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Background: Human monoacylglycerol lipase (MGL) is accountable for the hydrolysis of 2-arachidonoylglycerol (2-AG), thus 
contributing pivotally to neuroprotection because 2-AG is the main source of arachidonic acid, the precursor of prostaglandins 
production. Inhibiting MGL reduces inflammatory damage in the ischemic brain and enhances cerebral blood flow. Plants have been 
reported for their neuroprotective effect, such as Morinda citrifolia on pentylenetetrazol (PTZ)-induced kindling seizures in mice, by 
reducing the seizures and restoring behavioral and biochemical changes, although the mechanism is not described.
Purpose: To evaluate the binding affinity and stability of phytoconstituents in M. citrifolia fruits toward human MGL (PDB ID 
3PE6), compared to the known MGL inhibitors (JZL195 and ZYH). The in silico pharmacology study was validated by an in vitro 
study of the phytosterols and the ethanol extract of M. citrifolia fruits (EEMC) towards MGL.
Methods: Initially, nine phytoconstituents of M. citrifolia fruits were docked to the catalytic pocket of human MGL (PDB ID: 3PE6), 
and compounds with the best affinity were subjected to a molecular dynamic (MD) simulation. The in vitro study was performed using 
the MGL inhibitor screening assay kit.
Results: The best binding affinity and stability toward human MGL were shown by stigmasterol and beta-sitosterol, and the MM- 
PBSA total binding energy of stigmasterol and beta-sitosterol to MGL is stronger than that of JZL195 and ZYH. Moreover, beta- 
sitosterol and EEMC inhibit MGL with an IC50 value of, respectively, 8.10 μg/mL and 196.20 μg/mL, while JZL195 shows an IC50 of 
0.028 μg/mL.
Conclusion: Beta-sitosterol of Morinda citrifolia fruits may have the potential to protect human neurons by occupying the catalytic 
site of human MGL, thus competitively inhibiting the substrate of the enzyme. However, the inhibitory activity towards human MGL 
is lower than JZL195.
Keywords: 2-arachidonoylglycerol, beta-sitosterol, phytosterols, prostaglandin, serine hydrolase, stigmasterol

Introduction
Monoacylglycerol lipase (MGL), a serine hydrolase enzyme, works by hydrolyzing the endocannabinoid 2-arachido
noylglycerol (2-AG) to produce fatty acids and glycerol.1 MGL is distributed in discrete brain areas, eg, the hippocam
pus, the cerebellum, the anterodorsal nucleus of the thalamus, and the cortex.2 A characterization study described that 
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both rat MGL and mouse MGL showed 84.2% and 83.8%, respectively, of sequence identity with human MGL, with its 
highly conserved catalytic triad, consisting of residues Ser122, Asp239, and His269.3 Furthermore, this enzyme was 
described to contain one sulfhydryl-sensitive site essential for its activity and two cysteine residues, Cys208 and Cys242, 
in the catalytic site, and a covalent interaction with these two residues is required for inhibiting the enzyme activity.3,4 

Interestingly, a 3D QSAR pharmacophore study by Afzal and co-workers described the requirements of three features for 
MGL inhibitors. These pharmacophore features comprise one hydrogen bond acceptor (HBA), one positive center, and 
three aromatic rings (to occupy the hydrophobic space and bind with the hydrophobic amino acids).5 In another study, the 
pharmacophore of MGL inhibitors should consist of four HBAs, one aromatic, and three optional hydrophobic features.6

Many studies have delineated that MGL contributes crucially to numerous physiological and pathological pathways, 
such as neuroprotection and inflammation,1 because 2-AG, the substrate of MGL, is the main source of arachidonic acid 
(AA), the precursor in the biosynthesis of prostaglandins and leukotrienes.7 The dual functions of MGL are described as 
controlling the levels of 2-AG thus exhibiting neuroprotective effects,8–10 and directly targeting microglia.11 Considering 
that MGL is the main enzyme involved in AA synthesis in the brain, the inhibition of this enzyme may have the potential 
to cure neurodegenerative and neuropsychiatric diseases, chronic pain, or cancer.10

Plants have the potential to be developed as neuroprotective agents by altering various pathways as reported in many 
previous studies.12–16 Plant terpenoids (pristimerin and euphol) were reported to reversibly reduce MGL activity by 
targeting Cys201 and Cys208.17 A recent study by Ali and coworkers reported the neuroprotective effect of M. citrifolia 
fruit extract given orally towards pentylenetetrazol (PTZ)-induced kindling seizures in mice by reducing the seizures and 
restoring behavioral and biochemical changes.16

Considering the potential of M. citrifolia fruit as a neuroprotective drug, this study aims to evaluate the binding 
affinity and stability of phytoconstituents in M. citrifolia fruits toward human MGL, compared to the known MGL 
inhibitors (JZL195 and ZYH) by the in silico pharmacology study, and further validated by the in vitro study.

Materials and Methods
Hardware and Software
The hardware is a computer with an Intel (R) Core i5-8500 CPU @ 4.30GHz (6CPUs) processor, 4096 MB RAM, 2TB 
hard drive, 120GB solid-state drive, and Intel HD Graphics NVIDIA GeForce GTX 1080 Ti.

