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Discovery of 8-prenylnaringenin from hop
(Humulus lupulus L.) as a potent monoacylglycerol
lipase inhibitor for treatments of
neuroinflammation and Alzheimer's diseaset}

Min-Che Tung,}? Kit-Man Fung,1° Hsin-Mie Hsu® and Tien-Sheng Tseng () *<
Monoacylglycerol lipase (MAGL), a serine hydrolase, converts endocannabinoid 2-arachidonoylglycerol (2-
AG) to arachidonic acid (AA) and glycerol in the brain and plays a bidirectional role in controlling
nueroinflammation. MAGL, involved in Alzheimer's and Parkinson's diseases, is a promising target for
treatment of neurodegenerative disorders. However, the irreversible inhibitors of MAGL lead to the
desensitization of CB1 receptors further impairing the benefits associated with the indirect CB1
stimulation. Therefore, development of potent reversible inhibitors from natural products (NPs) and
traditional chinese medicines (TCMs) are safer and free from adverse side effects and feasible to avoid
drawbacks which irreversible inhibitors cause. Here, we employed pharmacophore-based screening of
drug candidates coupled with molecular docking, biochemical assay and Ligplot analyses to identify and
characterize inhibitors targeting human MAGL (hMAGL). The built pharmacophore model, Phar-MAGL
successfully identified inhibitors NP-2 (ICsg = 9.5 £ 1.2 uM), NP-5 (ICs5p = 14.5 & 1.3 uM), and NP-3 (ICsq
= 15.2 + 1.4 uM), which apparently attenuated the activities of hMAGL in vitro. The evident activities of
the identified inhibitors against hMAGL showed that the pharmacophore model, Phar-MAGL is reliable
and efficient in screening inhibitors against hNMAGL. Our study successfully identified a natrual product
inhibitor, NP-2 (8-PN), from the plant Humulus lupulus L. (hops) and its positive effects in neurogenesis
and neurodifferentiation along with the evident inhibitory potency against h(MAGL revealed the potential
for further optimizing and developing into drugs to treat neuroinflammation, Alzheimer's and Parkinson's
diseases.

activated immune cells are hallmarks of neuroinflammation.>®
These increase neurodegeneration, risk of neuronal dysfunc-

The evolutionarily protective system, inflammation, minimizes
tissue damage and promotes healing through reducing infec-
tions and clearing antigens and cellular debris.! However
persistent inflammation in the central nervous system (CNS)
causes pathologically chronic inflammatory disease.” Espe-
cially, most neurological disorders (such as Alzheimer's, Hun-
tington's, Parkinson's diseases, amyotrophic lateral sclerosis
and neurodegeneration with brain iron accumulation (NBIA))
are correlated with the imbalanced neuronal homeostasis of the
CNS.** The produced proinflammatory chemokines and cyto-
kines, the deterioration of the blood-brain barrier, and the
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tion, and may infiltrate protein and peripheral cells into CNS.”
Alzheimer's disease (AD), a neurodegenerative disorder, is
characterized by neuroinflammation, deposition of amyloid
plaques, loss of memory and cognitive function, associated with
widespread neuronal death.*® Around 50 million people have
dementia and nearly 10 million new cases occur every year
(WHO). AD is the most common form of dementia contributing
60-70% of cases. However, very limited therapeutic agents are
currently approved by Food and Drug Administration for
treatment of AD.'™" Thus, there is an urgent need to identify
and develop new and novel therapeutics for the preventions and
treatment of AD.

The monoacylglycerol lipase (MAGL) regulates the genera-
tion of arachidonic acid (AA) in the brain and terminates
signaling of endocannabinoid 2-arachidonoylglycerol (2-
AG)."”" MAGL contributes in converting 2-AG to AA and glyc-
erol, and 2-AG is responsible for 50% production of AA in the
brain.'»* The generation of AA is mainly catalyzed by phos-
pholipase A2 (PLA2) in the periphery.’® AA is essential in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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inflammatory response, acting as the precursor of multiple
pathways and as signaling molecule of proinflammatory eicos-
anoids.” Thus, MAGL play a bidirectional role in controlling
brain inflammations through regulating arachidonate and
endocannabinoid concentrations.'®'* Notably, inhibiting MAGL
could attenuate the proinflammatory cytokine and eicosanoids
in the brain®** as well as elevating 2-AG signaling at CB1/2
receptors.”® Additionally, pharmacological blockade and/or
genetic deletion of MAGL reduces neuroinflammatory
biomarkers (cytokines or gliosis) in mouse models of AD.?”?
Nevertheless, the major therapeutic treatment to relieve brain
inflammation for now is the use of steroids.”® Corticosteroid
medications are steroids used to reduce inflammation. The oral
or intravenous intakes of steroids commonly resulted in life-
threatening adverse effects, such as infection and adrenal
crisis.**** Therefore, MAGL is now a significant and attractive
target to develop new drug and agent for the treatment of
diseases associated with neuroinflammation.

