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ABSTRACT

Background: Hypertension is a worldwide epidemic that has been recognized as the most leading global risk for
mortality, with its prevalence associated with increased blood pressure, concomitant risks of cardiovascular and
kidney diseases, and major commonality in individuals advanced in age. With the current treatment options for
hypertension management, there is still a need to develop therapies that directly target receptors that aid in
hypertension treatment.

Methodology: The study focused on the in-silico profiling of the reported compounds from Areca catechu L.
(fam. Arecaceae) towards the n-domain and c-domain angiotensin converting enzyme (ACE) receptor models.
Bioisosteric replacement was used to create bioisosteres investigated for similar binding affinity.

Results: Some A. catechu compounds exhibited favorable binding energies towards the n- and c-domain
receptor models of ACE, binding in the same ACE ligand binding site as lisinopril, benazepril, and sampatrilat via
similar interactions and amino acid residues. The majority of A. catechu compounds with favorable ACE binding
energies belong to the phytochemical classes of flavonoids, polyphenols and phenolics, glycosides, and steroids.
After in silico toxicity and pharmacokinetic profiling, the bioisosteres Leuco-DMO02-39, Leuco-DMO02-66, Leuco-
DMO05-60, Querc-DM09-63, and Querc-DM14-31 with binding energies higher than their parent compounds and
comparable to lisinopril, benazepril, and sampatrilat were deemed the best.

Conclusion: A. catechu compounds have the potential to target ACE n-domain and c-domain receptor models.
Three leucocyanidin and two quercetin bioisosteres exhibited favorable binding to the n-domain and c-domain
ACE receptor models and could be further optimized to derive a promising antihypertensive agent through ACE
inhibition.

Keywords: Angiotensin Converting Enzyme (ACE) receptor models, Areca catechu, A. catechu Compounds,
Bioisosteres, Binding Energy, Hypertension

Introduction

Cardiovascular diseases are the leading cause of death for
individuals between the age of 50 and 69, with high blood
pressure holding the world record for highest number of
deaths by risk factor. Hypertension is an important public-
health challenge worldwide because of its high frequency and
concomitant risks of cardiovascular and kidney diseases [1].
Hypertension has been reported to have no vivid symptoms,
but sometimes it precipitates symptoms that include
headache, dizziness, shortness of breath, nose bleeds, chest
pain, and heart palpitations. Men are more prone to

hypertension compared to their female counterparts and is
also more common in people over the age of 65 than in
younger individuals [2].

In the control of human blood pressure, angiotensin-
converting enzyme (ACE) inhibitors are key players, which
inhibit ACE from converting angiotensin | into angiotensin I
[3]. ACE exists as two isoforms in mammals namely somatic
ACE (sACE) and testis/testicular/germinal ACE (tACE) [4]. Each
ACE isoform has one or two catalytic domains, which are both
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zinc-metallopeptidase with the active motif HEMGH site of
coordination between the zinc ion and 2 histidine residues.
ACE is anchored to the membrane by the stalk, and upon its
cleavage results in plasma ACE activity. SACE is composed of
1,306 amino acid residues, and with two catalytic domains (N-
and C-domains) and a C-terminal transmembrane segment
(stalk), whereas tACE possesses only one catalytic domain (C-
domain) and has 665 amino acid residues. sACE is largely
expressed in the retina and lung and also expressed in blood
vessels, liver, intestine, adrenal gland, kidney, and uterus. tACE
is manifested by post-meiotic male germ cells with high levels
of expression in round and elongated spermatids [5].
Structurally, ACE contains two homologous domains, N-
domain and C-domain, that have a similar sequence and
three-dimensional (3D) structure, but are characterized by a
different pharmacological profile, with distinctive specificities
for substrates. Bradykinin is hydrolyzed by both domains of
ACE. However, the hydrolysis of angiotensin | is entirely
dependent on ACE C-domain and the hydrolysis of the anti-
inflammatory peptide N-acetyl-SDKP is accomplished by ACE
N-domain solely [6]. Though highly homologous in structure,
the regulation of hematopoietic stem cell proliferation is
associated with N-domain ACE, whereas C-domain ACE is
primarily involved in the control of blood pressure [7]. This
selectivity in angiotensin | conversion inhibition creates
avenue for developing domain-specific drug molecules that
could selectively bind to ACE C-domain. Hence, it is safe to
assume that these selective ACE C-domain inhibitors would
reduce angiotensin-ll production while retaining normal
bradykinin hydrolysis and reducing the side effects of currently
marketed ACE inhibitors that are bradykinin mediated.

As about 25% of currently commercialized medications
have been estimated to have been derived from plants used
in traditional medicine, which indicates the importance of
plants in drug development and as an aid in fighting diseases
and chronic conditions, Areca catechu Linn. was utilized as
the starting point for development of ACE inhibitor [8]. A.
catechu Linn. (commonly known as Betel palm or Betel nut
tree) is a species of palm which belongs to the Arecaceae
family, with its nuts reported to contain polyphenols-mostly
flavonoids and tannins, polysaccharides, fiber, fats, proteins,
minerals, and alkaloids [9,10]. Inokuchi and team reported
that Areca II-5-C, a fraction isolated from areca nuts, showed
the most potent angiotensin-converting enzyme (ACE)
inhibitory activity [11]. Inaddition, A. catechu nuts have also
been reported to have antioxidant activity, antifungal
activity, antimicrobial activity, antilipidemic activity,
anthelmintic activity, larvicidal property, molluscicidal
activity, and protection against ovariectomy-induced
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osteoporosis, etc. [12—19]. With this information, the study
geared its objective towards characterizing compounds
reported in A. catechu and their bioisosteres for their ACE
binding energies, the ACE C- and N-domains' amino acids
residue they bound to, the types of receptor-ligand
interaction displayed, as well as the structural similarities
and differences among A. catechu compounds and their
respective bioisosteres. Therefore, employing in silico
molecular docking, toxicity studies, and pharmacokinetics
profiling, this study used commercially marketed ACE
inhibitors (benazepril, lisinopril, and sampatrilat) as its
reference point for the investigation, comparison, and
identification of the compounds and bioisosteres from A.
catechu that possess comparable binding affinity in the ACE
C-domain and N-domain active binding site.

