HIS) 266. Pi-pi interactions involve interactions between 
aromatic rings present in both MOL 297 and HIS 266. The "cationic" 
aspect refers to the positive charge on the HIS 266 side chain, which 
can further strengthen the interaction. These combined interactions 
likely contribute to the specific and oriented binding of MOL 297 
within the PPARγ binding pocket. 

CONCLUSION 

The binding affinity of the hesperetin molecule with PPAR Gamma 
Protein was assessed through molecular docking studies. The 
findings revealed a clear interaction between hesperetin and the 
amino acid SER342 of the target protein. In comparison, the 
reference drug thiazolidinedione exhibited interactions with ARG 
288, SER342 and HIS 266, similar to molecule 297 with the PPAR 
gamma protein. These results suggest that molecule 297 may 
possess PPAR gamma agonistic activity. 

ABBREVIATIONS 

QSAR-Quantitative Structure-Activity Relationship, MMGBSA-
Molecular mechanics with generalised Born and surface area 
solvation, OPLS-Optimized Potentials for Liquid Simulations, ADME-
Absorption Distribution Metabolism and Excretion, TZDs–
thiazolidinediones, RCSB PDB-Research Collaboratory for Structural 
Bioinformatics Protein Data Bank, LBD-Ligand Binding Domain, 
RMSD-Root mean Square Deviation, RMSF-Root mean Square 
Fluctuation, SSE-Secondary Structure Analysis 
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