Nowadays, the determined crystal structure of MAGL
provides evidence of enzyme-substrate interaction, giving
insights to develop MAGL inhibitors.*>** Generally, two types of
MAGL inhibitors were reported: (i) irreversible inhibitors cova-
lently binds to the active site of MAGL (ii) inhibitors reversibly
binds into the catalytic pocket of MAGL.** Among them, the
chemically synthetic irreversible inhibitors are the majority for
MAGL, such as NAM,* Disulfiram,* JZL184,” KMIL29,%®
SAR629,* and CK37.* Nevertheless, it has been suggested that
the irreversible inhibition against MAGL leading to the desen-
sitization of CB1 receptors further impairing the benefits
associated to the indirect CB1 stimulation.* Therefore,
design and discovery of effectively reversible inhibitors are
feasible alternatives to avoid the drawback which irreversible
inhibitors of MAGL caused. Unlike the chemically synthetic
inhibitors of MAGL, natural products (NPs)*** and traditional
chinese medicines (TCMs)* are safer and free from adverse side
effects for new drug development. Especially, the TCMs is unique
in Asia; remarkably different from the chemical drugs of Western
countries. Many functions and applications of TCMs are still
unraveling and discovering. Therefore, TCMs and NPs are of great
potential in developing novel and potent MAGL inhibitors. This
advantage together with the determined crystal structure of MAGL
make it feasible to screen potent inhibitors from NPs and TCMs
through computer-aided drug design (CADD).

In this context, we aim to identify, characterize, and develop
new hMAGL inhibitors from NPs and TCMs by CADD coupled
with biochemical examination and Ligplot analyses. We
employed structure-based pharmacophore modeling and
molecular docking to screen potential inhibitors against
hMAGL. The built pharmacophore model, Phar-MAGL consist-
ing of functionally essential features was used to screen inhib-
itor through ligand-pharmacophore mapping. The commonly
identified 7 inhibitors by both molecular docking and phar-
macophore screening were confirmed with inhibitory ability
against hMAGL; especially natural product, NP-2 exhibited the
most profound inhibitory potency (IC5, = 9.5 &+ 1.2 uM). The
observed results demonstrate that pharmacophore model
(Phar-MAGL) is efficient and reliable in identifying potent
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hMAGL inhibitors. Furthermore, Ligplot analyses characterized
and depicted the detailed molecular interactions of the identi-
fied inhibitors towards hMAGL, revealing the mode of action of
hMAGL and NP-2. Our study successfully identified a reversible
inhibitor (NP-2 and/or 8-PN) from the plant Humulus lupulus L.
(hops). The positive effects in neurogenesis and neuro-
differentiation along with the evident inhibitory potency
against hMAGL indicate that NP-2 is of great potential for
further optimizing and developing into drugs to treat neuro-
inflammation as well as AD.

Materials and methods

Natural products (NPs), traditional Chinese medicine (TCMs),
and ligands preparations for computer-aided drug screening

A total of 68285 compounds were retrieved from natural
product databases, including 68 000 compounds from the
InterBioScreen (IBS, http://www.ibscreen.com) diversity set, and
285 compounds from TCM (Taiwan Chinese medicine, http://
www.nricm.edu.tw). The sketch molecules and prepare
ligands modules implemented in Discovery Studio 3.5 (Accelrys
Software, Inc., San Diego, CA, USA) were employed to generate
3D molecular structures of all compounds. The procedure of
compound preparation for molecular docking and pharmaco-
phore modeling was conducted by following steps: (i) two-
dimensional (2D) structures were converted into three-
dimensional (3D) structures, (ii) standard formal charges were
calculated, and (iii) all hydrogen (not only polar hydrogens)
atoms were added.

Receptor-ligand pharmacophore generation and
pharmacophore-based inhibitor screening (ligand
pharmacophore mapping)