The computer is equipped with Windows 7 and Linux Ubuntu 16.04 operating systems equipped with Gaussian 09, 
Gauss View 5.0.8, AutoDock 4.2 equipped with MGLTools 1.5.6 was downloaded from The Scripps Research Institute 
official website (http://autodock.scripps.edu/), BIOVIA Discovery Studio Visualizer 2016 (https://discover.3ds.com/ 
discovery-studio-visualizer-download), GROMACS 2016.3 (https://manual.gromacs.org/2016.3/index.html), ACPYPE 
(AnteChamber PYthon Parser interface), ForceGen 0.4, VMD 1.9.2, and MMPBSA.py.

Ligand Preparation and Pre-ADMET Prediction
The 3D structure of stigmasterol (PubChem CID 5280794; molecular formula: C29H48O; molecular weight: 412.7g/ 
mol), beta-sitosterol (PubChem CID 222284; molecular formula: C29H50O; molecular weight: 414.7 g/mol), quercetin 
(PubChem CID 5280343; molecular formula: C15H10O7; molecular weight: 302.23 g/mol), damnacanthal (PubChem CID 
2948; molecular formula: C16H10O5; molecular weight: 282.25 g/mol), asperuloside (PubChem CID 84298; molecular 
formula: C18H22O11; molecular weight: 414.4 g/mol), americanin (PubChem CID 131751085; molecular formula: 
C18H16O6; molecular weight: 328.3 g/mol), ursolic acid (PubChem CID 64945; molecular formula: C30H48O3; molecular 
weight: 456.7 g/mol), rutin (PubChem CID 5280805; molecular formula: C27H30O16; molecular weight: 610.5 g/mol), 
and scopoletin (PubChem CID 5280460; molecular formula: C10H8O4; molecular weight: 192.17 g/mol) was obtained 
from the PubChem Compound databases. The geometry energy of the ligands was optimized by MMFF94, which is 
intended to produce accurate geometric structures.18

The ligands were predicted for their absorption and distribution in the blood-brain barrier and their toxicity- 
mutagenicity properties in mice and rats using the online Pre-ADMET software (https://preadmet.webservice.bmdrc. 
org/).
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Macromolecule Preparation
The X-ray structure of human monoacylglycerol lipase (MGL) (PDB ID: 3PE6, resolution 1.35 Å, PDB DOI 
https://doi.org/10.2210/pdb3PE6/pdb, deposited by Schubert and Schalk-Hih in 2010 and released in 2011) in 
complex with its inhibitor ZYH (2-cyclohexyl-1,3-benzoxazol-6-yl)-[3-(4-pyrimidin-2-ylpiperazin-1-yl)azetidin- 
1-yl]methanone, was downloaded from Protein Data Bank. The macromolecules were prepared by removing the 
water molecules and their unique ligand and adding polar hydrogen and a Kollman charge.19 All procedures were 
conducted using AutoDock 4.2.

Molecular Docking Simulation
This step was performed using AutoDock 4.2,19–22 by docking the nine phytoconstituents and the two standard 
inhibitors as the ligands in the active site of human MGL (PDB ID: 3PE6). To validate the molecular docking 
protocol, a re-docking analysis of the co-crystallized ligand (ZYH) with 3PE6 was performed. The RMSD 
between the experimental and predicted poses of ZYH was determined. The binding affinity in terms of the 
docking score (kcal/mol), the inhibitory constant (Ki in µM), the hydrogen bond and the hydrophobic interac
tions, and the close contact residues were recorded and compared.19–22

Molecular Dynamics Simulation
The molecular dynamics (MD) simulation was carried out using the GROMACS (Groningen Machine for 
Chemical Simulation) 2016.3 software with the AMBER99SB-ILDN force field as described elsewhere. The 
topology and ligand parameters were generated and the particle mesh Ewald method was used to calculate the 
electrostatic force. The system was neutralized using the NaCl model and the solvation process was carried out 
with the TIP3P water cube model.19,23–31 In this study, MD simulation was performed up to 250 ns with 
a 2-frame timestep and the root mean square deviation (RMSD), root mean square fluctuation (RMSF), and 
radius of gyration (Rg) were calculated, followed by a post-MD simulation analysis of the molecular mechanics- 
Poisson-Boltzmann surface area (MM-PBSA) binding free energy.