Methodology

Literature Search

Using ScienceDirect and PubChem databases, a
comprehensive literature search and review was conducted
to identify all compounds that had ever been reported to be
present in A. catechu. The resulting compounds were
subjected to molecular docking, pharmacokinetic study,
and toxicological profiling with the exclusion of fatty acids,
minerals, amino acids, mycotoxins, trace elements, and
carbohydrates and sugars.

Molecular Docking

The selection criteria for ACE C- and N-domain amino acids
models entailed that models would have study reference
(lisinopril and sampatrilat) bound within in it or bound with
another compound (omapatrilat) related to the study
reference (sampatrilat), and the model must have a resolution
of 3.0 or below. For ACE C-Domain receptor models, 1086,
6F9T, and 6H5W were bound with lisinopril, sampatrilat, and
omapatrilat, and had resolutions of 2.00, 1.60, and 1.37,
respectively [20-22]. For N-Domain ACE receptor models,
2C6N, 6H5X, and 6TT4 were bound with lisinopril,
omapatrilat, and omapatrilat, and had resolutions of 3.00,
1.80, and 1.80, respectively [22—24]. These amino acid models
also had to have an RMSD value of 2.00 or less after redocking
with the ligands originally deposited inside them.

The crystalline structures of the amino acid models were
downloaded in their PDB format from the Protein Data Bank
and then converted to PDBQT format using the Autodock
Tools v1.5.7. The 3D structures of the ligands were
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downloaded from PubChem as SDF file format. The SDF
format was converted to MOL2 format using Open Babel.
Subsequently, the MOL2 format was converted into PDBQT
format using Autodock Tools. MMFF94 energy optimization
of the PDBQT format was performed using Open Babel. Grid
Box optimization was performed, and co-crystallized ligands
were redocked in the receptors using Autodock Tools v1.5.7
and Autodock Vina. Redocking was performed five times,
with each resulting PDBQT file of the molecules having
RMSD values less than 2 with respect to the crystallized
ligand's original pose. Pymol and Discovery Studio Visualizer
were used to visualize PDBQT files [25].

Bioisosteric Replacement

MolOpt was used to generate bioisosteres using a string
of SMILES as input with a subsequent provision of a CSV
output file containing the 2D bioisostere structures as well as
the absorption, distribution, metabolism, excretion, and
toxicity (ADMET) profile [26]. Stereoisomers were not
recognized because the web server treated molecules in
two-dimensional configurations. The ADMET profiles of all
the bioisosteres generated by the web server were used to
screen them prior to molecular docking. Bioisosteres were
generated in their energy optimized 3D formats using
Autodock Tools v1.5.6 and Open Babel.

Toxicity and Pharmacokinetic Screening

SWISS-ADME and pkCSM were used to analyze the
pharmacokinetic properties (absorption, distribution,
metabolism and excretion) of the bioisosteres, while pkCSM
and Toxicity Estimation Software Tool (TEST) App were used
for toxicity profiling. Inclusion criteria for bioisosteres were
no toxicity (AMES toxicity/mutagenicity, hERG | and Il
inhibitor, and hepatotoxicity), good gastrointestinal
absorption or bioavailability, and passing any of the drug-
likeness rules. Cardiotoxicity of bioisosteres were
investigated on eMolTox [27-32].

Results
Literature Search

A total of 195 entries were gathered after literature review
using ScienceDirect and PubChem databases only. These
included polyphenols and phenolics, alkaloids, amino acids,
anthraquinones, carbohydrates and sugars, carotenoids, cyclic
peptides, fatty acids, flavonoids, glycosides, minerals,
mycotoxins, other phytochemicals, steroids, stilbenoids,

tannins, trace elements, and triterpenes. The 195 entries were
narrowed down to 105 compounds by removing amino acids,
carbohydrates and sugars, fatty acids, minerals, mycotoxin,
and trace elements. Since amino acids, sugars, and fatty acids
were the simplest building components for proteins,
carbohydrates, and lipids, respectively, they were eliminated
from the study. Minerals and trace elements were excluded,
because these elements were in their atomic or ionic states,
and this study did not involve the modification of atomic
structure. Mycotoxin were omitted as they were naturally
occurring poisonous substances produced by various forms of
mold (fungi). Entries that represented a group or class of
phytochemical compounds rather than a single compound
were also excluded. In addition, structures were excluded if
their SMILES, Structure, or Identity could not be located on
PubChem or generated with the TEST app. One of each
duplicate entry was also eliminated. Thereafter, 105
compounds investigated in the study were composed of 24
polyphenols and phenolics, 13 alkaloids, two anthraquinones,
one carotenoid, one cyclic peptide, 21 flavonoids, 10
glycosides, five other phytochemicals, six steroids, two
stilbenoids, 13 tannins, and seven triterpenes (Supplemental
Material 1).

