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SUMMARY

Ginger (Zingiber officinale Roscoe) has been widely recognized
Jor its culinary and medicinal applications; however, its potential
anticancer activity remains understudied. This research aimed
to identify novel lead compounds exhibiting high bioavailability
and low toxicity, akin to 6-gingerol, through an in silico screening
approach using ChemMine Tools depending on the PubChem
fingerprints. The screened compounds were further analyzed using
target fishing servers to identify putative kinase targets. Molecular
docking studies were conducted on selected kinases including
BRAE JAKI1/2, ERKI(MAPK3), and p38y. Computational
analysis was performed to evaluate the pharmacokinetics, drug-
likeness, and roxicity profiles of the compounds, shedding light on
their safety and bioavailability. Notably, the following compounds
exhibited promising anticancer potential: G-gingerol, vanylglycol,
vanillylmandelic acid, L-(+)-vanilmandelic acid, debydrozingerone,
2-methoxyestrone,  methylvanillate,  dibydroconiferyl  aldehyde,
pratensein, acetovanillone, acetosyringone, licochalcone B, isoferulic
acid, curcumin PE, and coniferaldehyde. These findings suggest
that these compounds warrant further investigation as potential
candidates for anticancer therapies and should be considered for
Sfuture lead optimization studies.
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Potansiyel Antikanser Ajanlar Olarak 6-Gingerol ve Benzer
Bilesiklerin In Silico Hedef Tabhmini

0z

Zencefil (Zingiber officinale Roscoe), mutfak ve t1bbi wygnlamalarryla
yaygin olarak taninmaktadir; ancak potansiyel antikanser aktivitesi
yeterince  aragtirilmamigtir. Bu  aragtirma,  PubChem  parmak
izlerine bagl olarak ChemMine araclarini kullanan bir in silico
tarama  yaklagim: araciligryla G-gingerol'e benzer sekilde yiiksek
biyoyararlanim ve digitk toksisite sergileyen yeni oncii bilesikleri
tanimlamay: amaglamgtir. Taranan  bilesikler, varsayilan kinaz
hedeflerini belirlemek icin hedef balikcilik sunucular: kullanilarak
daha fazla analiz edildi. BRAE JAK1/2, ERKI(MAPK3) ve p38y
dahil olmak iizere secilen kinazlar iizerinde molekiiler yerlestirme
calgmalar:  yapilmigtir.  Bilegiklerin  farmakokinetigini,  ilaca
benzerligini ve roksisite profillerini degerlendirmek, givenliklerine
ve biyoyararlanimlarina ik tutmak icin hesaplamals analizler
yapilmgtir. Ozellikle, asagidaki bilesikler wmut verici antikanser
potansiyeli  sergilemistir:  6-gingerol, vanilglikol, vanilmandelik
asit, L-(+)-vanilmandelik asit, debidrozingeron, 2-metoksiestron,
metilvanillat, dihidrokoniferil aldehit, pratensein, asetovanillon,
asetosiringon, likokalkon B, izoferulik asit, kurkumin PE ve
koniferaldebit. Bu bulgular, bu bilesiklerin anti-kanser tedaviler
igin potansiyel adaylar olarak daba fazla aragtirimas: gerektigini
ve gelecekteki oncii optimizasyon caligmalar: icin dikkate alinmasi
gerektigini gostermektedir.

Anabtar Kelimeler: 6-gingerol, antikanser, kimyasal benzerlik,
hesaplamals toksisite, molekiiler yerlestirme, farmakokinetik, hedef
tabmini
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INTRODUCTION