MD evaluates the conformational stability of the complex between ligand and protein and the binding affinity of the 
ligand,24 by calculating the RMSD and RMSF values.25 RMSD measures the deviation of a protein’s backbone from its 
initial conformation to its final conformation. A stable protein will show minimal deviation in its backbone. RMSF is 
used to identify the flexible regions of the protein-ligand complexes. Less-organized proteins will have higher RMSF 
fluctuations.24 MD simulation comprises five sequential steps, energy minimization, NVT (simulation based on constant 
number, constant volume, and constant temperature) heating, NPT (simulation based on constant number, constant 
pressure, and constant temperature) equilibration, NPT pre-production simulation, and production simulation.26,27 The 
topology and coordinate file for the amino acid residues were built by employing the force field ff19SB, while those of 
the ligands were generated using the General Amber Force Field (GAFF). The missing force field parameters of the 
ligands were restored by the Parmchk2 tool. The electrostatic force was computed using Particle Mesh Ewald Molecular 
Dynamics.28,29 The system neutralization was carried out by adding sodium and chloride ions and the solvation was 
corrected using the TIP3P (a 3-site rigid water molecule with charges and Lennard-Jones parameters assigned to each of 
the 3 atoms) water cube model. The preparation steps included minimization, heating to 310 °K, and equilibration of 
temperature and pressure.30,31

Trajectory Analysis and Visualization (MM-PBSA Binding Free Energy Calculations)
The molecular mechanics’ energies combined with the Poisson-Boltzmann surface area and surface area con
tinuum solvation (MM-PBSA) is an efficient and reliable free energy simulation method to model molecular 
recognition and to calculate the binding free energy of non-covalently bound complexes,32 using the g_mmpbsa 
package embedded in the GROMACS (https://www.gromacs.org/), with the binding free energy of complex 
(ΔGbind) is described as follows:
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The dielectric constant of the solvent was set at 80 (water).33 The nonpolar contribution was calculated as the water- 
accessible surface area at a radius of 1.4 Å. The protein-ligand binding free energy was calculated based on the output of 
MD simulation on 1000 snapshots taken from 250 ns simulation trajectories. The resulting MD trajectories of the ligand- 
protein complexes were processed through the CPPTRAJ tool.34

Plant Materials and Preparation of the Extract
The fresh ripe fruits were harvested in August 2023 (outside temperature, 25 to 30°C) at the plantation DK Manggen, 
Nogosari District, Boyolali Regency (Google coordinates: 7°26’38.1“S 110°46’07.5”E), Central Java, Indonesia. The 
fruit samples were taxonomically identified by Arifin Surya Dwipa Irsyam (https://www.scopus.com/authid/detail.uri? 
authorId=57211286941; https://herbarium.sith.itb.ac.id/profil-kurator/), the certified botanist at the School of Life 
Sciences and Technology, Bandung Institute of Technology (Bandung, West Java, Indonesia), and were confirmed as 
Morinda citrifolia L. (specimen no. 5745/2023). The plant specimens matched the characteristics described in flowering 
plant taxonomic references.35–37

The fruits were washed under tap water to separate any soil, dust, and other foreign inorganic matter, and then cleaned 
according to standard pharmacognosy laboratory procedures, such as medicinal plant materials being completely free of 
visible signs of mold or insect contamination, as well as other animal contamination, including animal excretes. Fruits 
with abnormal odors, discoloration, slime, or deterioration signs were removed.38 The clean fruits were cut and dried in 
an oven at 40 oC. The dried samples were mashed using a pestle in a white porcelain mortar for extraction.

Dried M. citrifolia coarse powder fruit (1500 g) was macerated with a total of 20 L of 96% ethanol for 
3×24 h (approximately 6.66 L/24 h to completely soak the coarse powder fruit) to obtain 379.4 g extract (yield, 
25.29% w/w). The extract was thickened using a vacuum rotary evaporator (Buchi) at 60°C and 65 rpm.

Effects of EEMC on Human Monoacylglycerol Lipase by in vitro Study
A commercially available Monoacylglycerol Lipase Inhibitor Screening Assay Kit (Item No. 705192, Cayman Chemical 
Company; https://www.caymanchem.com/product/705192/monoacylglycerol-lipase-inhibitor-screening-assay-kit) was 
used. The principle of the reaction is that human MGL hydrolyzes 4-nitrophenyl acetate, the artificial substrate in the kit, 
to produce a yellow compound, namely 4-nitrophenol, which is measured at 405–412 nm.39 The kit contains several 
reagents, such as the MGL assay buffer (item No. 705195), MGL substrate (item No. 705193), a solution of human 
recombinant MGL (item No. 705194), JZL195 inhibitor assay reagent (item No. 700307) as the positive control, a 96-well 
plate (item No. 400014), and a 96-well cover sheet (item No. 400012) (https://cdn.caymanchem.com/cdn/insert/705192. 
pdf). The reagent preparation and the in vitro study were carried out by strictly following the protocol instructions. The 
inhibitors tested were increased concentrations of EEMC (0.1; 1.0; 10; 100; and 1000 µg/mL) and beta-sitosterol (0.05; 0.1; 
0.5; 1.0; and 10 µg/mL). After mixing the contents of the wells and incubating for 15 min at room temperature, the reactions 
were initiated by adding 10 µL of MGL substrate to all the wells, and the mixture was incubated at 37 °C for 10 minutes and 
measured at 405 nm. The MGL inhibitory activity was calculated using the following equation:

The concentration of sample required to inhibit 50% of monoacylglycerol lipase activity under the above conditions 
was defined as the IC50 value. The monoacylglycerol lipase inhibitory activity of the samples was calculated, and its IC50 

values were determined using GraphPad Prism software.
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Statistical Analysis
Data were analyzed using GraphPad Windows v.6.07 software (https://www.graphpad.com/support/prism-6-updates/).

