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INTRODUCTION

Helminthic infections are prevalent in almost all coun-
tries; however, they are more common in South America,
Africa, and Asia. According to WHO data, 1.5 billion peo-
ple around the world are infected with soil-transmitted
helminths. Specifically, 819 million people have Ascaris,
464 million people have Trichuris, and 438 million people
are infected with hookworm. Schistosomiasis is considered
an epidemic disease in 83 countries, with an estimated 180
million cases predicted [1]. In addition to this, substantial
expenses have been incurred for the prevention and treat-
ment of helminthic infections in animals. Novel simulations
are necessary to control helminthic diseases. A new technique
that allows continuous visualization of the spread of the dis-
ease in different age groups was developed for Covid-19 con-
trol [2]. With this new simulation called Hybrid NAR-RBFs
Networks, parameters were evaluated to see the effect of an
infective disease in a very wide geography.

In regions with limited health services, people often face
recurring helminthic infections and drug resistance issues.
Exploring natural compounds as alternatives to synthetic
drugs is crucial, but obtaining and studying these com-
pounds can be costly and arduous. In silico molecular mod-
elling, simulations play a key role in providing insights into
potential drug interactions, serving as an important step in
rational drug design. Protein-ligand docking simulation is
also essential in reducing the cost and labor involved in drug
research [3]. In silico modelling studies, which are the first
step of drug discovery, should be increased because simula-
tions created with chemical calculations at the atomic level
serve as an aid in predicting the biological effect of the drug.

In drug research, in silico simulations, the first and
probably the most important step, help to estimate the
pharmacokinetics, pharmacodynamics and side effects of
the drug. Pharmacokinetics consists of stages that involve
reaching the target cell, which can be predicted through
computational methods. These stages are related to the
chemical and biological properties of a drug candidate.
Pharmacokinetics is mainly concerned with ADMET
(Absorption, Metabolism, Excretion, and Toxicity), which
includes the absorption of the drug from the intestines, skin,
and cell membranes, distribution in the body (including its
reach to different cells, tissues, and organs, and whether
it can penetrate the blood-brain barrier), the by-products
formed as a result of metabolism (including its susceptibil-
ity to liver enzymes), excretion, and potential toxicities [4].
However, research methods related to ADME have been
developed using computer programs to provide data on the
absorption and distribution of the drug [5].

According to literature, the development of resistance
to anthelmintics is inevitable [6]. Therefore, it is imperative
to discover new and effective natural anthelmintic com-
pounds as drug candidates. Hundreds of millions of people
need anthelmintic drugs, but they cannot use them due to
two important reasons: 1) Health problems (kidney failure,

liver problems, hair loss, etc.) resulting from frequent use
of synthetic drugs in the treatment of frequent recurring
helminthic infections; 2) The problem of access to local
services for communities living in regions where health
facilities are not sufficient [1]. Considering this situation,
scientists who are responsible for developing drugs against
helminthic infections need to provide scientific data on
anthelmintic plants and their effectiveness, especially those
that can grow in arid or tropical climates.

There are different target proteins being used for anthel-
mintic purposes. Beta-tubulin protein, being responsible
for microtubulin formation and cell division, is a known
target of benzimidazole class drugs such as Albendazole or
Mebendazole. Fumarate reductase is considered as a tar-
get of Thiabendazole [7]. Carnitine palmitoyl transferase 2
(CPT 2) is a “chokepoint” enzyme for nematode survival.
A CPT 2 inhibitor was demonstrated as an anthelmintic
because of killing some hazardous nematodes such as
Haemonchus contortus and Onchocerca linealis [8].

In this study, it was aimed to investigate four plants
(Artemisia annua L., Rubus canescens DC., Momordica
charantia L., and Origanum vulgare subsp. hirtum), which
are species that can grow in a wide geography in the world,
from an anthelmintic perspective using in silico methods.
Bioactive compounds found in these plants were inves-
tigated by in silico dockings for the inhibition of three
proteins (Haemonchus contortus B-tubulin protein (Hcp-
tubulin), Ascaris suum fumarate reductase (AsFR) enzyme
and rat carnitine palmitoyl transferase 2 (CPT 2) enzyme),
which are the potential targets of anthelmintics.

Since millions of mebendazole tablets are donated each
year, resistance development may be seen in the near future
[9]. This study showed which herbal components could
be useful in the scaffold selection of new anthelmintics to
be designed in case of resistance development and when
broad-spectrum drugs are needed. Hcp-tubulin was cho-
sen as a target protein to investigate the alternative drugs to
benzimidazoles. Three different target proteins were used
to determine the broad-spectrum ability of novel herbal
drug candidates.

In the treatment of river blindness, the only drug
option is Ivermectin [10]. The use of Ivermectin in severe
infections causes extremely itchy allergic reactions called
Mazzotti reactions, which makes treatment difficult.
Ivermectin is not licensed for use in humans. The use of this
drug in humans is due to desperation, and this is a health
problem that needs to be solved urgently. In this study, nat-
ural compounds that may be as effective as Ivermectin were
investigated for the first time with computational tools.

MATERIALS AND METHODS

Preparation of Ligands
Fifty herbal ligands were chosen from four plants
(Artemisia annua L, Origanum vulgare subsp. hirtum,
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Momordica charantia L., and Rubus canescens DC). These
herbal ligands were used in docking experiments (Figures,
names, molecular formulas and PubChem IDs of these
ligands were presented in Appandixes-1). Some of these
components were downloaded from the PubChem data-
base in sdf format and from the Zinc Database in mol2 for-
mat, while others were drawn and optimized with Biovia
Discovery Studio Client 2020 (Biovia DS) [11]. Molecules in
sdf format were converted to pdbqt format with Openbabel
program, while others were converted into pdbqt with
AutoDock Tool [12, 13].