Receptor-ligand pharmacophore modeling is used to identify
the functionally important features, which are critical for
ligands to interact with target proteins. Thus, we utilized the
determined hMAGL-inhibitor complex structure (hMAGL-E3A
(PDB ID: 6BQO0)) to build the pharmacophore model, contain-
ing the interactive features, for screening the hMAGL inhibitors.
The receptor-ligand pharmacophore generation module of
Discovery Studio 3.5 (Accelrys Software, Inc., San Diego, CA,
USA) was employed to build the pharmacophore models. The
hMAGL structure is served as the“Input Receptor”, and the
structure of inhibitor, E3A was used as the“Input Ligand”,
separately. The“Minimum Features” and“Maximum Featur-
es”were set to 4 and 10, respectively, and the“Maximum Phar-
macophores”set was to 10. The“fast method” was applied for
conformation generation with“rigid fitting method”. The rest
parameters were set as default during the receptor-ligand
pharmacophore generation process. Consequently, the built
pharmacophores  model subjected to ligand-
pharmacophore  mapping (pharmacophore-based  drug
screening). All the molecules from NPs and TCMs (68 285
molecules) were fit to the built pharmacophore model, with the
fitting method set to“flexible”’and all other parameter were
remain as default setting.

was
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Preparation of protein structure for LibDock docking

Before performing the LibDock molecular docking, the protein
structure of hMAGL (PDB ID: 6BQO) was properly prepared.
Firstly, the inhibitor E3A in the active site of hMAGL was selected
when defining binding site from selection. Subsequently, the site
sphere was built according to the selection and E3A was removed
from the active site of hMAGL. The processed structure of
hMAGL was further prepared by using “prepare protein” function
implemented in Discovery Studio 3.5 (Accelrys Software, Inc., San
Diego, CA, USA) and the following steps were performed. (i)
Standardize atom names, insert missing atoms in residues and
remove alternate conformations. (ii) Insert missing loop regions
based on either SEQRES data or user specified loop definitions.
(iif) Optimize short and medium size loop regions with the
LOOPER algorithm. (iv) Minimize the remaining loop regions. (v)
Calculate the pK and protonate the structure. All the remained
parameters were set as default to prepared protein structure of
hMAGL for LibDock molecular docking.

Structure-based molecular docking analysis was performed
by using LibDock implemented in Discovery Studio 3.5 (Accelrys
Software, Inc., San Diego, CA, USA) to identify the bioactive
molecules from the NPs and TCMs databases. During the
docking analysis, the protein structure of hMAGL (PBD ID:
6BQO) were used to defined and edit the docking site. The
inhibitor E3A in the active site of hMAGL was selected when
defining binding site from selection and the protein structure of
hMAGL was prepared as described in preparation of protein
structure for LibDock docking. Subsequently, the site sphere
was built according to the selection and employed for LibDock
screening. The structure of hMAGL was used as “Input
Receptor” and the prepared natural product database was used
as “Input ligands”. About 68 285 natural products from NPs and
TCMs databases were all docked in to the active site of hMAGL
with “High Quality” for the “Docking Preferences” and “BEST”

Phar-MAGL
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for the “Conformation Method”. The “Number of Hotspots” was
set to “100” and the “Docking Tolerance” was set to “0.25”. As
well, the “Smart Minimizer” as employed as the “Minimization
Algorithm”. The remains were set as default. After the calcula-
tions, the most possible orientations and positions with the
highest LibDockScore were selected and examined. The visual-
izations of molecular models are achieved by using PyMOL2.3.4
software (http://www.pymol.org).

Molecular dynamics simulations

The fitted poses of the identified inhibitors (NP-1 to NP-7) ob-
tained from ligand-pharmacophore (Phar-MAGL) mapping were
further subjected to molecular dynamics (MD) simulations. The
hMAGL-inhibitor =~ complexes obtained from ligand-
pharmacophore mapping were firstly subjected to solvation
(Discovery Studio 3.5) with orthorhombic cell shape under
CHARMm forcefield. Consequently, the hMAGL-inhibitor
complex was solvated with 6951 waters, 20 sodium atoms, and
18 chloride atoms. Furthermore, the solvated complex structure
was subjected to Standard Dynamics Cascade (Discovery Studio
3.5) with default parameter setting. The final outputted
conformation from MD simulation was selected and analyzed
by ligplot.

Human MAGL assay

The inhibitory ability of identified natural compounds against
hMAGL were determined according to the instructions provided
within Cayman's assay kit (Cayman Chemical, Michigan,
USA).** The brief procedure of the assay was as follows: (i) 100%
initial activity well was prepared by adding 150 ul of 1x assay
buffer, 10 pl of hMAGL enzyme, and 10 ul of solvent to three
wells. (ii) Background wells were prepared by adding 160 pl of
1x assay buffer and 10 pl solvent to three wells. (iii) Inhibitor
wells were prepared by adding 150 pl of 1x assay buffer, 10 pul of
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Fig. 1 Flowchart of the combination of structure-based pharmacophore modelling and molecular docking couples with in vitro biochemical
assay to identify potential inhibitors from natural product databases for human MAGL inhibition.