Molecular Docking and Bioisosteric Replacement

Based on in silico results, lisinopril was used as the
benchmark for identifying A. catechu compounds with binding
energies of -7 and below because it has a binding energy in the
range of -7, which was lower compared to -5 free binding
energy of captopril. Additionally, lisinopril has been reported to
have key features such as a long half-life, hydrophilic, and
ability to not be broken down by the liver unlike captopril.
Lisinopril is the commonly recommended first line ACE
inhibitor for hypertension [33,34]. Therefore, the average of
five trials of binding energies of the A. catechu compounds
with binding energies of -7 or lower for each of the six receptor
models were presented in Table 1. Of the 105 A. catechu
compounds, 38 compounds were found to have binding
energies of lines of -7 or lower across all six ACE receptor
models. These 38 compounds included six polyphenols, two
anthraquinones, 21 flavonoids, four glycosides, three steroids,
one stilbenoid, and one tannin. Of the 38 A. catechu
compounds, 18 compounds had at least in one receptor model
a binding energy in the line of -9. The top 5 compounds in the
18 compounds had at least in two receptor models binding
energies in the line of -9 across all receptor models. The next 5
compounds in the 18 compounds had only in one or two
receptor models a binding energy in the line of -7. Therefore,
these top ten A. catechu compounds (naringenin-7-O-
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glucoside, isorhamnetin 3-O-(6”-0-a-L-rhamnopyransoyl) B-D-
glucopyranoside, acatechu B, (-)-gallocatechin gallate, naringin,
epigallocatechin gallate, jacareubin, rutin, leucocyanidin, and
guercetin) based on binding energy were subjected to
bioisosteric replacement for the generation of bioisosteres.

The top ten A. catechu compounds based on binding
energy criteria of at least one binding energies in the line of -9
and only one or two binding energies in the line of -7 across all
six receptor models were subjected to bioisosteric replacement
using MolOpt website. Utilizing the data mining function of the
MolOpt website, 14916 bioisosteres were generated from
these ten A. catechu compounds. Upon generation of
bioisosteres, the MolOpt website provides a csv file containing
information about the bioisosteres, which include their SMILES,
chemical structure and properties, pharmacokinetic properties,
and several toxicity profiles. The inclusion criteria for the
bioisosteres based on MolOpt data generated in a .csv file were
synthetic accessibility lower than 6, high human intestinal
absorption, no mutagenic potential, no carcinogenic potential,
does not induce genotoxicity, does not cause drug induced liver
injury, and not a hERG blocker [27-32].

Synthetic accessibility depicts the ease for which a drug-like
molecule could be developed and validated and is scored
between one (easy to make) and ten (very difficult to make),
therefore, 6.0 is proposed as the threshold for distinguishing
between easy- and difficult-to-synthesize drug-like molecules
[27,28]. High human intestinal absorption is an essential factor
during drug development especially for orally intended
medicines as this affects the bioavailability of the developed
drug molecule [29]. Mutagenic and genotoxic potential of
compounds from A. catechu were investigated using the AMES
test, which is one of the most used tests to assess the
mutagenic potential of medicinal plants [30]. The ability of a
drug-molecule to induce liver injury and its carcinogenic
potential are critical issues identified by Food and Drug
Administration (FDA) and International Council for
Harmonization (ICH) guidelines as these issues impact
prediction of human risk during drug development [31]. Drug-
induced blockage of the human ether-a-go-go-related gene
(hERG) continues to be a key hurdle to bringing safe
medications to market because the inhibition of hERG results
in sudden death attributed to side effect of non-
antiarrhythmic drugs [32]. Based on these criteria, only 376
bioisosteres met the inclusion criteria and were subjected to
molecular docking (Supplemental Material 2).

After the 376 compounds were subjected to molecular
docking, benazepril and sampatrilat which had binding
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energies in the lines of -8 were utilized as points of reference to
identify bioisosteres with binding energies of -8 and lower.
Sampatrilat as a dual inhibitor of ACE and neutral
endopeptidase, is more potent than Lisinopril [6]. Sampatrilat
has been reported to show more selectivity towards the
subsites of the C-Domain ACE model [21]. Additionally, the in
silico study of Ningsih & Novianty, which investigated
bioisosteres of arecoline (an A. catechu reported compound)
utilized a benchmark binding energy of -8.1 kcal/mol for
arecoline bioisosteres compared to the -5.8 kcal/mol free
binding energy of arecoline [35]. Hence, the binding energies
criteria for the bioisosteres of A. catechu compounds were set
at -8, which is higher than the binding energies criteria for their
parent compounds. Of the 376 bioisosteres, 31 bioisosteres
were found to have binding energies of lines of -8 or lower
across all six ACE receptor models. These 31 bioisosteres were
identified to be from three A. catechu compounds —
naringenin-7-O-glucoside (nine bioisosteres), leucocyanidin
(ten bioisosteres) and quercetin (13 bioisosteres). The binding
energies of the top-performing bioisosteres of naringenin-7-O-
glucoside, leucocyanidin, and quercetin were presented in
Table 2.

Observation of the docking of lisinopril, naringenin-7-O-
glucoside, leucocyanidin and quercetin into the C-domain
1086 ACE receptor model, and N-domain 2C6N ACE receptor
model revealed that these compounds had similar forms of
interactions in the binding sites (Figure 1). The common
chemical interactions observed were hydrogen (conventional
and carbon) bonds, electrostatic (salt bridge, attractive
charges, cationic and anionic) interactions, hydrophobic (Pi-
Sigma, Pi-Pi Stacked, Pi-Pi T-shaped, Pi-Alkyl and Alkyl)
interaction, metal-acceptor interaction with the charged zinc
ion, and unfavorable interactions.

Leuco-DMO02-39, Leuco-DM02-66, Leuco-DMO05-60, Querc-
DM09-63 and Querc-DM14-31 all displayed similar binding-
site interactions when docked into the C-domain 1086 and N-
domain 2C6N ACE receptor models (Figure 2). The most
frequently observed chemical reactions were hydrogen
(conventional, carbon and Pi-donor) bonds, electrostatic (salt
bridge, attractive charges, cationic and anionic) interactions,
hydrophobic (Pi-Sigma, Pi-Pi Stacked, Pi-Pi T-shaped, Pi-Alkyl
and Alkyl) interaction, metal-acceptor interaction with the
charged zincion, and unfavorable interactions.

Naringenin-7-O-glucoside is a flavone 7-O-beta-glucoside with
IUPAC name of 5-hydroxy-2-(4-hydroxyphenyl)-7-
[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6- (hydroxymethyl)oxan-2-yl]
oxy-2,3-dihydrochromen-4-one created when naringenin was
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Table 1. ACE Receptor Models Binding Energies of Captopril, Lisinopril and A. catechu Compounds.