Preparation of Proteins

Biovia DS and Autodock 4.2 software were used for the
preparation of the proteins. Proteins and enzymes that are
drug targets in nematodes were investigated. Those target
proteins and enzymes found in nematodes were down-
loaded from the Brookhaven Protein Databank (http://
www.rcsb.org/pdb). These proteins are: Ascaris suum fur-
marate reductase enzyme PDB ID: 4YSX (mitochondrial
rhodoquinol-fumarate reductase, solubility: 2.25 A, bound
with NN23 inhibitor [14]; Haemonchus contortus p-tubu-
lin protein PDB ID: 10J0 (in complex with ABZ, theoret-
ical structure) [15]; anthelmintic drug target rat carnitine
o-palmitoyltransferase PDB ID: 2H4T (resolution: 1.90 A,
bound with dodecane (C;,H,¢) [16] and PDB ID: 2FW3
(resolution: 2.50 A) [17] seen as an important “chokepoint
enzyme” in the literature. In determining target proteins, a
study of Taylor et al. was referenced [7]. The ions and ligands
and water molecules other than the cofactor were deleted.
Missing hydrogen atoms were added. The missing atoms
and bonds in the protein residues were manually checked
for completion. After all the hydrogens were added, it was
optimized first with the “Clean Geometry” tool and then
with Charm forcefield by using Biovia DS program.

Investigation of Adme Properties

SwissADME web server [5] was used to evaluate the
absorption, metabolism, and excretion (ADME) proper-
ties of drug candidates. Via the SwissADME program, the
gastrointestinal (GI) absorption, ability to penetrate the
blood-brain barrier, and their interactions with import-
ant biological systems (such as P-pg, CYP1A2, CYP2C9,
CYP2C19) were predicted with computational methods.

Molecular Docking Experiment

In this study, it was planned to do docking experiments
at different stages for different purposes.

Stage 1- Preparation of Proteins: Re-docking procedure
was applied during the preparation of crystallized proteins
after they were taken from PDB. For this purpose, the nat-
ural ligand and water molecules of the protein were deleted
and docked with its natural ligand after it was prepared, the
parameters were changed and the re-docking process was
repeated until the appropriate value was reached as a result
of RMSD calculation.

Stage 2 - Docking of target proteins and herbal ligands:
Some compounds that had been demonstrated in these
plants scientifically in the previous research are docked
with drug target proteins that have passed the first stage.
For comparison, the same target proteins were also sub-
jected to docking simulation with the drug molecules such
as Albendazole (ABZ), Mebendazole (MBZ), Ivermectin
(IVC), Piperazine and Praziquantel (PZQ). Since the PZQ
is also anticestodal and antitrematodal, it was investigated
from an antinematodal perspective in this study.

The docking procedure is briefly as follows:

Selected ligands were docked using AutoDock 4.2 pro-
gram with the proteins obtained from Protein Data Bank.
Gridbox size was determined by the size of the ligand. The
reactive atom of the cofactor in the protein was chosen as
the center, or, in case it did not carry the cofactor, the nat-
ural ligand in the protein was taken to the Gridbox center.
The atoms in the active region of the protein are released
in motion, while other parts are kept rigid. In the docking
process of proteins bound by their natural ligands in their
co-crystalline forms, their natural ligands were taken as ref-
erence for RMSD calculations. The jonic strength was set to
be 0.145 and the dielectric constant to 10. Docking analy-
sis was performed with Lamarkian Genetic Algorithm 4.2
[18]. Using AutoDock 4.2 scoring functions, 10 or 20 runs
were chosen for each ligand. After ranking according to
their free binding energy, the highest-scoring ligands were
analyzed in terms of their interactions at the binding site by
AutoDock Tools and Biovia DS.

RESULTS AND DISCUSSION

Docking results of small molecules showed several score
values according to Table 1. Although some of these mol-
ecules (carvacrol, thymol, ellagic acid and piperazine) are
anthelmintic, docking scores showed that their affinities to
these three proteins (CPT 2 (pdb ID: 2H4T), AsER (pdb ID:
4YSX), and HcP-tubulin (Pdb ID: 10J0)) were low because
these molecules did not make enough number of interac-
tions in terms of formulations which used in the calculation
of free energy of binding. Also, another cause is probable
that these molecules can bind to other receptors or proteins
while the anthelmintic effect is performing.

It is known that MBZ inhibits the P-tubulin in hel-
minths. In this study, Hcp-tubulin inhibition of MBZ was
found at 1 nM level, and this result was appropriate with the
known anthelmintic effect of MBZ. It was found that it had
a good affinity to the other two proteins (4,6 nM and 96,25
nM inhibition constant (Ki) for CPT 2 and AsFR, respec-
tively) (Ki values were presented in Appendixes-2).

A herbal ligand, oreganol, possessed the highest score
with a 1,9 nM K; value for AsFR enzyme (Fig. 2). Oreganol
is a potential inhibitor for both the CPT2 enzyme and the
AsFR. Based on these findings, oreganol is a promising can-
didate for an anthelmintic drug, marking the first instance of
this bioactive molecule being investigated as an anthelmintic.
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Table 1. Free binding energy of herbal ligands and drugs with protein targets

