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ABSTRACT

The expression of PPARa in the liver is significantly increased in both non-alcoholic fatty liver disease
(NAFLD) patients and experimental models. Animal studies have shown promising outcomes in
improving histological conditions, such as fibrosis, through the use of PPARa agonists. This particular
petal to act as agonists for PPARa. Molecular docking and Prime MM-GBSA (Molecular Mechanics-
Generalized Born Surface Area) were employed to analyze the ligand binding affinity, atomistic
interactions, and protein stability. Additionally, we conducted evaluations of the identified PPARa
agonist candidates to assess their toxicity and pharmacological profiles were conducted. The hit
compounds exhibit favourable binding affinity and thermodynamics stability, and interact effectively
with key residues in the binding site. Furthermore, the safety assessment indicates minimal to non-acute
toxicity and favourable drug-like properties for these compounds. Secondary metabolites in the extract
are potential drug candidate. They demonstrate drug-like properties as they adhere to the Lipinski rule.

Keywords: Annona muricata, Flower-petal, Phytochemicals, PPARo, ADMET, Liver function,
Lipinski rule.

INTRODUCTION

Natural products from medicinal plants are good sources for deriving phytochemical for drug
development 131, Phytochemicals have been produced in the various environment, which represents an
alternative resource for new drugs used to treat diseases [“€1. Natural products remain as a leading source
for the development of pharmaceuticals 581, Annona muricata (sour sop) is a medicinal plant known as a
natural multipurpose phytotherapy agent [19. A muricata is locally used to treat mesenteric
lymphadentis, gastrointerstinal disorders, fever, rheumatoid, gouty, joints pain, skin ailments,
tuberculosis, nausea, neurological disorders, bacterial and fungal infections, respiratory illnesses,
diabetes, parasites and so on 101 Peroxisome proliferator-activated receptor (PPAR) o, B/5, and y
modulate lipid homeostasis. PPARa Peroxisome proliferator-activated receptor-a (PPARa) is a nuclear
hormone receptor which regulates the oxidation and transport of fatty acids. Upon activation it binds as a
heterodimer with retinoid X receptor (RXR) to peroxisome response elements in genes involved in fatty
acid oxidation. PPARa/y activation might decrease the hepatic lipid accumulation, oxidative stress and
inflammatory cytokine production [*214, Peroxisome proliferator-activated receptor (PPAR) a, B/, and vy
modulate lipid homeostasis. In liver, PPARa regulates lipid metabolism in the liver, the organ that
largely controls whole-body nutrient/energy homeostasis, and its abnormalities may lead to hepatic
steatosis, steatohepatitis, steatofibrosis, and liver cancer 5171, To the best of our knowledge, there is
paucity information on the use of phytochemicals as agonists for peroxisome proliferator-activated
receptor-alpha (PPARa) so far. This study assessed their agonistic properties by comparing their binding
affinity, binding interactions, and binding energy to a known agonist, fenofibrate and saroglitazar.
Therefore, the research showcased the exploration of secondary metabolites in flower-petal extract of A.
muricata as agonists for peroxisome proliferator-activated receptor-alpha (PPARa) for liver function.

MATERIALS AND METHODS

Protein retrieval and preparation

The 3D crystal structure of Peroxisome proliferator-activated receptor alpha (PPARa) was obtained from
the Protein Data Bank (PDB ID = 2ZNN) via their website (http://www.rcsb.org/pdb). The protein was

prepared and visualized using the Protein Preparation Wizard panel in the Schrédinger Maestro suite
11.5 [81, The preparation involved filling in missing loops and side chains using Prime, establishing
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extrinsic hydrogen bonds, assigning bond orders, forming disulfide
bonds, adjusting the pH to 7.0+2.0 with Epik [*%, and removing water
and other molecules used in the crystallization process. Further
optimization of the protein was performed using PROPKA at pH 7.0,
followed by restrained minimization employing the OPLS3 force field
with unconstrained hydrogen atoms and restrained heavy [, thus
completing the protein preparation steps.