Ligands Phytochemical C- Domain Models
Group 1086 6F9T | 6H5W

N- Domain Models
2C6N | 6H5X 6TT4

Captopril Not Applicable -5.36 -5.36 | -5.8 -5.38 | -5.74 -5.82
Lisinopril Not Applicable -7.02 -6.94 | -7.14 -6.88 | -7.26 -7.26
Naringenin-7-0O-glucoside Flavonoid -8.8 94 | -83 -8.9 -9.46 -9.14
Isorhamnetin 3-0-(6”-O-a-L- Glycoside -8.9 -9 -8.12 -8.74 | -9.5 -9
rhamnopyransoyl) B-D-
glucopyranoside
Acatechu B Glycoside -8.82 -8.06 | -8.88 -8.88 | -9.38 -9.06
(-)-Gallocatechin gallate Flavonoid -8.46 -7.84 | -9.18 -8.52 | -9.4 -8.64
Naringin Polyphenol -8.7 95 | -7.7 -9.26 | -8.62 -8.86
Epigallocatechin gallate Polyphenol -8.74 -84 | -8.24 -8.28 | -9.6 -8.68
Jacareubin Flavonoid -8.3 -8.2 | -8.88 -8.32 | -9.14 -8.66
Rutin Polyphenol -7.92 -8.52 | -8.58 - -8.96 -8.92
10.02
Leucocyanidin Polyphenol -8 -7.3 | 9.2 -8.2 -8.7 -7.4
Quercetin Flavonoid -8.2 -7.3 -9.1 -8.4 -8.8 -7.7
Hyperoside [Quercetin-3-0- Flavonoid -8.16 -7.52 | -7.76 -7.98 | -9.14 -8.1
galactoside]
Trans-piceid (a.k.a. Polydatin) Stilbenoid -8.02 -79 | -8.7 -7.8 -9.04 -7.84
Ergosterol peroxide Steroid -8.32 -9.3 | -7.56 -7.68 | -8.22 -7.96
Leucopelargonidin Flavonoid -8.1 -7.2 | 9.1 -7.9 -8.2 -7.46
(+/-)-Catechins Flavonoid -7.9 72 |9 -7.8 -8.3 -7.62
L-epicatechins Flavonoid -7.9 7.2 | -9 -7.8 -8.2 -7.62
D-epicatechins Flavonoid -7.9 -7.1 | -9 -7.82 | -8.6 -7.48
Astragalin [Kaempferol-3-O- Flavonoid -7.5 -7.3 | -7.28 -7.96 | -9.38 -7.96
glucoside]
Chrysoeriol Flavonoid -8.3 -74 | -83 -8.32 | -8.2 -8
4',5'-dihydroxy-3',5',7'- Flavonoid -8 -7.7 -8.36 -8.1 -8.22 -8
trimethoxyflavonone
B-sitostenone Steroid -8.46 -8.84 | -8.96 -7.3 -8.18 -8.34
Luteolin Flavonoid -8.38 -7.4 | -8.3 -8.6 -8.5 -7.9
Naringenin Flavonoid -8.3 -7.6 | -8 -8.6 -8.3 -7.8
Isorhamnetin Flavonoid -8.2 -7.4 -8.9 -8.2 -8.6 -7.74
5,7,4'-trihydroxy-3',5'-dimethoxy | Flavonoid -8.16 -7.32 | -8.1 -8.08 | -8.32 -7.86
flavanone
Liquiritigenin Flavonoid -8.4 -7.3 -8.4 -8 -8.2 -7.7
(s)-5-hydroxy-2-(4-hydroxy-3,5- Flavonoid -8.1 -7.42 | -7.66 -8.26 | -8.3 -8.1
dimethoxyphenyl)-7-
methoxychroman-4-one
Kaempferol Flavonoid -8.2 -7.1 | -8.8 -8.12 | -8.3 -7.5
Guaiaverin Glycoside -8.06 -7.64 | -7.58 -8.04 | -8.9 -8.38
Ellagic acid Tannin -8.1 -7.4 | -8.6 -7.7 -8.6 -7.88
(%)-5-hydroxy-2-(4-hydroxy-3,5- Flavonoid -7.92 -76 | -7.9 -8.16 | -8.18 -8
dimethoxyphenyl)-7-
methoxychroman-4-one
Isohamnetin-3-O-galactoside Flavonoid -7.36 -7.42 | -7.44 -8.14 | -8.9 -8.06
Physcion (a.k.a. Physione) Anthraquinone -7.9 -7.1 | -85 -7.6 -8.1 -7.7
Stigmasta-4-en-3-one Steroid -7.16 -8.22 | -7.6 -8 -7.64 -7.78
Flavan-3,4-diol Polyphenol -7.3 -7.7 | -8.2 -7.52 | -7.4 -7.74
Hexahydroxyflavan Polyphenol -7.6 -7.36 | -8.1 -7.14 | -7.78 -7.7
Chrysophanol Anthraquinone -7.8 -7.6 | -8.7 -7.2 -7.92 -7.48
Acatechu A Glycoside -7.9 -7.1 | -7.68 -7.08 | -8.06 -7.58
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Table 2. Average ACE Receptor Models Binding Energies of Benazepril, Sampatrilat and Bioisosteres across Six Receptor Models.