Molecule 10J0 AG (kcal/mol)  2H4T AG (kcal/mol) 4YSX AG (kcal/mol)
ABZ -9.07 -6.87 -5.53
Ivermectin 1.25E+03 -13.01 8.98
MBZ -12.23 -11.37 -9.57
Piperazine -4.92 -5.11 -5.84
Praziquantel -4.15 -10.06 -8.53
Charantadiol-A 18.06 -11.85 -10.61
Momordicin I 26.17 -10.83 -7.78
Momordicin II 72.67 -13.83 -10.08
Kuguacin-J 14.54 -11.04 -7.89
Karavilagenin-D 21.91 -10.99 -9.35
Cucurbitacin-B 17.9 -13.97 -11.29
a-Pinene -6.34 -6.12 -4.67
a-Terpinene -6.8 -5.98 -4.76
a-Thujene -6.62 -6.09 -5.55
B-Caryophyllene -8.27 -8.08 -6.12
y-Terpinene -6.8 -5.96 -4.83
Myrcene -6.06 -5.45 -4.16
Borneol -6,58 -6.83 -5.15
Terpinen-4-ol -7.06 -6.67 -5.54
p-Cymen -6.04 -5.28 -4.07
Thymol -6.25 -5.55 -4.58
Carvacrol -6.34 -5.64 -4.53
Diosmetin -10.24 -10.77 -9.62
Apigenin -10.75 -10.15 -8.78
Oreganol -10.39 -13.45 -11.9
Eriodictyol -9.58 -10.76 -9.42
Eriocitrin +15.66 -8.43 -6.62
Linalool -6.89 -6.65 -5.34
Luteolin -9.85 -10.43 -9.27
Chrysoeriol -10.21 -10.81 -8.83
Artemisinin -7.09 -8.99 -6.45
Artemetin -1.16 -6.78 -6.03
Artemisinic acid -7.01 -7.17 -6.25
Deoxy artemisinin -7.57 -8.62 -5.98
Friedelin 72.37 -10.76 -8.04
Arteannuin B -10.68 -9.23 -7.82
Stigmasterol 5.17 -10.95 -8.42
Scopoletin -9.28 -8.21 -7.23
Quersetin -5.23 -6.92 -5.97
Camphene -6.11 -6.15 -4.77
Camphor -6.25 -6.62 -4.91
Chrysosplenetin -7.25 -10.58 -9.3
Chrysosplenol-D -7.15 -10.39 -9.18
Eucalyptol -6.56 -6.54 -5.1
Isofraxidin -10.21 -8.58 -7.03
Sabinene -6.66 -6.13 -4.79
Scoparone -94 -7.95 -7.15
Spathulenol -8.33 -9.05 -6.58
Umckalin -9.7 -8.49 -7.64
Diisooctyl phthalate -7.56 -8 -6.91
Furan-2-carboxaldehyde -6.18 -6.26 -6.93
Hexadecanoic acid methyl ester (methyl palmitate) -6.63 -5.69 -3.92
9,12,15-octadecantrienoic acid methyl ester (ODTAME) -10.54 -7.98 -6.19
Ellagic acid -1.14 -7.11 -5.94
Gallic acid -4.21 -5.25 -3.75

10J0: HeP-tubulin; 2H4T: CPT 2 enzyme; 4YSX: AsFR enzyme.
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Hc B-tubulin K; (nM)

Figure 1. The first eleven molecules have the lowest K; values against H. contortus 3-tubulin (Hcp-tubulin, pdb ID: 10J0).
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Figure 2. K; values of best six molecules for AsFR (pdb ID: 4YSX).

The results in Table 1 show that IVC is antinematodal
also in silico. Significantly, IVC was found to have a very
good affinity to CPT 2 enzyme with the 290 pM K; value.
Since it was known that the rat CPT 2 enzyme is a target
enzyme for Onchocerca linealis [19] and IVC is the only
drug in the treatment of Onchocerca volvulus infection, this
result has been showing that in silico experiments in this
study provided the important data.

Although ABZ and MBZ are similar benzimidaz-
ole derivatives, the affinity of ABZ to CPT 2 and AsFR
enzymes was found to be different from the MBZ’s. While

Hcp-tubulin inhibition of ABZ was found at a nanomo-
lar level as expected, 9 uM and 87,7 uM K; were observed
against CPT 2 and AsFR enzymes, respectively. This result
showed that ABZ inhibited the nematode’s Hcp-tubulin.
Apparently, it could bind to two other target enzymes (CPT
2 and AsFR), too. PZQ is used as an antitrematodal and
anticestodal drug. These docking results showed that PZQ
would also be able to be tried as an antinematodal in future
in vivo experiments. Piperazin is a GABA agonist, so it can-
not inhibit these enzymes (AsFR, CPT 2 or B-tubulin) in
normal biological conditions. In this study, the results have
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shown the correctness of the docking procedure, and they
are correlated to the known anthelmintic effect of these
synthetic drugs.

According to the results of AutoDock4.2, cucurbita-
cin-B, momordicin II, and oreganol inhibit the rat CPT 2
at picomolar (pM) levels. Cucurbitacin-B possessed very
good K; values, such as 57,11 pM against CPT 2 enzyme
(pdb ID: 2H4T). 57, 11 pM is a very rare result, and it shows
that this molecule has very significant anthelmintic poten-
tial. This result shows that it has discovered a novel and
more effective drug candidate via computational methods
in treating Onchocerca volvulus infection, which exists only
a single drug option. Because it was not discovered hitherto
via in silico methods, this study is the first study demon-
strating with the docking simulations that cucurbitacin-B
is an anthelmintic.

According to Figure 3, six molecules above 5 nM pos-
sess the best K; values for CPT 2 enzyme inhibition. Two of
them are IVC and MBZ, which were used commonly and
marked as synthetic drugs. Cucurbitacin-B, momordicin II,
oreganol, and charantadiol-A, which were found in silico as
the best four anthelmintic ligands, are bioactive molecules
obtained from O. vulgare subsp. hirtum and M. charantia.
These results show that these herbal ligands will be more
effective than synthetic drugs.

The energy levels for monoterpenes shown in the AG
table gave an opinion about the structure-activity relation-
ship. It is not sufficient for inhibitor candidates possessing
side chains containing one ring and hydroxyl groups to be
able to show anthelmintic effectiveness with a large spec-
trum. The position of the hydroxyl group on the monocyclic

structure did not cause a serious change in binding energy.
This case can be seen in the isomers thymol and carvac-
rol or y-terpinen and a-terpinen. AG values of these iso-
mer duals were found very near to each other. AsFR, CPT
2, and Hcp-tubulin have unnecessary large binding cavities
to bind monoterpenes in Table 1. In the inhibition of these
proteins, the molecules should be preferred to possess both
at least a bicyclic or tetracyclic core structure and branched
side groups containing oxygen or sulfur atoms. According
to the values in Table 1, a monoterpene scaffold is more
suitable for enzymes or receptors containing smaller bind-
ing cavities. These findings showed that monoterpene scaf-
fold had a different action mechanism than benzimidazoles
or macrocyclic lactones.