Ligand preparation

The PPARGo. agonist structures, Fenofibrate and Saroglitazar %22, and
sixty (60) phytochemicals from the Annona muricata flower were
downloaded from the NCBI PubChem database
(https://pubchem.ncbi.nlm.nih.gov) in sdf format. Using the LigPrep
interface [, the 2D structures were transformed into optimized 3D
structures. Ligand preparation involved desalting, tautomer
generation, and the creation of low-energy conformations using the
OPLS3 force field 2. Epik was used to generate ionization states at
pH 7.0+2.0 (29,

Receptor grid generation

A grid box was created to encompass the PPARa ligand binding site
using the Glide Grid Generation panel in Schrédinger Maestro 11.5
1241 The coordinates of the PPARa co-crystallized ligand served as the
centre for the grid, with X, Y, and Z dimensions set at 10.96, 4.68,
and -8.28, respectively. The nonpolar receptor atoms were assigned a
van der Waals (vdW) radius scaling factor of 1.0 A, and a partial
atomic charge of 0.25 was applied. This setup provided the necessary
site for ligand docking within the PPARa binding site.

Molecular docking

The prepared compounds were docked into the PPARa ligand binding
site using the generated grid and the Ligand docking panel of the
Glide tool in Schrodinger Maestro 11.5 (Figure 1). The docking
process involved two steps: Standard Precision (SP) docking with
flexible ligand sampling, followed by Extra Precision (XP) docking of
the top 33% ranked compounds 24, The default values were used for
the partial charge cutoff (0.15) and van der Waals radii scaling factors
(0.80). Additionally, the co-crystallized ligand was also subjected to
docking.

Molecular docking validation

The PPARa agonist, originally co-crystallized with the protein, was
extracted and docked into the PPARa ligand binding site. To validate
the docking procedure, the Root Mean Square Deviation (RMSD) [2]
between the docked poses and the native PDB pose was calculated.
The RMSD calculation used the "Compute RMSD to input ligand
geometries” option in the output interface of the Ligand docking's
glide tool. This provided a measure of the similarity between the
docked poses and the original PDB pose [23:2%],

Prime MM-GBSA

The pose file for the docked ligand- PPARa complexes was used to
calculate the binding free energy (AGeing) between the docked ligands
and PPARo ligand binding site using Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA) panel of the Prime tool
of Schrodinger 11.5. The OPLS3 force field, the VSGB continuum
solvation model, and the minimize sampling-method options were
used [27-29],

Pharmacokinetics

SwissADME  (http://www.swissadme.ch/) and ProTox (https://tox-
new.charite.de/protoxIl/) web tools were employed to evaluate the
pharmacokinetics, drug-likeness, and toxicity features (ADMET) of
the hit compounds and reference ligands. The ligands' canonical
SMILES were uploaded to both servers %31 generating the relevant
ADMET parameters automatically. This analysis provided insights
into the compounds' pharmacokinetic properties, drug-likeness, and
potential toxicity.

RESULTS AND DISCUSSION
Molecular Docking

The phytochemicals extracted from the Annona muricata flower
demonstrate potential as agonists for PPARa. This study assessed
their agonistic properties by comparing their binding affinity, binding
interactions, and binding energy to a known agonist, Fenofibrate and
Saroglitazar. The binding affinity was evaluated using molecular
docking, wherein the docking score corresponds to the binding
affinity. A more negative docking score indicates a stronger binding
affinity 32, The docking score of our top scoring compound and the
reference ligand is shown in Table 1. The top scoring compounds
maltose, methyl 4,6-O-nonylidene-alpha-D-glucopyranoside, 1-
heptadec-1-ynyl-cyclopentanol, alpha-I-rhamnopyranose, 1-(2-deoxy-
alpha-D-erythro-pentofuranosyl)-thymine,  S-eudesm-4(14)-en-11-ol
are represented as the C1, C2, C3, C4, C5, and C6 respectively, in this
context. C1, C2, C3, C4, C5, and C6 show the docking score of -9.467
Kcal/mol, - 8.346 Kcal/mol, -8.026 Kcal/mol, -7.602 Kcal/mol, -7.423
Kcal/mol, and - 6.603 Kcal/mol respectively. And the reference
ligand, Fenofibrate and Saroglitazar score -8.009 Kcal/mol and -7.852
Kcal/mol respectively. The higher and close docking score of our hit
compounds compared to the reference ligand shows they can bind
with better and similar strength with PPARa. Thus, revealing their
agonistic potential on PPARa. We further validate the docking
procedure to test its reliability by computing the RMSD between the
docked co-ligand pose and the native PDB pose (Figure 2). An RMSD
value < 2.0A indicates accurate docking 263, Our analysis resulted in
an RMSD of 0.360A, confirming our docking protocol is validity and
reliable, and proving the accuracy of our results. It is also important to
understand the binding interaction that exist between the ligand and
the protein to identify key regions of the target molecule that
participate in binding, providing guide for optimization, and predict
potential efficacy 4. The binding interaction of our top-ranked
compounds and the reference ligand with specific residues in the
PPARa binding pocket is shown in Table 1. The ligands establish
hydrogen bonds, polar interactions, hydrophobic interactions, and n-nt
stacking interactions with critical residues, including Asn 219, Thr
279, Ser 280, Thr 283, Tyr 314, Leu 331, Ala 333, Tyr 334, Gly 335,
His 440, and Tyr 464 (Oyama et al, 2009; Bernardes et al, 2013).
Notably, the hydrogen bond involving Tyr 464 maintains the protein's
active conformation, and Tyr 314 contributes to PPARa selectivity
51, Qur top ligands effectively interact with these residues.
Specifically, CI interacts with Asn 219, Tyr 334, and Thr 283; C2
interacts with Asn 219, Thr 279, and Thr 283; C3 predominantly
engages in hydrophobic interactions; C4 interacts with Ser 280, His
440, and Tyr 464; C5 interacts with Ala 333, and C6 interacts with
Ser 280, His 440, and Tyr 464. Furthermore, Fenofibrate interacts
with Thr 279, and Saroglitazar interacts with Tyr 334 and His 440. As
shown in Figure 3 for the 2D interaction diagram, these findings
further wvalidate the potential of these Annona muricata
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phytoconstituents as PPARa agonists. In fact, it was reported the
ameliorative effect of this plant on hepatic lipid metabolism through
AMPK/PPARa pathway in diabetic mice [36],