31064 | RSC Adv, 2021, 1, 31062-31072

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05311f

Open Access Article. Published on 20 September 2021. Downloaded on 1/12/2026 11:50:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

MAGL enzyme, and 10 pl of inhibitor to the inhibitor wells. (iv)
Mix the contents of the wells through pipetting and incubate at
room temperature for 15 min. (v) Initiate the reactions by add 10
ul of MAGL substrate to all wells begin used, incubating for
10 min at room temperature. (vi) Read the absorbance at
405 nm. The inhibition% was determined using the following
equations:

(100% initial activity — inhibition activity)

Inhibition % —
nhibition % 100% initilal activity

The ICso of the inhibitors were determined through
nonlinear regression fitting of the inhibition % versus the
logarithm of the inhibitor concentrations by GraphPad Prim 6.

Results
Pharmacophore model generation

In this study, we strategically employed computer-aided drug
design (CADD) coupling with in vitro biochemical examination to
identified the potential hMAGL inhibitor from natural products
(Fig. 1). CADD is with low cost and less time consuming,
considerably accelerating the pace of investigations of inhibitors
with specific biological activity. The in silico screening consists of
two structure-based methods, ie., pharmacophore modeling
(receptor-ligand pharmacophore generation and ligand phar-
macophore mapping) and molecular docking. The virtual high-
throughput screening (molecular docking) is able to evaluate
the potential biological activities of compounds based on their
structural properties. To more precisely screen potent inhibitors
against hMAGL, the functionally essential features responsible
for the interactions between hMAGL and known inhibitors
should be considered. The arrangement of essential features of
a ligand which determines efficacious binding to a receptor can
be described by using pharmacophores.***” The receptor-ligand
pharmacophore generations create the molecular features
through converting protein properties to reciprocal ligand space.
This kind of protein structure-based pharmacophores (SBPs) can
be used to explore protein-ligand interactions and to identify new
ligands for specific proteins.*® Several studies have reported the
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successful use of SBPs for binding site similarity calculations,
virtual screening, and lead optimizations.**® Especially, the
pharmacophore-based lead identification technique is useful to
screen novel compounds that meet the pharmacophore
requirements and are of great potential to be biologically active.
As well, pharmacophore-based lead identification is an effective
filter to search for bioactive molecules and can reduce the
number of compounds and costs in biophysical screenings.
Receptor-ligand pharmacophore modeling is an advanced tech-
nique to probe the functional features essential for the interac-
tions of the ligand (inhibitors) with the receptor (hnMAGL).**#757-9
Meanwhile, the compound library consisting of 68 285 natural
products were retrieved from IBS (68 000) and TCM (285) data-
bases. To screen potent inhibitors by virtual high-throughput
screening (molecular docking) and pharmacophore modeling,
the structural information of hMAGL is critical. There are 9
complex structures of hMAGL bound with inhibitors deposited in
protein data bank (PBD ID: 6BQO, 3PE6, 4UUQ, 5ZUN, 7LAU,
71L4W, 7L50, 6AXI, and 7LAT). We superimposed these complex
structures and found that the binding position and pose of
inhibitor E3A in the active site of hMAGL was apparently different
from the others (Fig. 2). Thus, we chose the complex structure of
hMAGL-E3A (PDB ID: 6BQ0) to generate pharmacophore model
by receptor-ligand pharmacophore generation (the combination
of ligand-based and receptor-based pharmacophore genera-
tions). Consequently, the built pharmacophore model will be
employed it to screen new and novel inhibitors which inhibit
hMAGL with binding mode distinct from those of most majority
of known inhibitors. The X-ray structure of hMAGL in complex
with a Trifluoromethyl Glycol Carbamate (E3A) (PDB ID: 6BQO)
was used as a reference in this study. The complex structure
shows that E3A forms significant hydrophilic and hydrophobic
interactions to inhibit hMAGL. E3A binds into the active site of
hMAGL mainly interacting with residues A51 and S122 by
hydrogen bondings and contacting with residues G50, M123,
G177,1179, 1241 and C242 by hydrophobic interactions (Fig. 3A).
Subsequently, we employed the complex structure of hMAGL-E3A
to construct the pharmacophore model. The receptor-ligand
pharmacophore generation uses the non-bond interactions
between the input receptor and the input ligand to enumerate

Fig. 2 The complex structures of hMAGL with known inhibitors. (A) The superimposition of complex structures of hMAGL-inhibitor. (B) The
amplified view of inhibitors binding into the active site of h(MAGL. In (A) and (B), hMAGL was presented as ribbons (light-gray); the inhibitors shown

as sticks were colored and labeled with PDB ID.
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Fig. 3 The construction of pharmacophore model, Phar-MAGL. (A) Receptor-ligand pharmacophore generation of Phar-MAGL was based on
the complex structure of NMAGL-E3A (PDB ID: 6BQO0). The protein structure of h(MAGL is shown in ribbon with active site residues presenting as
light-orange sticks. E3A is shown in magenta stick. (B) The pharmacophore model Phar-MAGL. (C) Features at a specific distance correspond to
the pharmacophore model, Phar-MAGL in all panels, the mesh spheres in cyan, green, and gray represent hydrophobic, hydrogen-bond

acceptor features, and excluded volume, respectively).