Charantadiol-A, momordicin I and II, kuguacin-J, kar-
avilagenin-D, and cucurbitacin-B are compounds found in
M. charantia. Two compounds, cucurbitacin-B and momor-
dicin I, demonstrated the highest CPT 2 enzyme inhibition
scores in this study, making them the most potent ligands
as anthelmintics. Momordicin II is the second ligand pos-
sessing the best inhibition score, with a 72,69 pM K; value
in the fifty herbal ligands searched in this study (Fig. 3).
Thanks to its exceptional inhibition ability, Momordicin II
showed better results than the five synthetic drugs (IVC,
MBZ, ABZ, piperazine, and PZQ) identified in silico. For
instance, IVC showed very successful inhibition ability to
the CPT 2 enzyme with a 290 pM value, but Momordicin II
and cucurbitacin-B exhibited even better binding affinity.

Another important result is that the usage of the M. cha-
rantia extracts in oil-based solvents can be very effective as
a herbal drug because these six herbal ligands were found to

CPT 2 Ki (nM)
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Figure 3. The first ten molecules possessing the best K; values for CPT 2 enzyme.
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have very favourable inhibition constants. Four of these six
ligands (charantadiol-A, momordicin II, karavilagenin-D,
and cucurbitacin-B) showed an inhibition effect on the AsFR
enzyme at nanomolar levels. This desired result showed that
these triterpenoids in M. charantia could be evaluated in
developing dual-acting drugs. These results provided the nec-
essary information for the development of a novel and more
effective anthelmintic drug than the drugs on the market.
According to the results of this study, in the future, some of
the most effective anthelmintics will be cucurbitacins-based.
For the first time in this study, it was reached the necessary in
silico scientific data for this foresight.

Diosmetin, apigenin, oreganol, eriodictyol, luteolin,
and crysoeriol in O. vulgare infusion; arteannuin-B, isof-
raxidin, umckalin, scopoletin in A. annua L. were found

inhibition ability with very good Ki values against three
proteins which were docked. Therefore, these molecules
are available to drug candidates in the development of
large-spectrum anthelmintics. It approves the anthelmintic
potential of these two plants because these molecules are in
O. vulgare subsp. hirtum and A. annua L.

ADME Evaluation

In this study, the ligands possessing the best bind-
ing affinity among the fifty herbal ligands investigated in
terms of AsFR, CPT 2 and Hcf-tubulin inhibition in dock-
ing experiments were evaluated by the SwissADME web
server to investigate their pharmacokinetics. The radar
plot of oreganol shows that the solubility, unsaturation,
flexibility, lipophilicity and size of the molecule are within

Table 2. ADME properties of the best ligands in terms of B-tubulin, CPT2 and AsFR inhibition

Oreganol Arteannuin-B  Apigenin Cucurbitacin-B Charantadiol-A Momordicin II
Radar Plot o 2 e \
o ,‘\ ; T #
‘LAT}‘\ > z{/ | \\":, “
Molecular 438,38 g/mol 248,32 g/mol 270,24 g/mol 558,70 g/mol 454,68 g/mol 634,84 g/mol
weight
TPSA 186,3 A 38,83 A’ 90,90 A? 138,2 A2 49,69 A? 156,91 A2
Pharmacokinetics
Gl absorption ~ Low High High Low High Low
BBB permeant  No Yes No No No No
P-gp substrate No No No Yes Yes Yes
Log KP (skin -8,95 cm/s -5,98 cm/s -5,80 cm/s -7,83 cm/s -3,85 cm/s -7,57 cm/s
permeation)
CYP1A2, No No Yes No No No
CYP2CI19, No No No No No No
g§g5821 No No No No Yes No
CYP3A4 No No Yes No No No
inhibitor No No Yes Yes No Yes
Druglikeness
Lipinski No, 2 violations; Yes Yes Yes Yes No, 2 violations:
Nor0>10, 1 violation: 1 MW>500,
NHorOH>5 MW>500 violation: NHorOH>5
MLOGP>4,15
Ghose No Yes Yes No No No
Veber No Yes Yes Yes Yes No
Egan No Yes Yes No No No
Muegge No Yes Yes Yes No No
Bioavailability 0.17 0.55 0.55 0.55 0.55 0.17
Score

GI: Gastrointestinal; BBB: Blood-brain barrier; P-gp: P-glycoprotein; TPSA: Topological polar surface area; MW: Molecular weight; FLEX: Flexibility;

LIPO: Lipophilicity; SIZE: Size; POLAR: Polarity; INSOLU: Insolubility; INSATU: Insaturation.
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reasonable limits. Oreganol has poor GI absorption and
cannot penetrate the blood-brain barrier. It was predicted
that it would not inhibit any of the cytochrome enzymes in
Table 2 and would not be a p-gp substrate. These features
show that oreganol will not cause any problems in terms of
side effects. Although further studies are needed to investi-
gate its side effects, in this in silico study, oreganol stood out
as an ideal ligand that could cause minimal side effects in
ADME results. The possible inhibition mechanism of this
molecule, which may be effective in killing helminths in the
Gl tract, seems to occur through simultaneous inhibition of
the beta-tubulin protein and FR enzyme in the nematode.

Among these molecules, oreganol is the molecule that
can penetrate through the skin the fastest, with a value of
-8.95 cm/s. Momordisin II, a larger molecule than orega-
nol, can penetrate through the skin quickly, although not as
quickly as oreganol. Although it has fewer hydrogen bond
acceptors and donor atoms than oreganol, momordicin II
also cannot penetrate the blood-brain barrier and has poor
GI absorption. Unlike oreganol, momordicin II may also
act as a P-gp substrate, thus potentially slowing the efflux
pump of the drug. Charantadiol-A is close to oreganol in
terms of molecular weight and size, but unlike it, the num-
ber of hydrogen bond acceptors and donors is much less.
Thus it fits three of Lipinski’s rules. TPSA value was found
to be 49.69 A2 As seen in the radar graphic, the mole-
cule is quite lipophilic and its water solubility is very low.
Charantadiol-A is a molecule with high GI absorption. This
triterpenoid molecule, which may be effective in eliminat-
ing helminths found outside the GI tract, can be used by
dissolving it in oil-based solvents.