Binding Energy using MMGBSA

MM-GBSA (Molecular Mechanics-Generalized Born Surface Area)
measures the thermodynamic stability of the ligand-receptor
interaction by calculating the change in binding free energy (AG bind)
[27.37, Negative AGbind indicates favorable binding, indicating
stronger ligand affinity for the target receptor in the bound state than
in the unbound state. The more negative the score, the better the
ligand stability in the binding site of protein [282938] The result of this
procedure is shown in Figure 3. C1, C2, C3, C4, C5, and C6 score -
31.73 AGbind, -44.65 AGbind, -66.44 AGbind, -30.95 AGbind, -43.95
AGbind, and -37.12 AGbind respectively; and the reference ligands
score -49.63 AGbind (Fenofibrate), and -58.64 AGbind (Saroglitazar).
This result is shown in Table 1. The negative AGbind indicates
favorable binding between the ligand and the receptor; and the close
score compared to the reference ligands reveal they stable in the
PPARo ligand binding site. Thus, further supporting the agonistic
potential of the A. muricata phytochemicals.

ADMET and the drug-likeness predictions.

The considerable rate of unsuccessful drug candidates in advanced
stages of development is often attributed to deficiencies in absorption,
distribution, metabolism, excretion, and toxicity (ADME/Tox).
Consequently, computational techniques have emerged as a rapid and
cost-efficient means of screening therapeutic compounds 2. Herein,
we screen our top-raking compounds to predict their ADME/Tox
properties. The compounds maltose, methyl 4,6-O-nonylidene-alpha-
D-glucopyranoside, 1-heptadec-1-ynyl-cyclopentanol, alpha-I-
rhamnopyranose, 1-(2-deoxy-alpha-D-erythro-pentofuranosyl)-
thymine, and Beta-eudesm-4(14)-en-11-ol are denoted as C1, C2, C3,
C4, C5, and C6, respectively, based on their top scores. The
compounds' absorption and distribution properties were assessed
(Table 2). All compounds, except Cl1 and C3, exhibited high
gastrointestinal absorption, indicating their effective uptake into the
bloodstream after oral administration [9. Furthermore, with the
exception of C1 and C4, none of the compounds acted as substrates
for P-Glycoprotein, an efflux protein that prevents them from reaching
their target [40-42],

Regarding blood-brain barrier permeability, only Fenofibrate and C6
did not demonstrate the ability to cross the barrier. And reports has
been shown that Fenofibrate is not BBB permeant [*3], thus supporting
the our findings. Compounds that can permeat the BBB have ability to
cross the bloodstream and enter the brain tissue where they interact
with different targets in the central nervous system (CNS) and exert
effects ranging from therapeutics to potential toxicity 447, Overall,
further research is needed to clarify the specific roles of these
compounds in the brain. In terms of drug metabolism properties, only

C3 and C4 inhibits one of the CYP450 enzyme, while the remaining
compounds showed no inhibition at all. The reference ligands
inhibited four out of the five CYP450 enzymes (Table 2). The
inhibition of CYP450 enzymes can result in drug-drug interactions,
leading to changes in plasma concentration, half-life, and possibly
increasing the risk of toxicity 850, The absence of inhibitory effects
suggests favorable compound metabolism, and excretion from the
body. Conversely, inhibition indicate potential challenges in
metabolism, and excretion, which may result in increased compounds
half-life but also raise concerns regarding potential toxicity.