pharmacophores. The pharmacophores are ranked with a GFA
(Genetic Function Approximation) model, and the top pharma-
cophores containing minimum features to maximum features
are reported. During the construction, the structure of hMAGL
was used as the receptor, and the entity of E3A was served as
ligand to build the most possible and reliable pharmacophore
model, containing the functionally essential features for
screening hMAGL inhibitors. Consequently, pharmacophore
model generated based on the E3A in complex with hMAGL was
named Phar-MAGL as shown in Fig. 3B. Pharmacophore model,
Phar-MAGL is mainly composed of one hydrogen-bond acceptor
feature (green spheres), and three hydrophobic features (cyan
spheres) Fig. 3C.

Pharmacophore-based inhibitors screening

To comprehensively and systematically screen inhibitor against
hMAGL, the functionally essential features of pharmacophore
model, Phar-MAGL are considered. The pharmacophore model,

pharmacophore mapping to screen potential inhibitors from
IBS and TCM databases. Ligand-pharmacophore mapping can
be used to identify ligands that map to a pharmacophore, and
aligns the ligands to the query. Ligands fitted with the phar-
macophore were output with FitValues (the higher the fit score,
the better the match), the measure of how well the ligand fits
the pharmacophore. About 68 285 natural products were fitted
to Phar-MAGL and the top-ranked hits are selected and
compared with the hits from LibDock screening to isolate the
commonly identified candidates. Ultimately, 7 potential
candidates were selected and their poses fitted with Phar-MAGL
were shown in Fig. 4. The hierarchy of the fitting values are NP-1
> NP-2 > NP-3 > NP-4 > NP-5 > NP-6 > NP-7.

Virtual high-throughput screening (molecular docking) of
inhibitors

In addition to pharmacophore screening, we also employed
molecular docking to identify the possible inhibitors. The Lib-

Phar-MAGL was then employed to perform ligand- Dock molecular docking of Discovery Studio 3.5 was used to
NP-1 NP-2 NP-3 NP-4
_;’;f\:/F\J{f 5 ‘ P
N S
Fitvalue FitValue FitValue
3.21 215 1.79 1.71
NP-5 NP-6 NP-7
4\_‘ — 4 \-o g . 'L, //,.’\\ s i\ e
\\§/7( *\j_ L
FitValue FitvValue FitvValue
1.61 1.09 1.07

Fig.4 Pharmacophore-based inhibitor screening. The ligand-pharmacophore mapping results of the commonly identified 7 candidates NP-1to
NP-7. The chemical structures are shown in orange sticks (pharmacophore features are colored as follows: hydrogen-bond acceptor, green;

hydrophobic group, cyan).

31066 | RSC Adv, 2021, 11, 31062-31072

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05311f

Open Access Article. Published on 20 September 2021. Downloaded on 1/12/2026 11:50:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Flavones

NP-2

OH o HO
LibDockScore LibDockScore
114.9 135.7
Isoflavones

LibDockScore
125.1

LibDockScore

View Article Online

RSC Advances

Flavones

NP-3

Isoflavones

NP-4

LibDockScore LibDockScore
110.9 117.8
HO. /
x A AN
OH
LibDockScore
95.1 93.8

Fig. 5 The 2D chemical structures with docking scores of the commonly identified inhibitors from LibDock molecular docking.

screen bioactive inhibitors from IBS and TCM databases. Lib-
Dock is a high-throughput algorithm for docking ligands into
the active site of a receptor.®** Ligand conformations are
aligned to polar and apolar receptor interaction sites (hotspots)
and the best scoring poses are reported. All the natural products
(68 285 compounds) were docked into the active site of hMAGL
(PBD ID: 6BQO) following three steps: (i) calculates ligand
conformations (ii) docks the conformations using LibDock (iii)
minimizes docked poses using CHARMm. The resultant 7
candidates, commonly identified by pharmacophore screening,
were selected and presented in Fig. 5. Consequently, the best
docking conformation was chosen based on the best docking
score of each compound. After that, the numbers of best
docking conformations of all compounds were narrowed
down—the molecular weight of compounds smaller than
250 Da or larger than 500 Da were eliminated. Subsequently, the

80

60 |-

40

Inhibition %

20

e

NP-1 NP-2 NP-3 NP-4 NP-5 NP-6 NP-7
Compound ID

Fig. 6
puM.