Bioisosteres

C Domain Models

N Domain Models

1086 6F9T 2C6N 6H5X

Benazepril -8.22 -7.84 -8.42 -7.7 -8.26 -7.8
Sampatrilat -8.1 -7.46 -7.74 -7.94 -8.72 -8.36
Narin-DM05-07 -10.3 -9.58 -9.58 -9.38 -10.34 -10.4
Narin-DM05-08 -10.12 -9.3 -9.58 -9.9 -10.4 -10.2
Narin-DM05-14 -9.9 -9.2 -9.6 -9.7 -10.18 -10.1
Narin-DM05-19 -9.92 9.6 -9.66 -9.9 -9.8 -9.2
Narin-DM14-00 -9.44 -8.8 9.1 -9.8 -9.98 -9.36
Narin-DM14-02 -9 9.1 -8.82 -8.9 -9.38 -9.08
Narin-DM14-39 -8.86 -9.76 -8.5 -9.36 -9.52 -9.22
Narin-DM14-49 -8.98 -9.32 -8.5 -9.08 -9.46 -9.14
Narin-DM14-50 -9.4 -9.26 -9.28 9.1 -9.44 -9.5
Leuco-DMO01-50 -8.32 -8.5 -8.3 -8.38 -8.76 -8.16
Leuco-DM01-89 -8.38 -8.2 -8.56 -8.04 -9.14 -8.32
Leuco-DMO02-39 -8.34 -8.3 -8.88 -8.02 -8.6 -8.34
Leuco-DM02-66 -8.3 -8.1 -9.1 -8.1 -8.34 -8.1
Leuco-DMO03-50 -8.24 -8.32 -9.74 -8.38 -8.72 -8.46
Leuco-DMO03-70 -8.32 -8.8 -8.5 -8.08 -9.2 -8.42
Leuco-DMO05-53 -8.24 -8.06 -9.8 -8.48 -8.76 -8.38
Leuco-DMO05-60 -8.52 -8.26 -9.2 -8.3 -8.36 -8.02
Leuco-DMO05-63 -8.58 -8.3 -9.2 -8 -8.84 -8.3
Querc-DM00-35 -9.3 -8 -8.58 -8.3 -9.4 -8.3
Querc-DM00-73 -8.38 -8.2 -8.7 -8.1 -9.66 -8.4
Querc-DM05-91 -8.7 -8.04 -9.28 -8.12 -9.06 -8.48
Querc-DM09-63 -8.64 -8.7 -9.1 -8.22 -8.8 -8.8
Querc-DM12-20 -8.04 -8.36 -8.6 -8.1 -9.04 -8.12
Querc-DM12-35 -8.5 -8.5 -8.78 -8.5 -9.52 -8.6
Querc-DM13-20 -8.6 -8.3 -8.7 -8.52 -9.04 -8.8
Querc-DM13-35 -9.08 -8.26 -9.2 -8.9 -9.32 9.1
Querc-DM13-52 -8.78 -8.04 -8.68 -8.2 -8.64 -8.3
Querc-DM14-31 -8.18 -8.2 -8.1 -8.12 -8.46 -8.02
Querc-DM14-35 -8.72 -8.5 -8.58 -8.78 -9.14 -8.08
Querc-DM15-20 -8.52 -8 -8.12 -8 -9.2 -8.14
Querc-DM15-73 -8.5 -8.3 -8.44 -8.5 -10 -8.66
Legends: Narin - Naringenin-7-O-glucoside; Leuco - Leucocyanidin; Querc - Quercetin

substituted by a beta-D-glucopyranosyl moiety at position 7 via a
glycosidic linkage [36]. Leucocyanidin is a leucoanthocyanidin
with IUPAC name of 2-(3,4- dihydroxyphenyl)-3,4-dihydro-2H-
chromene-3,4,5,7-tetrol [37]. Quercetin is a polyphenolic
flavonoid with IUPAC name of 2-(3,4-dihydroxyphenyl)-3,5,7-
trihydroxy chromen-4-one [38]. The absolute configuration for the
docked bioisosteres were (2R,3S,4S) 2-[3-(trifluoromethyl)phenyl]
chromane-3,4,5,7-tetrol for Leuco-DM02-39, (2'R,3'S,4'S) 3-
(3,4,5,7-tetrahydroxychroman-2-yl) benzoic acid for Leuco-DMO2-
66, (2R,3S,4S) 2-[4-hydroxy-3-(trifluoromethyl)phenyl] chromane-
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3,4,5,7-tetrol for Leuco-DMO05-60, 3,5,7-trihydroxy-2-[3-hydroxy-5-
(trifluoromethyl)phenyl] chromen-4-one for Querc-DM(09-63, and
2-(3,4-dihydroxyphenyl)-3,5-dihydroxy-7-(1-hydroxy-1-methyl-
ethyl) chromen-4-one) for Querc-DM14-31 (Figure 3).

Toxicity and Pharmacokinetic Screening
Per the MolOpt generated data, most of the 14,916

generated bioisosteres caused myocardial damage including
the top-performing bioisosteres of naringenin-7-O-glucoside,
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Figure 1. Docking of molecules into ACE receptor models. (A) Molecular docking of lisinopril into ACE C-domain receptor
model 1086. (B) Molecular docking of lisinopril into ACE N-domain receptor model 2C6N. (C) Molecular docking of naringenin-
7-O-glucoside into ACE C-domain receptor model 1086. (D) Molecular docking of naringenin-7-O-glucoside info ACE N-
domain receptor model 2C6N. (E) Molecular docking of leucocyanidin into ACE C-domain receptor model 1086. (F) Molecular
docking of leucocyanidin into ACE N-domain receptor model 2C6N. (G) Molecular docking of quercetin into ACE C-domain
receptor model 1086. (H) Molecular docking of quercetin into ACE N-domain receptor model 2C6N.

leucocyanidin, and quercetin. Therefore, these bioisosteres
were further investigated for cardiotoxicity using the eMolTox
website (Table 3).