Results
The Pre-ADMET Properties, Binding Mode, and Affinity of the Ligands Towards MGL
The pre-ADMET properties are tabulated in Table 1, showing that beta-sitosterol and stigmasterol have the potential to 
be absorbed in the intestine cells with medium permeability, distributed in the blood-brain barrier with high penetration 
property, non-mutagenic, and non-carcinogenic.

To validate the method, molecular docking was initiated by re-docking ZYH (the inhibitor co-crystallized in the 
protein) to the binding pocket of MGL (3PE6). Figure 1 shows a satisfactory RMSD value of 0.921 Å (RMSD less than 
2.0 Å), indicating that both ZYH molecules occupied the catalytic pocket of the enzyme in almost the same geometrical 
structure and conformation, thus confirming the validity of the molecular docking method. The binding energy of the 
docked-ZYH is −12.94 kcal/mol.

Table 1 Pre-ADMET Prediction (https://preadmet.webservice.bmdrc.org/) of Absorption-Distribution in Blood-Brain Barrier and 
Toxicity-Mutagenicity of Nine Phytoconstituents in Morinda Citrifolia Fruits

Name of the 
Compound

Prediction of Absorption in 
Caco-2 Cells for Oral 

Administration  
Drugs (nm sec)

Prediction of 
Distribution in 

Blood-Brain 
Barrier (%)

Toxicity  
(Ames Test)

Mutagenicity

In Mice In Rats

Americanin 17.78 0.22 Mutagen Negative Negative

Asperuloside 12.95 0.02 Mutagen Positive Negative

Beta-sitosterol 52.37 19.89 Non-mutagen Positive Negative

Damnacantal 14.25 0.95 Mutagen Negative Positive

Quercetin 3.41 0.17 Mutagen Negative Positive

Rutin 7.91 0.03 Non-mutagen Negative Negative

Scopoletin 0.28 0.64 Mutagen Negative Positive

Stigmasterol 52.34 19.89 Non-mutagen Positive Negative

Ursolic Acid 21.86 8.01 Non-mutagen Positive Positive

Notes: A Caco-2 absorption value of > 70 indicates high permeability; a Caco-2 absorption value of 4–70 indicates medium permeability; a Caco-2 absorption value of < 4 
indicates low permeability. 
A % BBB value of < 0.1 indicates low penetration; a % BBB value of 0.1–2.0 indicates medium penetration; a % BBB value of > 2.0 indicates high penetration. 
Bold indicates good results.

Figure 1 The superimposition of two molecules of ZYH (the yellow color molecule represents the docked- ZYH; the cyan color molecule represents the co-crystallized 
ZYH) in the catalytic pocket of MGL. The obtained consecutive RMSD value is 0.921 Å.
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Figure 2 The binding mode of (a) ZYH; (b) JZL195; (c) stigmasterol; and (d) beta-sitosterol with human MGL. Figures on the left depict the amino acid residues involved in 
the interaction. Figures on the right illustrate the position of the ligands in the catalytic pocket of human MGL. Green dashed lines represent conventional hydrogen bonds; 
pink dashed lines represent pi interaction; green circles represent Van der Waals interaction.
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The molecular docking simulation reveals that ZYH could enter the catalytic site of MGL and build hydrophobic 
interaction (Figure 2a) as follows: the Van der Waals interaction with 20 amino acids including Gly50, Gly52, Glu53, 
Arg57, Ser122 (one of the catalytic triad residues) (Zvonok et al, 2008a), Met123, Leu148, Ala156, Phe159, Asp180, 
Ser181, Ser185, Asn187, Glu190, Leu205, Gly210, Leu214, Val217, His269 (one of the catalytic triad residues) (Zvonok 
et al, 2008a), and Lys273, and other hydrophobic interactions, such as with Leu241 (one pi-sigma, one pi-alkyl), Tyr194 
(one pi-pi stacking, two pi-alkyl interaction), Leu184 (one pi-alkyl), Val191 (one pi-alkyl), Val270 (two pi-alkyl 
interactions), Ile179 (one pi-alkyl interaction), His121 (one pi-alkyl), Leu213 (two pi-alkyl interactions), and Ala151 
(one pi-alkyl), and only one hydrogen bond with Ala51.

Interestingly, the nine bioactive compounds found in M. citrifolia fruit (tabulated in Table 2), including sterols 
(stigmasterol and beta-sitosterol), lignans (americanin), iridoid glycoside (asperuloside), anthraquinones (damnacanthal), 
flavonoids (quercetin and rutin), coumarin (scopoletin), and triterpenoids (ursolic acid), also show interaction with 
important residues in the catalytic site of human MGL with the binding energy, in order from the highest to the lowest, is 
scopoletin (−6.14 kcal/mol), rutin (−7.18 kcal/mol), asperuloside (−7.20 kcal/mol), damnacanthal (−7.60 kcal/mol), 

Table 2 The Binding Affinity of Nine Phytoconstituents in Morinda Citrifolia Fruits to Human Monoacylglycerol Lipase Compared 
with the Inhibitors

Name of the 
Ligand or Plant 
Metabolite

Group of Metabolites Description in PubChem Binding Affinity in Terms 
of Docking Score  