Inhibitory abilities of identified inhibitors against hNMAGL at 10

© 2021 The Author(s). Published by the Royal Society of Chemistry

Top100 candidates were compared with the result of ligand
pharmacophore mapping. The hierarchy of LibDockScore is NP-
1 > NP-5 > NP-3 > NP-2 > NP-4 > NP-7 > NP-6. These hits were
subjected to human MAGL enzymatic assay to evaluate their
inhibitory ability.

Inhibitory ability against human MAGL

The 7 potential candidates commonly identified by both Lib-
Dock docking and pharmacophore-base screening were further
subjected to inhibition assay to evaluate their capabilities in
attenuating the activity of MAGL. Firstly, the inhibitory effica-
cies of the 7 potential candidates were investigated at 10 uM
compound concentration. The result showed that natural
products NP-1, NP-2 and NP-3 displayed over 40% inhibition
against hMAGL. While the inhibition% of NP-4, NP-5, NP-6, and
NP-7 were less than 40% (Fig. 6). We further performed the
inhibitory assay in a series of compound concentrations. The
result demonstrated that all the 7 inhibitors exhibited the dose-
dependent inhibition against hMAGL. The determined ICs, for
NP-2, NP-5, NP-3, NP-1, NP-4, NP-7, and NP-6 are 9.5 & 1.2, 14.5
+1.3,15.2 + 1.4, 29.7 + 1.3, 65.5 + 1.2, 97.2 + 1.1, 98.1 + 1.1
uM, respectively (Fig. 7).

Analyses of molecular interactions by ligplot

To better understand the structure-activity relationships of the
identified inhibitors towards hMAGL, we employed Ligplot to
analyze their detailed molecular interactions. The complex
structures of hMAGL-inhibitor obtained from ligand-
pharmacophore mapping were subjected to MD simulations
(Fig. S3-S9%). The resultant complex structures of hMAGL-
inhibitor from MD simulation were further analyzed by Lig-
plot. The results showed that NP-2 (IC5, = 9.5 & 1.2 uM) and NP-
5 (ICso — 14.5 £ 1.3 pM) interacted to hMAGL with more

RSC Adv, 2021, 11, 31062-31072 | 31067
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Fig. 7 The dose-dependent inhibitions of the identified inhibitors against AMAGL.
hydrogen bonds and/or hydrophobic interactions, compared to Discussion

those of NP1, NP-3, NP-4, NP-6, and NP-7 (Fig. 8, S1 and S27). At
the same time, these protein-ligand (hMAGL-inhibitors) inter-
actions were also verified by analyses of intermolecular inter-
actions module of Discovery Studio 3.5, and the results were
consistent with that of Ligplot analyses as well as the PLIP web
tool® (Tables S1-S77).
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eicosanoid signaling pathways."”>***%¢ MAGL is highly
expressed in brain, especially in astrocytes, microglia, oligo-
dendrocytes and neurons.®”*® Numerous studies reported the
therapeutic potential of MAGL inhibitors in disease models,
such as anxiety,” inflammation,””* pain,” and neurodegener-
ative disorders.”*”® Moreover, MAGL was reported to involve in
Alzheimer's and Parkinson's diseases because of its activity in
generating the precursor (AA) of eicosanoids promoting neu-
roinflammation.”® Thus, MAGL is reported as a promising target
for treatment of neurodegenerative diseases.”” However, most of
the inhibitors against MAGL were characterized by an irrevers-
ible mode of action.** The genetic deletion and chronic
administration of irreversible MAGL inhibitors provokes nega-
tive effects in vivo. The irreversible inhibitors substantially
abolished the activity of MAGL leading to a loss of therapeutic
effects and chronic inactivation of MAGL in brain desensitized
CB1 receptor.”>**”” To address these problems, inhibitors
characterized with reversible behavior is prefer to used, because
they could keep the intact of endocannabinoid system. There-
fore, in this study, discovery of reversible hMAGL inhibitors
from NPs and TCMs shed lights on developing new and
promising therapeutics which avoid the negative effects asso-
ciated with irreversible inhibitors.