Cancer, a leading cause of death worldwide,
poses significant challenges to effective treatment.
Chemotherapy remains a widely utilized therapeutic
approach for all stages of cancer (Rayan et al,
2017). However, it is associated with high doses,
severe side effects due to toxicity, activation of pro-
survival pathways with prolonged exposure, and
the emergence of treatment resistance (Rastogi et
al, 2015; Rayan et al, 2017). To overcome these
drawbacks, researchers have turned their attention
to natural resources. Various alkaloids, flavonoids,
terpenoids, polysaccharides, saponins, and other
natural substances are known to have anticancer
activities by modulating immune function, inducing
autophagy, or inhibiting cell proliferation (Rayan etal.,
2017). Ginger (Zingiber officinale Roscoe), a member
of the Zingiberaceae family and genus Zingiber, has
a long history of use as a culinary spice and herbal
medicine. Rich in bioactive compounds, ginger
contains phenolic compounds such as gingerols,
shogaols, and paradols, with 6-gingerol, 8-gingerol,
10-gingerol, and terpene compounds being the major
polyphenols found in fresh ginger. Recent studies
have revealed a range of biological effects exhibited
by these bioactive compounds, including antioxidant,
anti-inflammatory, antimicrobial, and intriguingly,
anticancer properties. Numerous studies have
demonstrated the anticancer effects of 6-gingerol in
various human cancers, including leukemia, breast,
colon, pancreatic, prostate, and liver (Wang et al.,2014;
Zhang et al., 2017; Mao et al., 2019). In particular, the
hydroxyl group-containing aliphatic chain moiety a
in 6-gingerol (1-[4’-hydroxy-3’-methoxyphenyl]-5-
hydroxy-3-decanone) (Figure 1) has been linked to its
biological activities (Wang et al.,2014).

Figure 1. Structure of 6-gingerol

Kinases are cellular intermediaries that facilitate
the phosphorylation process by transferring the
gamma-phosphate group from an ATP molecule to
the serine (Ser), threonine (Thr), or tyrosine (Tyr)
residues in target molecules. They play a pivotal
role in regulating cellular signaling pathways by
controlling a wide range of cellular functions such as
transcription, metabolism, nervous system activity,
immune response, cell division, and migration (Modi
et al., 2019; Schwarz et al., 2019; Wang et al., 2021).
Dysregulation and mutations of protein kinases
have been associated with a range of human diseases
including cancer, diabetes, autoimmune disorders,
cardiovascular diseases, inflammatory conditions,
and neurological disorders. As a result, protein kinases
have emerged as key therapeutic targets, particularly

in cancer treatment (Roskoski, 2016).

In silico target fishing is widely used in drug
discovery to discover the most probable biological
targets of a given molecule (Galati et al., 2021). This
approach allows us to anticipate the biological activity
of a given molecule in question or its mechanism of
action. Additionally, target fishing can be useful for
predicting side effects, revealing multiple effects of a
drug, and uncovering new applications for existing
drugs (Cereto-Massagué et al.,, 2015). A commonly
used similarity approach is the target fishing strategy,
which suggests that molecules with similar structural
patterns may exhibit comparable bioactivities and,

thus, interact with similar targets (Galati et al., 2021).

In light of existing research, this study aims to
identify novel lead compounds that are similar to
6-gingerol and exhibit potent anticancer activity, while
also demonstrating high bioavailability and a low
toxicity profile. For this purpose, an in silico screening
was performed using ChemMine Tools based on
PubChem fingerprints, to search for compounds with
structural similarity to 6-gingerol. To investigate the
anticancer potential of 6-gingerol and the identified
similar compounds, they were screened using in

silico target fishing servers, focusing on their putative
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kinase targets. Selected kinase targets were then used
in docking studies to assess potential interactions with
the compound dataset. Furthermore, computational
assessments were performed to determine the
pharmacokinetics, drug-likeness, and toxicity profiles
of these compounds, with the goal of highlighting
the safety and bioavailability of both 6-gingerol and
its structurally similar compounds. The results of this
computational study include the discovery of putative
kinase targets of 6-gingerol-like molecules and

potential lead compounds for further development.
MATERIAL AND METHOD
Compounds Studied

The primary focus of this study was on
6-gingerol (1-[4’-hydroxy-3’-methoxyphenyl]-5-
hydroxy-3-decanone), a known active anti-tumor
compound. In addition to 6-gingerol, compounds
with chemical structures similar to 6-gingerol were
identified for further investigation. The selection
of structurally similar compounds was based on a
predetermined cut-off value. For the similarity search,
Tanimoto score calculations were performed using
PubChem fingerprints in ChemMine Tools (https://
chemminetools.ucr.edu/eisearch/query/ ) (Backman