A total of 31 bioisosteres were identified to have binding
energies of -8 and below, which was comparable to that of
benazepril and sampatrilat. These bioisosteres per MolOpt
data has the potential to cause myocardial damage and were
therefore investigated for their ability to cause cardiotoxicity
using the eMolTox website. Of these 31 bioisosteres, 15 were
tagged with potential for cardiotoxicity by eMolTox —
cardiotoxicity (Table 3). Based on toxicity and pharmacokinetics
results generated by pkCSM, TEST App and Swiss ADME in
addition to eMolTox results, only five bioisosteres met criteria
of synthetic accessibility lower than 6, high human intestinal

absorption, good bioavailability score, non- mutagenic, non-
hepatotoxic, and a non-hERG | and Il blocker [27-32]

Discussion

A review of the scientific literature was conducted to
identify all molecules reported to be present in A. catechu.
The study was able to reduce the number of compounds
from 195 to 105 by eliminating the following: amino acids,
carbohydrates and sugars, fatty acids, minerals, mycotoxin,
and trace elements; entries that represented a group or
class of phytochemical compounds rather than a single
compound; molecules whose SMILES, Structure, or Identity
could not be located on PubChem or generated with the
TEST app; and one of each duplicate entry. The binding

Phil J Health Res Dev October-December 2023 Vol.27 No.4, 78-93
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energies of these 105 compounds at the active binding site
of ACE were then determined by docking them into the

crystal structure of ACE.

Based on in silico results, the -7 binding energy of lisinopril,
which was lower than the -5 binding energy of captopril, served
as the standard by which A. catechu compounds with lower

binding energies were identified. Lisinopril was used as the
benchmark as it is the commonly recommended first line ACE

inhibitor for hypertension [33,34]. Of the 105 compounds
found in A. catechu, 38 had binding energies of lines -7 or

Phil J Health Res Dev October-December 2023 Vol.27 No.4, 78-93

below for all six ACE receptor models. The top ten A. catechu
compounds according to binding energies had binding energies
in the -9 range in at least one receptor model, and binding
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Figure 3. Molecular structures of: (A) Unsubstituted flavonoid. (B) Naringenin-7-O-glucoside. (C) Leucocyanidin. (D) Quercetin.
(E) Leuco-DM02-39 ((2R,3S,4S) 2-[3-(trifluoromethyl)phenyl] chromane-3,4,5,7-tetrol). (F) Leuco-DMO02-66 ((2'R,3'S,4'S) 3-
(3,4,5, 7-tetrahydroxychroman-2-yl) benzoic acid). (G) Leuco-DM05-60 ((2R,3S,4S) 2-[4-hydroxy-3-(trifluoromethyl)phenyl]
chromane-3,4,5,7-tetrol). (H) Querc-DMO09-63 (3,5, 7-trihydroxy-2-[3-hydroxy-5-(trifluoromethyl)phenyl] chromen-4-one). (I)
Querc-DM14-31 (2-(3,4-dihydroxyphenyl)-3,5-dihydroxy-7-(1-hydroxy-1-methyl-ethyl) chromen-4-one).

energies in the -7 range in only one or two receptor models.
These top ten A. catechu compounds were naringenin-7-O-
glucoside, isorhamnetin 3-0-(6"-O-a-L-rhamnopyransoyl) B-D-
glucopyranoside, acatechu B, (-)-gallocatechin gallate, naringin,
epigallocatechin gallate, jacareubin, rutin, leucocyanidin, and
guercetin, and they were subjected to bioisosteric replacement
for the generation of bioisosteres.

Ten compounds from A. catechu were subjected to
bioisosteric substitution using the data mining feature of the
MolOpt website, yielding a total of 14916 bioisosteres.
Bioisosteres were included in the study if they met the
following criteria, as established by the MolOpt database:
synthetic accessibility below 6, high human intestine
absorption, no mutagenic or carcinogenic potential, does not
cause genotoxicity, does not cause drug-induced liver damage,
and is not a hERG blocker [27—32]. Consequently, only 376
bioisosteres met the criteria and were docked at the active site
of ACE. Among the 376 compounds, 31 had binding energies of
lines of -8 or below for all six ACE receptor models, which was
comparable to benazepril and sampatrilat. Naringenin-7-O-
glucoside (nine bioisosteres), leucocyanidin (ten bioisosteres),
and quercetin (13 bioisosteres) are the three A. catechu
compounds shown to be responsible for these 31 bioisosteres.

The docking of these compounds and bioisosteres into
the ACE 1086 model happened between the S1’ and S2’
subsites (Figure 1 and Figure 2). In the S1’ subsite, the amino
acid residues important for this binding pattern were
GLU162 (conventional hydrogen bond, halogen, and anionic
electrostatic interactions), ALA354 (conventional hydrogen
bond, hydrophobic and halogen interactions), GLU369
(halogen interactions), ASP377 (conventional hydrogen
bond and halogen interactions), and VAL380 (hydrophobic
interactions). The fourth, fifth, and seventh positions of the
chromene-3,4,5,7-tetrol and chromen-4-one rings were the
key position for interactions in the ACE 1086 models’ S2’
subsite. The hydroxyl and carbonyl groups at the fourth and
fifth position had interactions with amino acid residues
GLN281, LYS511, TYR520, and TYR523; and the hydroxyl
group at the seventh position had interactions with amino
acid residues HIS383 (conventional and carbon hydrogen
bond) and ASP415 (conventional hydrogen bond).

In the docking of leucocyanidin in 2C6N, it had a binding
energy of -8.2. Leuco-DMO02-39, Leuco-DMO02-66, and
Leuco-DMO05-60 had binding energies of -8.1,-8.1, and -8.3,
respectively. Hence, Leuco-DMO05-60 performed better
than leucocyanidin, Leuco-DM02-39, and Leuco-DM02-66.
This revealed that the presence of both hydroxyl and
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Table 3. Cardiotoxicity Results of Standards, Compounds and Bioisosteres.