(kcal/mol)

Quercetin Flavonoids PubChem CID 5280343; molecular formula:  

C15H10O7; molecular weight: 302.23 g/mol

−7.88

Damnacanthal Anthraquinones PubChem CID 2948; molecular formula:  

C16H10O5; molecular weight: 282.25 g/mol

−7.60

Asperuloside Iridoid glycoside PubChem CID 84298; molecular formula:  

C18H22O11; molecular weight: 414.4 g/mol

−7.20

Americanin Lignans PubChem CID 131751085; molecular 

formula: C18H16O6; molecular weight: 328.3 

g/mol

−7.84

Ursolic acid Triterpenoids PubChem CID 64945; molecular formula:  

C30H48O3; molecular weight: 456.7 g/mol

−8.82

Rutin Flavonoids PubChem CID 5280805; molecular formula:  

C27H30O16; molecular weight: 610.5 g/mol

−7.18

Stigmasterol Steroids PubChem CID 5280794; molecular formula:  

C29H48O; molecular weight: 412.7g/ mol

−11.50

Beta-Sitosterol Steroids PubChem CID 222284; molecular formula:  

C29H50O; molecular weight: 414.7 g/mol

−11.20

Scopoletin Coumarin PubChem CID 5280460; molecular formula:  

C10H8O4; molecular weight: 192.17 g/mol

−6.14

JZL195 

(MGL inhibitor)

4-nitrophenyl 4-(3-phenoxy benzyl) 

piperazine 
-1-carboxylate

N/A in PubChem −9.65

ZYH 
(MGL inhibitor)

(2-cyclohexyl-1,3-benzoxazol-6-yl)- 
[3-(4-pyrimidin-2-ylpiperazine-1-yl) 

azetidine 

-1-yl]methanone

N/A in PubChem −12.94
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americanin (−7.84 kcal/mol), quercetin (−7.88 kcal/mol), ursolic acid (−8.82 kcal/mol), beta-sitosterol (−11.20 kcal/mol), 
and stigmasterol (−11.50 kcal/mol), thus revealing the best affinity of both stigmasterol and beta-sitosterol to 
human MGL.

It is visualized that stigmasterol (Figure 2b) binds to the catalytic site of MGL by building hydrophobic or Van der 
Waals interaction with 11 amino acids including Gly50, Gly52, Arg57, Tyr58, Ser122 (one of the catalytic triad 
residues),40 Met123, Ala156, Phe209, Gly210, His269 (one of the catalytic triad residues),40 and His272, and other 
hydrophobic interactions with Leu205 (one pi-alkyl), Phe159 (one pi-alkyl), Val217 (one pi-alkyl), Leu214 (one pi-alkyl) 
, Ala151 (two pi-alkyl), Leu148 (one pi-alkyl), Leu213 (three pi-alkyls), Leu241(three pi-alkyls), Ala51 (two pi-alkyls), 
Ile179 (four pi-alkyls), Tyr194 (one pi-alkyl), Leu18 (one pi-alkyl), Val270 (one pi-alkyl), and His121 (one pi-alkyl).

Similarly, beta-sitosterol (Figure 2c) also occupies the hydrophobic catalytic site of human MGL by building 
hydrophobic or Van der Waals interaction with Gly50, Gly52, Glu53, Tyr58, Ser122 (one of the catalytic triad 
residues),40 Met123, Leu148, Asn152, Ser155, Ala156, Ser181, Leu205, Gly210, Phe209, Cys242 (one of the important 
residues required to inhibit MGL activity),4,40 His269 (one of the catalytic triad residues),3 and other hydrophobic 
interactions with Leu184 (one pi-alkyl), Tyr194 (two pi-alkyls), Ile179 (four pi-alkyls), Ala51 (one pi-alkyl), Leu213 
(two pi-alkyls), Ala151 (two pi-alkyls), Leu214 (one pi-alkyl), Val217 (one pi-alkyl), Leu241 (four pi-alkyls), His121 
(one pi-alkyl), and Val270 (one pi-alkyl).

Furthermore, we analyzed the molecular docking simulation of JZL195 (Figure 2d), a standard human MGL inhibitor, 
generally employed in the in vitro study. JZL195 interacts with the enzyme by building conventional hydrogen bonds 
with 2 amino acids, namely, Ser122 (one of the catalytic triad residues),3 and Arg240, which confirms that this inhibitor 
could occupy the catalytic site of the enzyme. JZL195 builds Van der Waals interaction with 17 amino acids including 
Gly50, Glu53, Tyr58, His121, Met123, Leu148, Ser155, Gly177, Pro178, Asp180, Val183, Leu184, Tyr194, Leu205, 
Cys242 (one of the important residues required to inhibit MGL activity),3,4 His269 (one of the catalytic triad residues),40 

and Val270, and other hydrophobic interactions with Leu241 (one pi-sigma, one pi-alkyl), Ile179 (one pi-alkyl), Ala51 
(one pi-alkyl), and Leu213 (one pi-alkyl). The interactions of JZL195 towards MGL resemble the interactions of beta- 