etal., 2011).
In silico Target Fishing

The biological activities of 6-gingerol were
predicted using the PASSOnline, Swiss Target
Prediction, MolTarPred, and SEA web servers (Keiser
et al., 2007; Filimonov et al., 2014; Peon et al., 2017;
Daina et al., 2019). These servers utilize fingerprint
similarity to known bioactive compounds to generate
a list of potential biological targets for the molecules
under investigation. The first tool used in this study
was PASSOnline, which can be accessed at (http://
www.way2drug.com/PASSOnline/predict.php). The
SMILES format of 6-gingerol was submitted to the
PASSOnline server, and the results were subsequently
evaluated. This tool provides estimates with an
average accuracy of 95% for approximately 4,000

different types of biological activity. Compound

activity prediction is based on structure-activity
relationship analysis of a training set of over 300,000
compounds (Filimonov et al., 2014). The PASSOnline
output provides a list of expected activity types, along
with estimated probabilities expressed as probable
activity (Pa) and probable inactivity (Pi). Pa and Pi
values range from 0 to 1. When with Pa> Pi were
considered potential for a given compound. When Pa
is greater than 0.7, there is a greater likelihood that
the compound has novel pharmacological activity
while being structurally similar to an existing drug.
Pa values between 0.5 and 0.7 indicated a lower
probability of experimental pharmacological activity.
When Pa is less than 0.5, the likelihood of finding the
compound’s activity experimentally is low, suggesting
its potential as a parent compound to study biological

activity (Filimonov et al., 2014).

The second server used in this study was Swiss
Target Prediction (http://www.swisstargetprediction.
ch/). This server, which has been operational since
2014, employs ligand-based target prediction to
identify the most likely protein targets for a given
bioactive small molecule. Predictions were performed
by assessing the 2D and 3D similarity between the
input query and compounds with known in vitro
activity data in the ChEMBL library (ChEMBL 23
is the version used). The 2D similarity measure used
the Tanimoto index on FP2 (2D) with a threshold of
0.65. For 3D similarity, multiple conformations of the
molecule were generated, and Manhattan distances
were calculated for each conformation. Target scores
were calculated using logistic regression with the 2D
and 3D similarity scores of the most similar ligands.
The server provided a list of up to 100 potential
protein targets for the 6-gingerol compound, with
target scores ranging from 0 to 1. The same approach
was applied to its structurally similar compounds
(Daina et al., 2019).

The third method used in this screening was
the MolTarPred web (http://moltarpred.

marseille.inserm.fr/). It was used to predict protein

Server
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targets utilizing ChEMBL22 data. When 6-gingerol
was submitted, the server determined the Tanimoto
similarity between the Morgan fingerprint of the
query molecule and each of the 607,659 ChEMBL
compounds that will be tested. The predicted targets
were obtained from the top 10 most similar molecules
to the query. To claim that a drug candidate is
among the 607,659 ChEMBL and has single-protein
targets annotated with activity equal to or less than
10 micromolar, the confidence score needed to be
between 7.8 and 9. However, if the query contained
more than one protein target with activity less than
7.8 micromolar, further prospective validation of

these targets was required (Pedn et al., 2017).

The Similarity Ensemble Approach (SEA) server
was the fourth tool used to select the putative
biological target for the query (https://sea.bkslab.
org/). This server employs a 2D ligand-based similarity
ensemble approach to predict the biological targets
of a compound based on its resemblance to ligands
found in a reference database, such as ChEMBL.
The comparison of the input ligands (6-gingerol and
related compounds) was performed against all ligands
within the target sets, using the Tanimoto similarity of
ECFP4 fingerprints. The Tanimoto similarities were
summed, and z-scores were calculated for each ligand.
This tool has been successfully applied to identify
new targets for old drugs and natural products,
and to predict side effects and potential anatomical
therapeutic indications (ATCs) of approved drugs
(Keiser et al.,, 2006; Wang et al., 2016; Irwin et al,
2018). In this study, the query (6-gingerol) and its
similar molecules were screened using these in silico
approaches, with the corresponding SMILES serving
as the query input. The resulting list of predicted
targets was downloaded and further analyzed

manually, with a particular focus on kinase targets.
Molecular Docking

To prepare the compounds for molecular docking,
ionization and protonation were performed based on

physiological pH. The compounds were subjected to

4

conformational search in the Molecular Operating
(MOE) v2019.01 (MOE Release
V2019.01; ULC) software from Chemical Computing
Group ULC, Montreal, QC, Canada was employed