As seen in Table 2, cucurbitacin-B is a triterpenoid
with a molecular weight of 558.7 g/mol, which has poor
GI absorption and can through the skin at a speed of -7.83
cm/s. Applying M. charantia fruits soaked in olive oil to the
skin as a folk treatment is compatible with these ADME
results, and applying this compound through the skin is a
correct form of application. Although it is not shown in the
table, the ILOGP value of cucurbitacin-B was found to be
3.77,and since it is less than 5, this molecule has a lipophilic
character, therefore it can easily penetrate through the cell
membrane and be used by dissolving in oil.

Apigenin, the most potent herbal inhibitor against Hcp-
tubulin with a Ki value of 13.24 nM, fully complies with
Lipinski’s and Egan, Muegge, Veber and Ghose’s rules. It
cannot penetrate the blood-brain barrier but has high GI
absorption.

Among the ligands whose ADME properties were
evaluated, the only molecule that had the most favorable
results was suitable for oral administration, and could pen-
etrate the blood-brain barrier was arteannuin-B. This small
molecule can inhibit Hcp-tubulin with a very low Ki value
at 14.95 nM. Arteannuin-B has a high GI absorption and
can be absorbed through the skin moderately. It fits all the
rules of Lipinski, Ghose, Egan, Veber and Muegge, and its
chemical properties fall within the reasonable limits of oral

intake. This molecule is moderately apolar and lipid solu-
ble. It does not inhibit any important cytochrome enzymes
in the liver listed in Table 2. It has a highly desirable polar
surface area with a TPSA value of 38.83 A2. All these posi-
tive features have shown that arteannuin-B is a very import-
ant drug candidate that can be taken orally and can even be
used in the elimination of helminths settled in the nervous
system. In a situation where resistance is developing against
benzimidazoles, especially MBZ and ABZ, which have been
donated at record levels and used by hundreds of millions
of people for many years, arteannuin-B has emerged as a
very valuable herbal ligand and a potential drug that can
replace benzimidazoles with its tremendous ADME prop-
erties and highly successful inhibition ability.

Best Ligands and Their Interactions

Among the herbal ligands in this study, in addition to
oreganol, are among the components that can be found
in the O. vulgare subsp. hirtum, cucurbitacin-B, momor-
dicin IT and charantadiol-A contained in M. charantia were
examined in detail regarding their possible interactions
with target proteins and the results were evaluated. When
the chemical interactions and biological activity shown are
evaluated together, some new mechanisms and pathways
that can be used to discover new drug candidates to be
developed through CADD can be predicted. In this respect,
carefully examining possible interactions and interpret-
ing new data on structure-activity will provide important
information to researchers working on anthelmintic herbal
ligands.

Evaluation of Interactions of Oreganol

Oreganol [3-hydroxy-4-[(2S,3R,4S,5S,6R)-3,4,5-trihy-
droxy-6-(hydroxymethyl) oxan-2-ylJoxyphenyl] methyl
3,4-dihydroxybenzoate] is a glycoside (Computed by
LexiChem 2.6.6, PubChem, 2019). Its 2D molecular struc-
ture is given in Figure 4.

Figure 4. Oreganol 2D representation (from PubChem).
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Figure 5. Positioning of oreganol in target enzymes. A) in CPT 2 (pdb ID: 2HA4T), B) in AsFR (pdb ID: 4YSX). Oreganol
was represented with a ball and stick, FAD cofactor with a yellow stick, and protein with blue ribbon models.
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Figure 6. Possible chemical interactions of oreganol in the rat CPT 2 (pdb ID: 2H4T) enzyme and the residues it interacts
with. A) Interactions are shown with dashed lines and oreganol orange ball-and-stick model B) 2D representation.

The active site of the CPT 2 enzyme is wider than the
active site of B-tubulin, and the positioning of oreganol in
the rat CPT 2 enzyme is shown in Figure 5. Since the coor-
dinates of the region where the ligand binds were deter-
mined previously, the same coordinates were used in the
docking simulations in this study. Therefore, the placement
of the ligand in the active site is compatible with the liter-
ature [7]. As shown in Figure 5A, oreganol settled into the
space created by the f-conformation and loop structure. In
Figure 6, the two hydrogen bonds made by oreganol with
PHE131 are noteworthy. The central ring of oreganol was
sandwiched between ALA613 and MET135. The dihy-
droxyphenyl residue also formed an aromatic sandwich
between PHE602 and PRO133. In Figure 5B, oreganol was
located in front of the FAD cofactor in AsFR enzyme. Four
hydrogen bonds (possessing 2,18 A distance with ALAS83,
2,09 A with THR81, 2,13 A with THR 248, and 2,76 A with

THR 247) were predicted between oregano and AsFR (PDB
ID: 4YSX) (Fig. 7 B).

According to Figure 6 B, four residues in the CPT 2
active site formed hydrogen bonds with the hydrogen
atoms in the hydroxyl groups of oreganol. These residues
are PHE131, HIS617, LEU592 and LEU599. Additionally,
PRO133 made a strong m-alkyl interaction with the dihy-
droxyphenyl ring of oreganol in close proximity. MET135
also formed another n-alkyl bond at a longer distance from
the central ring. While the PHE602 residue interacted with
the dihydroxyphenyl group of oreganol in a nt-rt T-shaped
interaction, the ALA613 residue interacted with the central
ring of the ligand with pi-alkyl interaction.

As a significant result, five hydrogen bonds were seen
in the interactions of oreganol with H. contortus B-tubulin.
One of them was performed between the hydroxyl group of
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Figure 7. 2D representation of Oreganol A) in H. contortus -tubulin B) in AsFR enzyme.

oreganol and PHE167 residue being sensitive to mutation.
Probable interactions are shown in Figure 7 A.

Possible Interactions of Momordicin IT in Rat CPT 2

A dense interaction network can be seen in Figure 8,
where the possible interactions of momordicin II within the
rat CPT 2 enzyme (pdb ID: 2FW3) are shown. Although
the majority of these interactions in Figure 8 were van
der Waals attraction forces, there were four polar and one
nonpolar residue where hydrogen bond formation was
predicted. These hydrogen bonds were formed through

TRP
A:116
o THR
AsP :
ASN A:377 A376 A:399
A:593 VAL TYR
A:S97 MET A:120
1135
ALA "/J\/w/ lj
A615 \

Figure 8.