Table 3 The Inhibitory Constant (Ki) and Residues Involved in the Interaction of Nine Phytoconstituents in M. Citrifolia Fruit to 
Human Monoacylglycerol Lipase Compared with the Inhibitors

Ligands Ki (µM) Type of Interaction

Hydrogen 
Bond

Van der Waals Pi Interaction

Stigmasterol 0.0037 Ala51 Ala156, Gly50, Gly52, Arg57, Tyr58, Ser122, 

Met123, Phe209, Gly210, His269, His272

Leu205, Phe159, Val217, Leu214, 

Ala151, Leu148, Leu213, Leu241, 
Ala51, Ile179, Tyr194, Leu18, 

Val270, His121

Beta-sitosterol 0.0061 Ala51 Ser181, Gly50, Gly52, Glu53, Tyr58, Ser122, 

Met123, Leu148, Asn152, Ser155, Ala156, 

Leu205, Phe209, Gly210, Cys242, His269

Leu184, Tyr194, Ile179, Ala51, 

Leu213, Ala151, Leu214, Val217, 

Leu241, His121, Val270

JZL195 

(MGL inhibitor)

0.084 Ala51, Ser122, 

Arg240

Gly50, Glu53, Tyr58, His121, Met123, 

Leu148, Ser155, Gly177, Pro178, Asp180, 
Val183, Leu184, Tyr194, Leu205, Cys242, 
His269, Val270

Leu241, Ile179, Ala51, Leu213

ZYH (MGL inhibitor) 0.000325 Ala51 Gly50, Gly52, Glu53, Arg57, Ser122, 

Met123, Leu148, Ala156, Phe159, Asp180, 

Ser181, Ser185, Asn187, Glu190, Leu205, 
Gly210, Leu214, Val217, His269, Lys273

Leu241, Tyr194, Leu184, Val191, 

Val270, Ile179, His121, Leu213, 

Ala151

Notes: Black bold indicates triad amino acid residue in the catalytic pocket of human MGL; Bold italics indicates important amino acid residue for inhibition of human MGL.
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sitosterol and stigmasterol toward the enzyme, thus revealing the potential of these phytosterols in inhibiting MGL. The 
results of the molecular docking simulation are tabulated in Table 3.

The Dynamics Stability of the Ligand-MGL Complex (in Terms of RMSD and RMSF)
The dynamic stability of stigmasterol/MGL and beta-sitosterol/MGL within 250 ns is determined using MD simulation, 
and compared to that of ZYH/MGL and JZL195/MGL. The resulting RMSD and RMSF graphs are depicted in Figure 3.

Both complexes of stigmasterol/MGL (the yellow graph in Figure 3a) and beta-sitosterol/MGL (the grey graph in 
Figure 3a) exhibit a similar RMSD pattern to that of ZYH/MGL (the blue graph in Figure 3a), with an RMSD value of < 
0.25 Å, thus confirming the stability of these complexes from their initial to final conformation. As described previously 
by Oubahmane et al, a stable protein will show minimal deviation in its backbone during the simulation.24 Conversely, it 
is observed that the JZL195/MGL complex (the dark orange graph in Figure 3a) is not stable at 50–70 ns of simulation 
with an RMSD value of 0.32 Å and at 240 ns with an RMSD value of 0.28 Å. Respectively in a sequential manner, the 
average RMSD value of the ZYH/MGL complex, beta-sitosterol/MGL complex, stigmasterol/MGL complex, and 
JZL195/MGL complex was 0.172 Å, 0.192 Å, 0.200 Å, and 0.211 Å, which further confirms the best stability of the beta- 
sitosterol/MGL complex.

Meanwhile, in Figure 3b the RMSF pattern of ZYH/MGL, JZL195/MGL, beta-sitosterol/MGL, and stigmasterol/ 
MGL within 250 ns simulation resulted in similar flexible regions on residues 150 to 180, located at the lid domain of the 

Figure 3 The RMSD (a) and RMSF (b) graphs of ZYH (blue), JZL195 (dark Orange), beta-sitosterol (grey), and stigmasterol (yellow) in complex with MGL within 250 ns 
MD simulation.
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enzyme. However, residues 165, 169,173, and 178 in JZL195 revealed a higher fluctuative pattern (RMSF value reaches 
0.49 Å at residue 178) than the other complexes, thus indicating the instability of the JZL/MGL complex. It is defined 
that RMSF is used to identify the flexible regions of the protein-ligand complexes and less-stable proteins will show 
higher RMSF fluctuations.24 It was described in a recent article that as a highly dynamic structure, the lid domain of 
human MGL, comprised of amino acid residues 151–225, acts as a portal and contributes a pivotal role in the enzyme 
function by managing the access of 2-AG (the substrate) to the catalytic pocket. In particular, residue Asp239 is 
considered important for the conformational gating of the enzyme. Residues at the portal and the residues at the catalytic 
pocket may be appropriate for both open- and closed-type configurations. Two backbone amide groups of Leu241 and 
Cys242 function as anchor groups to stabilize the catalytic acid.41

Trajectory Analysis and Visualization (MM-PBSA Binding Free Energy Calculations)
The resulting SASA analysis and Rg graphs are depicted in Figure 4. In this study, SASA was analyzed during 250 ns of 
MD trajectory simulation. The SASA values (Figure 4a) are, respectively, ZYH/MGL 126.777 nm2, JZL195/MGL 
130.445 nm2, beta-sitosterol/MGL 131.733 nm2, and stigmasterol/MGL 130.373 nm2, revealing similar values and 
patterns between all complexes, thus further confirming that beta-sitosterol and stigmasterol may work as potential 
inhibitors of human MGL. Interestingly, the stigmasterol/MGL complex shows better stability than beta-sitosterol/MGL.