Environment

for conformational search using the Stochastic
Conformational Search module. The global minimum
energy of each molecule was minimized using the
MMFF94x force field. The structure of the proteins
[V-Raf Murine Sarcoma Viral Oncogene Homolog
Bl (BRAF) active and inactive conformation PDB
ID: 30G7, 6NOQ, Janus Tyrosine Kinase 1 (JAK1)
active conformation PDB ID: 3EYG, Janus Tyrosine
Kinase 2 (JAK2) active and inactive conformation
PDB ID: 2B7A, 3UGC, Extracellular Signal-
Regulated Kinase 1 (ERK1) PBD ID: 2Z0OQ, human
p38 mitogen-activated protein kinase p38y (MAPK)
active and inactive conformation PDB ID:1CMS8,
PDB ID:6UNA] were downloaded from Protein
Data Bank (https://www.rcsb.org/ ) (Berman et al.,
2000). Unnecessary chains, ions, water molecules,
and solvents were removed, and hydrogen atoms and
partial charges were added to the protein structures.
Missing loops and side chains were also fixed. Each
conformation of the compounds was docked into the
structures using MOE with London dG rescoring and
triangle matcher placement settings (MOE Release
V2019.01; ULC).

The Pharmacokinetic Properties and Drug-

likeness

The in silico evaluation of pharmacokinetic
properties and drug-likeness, including absorption,
distribution, metabolism, and excretion (ADME)
properties, was conducted for 6-gingerol and similar
molecules. The SwissADME web server was used
to assess these properties (http://www.swissadme.
ch/ ) (Daina et al., 2017). Additionally, the excretion
properties of the compounds were predicted by using
the pkCSM web server (https://biosig.lab.uq.edu.
au/pkcsm/prediction ) (Pires et al., 2015). The user-
friendly web interface allows the input of structures

in SMILES format and after submission, the results
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were presented in an output table. Drug-likeness is
a crucial concept in the screening of drug candidates
in the early stages of drug discovery, with a focus on
achieving oral bioavailability. Lipinski’s Rule of Five
(Ro5) isawidely used criterion for evaluating the drug-
like properties of molecules. According to this rule, a
molecule may exhibit poor absorption or permeation
if it violates more than two of the following criteria, it:
molecular weight (MW) < 500, number of hydrogen
bond donors (HBD) < 5 (counting the sum of all NH
and OH groups), octanol/water partition coefficient
Log P < 5, number of hydrogen bond acceptors
(HBA) < 10 (counting all N and O atoms) ( Bickerton
et al., 2012; Leeson et al., 2015; Daina et al., 2017).
In addition, there were two other descriptors were
identified by Veber et al. (Veber et al., 2002): Number
of Rotatable Bonds (NRB) <10 and Polar Surface
Area (PSA) <140 A2 Furthermore, the ability of the
investigated compounds to cross the blood-brain
barrier (BBB) was also evaluated as a distribution

parameter (Daina et al., 2017).

Cytochrome  P450 (CYP450)
particularly the major isoforms CYP1A2, 2C9,
2C19, 2D6, and 3A4, play a significant role in the

metabolic biotransformation and elimination of

enzymes,

drugs. Inhibition of these isoenzymes can lead to
toxic or adverse effects due to drug-drug interactions
(Daina et al., 2017). Drug clearance is measured by
the proportionality constant (CLtot) and expressed
as a log(mL/min/kg). It is related to bioavailability
and is important in determining dosing rates to
achieve steady-state concentrations. The Organic
Cation Transporter 2 (OCT2) was also determined
to determine whether the compounds were substrates
for it or not. It plays an essential role in the clearance of
drugs and endogenous substances, and was evaluated
by using the pkCSM server (Pires et al., 2015).

Toxicity Assessment

Toxicity prediction is a critical aspect of the drug
development process, as many drugs fail to reach

the market due to ineffectiveness or adverse effects.