A He
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PHE aass
SER
Abe, ASEE  Tym
; A:486

residues TYR614, THR591, LEU592, SER590 and ASN130.
Apart from this, HIS372 made both m-sigma bonds and
ni-alkyl interactions. Other residues responsible for m-al-
kyl interactions were PRO133, PHE370, PHE602, TYR486,
VAL605 and PHEI131. The residues that made van der
Waals interactions were SER588, SER488, ALA613, ILE612,
GLU601, ALA615, ASN593, VAL587, MET135, GLY377,
ASP376, TRP116, TYR120, and THR499.

In Figure 8, although there is a repulsion force between
SER590, which is a polar residue, and the oxygen atom of
momordicin I, and another repulsion force is predicted to

PHE
A3l

VAL
A605

2D representation of momordicin II and rat CPT 2 (pdb ID: 2FW3) interactions.
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Figure 9. Positioning of momordicin II (yellow), carantadiol-A (purple) and cucurbitacin-B (blue) in 2FW3. The protein
is shown in rainbow colors. The hydrophobicity of the residues in the region surrounding the ligands (rightmost image),
the blue regions represent the hydrophilic parts and the brown regions represent the hydrophobic parts.

occur between the hydrogen atom of LEU592, a nonpolar
residue, and the hydrogen atom bonded to the hydroxyl
group of momordicin II, the formation of numerous hydro-
gen bonds between the part carrying the hydroxyl group
of the ligand and the surrounding residues caused the free
binding energy to decrease.

Possible Locations of Momordicin II, Charantadiol-A
and Cucurbitacin-B In Rat CPT 2 (PDB ID: 2FW3)

Both charantadiol-A and cucurbitacin-B are similar to
momordicin II in terms of molecular size, and these three
molecules are among the top five molecules with the best

_ GLy27s

Aromatic
Edge

Face b

binding energies for the rat CPT 2 enzyme (see Figure 3). In
addition, it can be seen in Figure 9 that there is a similarity
in terms of the structures and torsions of the molecules.

In the design of a pharmacophore, it is significant to
know the aromatic surface of the binding cavity. According
to these surface properties, chemical groups can be sub-
stituted for the scaffold. In Figure 10, the aromatic surface
was shown in the CTP 2 enzyme (PDB ID: 2FW3) when it
docked with cucurbitans.

Nonpolar residues such as valinyl, glycinyl, alaninyl and
leucinyl enable the formation of a more hydrophobic bind-
ing surface (Fig. 10).

Figure 10. Surrounding the ligands, the blue regions represent the aromatic ends and the red regions represent the non-ar-

omatic parts.
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Evaluation of Interactions of Cucurbitacin-B and CPT 2
Enzyme (PDB ID: 2H4T)

In this study, the herbal ligand that can inhibit the CPT
2 enzyme with the most appropriate free energy of binding
is cucurbitacin-B and its K; value was 57.11 pM and AG
value was -13.98 kcal/mol. The results of cucurbitacin-B
were followed by momordicin II, another cucurbitan class
molecule, and with its value of 72.69 pM, it is also a very
successful inhibitor candidate. The locations of momor-
dicin II and cucurbitacin-B in the CPT 2 enzyme (pdb
code: 2FW3) were examined by superimposing them for
easier comparison (Fig. 9). The interactions of cucurbita-
cin-B in 2H4T are explained in detail in the figures below.

While cucurbitacin-B was located in the cavity in the
binding site of the CPT 2 enzyme, it was surrounded by
a-helices on one side and P-sheet structures on the other.
Since cucurbitacin-B is a large molecule in the triterpenoid
class, it could only fit into this cavity by standing parallel
to the parallel p-sheets surrounding it. As seen in Figure
11, the long side chain attached to the core structure of the
ligand stood very close to the two-loop structure of the
protein and managed to locate the cavity by approaching
the cavity formed by the p-sheet structure, shown in blue,
which takes the shape of a half-moon.

MET 135, GLY 600, SER 590, TYR 614 and PRO 133
are the residues shown in yellow in Figure 11 and are
located on the secondary structures interacting with cucur-
bitacin-B. It is shown in Figure 11 that the structures that
cucurbitacin-B interacts with are its two-loop structure and
some small regions on B-sheets and that it does not interact
with a-helices but can only interact with a small part of an
a-helix.

ASNG24

CYS623

VALG16

The long side chain of cucurbitacin-B interacted with
three different 3-sheets, and Figure 11 shows that the resi-
dues with which it interacts were ALA 613, GLY 601, PHE
134, LEU 592 and PHE 602. The steroid ring of the ligand
is attracted by ASN 593 and SER 488, which are predicted
to be located on the loop structures of the protein. It is esti-
mated that SER 488 was the only residue among these res-
idues that attracted the ligand from the opposite direction,
and the fact that the steroid ring structure of the ligand was
folded in an L shape made it easier for it to be attracted by
many residues on the other side.

Cucurbitacin-B did not use the ring structures in the
center in aromatic interactions, and the two phenylalanyl
residues formed reversible bonds only with the polar side
chain of the ligand (Fig. 12). The most important of these
are the 2.2 A long hydrogen bond formed between PHE
134 and the oxygen atom of the ligand and the 2.31 A long
hydrogen bond formed between the same oxygen and GLY
601. Other important hydrogen bonds were seen between
the lanostan ring and ASN 593, one of which is 1.78 A long
and formed with the oxygen atom of the ligand, and the
other is the 2.27 A long hydrogen bond formed with the
hydroxyl group of the ligand (Fig. 12). Another hydro-
gen bond, which was shown to be quite strong, occurred
between the hydroxyl group attached to the pentane ring
of cucurbitacin-B and SER 488 at a distance of 1.95 A. As
shown in the figure, LEU 592 and PHE 602 made n-alkyl
interactions with the ligand, and ALA 613 made two m-al-
kyl interactions.

The residues which cucurbitacin-B interacts with van
der Waals in the CPT 2 enzyme are HIS 372, PHE 370, SER
490, GLY600, MET 135, SER 590, THR 591, LEU 381 and
VAL 378, shown as light green spheres.