Protein solvent accessible surface area (SASA) is the region around a protein by the Van der Waals contact surface of 
the molecule and a hypothetical center of a solvent sphere. The changes in SASA quantities illustrate the folding and 
unfolding of complexes. A lower SASA value indicates greater compactness.42 A larger value of the protein SASA 
during simulation may also indicate structural relaxation and reduced protein stability.43,44

The next parameter is the radius of gyration (Rg), a rudimentary indicator to measure the stability of a protein 
structure during MD simulations. The Rg analyzes the compactness manner and flexibility of the protein inside 
a biological environment. The lower values of Rg describe a more rigid structure during the simulation.45 Meanwhile, 
the average Rg values (Figure 4b) are, respectively, ZYH/MGL 1.836 nm, beta-sitosterol/MGL 1.839 nm, JZL195/MGL 

Figure 4 The (a) solvent accessible surface area (SASA) and (b) radius of gyration (Rg) plot of ZYH/MGL (blue), JZL195/MGL (Orange), beta-sitosterol/MGL (grey), and 
stigmasterol/MGL (yellow) within 250 ns MD simulation.

Table 4 MM-PBSA Binding Free Energy Calculations

Protein 
name

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)

MGL ZYH −293.51 ± 12.74 −48.30 ± 8.79 191.06 ± 12.76 −25.06 ± 0.78 −175.81 ± 17.14

JZL195 −253.22 ± 14.26 −10.57 ± 6.56 141.85 ± 19.37 −24.25 ± 0.86 −146.19 ± 18.31

Beta-sitosterol −253.04 ± 13.52 −11.54 ± 9.93 98.68 ± 10.88 −25.05 ± 0.79 −190.95 ± 14.73
Stigmasterol −241.10 ± 18.24 −15.60 ± 7.51 93.14 ± 19.02 −24.35 ± 0.77 −187.91 ± 28.11
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1.844 nm, and the stigmasterol/MGL 1.844 nm, revealing similar values and patterns between all complexes. The beta- 
sitosterol/MGL complex shows a more rigid structure than that of stigmasterol/MGL.

The MM-PBSA binding free energy calculations within 0–250 ns are presented in Table 4. This step resulted in 
negative values for the Van der Waals, electrostatic, and SASA energies in both complex systems, while the polar 
solvation energy was positive. The binding free energy of beta-sitosterol (−190.949 kJ/mol) and stigmasterol (−187.907 
kJ/mol) is lower than ZYH (−175.810 kJ/mol) and JZL195 (−146.190 kJ/mol), thus indicating that both phytosterols have 
a stronger affinity for the MGL receptor.

Figure 5 The human monoacylglycerol lipase (MGL) inhibitory activity graph of (a) M. citrifolia fruit extract (EEMC) with an IC50 value of 196.20 ± 25.169 µg/mL; (b) beta- 
sitosterol with an IC50 value of 8.10 ± 37.255 µg/mL; and (c) JZL195 with an IC50 value of 0.0281 ± 51.662 µg/mL. The measurement was replicated 3x. Data are presented 
as mean ± SD.
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Effects of EEMC on Human Monoacylglycerol Lipase by in vitro Study
In our study, beta-sitosterol and EEMC could inhibit human MGL, with an IC50 value of 8.10 8.10 ± 37.255 µg/mL and 
196.20 ± 25.169 µg/mL, respectively. At the same time, JZL195, a known inhibitor of the enzyme, showed an IC50 value 
of 0.0281 ± 51.662 µg/mL (Figure 5). The measurement was replicated 3x. Data are presented as mean ± SD.

Discussion
The catalytic site of human MGL is characterized by the triad residues Ser122, Asp239, and His269.3 These triad 
residues are located at the rear end of the long passage under the lid domain of the enzyme.41 To inhibit the enzyme, it is 
suggested that the inhibitors build a covalent interaction with Cys208 and Cys242 in the catalytic site.3,4,46 Because of 
the important roles of MGL in the regulation of endocannabinoid and eicosanoid signaling pathways, the wide 
hydrophobic entry to the catalytic site of MGL, with the entry edge nearby hydrophobic helixes, allows MGL to interact 
with membranes and recruit lipophilic substrates. The three cysteine residues (Cys201, Cys208, and Cys242) located near 
the catalytic triad were described to function together in stabilizing the active conformation of MGL. These residues have 
been reported to be the target of isothiazolinone-based MGL inhibitors.46