Computational approaches have been widely used to
assess the potential cytotoxicity and adverse effects of
chemical structures on both normal and tumor cells,
as well as general organ toxicity. These approaches
help to identify structures that can improve efficacy
and therapeutic success (Capuzzi et al, 2016). In
this study, the drug cytotoxicity on tumor and non-
tumor cells was computationally screened using
PASS CLC Pred ( http://www.way2drug.com/cell-
line/index.php ) (Lagunin et al., 2018). Adverse
effects commonly associated with anticancer drugs,
such as hepatotoxicity and cardiotoxicity, were
evaluated. Hepatotoxicity and hERG I-II inhibitory
activities of the compounds were predicted by
using pkCSM (https://biosig.lab.uq.edu.au/pkcsm/
prediction) (Pires et al, 2015). Hepatotoxicity
prediction was also performed using the ProTox-II
program (https://tox-new.charite.de/protox_II/index.

php?site=compound_input) (Banerjee et al., 2018).

Furthermore, the investigated compounds
were evaluated for mutagenicity, carcinogenicity,
cytotoxicity, and immunotoxicity. The ProTox-II
program was used to predict their effects on stress
response  pathways, specifically mitochondrial
membrane potential (MMP) and phosphoprotein
tumor suppressor (p53) (Banerjee et al., 2018). The
SMILES structures of the compounds were used to

predict the aforementioned toxicity endpoints.
RESULTS AND DISCUSSION
Similarity Search

A similarity search was performed using the
Chemmine server to identify chemical structures
similar to the query compound, 6-gingerol. The
similarity cut-off value was set at 0.80, resulting in 49
compounds, including 6-gingerol (Table S1). All of
these similar compounds are originated from natural
sources and exhibit diverse biological activities. Here
are some examples of the activity of the investigated
compounds.

Calycosin (N-G-12) is a bioactive phytoestrogenic
isoflavone that is isolated from Trifolium pratense

5
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(red clover), which is able to suppress carcinogenesis
and progression by modulating estrogen receptor
(ER)P expression. Furthermore, the antiproliferative
effects of calycosin were found to be mediated
through ER f-dependent regulation of the The
phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (Akt) pathways in human osteosarcoma cell
line (MG-63) (Tian et al., 2020). While Curcumin
(N-G-5), (N-G-24),

Tetrahydrocurcumin (N-G-41) are bioactive non-

Demethoxycurcumin and
flavonoid polyphenolic compounds extracted from
the rhizome of the plant Curcuma longa and found in
the spice turmeric. Many studies have been conducted
to assess the effects of curcumin metabolites,
analogs, or derivatives. Curcumin or its metabolite
tetrahydrocurcumin has been shown to promote
cell death in chemotherapy-resistant (Ara-C) human
AML cells (HL-60) using two different methods.
Indeed, curcumin mainly induced apoptotic cell
death mainly via the regulation of poly(ADP-ribose)
(PARP),

whereas tetrahydrocurcumin primarily promoted

polymerase caspase-9, and caspase-3,
autophagy mainly via the regulation of LC3 and p62.
Tetrahydrocurcumin has also been used in human
NSCLC A549 cells. The therapy suppressed cell growth
and induced autophagic flux by suppressing the PI3K/
Akt/mammalian target of rapamycin (mTOR) pathway
and increasing Beclin 1 gene expression (Benvenuto
et al.,, 2020). Additionally, pratensein (N-G-39) is a
member of the flavonoid family that is found in many
plants such as Trifolium pratense. The anticancer
activity of pratensein was recently demonstrated in
breast cancer cells. The result of the study showed that
pratensein can induce caspase-3 and Bcl-2-associated
X protein (Bax) and increase the expression level
of p53. It also inhibits B-cell lymphoma 2 (Bcl-2)
activation in a time-dependent manner (Behbahani
et al,, 2020). In addition, vanillyl alcohol (N-G-18) is
one of the phenolic compounds that can be found in
a variety of plants that can be produced enzymatically
from the reduction of vanillin. A previous study has
shown the anti-angiogenic activity of vanillyl alcohol