All compounds investigated, are potential drug candidate except C1.
They demonstrate drug-like properties as they adhere to the Lipinski
rule, which states that drug-like compounds should not violate more
than one of the following criteria: molecular weight (MW) < 500,
hydrogen bond donors (HBD) < 5, hydrogen bond acceptors (HBA) <
10, and LogP < 5 51531 as shown the results in Table 3. Compounds
with a polar surface area (PSA) greater than 140 A2 exhibit reduced
oral bioavailability and cell membrane permeability 5254551, Only C1
exceeds this threshold with a value of 189.53 A2, while the others,
including the reference ligand, have scores ranging from 20.23 A2 to
104.55 A2, indicating their availability in the system. Furthermore, a
bioavailability score of 0.55 or higher suggests the compounds'
availability in the system [56],

ProTox was used predict the acute toxicity, hepatotoxicity,
carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity of the
studied compounds. The toxicity prediction results is shown in Table
4. The results were predicted with good accuracy (>50%) for most
compounds, except for C5 with a poor prediction accuracy of 12%.
Fenofibrate was predicted to be carcinogenic that is, it can induce
tumours or increase the incidence of tumours, however, studies have
shown the opposite [1% 57-58] the reason for this prediction is unknown;
and C2 can have adverse effect on the immune system, it is
immunotoxin. The "toxicity class" reflects acute toxicity. And, the
LDso value represents the dose predicted to kill 50% of a population
159, Acute toxicity generally increases with decreasing LDso [69],
Toxicity Class 1 is fatal if swallowed (LDso < 5 mg/Kg); Class 2 is
fatal if swallowed (5 mg/Kg < LDso < 50 mg/Kg); Class 3 is toxic if
swallowed (50 mg/Kg < LDso < 300 mg/Kg); Class 4 is harmful if
swallowed (300 mg/Kg <LDso < 2000 mg/Kg); Class 5 may be
harmful if swallowed (2000 mg/Kg < LDso < 5000 mg/Kg); Class 6 is
not harmful 3. Thus, C4 and C6, with LDso values > 10000, is not
harmful; C1 with a toxicity class 3 and an LDso of 51 mg/kg is
predicted toxic; and C2, C3, C6 and the reference ligands with LDso
values ranging from 475-2000mg/kg are predicted harmful. The Log
kp value, which represents the skin permeation coefficient in Table 2,
provides insight into the compounds' ability to penetrate the skin and
induce toxicity. Negative Log kp values suggest limited skin
penetration, with a greater negative value indicating reduced
permeation potential 2662831 In our study, the compounds exhibited
negative Log kp values ranging from -10.92 cm/s to -2.08 cm/s,
signifying their inability to permeate the skin and cause toxicity.
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@ charged (negative) @ Hydrophobic @ cCharged (Positive)
Glycine ¢ Polar

Figure 1: The 3D view of the Peroxisome proliferator activated receptor alpha (PPARa) showing the bound ligands, and the site residues. The legend shows the
Residue property

Figure 2: The superimposition of the native co-ligand poses and the docked co-ligand pose on PPARa (RMSD is 0.360A). Red is docked pose, Green is native
PDB pose.
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Figure 3: The 2D interaction diagram of the top hit ligands and reference ligands in the active site of PPARa with their interaction legend. (a) Fenofibrate, (b)

Saroglitazar, (c) C1, (d) C2, (e) C3, (f) C4, (g) C5, (h) C6.
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Table 1: 2D structure, docking score, and PPARa residues-ligand interaction of the top six (6) ranking compounds from Annona muricata flower-Petal and
reference ligands

Active 2D Structures Docking scores MMGBSA dG Bind H-bond and PI-
compounds (kcal/mol) P1 stacking with