Our molecular docking simulation discloses that both phytosterols (stigmasterol and beta-sitosterol) and MGL 
inhibitors (co-crystallized inhibitor ZYH and JZL195) could enter and occupy the catalytic site of the enzyme and 
bind with essential amino acid residues with considerable affinity. Of those, only beta-sitosterol and JZL195 interact with 
Cys242, one of the important residues required to inhibit MGL activity,3,4 thus revealing their potential to inhibit human 
MGL, and may play a role in neuroprotective activity against inflammatory damage. Indeed, we confirm that the four 
compounds possess the required three features for MGL inhibitors as described by Afzal et al. The pharmacophore 
features for MGL inhibitors are one hydrogen bond acceptor (HBA), one positive center, and three aromatic rings.5

In our study, the in silico pharmacology was continued by performing the in vitro protocol of the extract (EEMC) and 
standard beta-sitosterol towards the human MGL enzyme. Combining in silico and in vitro techniques has been widely 
reported to guarantee the validity of the results.47–49 A previous work of Jusril et al in 2020 reported in silico and in vitro 
studies to evaluate the acetylcholinesterase inhibitory profile of triterpenes of Centella asiatica.47 Another study which 
was recently published in 2023 combined in silico and in vitro studies to understand the structural insights and 
nucleotide-binding ability of the transcriptional regulator PehR from Ralstonia solanacearum.48 Moreover, Zhu and 
coworkers reported the molecular mechanisms of natural stable angiotensin-converting enzyme inhibitory peptides from 
foxtail millet protein hydrolysates by combining in silico and in vitro studies, published in 2024.49

Phytosterols have been broadly explored for their activity in maintaining neuron homeostasis in the body due to their 
ability to penetrate the blood-brain barrier. Stigmasterol isolated from Artemisia indica could increase GABA-induced 
currents at the ternary α2β2γ2L, α4β3δ, and binary α4β3 subtypes of the GABAA receptor.50 Neuron cells pre-incubated 
with stigmasterol showed an increase of catalase and Bcl-2, suggesting its neuroprotective effect.51 Stigmasterol 
treatment reduced the expression of N-methyl-D-acetate receptor subunit 2B (GluN2B) and vesicular glutamate trans
porter 1 (VGLUT1).52 Stigmasterol could alleviate neurodegeneration induced by oxidative stress.53 A previous study 
reported that beta-sitosterol treatment in double transgenic mice expressing a chimeric mouse/human amyloid precursor 
protein (APP/PS1) could improve spatial learning and recognition memory ability.54

Inhibition of MGL has unlocked promising neuroprotective effects in various preclinical models, including those of 
neurodegenerative diseases, however, the specific impact of MGL inhibition on ischemic stroke is still an ongoing 
research. The inhibition of MGL may confer neuroprotection against ischemic injury by modulating endocannabinoid 
signaling, reducing excitotoxicity, oxidative stress, and inflammation.55,56 Ischemic stroke could trigger excitotoxicity, 
primarily mediated by excessive glutamate release and subsequent neuronal hyperexcitation. MGL inhibition and 
subsequent elevation of 2-AG levels may attenuate excitotoxicity and protect neurons from glutamate-induced 
damage.57 Ischemic stroke-induced inflammation exacerbates tissue damage and contributes to secondary injury. 
Interestingly, MGL inhibition has been shown to reduce neuroinflammation by modulating immune cell activation and 
cytokine production, thereby limiting inflammatory damage in the ischemic brain,58 and enhancing cerebral blood flow, 
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thus improving perfusion to ischemic regions of the brain.59 Studies in other neurological conditions have demonstrated 
improved neurological outcomes, reduced infarct volume, and enhanced neuronal survival upon MGL inhibition.60

JZL195 is a known MGL inhibitor with a non-selective inhibition or dual inhibitory mechanism to both MGL and 
FAAH (fatty acid amide hydrolase). JZL195 was developed by Long et al in 2009,61 and recently this inhibitor was 
reported to induce a significant enhancement of 2-AG levels in rats’ brains.62 In our study, JZL195 strongly inhibits MGL 
activity with an IC50 of 0.0281 µg/mL, meanwhile, beta-sitosterol and EEMC have the potential to inhibit MGL activity 
with an IC50 value of, respectively, 8.10 and 196.20 µg/mL.

Conclusion
Morinda citrifolia fruits contain phytosterols with hydrophobic properties and thus can penetrate the blood-brain barrier. 
Phytosterols are interesting to study because they possess pharmacophoric features required for occupying the catalytic 
site of human MGL. In this study, beta-sitosterol and stigmasterol have the potential to inhibit the enzyme, however, 
beta-sitosterol shows a better stability complex with human MGL than stigmasterol. Its inhibitory activity is comparable 
to that of JZL195, as evidenced by binding modes, RMSD, RMSF, Rg, SASA, and MM-PBSA calculations. Moreover, 
beta-sitosterol and the ethanol extract of M. citrifolia fruit can inhibit human MGL with an IC50 value of, respectively, 
8.10 and 196.20 µg/mL. Considering this, M. citrifolia fruit may combat inflammatory damage in the neurons by 
inhibiting MGL, whose activity is contributed by the phytosterols.
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