Figure 11. Cucurbitacin-B, in the CPT 2 enzyme binding region, the regions and amino acids with which it interacts close-
ly are written with yellow, van der Waals interactions with green.
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Figure 12. 2D representation of the possible interaction
network of cucurbitacin-B and CPT 2 enzyme. Cucur-
bitacin-B is represented in the center with a ball-and-stick
model, with carbon atoms in green, oxygens in red, and hy-
drogens in white. m-alkyl interactions within the protein are
shown as pink dashed lines and hydrogen bonds as green
dashed lines.

The values shown for the inhibition of CPT 2 enzyme
(2FW3) prove that cucurbitacin-B, momordicin II, orega-
nol and charantadiol-A can show an anthelmintic effect by
affecting lipid metabolism. While reversible inhibition of
CPT 2 enzyme does not cause any significant side effects,
metabolites produced in case of short-term inhibition lead
to the death of some helminth species [7].

AG Values

0
-2
-6
-8

-10

The results in Figure 13 show the using of correct points
in selecting the grid box center in the docking procedure
greatly affects the results. The coordinates of the selected
center for 2H4T were taken from Taylor et al. [7]. For
2FW3, the center region of the protein was taken as the
center. Although a grid box of 60x60x60 was created for
both of them, the automatic determination of the center for
2FW3 caused changes in the AG values.

It is important to understand the effect pathway of
cucurbitacin-B working as an anthelmintic compound.
CPT 2 inhibition results from the increasing level of CPT 2
substrates, and this condition causes the death of helminths
(Fig. 14).

Intracellular cucurbitacin-B concentration
increases

g

Cucurbitacin-B binds very well to CPT2

$

CPT2 substrates released outside causing

death of the nematode

Figure 14. Flow chart of the CPT2-related mechanism of
action of cucurbitacin-B.

12
-14

o ODTA |Apigeni|Arteann Cucurbi|Diosme Eriocitri Charant| Momor | Oregan

ME n uin-B |tacin-B | tin n |adiol-A dicinII| ol

2FW3 -6,55 @ -8,85 | -8,07 | -10,64 | -8,1 9,72 | -10,92 | -9,43 | -6,72

m2H4T | -7,98 | -10,15  -9,23 | -13,97  -10,77 | -8,43 | -11,85 | -13,83 | -13,45

Figure 13. Comparison of the AG values found in the dockings of nine ligands with 2FW3 and 2H4T (CPT 2 enzyme).
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In some important studies, active compounds in the
plants were searched via in silico methods, and the predic-
tions were presented on the activity of herbal ligands. The
theoretical structure of HcpB-tubulin used in this current
study has been tried in molecular docking experiments to
evaluate the anthelmintic effects of some derivative mol-
ecules [20]. HcP-tubulin is an important antinematodal
target, but there is no crystallographic structure of Hcp-
tubulin in any database, and it is the first time the theoretical
structure in this study shows the anthelmintic properties of
herbal secondary metabolites. In another study, compounds
such as ellagic acid, quercetin, isoquercetin, and caffeic acid
in Achyrocline satureioides were isolated. Then caffeic acid
was searched in silico and in vitro regarding antioxidant
and toxicological activities. As a result, the prediction of
in silico toxicity of quercetin, isoquercetin, and caffeic acid
showed a low toxic risk [21]. While it was being researched
in vivo anthelmintic effect of Cordia dichotoma (Forst.)
root extract, the compounds that had been shown to have
existed in this plant were searched in silico [22]. Like in this
current study, it was predicted in silico which compounds
are related to the biological activity of the extract. They also
carried out docking experiments with the target protein by
selecting the components according to the results of the lit-
erature screening without purifying them. In this way, they
predicted which component caused the biological activity
of the extracts. However, in the literature, there are not any
dual-acting herbal compounds that can inhibit the target
enzymes at pM levels in silico.

Among the bioactive compounds contained in the plants
evaluated in this current study, those found in the highest
amounts as specific to the plant were determined accord-
ing to the results of previously conducted spectroscopy and
chromatography analyses [23-25]. The results of this study
can be used to reduce workload and cost. This data can be
evaluated before purifying these components one by one in
future studies and investigating their anthelmintic effects
via in vivo and in vitro studies. With the Hybrid NAR-RBFs
Networks simulation, the spread of helminthic diseases in
the world can also be investigated [2]. Thus, an important
study will be carried out to control diseases affecting mil-
lions of people.

Essential oil and water extract of O. vulgare were shown
to have an antiproliferative effect on some cancer cells in
vitro. Carvacrol, being the most abundant compound, was
shown to a 90,42% range in the essential oil of O. vulgare.
In comparison to essential oil and extract, it was found that
essential oil has a more antiproliferative effect than water
extract. However, the cytotoxicity of the extract was more
than that of the essential oil [26]. It should be investigated
that this cytotoxic effect of the water extract is related to
which secondary metabolites of oregano. These secondary
metabolites can show a similar cytotoxic effect on helminth
cells.

It was discovered that the Origanum extract (10 mg/
ml) has ovicidal activity on egg hatching of Haemonchus

contortus, depending on the dose [27]. The antipara-
sitic effect of oregano oil was also previously shown [28].
However, in this study, the docking results of carvacrol
and thymol, the main components of oregano oil, did not
indicate a significant anthelmintic property. This result
was attributed to the small number of interactions of the
molecules within the target proteins. The oreganol found in
oregano infusion was shown for the first time to have a very
significant anthelmintic potential. Oregano oil is a highly
irritating liquid and is unpleasant to take orally. Oregano
tea is both delicious and beneficial to health [29].

Artemisinin is both an anthelmintic agent on H. con-
tortus [30] and has been used for antimalarial purposes for
years, and is the reason why the A. annua L., from which it
is obtained, is planted in large areas. However, arteannuin-B
has not been studied as much as artemisinin, and the great
potential of this molecule is ignored. In this study, while it
was shown in ADME research that arteannuin-B is suitable
for oral administration, it was also shown through molec-
ular docking that it has the potential to inhibit B-tubulin
and AsFR enzymes. Arteannuin-B is a drug candidate that
deserves more detailed research.