Standards, Compounds and

Molecule Flagged Myocardial Damage

eMolTox Cardiotoxicity

Bioisosteres by MolOpt Results
Benazepril N/A 6
Lisinopril N/A 6
Sampatrilat N/A N/C
Naringenin-7-0O-glucoside N/A N/C
Narin-DMO05-07 YES 1,3
Narin-DM05-08 YES 1
Narin-DMO05-14 YES 1
Narin-DMO05-19 YES 1
Narin-DM14-00 YES 1
Narin-DM14-02 YES 1
Narin-DM14-39 YES 1
Narin-DM14-49 YES 1,3
Narin-DM14-50 YES 1,3
Leucocyanidin N/A 4,5
Leuco-DMO01-50 YES 4
Leuco-DM01-89 YES N/C
Leuco-DMO02-39 YES N/C
Leuco-DMO02-66 YES N/C
Leuco-DMO03-50 YES 4,5
Leuco-DMO03-70 YES 4
Leuco-DMO05-53 YES 4,5
Leuco-DMO05-60 YES N/C
Leuco-DMO05-63 YES N/C
Quercetin N/A 2,5
Querc-DMO00-35 YES N/C
Querc-DMO00-73 YES N/C
Querc-DM05-91 YES A
Querc-DM09-63 YES N/C
Querc-DM12-20 YES N/C
Querc-DM12-35 YES N/C
Querc-DM13-20 YES N/C
Querc-DM13-35 YES N/C
Querc-DM13-52 YES N/C
Querc-DM14-31 YES N/C
Querc-DM14-35 YES N/C
Querc-DM15-20 YES 5
Querc-DM15-73 YES N/C

Legends:

N/A - Not applicable; N/C - Not cardiotoxic; 1 - Antagonist of the peroxisome proliferator-activated
receptor gamma (PPARg) signaling pathway (Kidney, heart, immune); 2 - Agonist of the peroxisome
proliferator-activated receptor gamma (PPARg) signaling pathway (Kidney, heart, immune); 3 - Antagonist

of the thyroid receptor (TR) signaling pathway (Endocrine & heart); 4 - Modulator of Dopamine D1 receptor
(CNS, Kidney & Heart); 5 - Modulators of myocardial damage (Heart); 6 - Modulators of Angiotensin-
Converting Enzyme (Heart, Kidney); A - Mitochondrial toxicity;
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trifluoromethyl groups (in Leuco-DM05-60) at the third and
fourth positions of phenyl group showed the lowest binding
energy compared to one carboxyl group (in Leuco-DM02-
66), one trifluoromethyl group (Leuco-DMO02-39), or two
hydroxyl groups (in leucocyanidin). In the docking of
quercetin in 2C6N, it had a binding energy of -8.4. Querc-
DMO09-63 and Querc-DM14-31 had binding energies of -8.3
and -8.2, respectively. Quercetin performed better than
Querc-DM09-63 and Querc-DM14-31.

The seventh position of the chromen-4-one ring in
naringenin-7-O-glucoside was the best possible site in the
compound to make substitutions to generate bioisosteres. This
was evident with the direct substitution at position seven of the
chromen-4-one ring, or substitution at the adjoining oxygen
atom between position seven of the chromen-4-one ring and
position two of the 3,4,5-trihydroxy- 6-(hydroxymethyl)
tetrahydropyran-2-yl ring. The second and fifth positions of the
chromene-3,4,5,7-tetrol ring in leucocyanidin were the optimal
possible site in the compound to make substitutions for
generation of new bioisosteres that performed comparably
well to leucocyanidin, benazepril and sampatrilat in the
molecular docking. The second, third, fifth, and seventh
positions of the chromen-4-one ring in quercetin were the
optimal sites for the generation of new bioisosteres with
binding energy results comparable to quercetin, benazepril,
and sampatrilat.

The ACE inhibition capability of various flavonoids was
determined by three structural characteristics (Fig. 3A): 1) the
presence of a double bond between C2 and C3 in the C-ring that
is necessary for the preservation of the flavonoid’s planar
structure; 2) the presence various hydroxyl (OH) groups at
positions 3’ and 4’ in the B-ring, which is crucial for the
formation of flavonoids' ACE inhibitory capability; and 3) the
presence of a carbonyl (CO) group on C4 in the C-ring. Therefore,
for ACE inhibition potential, the exact position and amount of
hydroxyl and carbonyl functional groups as well double bond at
C2 and C3 in the C-ring are crucial considerations [39-42]. In its
structure, naringenin-7-O-glucoside has an OH group at position
4’ in the B-ring, the presence of a carbonyl (CO) group on C4 in
the C-ring but lacked the double bond between C2 and C3 in the
C-ring. Naringenin-7-O-glucoside has a total of five hydroxyl
groups in its structure. The nine top-performing bioisosteres of
naringenin-7-O-glucoside also had an OH group at position 4’ in
the B-ring and a carbonyl (CO) group on C4 in the C-ring, but
they lacked the double bond between C2 and C3 in the C-ring.

Leucocyanidin structure only showed the presence of OH
groups at positions 3’ and 4’ in the B-ring as it lacked the

double bond between C2 and C3 in the C-ring and absence of
a carbonyl (CO) group on C4 in the C-ring of leucocyanidin
structure. However, it had a total of 6 hydroxyl groups in
leucocyanidin, which were also considered crucial for the
formation of flavonoids' ACE inhibitory capability. All ten top
performing leucocyanidin bioisosteres lacked the double bond
between C2 and C3 in the C-ring and the carbonyl (CO) group
on C4 in the C-ring. Regarding the OH groups at positions 3’
and 4’ in the B-ring, some of the bioisosteres retained one or
both hydroxyl groups, and others bioisosteres had no hydroxyl
group, which was replaced by a trifluoromethyl group. The
structure of quercetin revealed that it contained the double
bond between C2 and C3 in the C-ring, the presence of OH
groups at positions 3’ and 4’ in the B-ring, and the presence of
a carbonyl (CO) group on C4 in the C-ring. All thirteen top
performing quercetin bioisosteres retained the double bond
between C2 and C3 in the C-ring and the carbonyl (CO) group
on C4 in the C-ring. Regarding the OH groups at positions 3’
and 4' in the B-ring, all the top-performing quercetin
bioisosteres retained at least one of the hydroxyl groups,
except for Querc 05-91, which lost both hydroxyl groups.