To screening the potential inhibitors from natural products,
we employed receptor-ligand pharmacophore generation to
build a bioactive pharmacophore model, Phar-MAGL on the
basis of hMAGL-E3A complex structure. The built pharmaco-
phore model contains functionally essential features interact-
ing with hMAGL, consisting 1 hydrogen-bond acceptor and 3
hydrophobic features (Fig. 3), was then employed to screen
inhibitors. To further test the effectiveness of Phar-MAGL in
identifying hMAGL inhibitors, we conducted ligand-
pharmacophore mapping to screen candidates from natural
product databases. In addition, LibDock molecular docking
were performed to screen bioactive candidates from the same
compound library to explore the commonly identified inhibi-
tors. The resultant candidates NP-2 showed strong inhibitory
potency against hMAGL with IC5, = 9.5 £ 1.2 pM. The
compound NP-5, NP-3, and NP-1 exerted moderate inhibitory
efficacy; their ICs, values are 14.5 + 1.3, 15.2 + 1.4, and 29.7 +
1.3 puM, individually. In contrast, inhibitors, NP-4, NP-7, and NP-
6 were less potent in inhibiting hMAGL (ICs, is over 50 uM). It is
noteworthy that NP-1, NP-2, NP-3, and NP-5 were almost all
fitted well with the four functional features of Phar-MAGL,
(Fig. 4) while NP-4, NP6, and NP7 partially overlapped with
these features. This observation could explain the variations of
these identified inhibitors in interfering the activity of hMAGL.
Also, these results demonstrate the efficiency and reliability of
Phar-MAGL in identifying the inhibitors against hMAGL. The
complex structures of hMAGL-inhibitor obtained from ligand-
pharmacophore mapping were subjected to molecular
dynamic simulations and further analyzed by Ligplot to unveil
their detailed molecular interactions. NP-2, the most potent
inhibitor against hMAGL, interacts with residues S122, L176,
1179, G177, and Y194 through hydrogen bondings and hydro-
phobically contacts with residues G50, A51, G52, M88, P178,
R202, A203, L205, L241 and C242 (Fig. 8A and Table 1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Similarly, the inhibitors NP-5 and NP-3 exerted comparable
inhibitory potency to that of NP-2. NP5 blocked the active site of
hMAGL by contacting with residues $122, 1179, D239, and H269
(hydrogen bond interactions) as well as L148, L176, G177, P178,
1205, and L241 (hydrophobic interactions) (Fig. 8B and Table
1). NP-3 formed hydrogen bonds with residues A51, S122, M123,
N152 and S155, also making hydrophobic contacts with resi-
dues G50, A15,1179, 1213, 1214, and L241 (Fig. 8C and Table 1).
Also, moderate inhibitorNP-1 bound into the catalytic site of
hMAGL with much less molecular interactions, compared to
that of NP-2. The molecule NP-1 occupied the catalytic pocket of
hMAGL with only 2 hydrogen bondings (to S122 and H269) and
8 hydrophobic interactions (to A51, L148, N152, L176, L205,
1213, 1241, and C242) (Fig. 8D and Table 1). On top of that, the
less potent inhibitors NP-4, NP-7, and NP-6 can be also
explained by their weak molecular interactions towards hMAGL.
NP-4 bound to hMAGL with 3 hydrogen bonds (to S122, D239,
and H269) and 5 hydrophobic interactions (to A51, N152, S155,
L213, and L241) (Fig. 8E and Table 1). NP-7 hydrophobically
interacted with residues L148, A151, L176, G177, 1179, L205,
1213, and L241 (Fig. 8F and Table 1). NP-6 blocked the active
site by only interacting with residuesL148, L176, G177, 1179,
and L241 via hydrophobic contacts (Fig. S1t and Table 1).
Notably, S122, D239, and H269 are the catalytic triad of hMAGL
and C201, C208 and C242 were proposed to stabilize the active

Table 1 Statistics of molecular interactions among the identified
inhibitors with MAGL“

NP-2 NP-5 NP-3 NP-1  NP-4 NP-7 NP-6

ICs0 (uM) 145 152 297 655 97.2 9841
G50
A51
G52
mss

*8122
M123
L148
A151
N152
$155
L176
G177
P178
1179
Y194
R202
A203
L205
L213
L214
D239 (e} (¢}
L241 O O O o
c242 O O
* H269 (e} (e)

Total 15 10 11 10 8 8 5

9.5

] O O 0O

O O O [eXeX O [eXe)

¢ The symbol “*” denotes the residues of catalytic triads. The hydrogen
bond and hydrophobic interactions are colored in pink and purple,
respectively.
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conformation of MAGL. Integrally, the inhibitors NP-1, NP-2,
NP-3, NP-4, and NP-5 all formed hydrogen bonds with S122; NP-
5 and NP-4 both formed hydrogen bonds with D239; NP-5 NP-1
and NP-4 formed hydrogen bonds with H269. Moreover, NP-2
and NP-1 showed interactions with C242 (Table 1). These key
interactions could essentially contribute to the inhibitory
capability of the identified inhibitors against hMAGL.