The antinematodal effect of bitter melon on swine nem-
atode was shown in a previous study. 70% ethanolic extract
of Momordica charantia L. folium showed the lethal effect
on Ascaris suum at the 88% range [31]. In this study, the
molecular mechanism of secondary metabolites that could
cause this effect was investigated.

Most helminth species feed and survive by absorbing
glucose via the cells outside their bodies. Since momor-
dicin I and II, two active compounds found in bitter melon
can inhibit glucose absorption [32], these two active com-
pounds are good candidates to show the anthelmintic effect.
This is the first study showing the antihelmintic effect of
cucurbitacin-B and momordicin II that can inhibit antine-
matodal targets CPT2 and AsFR with favorable Ki values at
very low levels.

One of the most important results from this study is that
a branched side chain attached to cyclopentane in the ste-
roid ring directly affects the affinity to the CPT 2 binding
site. In addition, cucurbitacin-B, momordicin II, charanta-
diol-A, stigmasterol and friedelin, which have a large core
with the union of at least four rings, require a slightly larger
cavity to displace in the protein, which prevents them from
being positioned in tubulin. This result provided new data
that can be evaluated in the discovery of alternative drugs
with fewer side effects than ABZ. Docking analyses of these
molecules support this. These ingredients are promising in
eliminating nematode species found in the gastrointestinal
system (GIS), especially those that disrupt the cognitive and
physical development of children. As a result of the screen-
ing performed with the SwissADME web server, the GI
absorption of these compounds was found low. However,
these properties will have a positive effect on increasing
the inhibition against helminths in the GI system. Thus,
the concentration of these molecules in the GIS will not
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Figure 15. Inhibition diagram of most potent herbal ligands.

decrease easily, and helminths will be exposed to these mol-
ecules more intensely. Normally, these triterpenoid mole-
cules are insoluble in water, and these components can be
taken orally with oil-based solvents. Since the monoter-
penes contained in Oregano essential oil can easily pass
through the cell membrane and penetrate the skin, they
can be evaluated in developing drugs that can be applied as
ointments against parasites that form nodules on the skin.
In this respect, it is a rational approach to investigate GABA
receptors specific to parasites such as Dracunculiasis as pri-
mary targets in developing monoterpene-based inhibitors.

Some derivative molecules can show more effectiveness
on the same target enzyme if the substituted groups are
changed or added. Some eriocitrin derivatives were found
to be more effective than eriocitrin in the CPT 2 inhibition,
and this result signed a more potential inhibition ability for
a derivative molecule possessing a natural glycoside scaf-
fold [33]. Arteannuin-B is a potential anthelmintic drug
scaffold, according to the current study in terms of ADME
results and inhibition constants for B-tubulin inhibition.
Therefore, arteannuin-B can be chosen for the rational in
silico drug design of novel derivative molecules in the case
of benzimidazole resistance. Corporations have been donat-
ing millions of tablets benzimidazoles each year. Therefore,
resistance development can be seen in the near future.

The docking simulations of this study revealed that the
most rational drug combinations might be oreganol + cucur-
bitan (charantadiol-A, momordicin II, or cucurbitacin-B).
This combination also seems suitable as a broad-spectrum
drug candidate because oreganol inhibits Hcp-tubulin,
while cucurbitan ligands can inhibit AsFR and CPT 2 at low
concentrations. At the same time, oreganol is triple-acting
inhibitor and these cucurbitans are dual-acting inhibitors
(Fig. 15). Cucurbitacin-B, charantadiol-A, and momordicin
IT inhibited CPT 2 and AsFR enzymes at nanomolar inhibi-
tion constants (5,31 nM, 16,6 nM, and 40,78 nM for AsFR;

,\ CPT 2
T T AsFR

Cucurbitacin-B

0,0571 nM, 2,06 nM, and 0,072 nM for CPT 2 enzyme,
respectively). As oreganol inhibited all of these enzymes at
low K; values (K, _ 24,32 nM for Hcp-tubulin, 1,9 nM for
AsFR, and 0,137 nM for CPT 2 enzymes). In the literature,
there is limited information about oreganol and there is no
data about the anthelmintic property of this compound. It
is the first study to show the anthelmintic effect of oreganol
in silico.

These results will guide researchers who aim to design
or synthesize drugs for the treatment of various helminthic
diseases and thus positively affect the health of millions
of people. This study provides new data regarding struc-
ture-activity and suggests a scaffold to replace Ivermectin
from macrocyclic lactones. Ivermectin is a drug licensed
only for use in animals, but since there is no alterna-
tive, it is used in humans to treat O. volvulus infection.
Approximately 270.000 people are infected with this nem-
atode, which causes blindness [1]. Therefore, there is an
urgent need to discover new drugs for its treatment.

CONCLUSION

According to the results of this study, cucurbitacin-B is
an alternative drug candidate to Ivermectin.

It is also important for an anthelmintic drug candidate
to have a broad spectrum to use fewer drug and to have eas-
ier access. Since oreganol has inhibitory properties for three
different target proteins in this study, it has the potential to
meet this desired broad-spectrum need.

Most importantly, when considered as a folk medicine,
since oreganol is found in oregano infusion and cucur-
bitacins are found in the fleshy fruit and leaves of the bitter
melon, it was estimated in this study with in silico calcula-
tions that oregano tea and bitter melon fruit would be use-
ful in removing of parasitic worms in the body.
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These molecular docking results show that herbal com-
pounds could be broad-spectrum anthelmintic drugs with
multi-inhibition properties. This is significant because it
demonstrates that anthelmintics, often required, can be
obtained from oregano and bitter melon. This study is the
first to demonstrate the potential interactions of these com-
pounds with target proteins. Oreganol was first shown as an
anthelmintic secondary metabolites possessing triple-act-
ing inhibition ability. Cucurbitans are worth researching
with further in vivo studies for the treatment of O. volvulus
infection. Oreganol, cucurbitacin-B, momordicin II and
charantadiol-A should be isolated from plants and should
be tried on target nematodal proteins and enzymes to
observe the inhibition properties in vitro.
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