PPARo

C1 -9.467 -31.73 Asn 219

Tyr 334

Thr 283

c2 -8.346 -44.65 Asn 219

Thr 279

Thr 283

C3 -8.026 -66.44 -

Fenofibrate{ -8.009 -49.63 Thr 279

Saroglitazar( -7.852 -58.64 Tyr 334

His 440

c4 -7.602 -30.95 Ser 280

His 440

HO 1, Tyr 464

gy OH
HO
OH
C5 O -7.423 -43.95 Ser 280
H
M His 440
R ]
Cé OH -6.603 -37.12 Ala 333

fThe reference ligands. C1 = Maltose, C2 = Methyl 4,6-O-nonylidene-alpha-D-glucopyranoside, C3 = 1-heptadec-1-ynyl-cyclopentanol, C4 =
Alpha-l-rhamnopyranose, C5= 1-(2-deoxy-alpha-D-erythro-pentofuranosyl)-thymine, C6 = Beta-eudesm-4(14)-en-11-ol.
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Table 2: Prediction of the Pharmacokinetic Properties of the Hit Compounds and the reference ligand by Swiss ADME

Glabs | BBB P-gp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 Log kp
Compounds Perm sub inhibitor* inhibitor* inhibitor* inhibitor* inhibitor* (cml/s)
Fenofibratef High + - + + + + - -4.83
Saroglitazar| | High - - - + + + + -5.47
C1 Low - + - - - - - -10.92
C2 High - - - - - - - -6.56
C3 Low - - + - - - - -2.08
C4 High - + - - - - - -8.79
C5 High - - - - - - - -8.61
C6 High + - - - + - - -4.85

{The reference ligands. + denotes Yes, - denotes No. GI abs- gastrointestinal absorption. BBB perm- Blood-brain barrier permeant. P-gp sub- P-Glycoprotein

substrate. *Cytochrome p450 enzyme isoforms inhibition. Log kp -Skin permeation.

Table 3: Prediction of the Drug Likeness Properties of the Pit Compounds and the Reference Ligand by SwissADME

Compounds MW HBD HBA TPSA C. Bio. Lipinski violation
(g/mol) (A2 Logp Sco.
Fenofibratef 360.83 0 4 52.6 44 0.55 0
Saroglitazarf 439.57 1 4 85.99 44 0.56 0
C1 342.3 8 11 189.53 -3.39 0.17 2
c2 31841 2 6 77.38 1.92 0.55 0
Cc3 320.55 1 1 20.23 6.75 0.55 1
C4 164.16 4 5 90.15 -1.46 0.55 0
C5 242.23 3 5 104.55 -0.61 0.55 0
C6 222.37 1 1 20.23 3.61 0.55 0

{The reference ligands. C1 = Maltose, C2 = Methyl 4,6-O-nonylidene-alpha-D-glucopyranoside, C3 = 1-heptadec-1-ynyl-cyclopentanol, C4 = Alpha-I-
rhamnopyranose, C5= 1-(2-deoxy-alpha-D-erythro-pentofuranosyl)-thymine, C6 = Beta-eudesm-4(14)-en-11-ol.

Table 4: ProTox Toxicity Prediction of the Hit Compounds and the Reference Ligand

Compounds HT CG IT MG CT Toxicity PA LDso
class* (%) (mg/kg)

Fenofibratef - + - - - 4 100 1600

Saroglitazarf - - - - - 4 54.26 475

C1 - - - - - 3 100 51

(67 - - + - - 4 729 2000

C3 - - - - - 4 69.26 825

c4 - - - - - 6 67.38 23000

C5 - - - - - 6 12 10000

C6 - - - - - 4 100 2000

fThe reference ligands. + denotes active, - denotes inactive. HT-Hepatotoxicity, CG-Cytogenicity, IT-Immunotoxicity, MG-Mutagenicity, CT-
Cytogenicity, PA-Prediction Accuracy. *If swallowed, Class 1 is fatal, Class 2 is fatal, Class 3 is toxic, Class 4 is harmful, Class 5 may be

harmful, and Class 6 is not harmful.
CONCLUSION

These findings showed that some phytochemicals in the flower-petal
of A. muricata hold promise as potential PPARa agonists. Almost all
compounds investigated, are potential drug candidate. They
demonstrate drug-like properties as they adhere to the Lipinski rule.
The negative AGbind indicates favorable binding between the ligand
and the receptor; and the close score compared to the reference
ligands reveal they stable in the PPARa ligand binding site. Thus,
further supporting the agonistic potential of the A. muricata
phytochemicals.
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