Interestingly, most of the identified inhibitors are flavonoids
and its derivatives (Fig. 5). Flavonoids are a class of secondary
metabolites with polyphenolic structures.”® These natural
products are abundantly found in plant origin, such as bark,
flowers, fruits, grains, roots, stems, tea, vegetables, and wine.”
It is reported that flavonoids are with anti-carcinogenic, anti-
oxidant, anti-inflammatory, and anti-mutagenic effects and
indispensable components in a variety of cosmetic, medicinal,
nutraceutical, and pharmaceutical applications.”* Structur-
ally, NP-2 (IC5, = 9.5 % 1.2 uM) and NP-3 (IC5, = 15.2 & 1.4 uM)
classified as flavones which have a ketone in position 4 of the C
ring and a double bond between position 2 and 3 (Fig. 4).
Flavones are one of the important subgroups of flavonoids. In
contrast, the structure of NP-4 (ICso = 65.5 £ 1.2 uM) and NP-5
(IC50 = 14.5 £ 1.3 uM) are classified as the isoflavone, in which
position 3 of the C ring is linked to the B ring (Fig. 4). Thus,
based on our structural and functional analyses, we found that
there could be a preference of the linkage of B and C rings in
hMAGL inhibition. When flavonoids with B ring linked to the
position 2 of C ring (flavones), their inhibitory ability against
hMAGL outstand than those of their B ring linked to the posi-
tion 3 of C ring (isoflavone). While the derivative of isoflavone
NP-5, modified with extra functional groups, exhibited
comparable/striking inhibitory capability to that of flavones.
Accordingly, our findings unprecedentedly demonstrate the
activity of flavonoids in inhibiting hMAGL, also implying its
potential in developing drugs for the treatments of neurode-
generative disorders such as AD.

NP-2 (8-prenylnaringenin, 8-PN) is a natural product identi-
fied from the plant Humulus lupulus L (hops).* Humulus
lupulus L. are flowering plants of Cannabaceae family, native to
NorthAmerica, Europe, and Western Asia.**> The value of
Humulus lupulus L. (hops) in producing beer has been undis-
puted for centuries.®® Hops are abounding in phenolic
compounds (mostly flavonoids) that are secondary metabo-
lites.® In addition, Humulus lupulus L. (hops) have used as
traditional medicines to treat as antibacterial, antifungal agents
and sleep disorders.*® Besides, the lupulin glands of hop cones
excrete prenylated flavonoids which exhibit anticancer, anti-
inflammatory, antiseptic, and antiplatelet activities.** The 8-
PN, found as a phytoestrogen in female Humulus Iupulus L.
(hops) cones, was more effective than the soya isoflavonoid
genistein.**®” In adult, the neurogenesis is partially controlled
by sex hormones i.e., estradiol.?*®* It has been reported that
estradiol boosts neurogenesis correlating with cognitive
improvement.®®®* Moreover, estradiol can also ameliorate the
neurodegenerative processes of Alzheimer's and Parkinson's
diseases.” It is noteworthy that the phytoestrogen 8-PN, with
estradiol-like effects, exhibits an exceptional activity in binding
to the a-estrogen receptor.”® As well, 8-PN was reported to
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positively control GABA-induced responses and its potential in
neurodifferentiating has also been reported.®® Here, we
demonstrated that 8-PN can interact with hMAGL and strongly
reduced its activity (IC50 = 9.5 uM). MAGL is a promising
therapeutic target for treatment of AD. The inhibition of hMAGL
decreased neurodegeneration, prevented neuroinflammation,
and improved long-term spatial learning and memory in AD
animal.”” Taken together, the aforementioned demonstrated
the great potential of the identified natural product inhibitor
NP-2 (8-PN) to serve as a start point in optimizing and creating
new and novel therapeutic agents for the treatments of neuro-
degenerative diseases, especially AD.

Conclusions

Conclusively, we performed pharmacophore-based approach
coupled with molecular docking and biochemical assay to
screen and characterize inhibitors targeting hMAGL. The built
pharmacophore model, Phar-MAGL, comprehensively screened
68 285 natural products and identified compounds NP-2, NP-5,
and NP-3 which apparently disrupted the activities of hMAGL.
We demonstrated that NP-2 blocked the active site of hMAGL by
mainly associating with residues S122, M123, and G177 via
hydrogen bond interactions and hydrophobically contacts with
residues A51, G52, M88, 1148, P178, 1179, R202, A203, G204,
L205, and C242, which are keys for structure-based lead opti-
mization against hAMAGL protein. Besides, the evident activity of
the identified inhibitors against hMAGL demonstrated the
efficiency and reliability of pharmacophore, Phar-MAGL in
identifying the inhibitors against MAGL activity. Also, the
discovery of reversible inhibitor NP-2 (8-PN) from Hop (Humulus
lupulus L.) is of great potential in developing new and promising
therapeutics for treatments of neurodegenerative diseases.
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