Binding energies of -8 or lower were found in 31
bioisosteres, placing them in the same ballpark as benazepril
and sampatrilat. Based on the MolOpt findings, these
bioisosteres were tested for cardiotoxicity on the eMolTox
platform to determine if they could induce cardiacinjury. Of
these 31 bioisosteres, eMolTox - cardiotoxicity identified 15
as potentially harmful to the heart. Of the standards,
lisinopril and benazepril were flagged as modulators of ACE,
butsampatrilat was not flagged as cardiotoxic.

Naringenin-7-0O-glucoside had been reported to have
cardioprotective effects against doxorubicin induced
cardiomyopathy [43-47]. It was not flagged by eMolTox -
cardiotoxicity to have any potential for cardiotoxicity. However,
all its top performing bioisosteres were flagged as having
potential for cardiovascular toxicity specifically for either
antagonist of the peroxisome proliferator-activated receptor
gamma (PPARg) signaling pathway or antagonist of the thyroid
receptor (TR) signaling pathway - endocrine and heart, or both.

Leucocyanidin had been reported to be present in guava
(Psidium guajava L.), which was reported to possess
antihypertensive properties, cardio-protective properties
against myocardial ischemia-reperfusion injury, and cardio-
inhibiting properties [48,49]. Nevertheless, leucocyanidin was
flagged by eMolTox - cardiotoxicity as having cardiotoxic
potential specifically for modulator of Dopamine D1 receptor
and modulators of myocardial damage. Its bioisosteres Leuco-
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DMO03-50 and Leuco-DMO05-53 were flagged to have cardiotoxic
potential as modulator of Dopamine D1 receptor and
modulators of myocardial damage. Bioisosteres Leuco-DMO01-
50 and Leuco-DMO03-70 were flagged for cardiotoxic potential as
modulator of Dopamine D1 receptor. The remaining six
analogues Leuco-DMO01-89, Leuco-DMO02-39, Leuco-DMO02-66,
Leuco-DMO05-60, and Leuco-DMO05-63 were not flagged by
eMolTox as cardiotoxic even though MolOpt flagged them as
causing myocardial damage.

Although quercetin had been reported to have
protective effects against doxorubicin induced cardiac
damage, it was flagged by eMolTox - cardiotoxicity as having
cardiotoxic potential specifically for agonist of the
peroxisome proliferator-activated receptor gamma (PPARg)
signaling pathway and modulators of myocardial damage
[43—-47]. Bioisostere Querc-DMO05-91 was flagged to cause
mitochondrial toxicity. Bioisostere Querc-DM15-20 was
flagged for cardiotoxic potential as a modulator of
myocardial damage as it was flagged by MolOpt. The
remaining eleven bioisosteres Querc-DM00-35, Querc-
DMO00-73, Querc-DM09-63, Querc-DM12-20, Querc-DM12-
35, Querc-DM13-20, Querc-DM13-35, Querc-DM13-52,
Querc- DM14-31, Querc-DM14-35, and Querc-DM15-73
were not flagged by eMolTox as cardiotoxic even though
MolOpt flagged them as causing myocardial damage.

Leucocyanidin and Quercetin were the A. catechu
compounds, which provided the best bioisosteres that had
binding energies comparable to benazepril and sampatrilat,
as well as that met the toxicity and pharmacokinetic criteria
of the study. Leucocyanidin had been reported to be
isolated fromthe A. catechu seeds as well as acomponent of
A. catechu seed polyphenol [50,51]. Quercetin had been
isolated from the fruit of A. catechu, as well as from the
seeds of A. catechu [52-54]. Therefore, only five
bioisosteres met criteria of synthetic accessibility 6, high
human intestinal absorption, good bioavailability score,
non-mutagenic, non-hepatotoxic, and a non-hERG | and I
blocker, as generated by pkCSM, TEST App, and Swiss ADME
in addition to eMolTox results.

Conclusion

Using in silico methods, 105 compounds from A. catechu
were characterized in terms of their ability to bind to the
active site of the ACE receptor model. Based on the results of
the molecular docking, 38 A. catechu compounds with
average binding energies of -7 across six receptor models
were identified, and these binding energies were comparable
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to those of lisinopril. After bioisosteric replacement,
leucocyanidin and quercetin were the A. catechu compounds
that produced the best analogues — Leuco-DMO02-39, Leuco-
DMO02-66, Leuco-DMO05-60, Querc-DMO09-63, and Querc-
DM14-31, which met the study's inclusion criteria. Therefore,
the study showed the capacity of these flavonoid derived
bioisosteres — Leuco-DM02-39, Leuco-DMO02-66, Leuco-
DMO05-60, Querc-DM09-63, and Querc-DM14-31 —to become
antihypertensive agents through ACE inhibition. The study
finding support the motion of in silico screening methods and
data as starting point for drug development, which could be
adopted in personalized therapeutics. Nevertheless, due to its
limitation regarding data translation to the human system, in
silico data and modeling are not enough to account for the full
potential of the bioisosteres of leucocyanidin and quercetin to
become antihypertensive agents. Therefore, drug synthesis
and analysis, preclinical studies comprising of in vitro and in
vivo testing, and clinical trials are vital to establish their full
potential as antihypertensive agents. Finally, it is suggested
that future researchers use leucocyanidin and quercetin, as
well as their bioisosteres Leuco-DMO02-39, Leuco-DMO02-66,
Leuco-DMO05-60, Querc-DMO09-63, and Querc-DM14-31, as a
starting point for the development of new antihypertensive
agents via the ACE inhibition pathway by subjecting them to
drug synthesis and analysis, preclinical in vitro and in vivo
testing, and clinical trials.
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