by using the chick chorioallantoic membrane (CAM)
6

assay. The results showed that vanillyl alcohol has a
significant anti-angiogenic effect due to the decrease
in membrane transport, possibly due to its methoxy
group at the 3-position (Jung et al., 2008). Eugenol
(N-G-3) is the active component of the essential oil
isolated from clove (Syzygium aromaticum) and has
antimutagenic, antigenotoxic, and anti-inflammatory
properties. It also has cytotoxic activity and can
induce cell death in various cancer cells (Carvalho
et al., 2015). Methyleugenol (N-G-6), on the other
hand, is a substituted allylbenzene that can be found
in many foods and essential oils. It has been shown
to induce cytotoxicity in rat and mouse hepatocytes
and leukemia. Methyleugenol has also been reported
to enhance the inhibition of cancer cell growth and
induce apoptosis when it was combined with cis-
platin (Carvalho et al., 2015; Yi et al., 2015).

Licochalcone B (Lico B) (N-G-38), which
shares a similar structure to 6-gingerol, is a recently
synthesized molecule belonging to the chalcone
group extracted from licorice root, also known as
Glycyrrhiza root. Chalcone groups serve as precursors
to flavonoids. Numerous in vitro and in vivo studies
have demonstrated the therapeutic effects of Lico
B, particularly its anti-inflammatory, anticancer,
antioxidant, and hepatoprotective properties. In a
2016 in vitro study, Lico B was found to significantly
inhibit cell proliferation in oral squamous cell
carcinoma (OSCC) cells, depending on the duration
and concentration of treatment. Treatment with Lico
B up-regulated pro-apoptotic proteins such as Bax
and down-regulated anti-apoptotic proteins such as
BH3 domain-only death agonist protein and B-cell
lymphoma-extra large, while promoting myeloid
leukemia cell differentiation protein Mcl-1 (Bax).
Lico B induced apoptosis through the release of
cytochrome C and loss of mitochondrial membrane
potential. In addition, these studies provided evidence
for the activation of multiple caspases and the cleavage
of the PARP protein following Lico B therapy. Based
on these findings, Lico B is considered a promising

natural drug for the treatment of human oral cancer
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through its induction of apoptosis (Maria Pia et al.,
2019).

The Putative Anticancer Target of the Molecules

To identify the most promising target for 6-gingerol
and its related compounds, a comprehensive screening
process was conducted. First, the anticancer activities
of 6-gingerol were evaluated using four different web
servers. Subsequently, the potential targets of small
molecules sharing a 6-gingerol scaffold were identified
by screening the compounds through various web
servers, namely PASS Online, Swiss Target Prediction,
MolTarPred, and SEA. Each server employs different
algorithms to predict potential targets. The results
from each server are presented in Tables S3, S4, S5, and
S6. Based on the methods used and the results of these
computational analyses, the most notable anticancer
activities were identified. The corresponding results
are presented in Table S2. Given the data collected,
our focus for the subsequent docking studies was
primarily centered around tyrosine kinases, including
B-RAFE, JAK1/2, ERK1 (MAPK3), and p38y. These
kinases have been strongly implicated in a variety of
diseases, particularly cancer, which is the main focus

of our study.

Evaluation of Docking on the Selected Targets
with the Studied Molecules

To identify the most promising targets for
6-gingerol and related compounds, a comprehensive
screening process was conducted. The anticancer
activities of 6-gingerol were first evaluated using
various web servers, and the potential targets of
similar compounds were identified through screening
using various algorithms. The focus was primarily on
tyrosine kinases, including B-RAF, JAK1/2, ERK1,

and p38y, which are strongly associated with cancer.

The
inhibitors work by interacting with the ATP-

majority of approved protein kinase

binding pocket and acting as competitive enzyme
antagonists. In particular, the interaction with the

hinge region is critical for ATP binding and substrate

phosphorylation. Successful kinase inhibitors have
been developed based on this strategy (Roskoski,
2016; Wang et al., 2021). Most BRAF inhibitors also
interact with the ATP-binding and hinge regions,
known as type I inhibition (Roskoski, 2016; Wang et
al,, 2017; Umar et al., 2020). Docking studies on the
BRAF protein with the X-ray data of 30G7 showed
that the co-crystallized ligand (PLX4032) formed
two hydrogen bonds with Cys532 and GIn530, in
the hinge region. Vanylglycol (N-G-42) and N-G-1
were identified as potential type I inhibitors of BRAF
kinase by forming two hydrogen bonds with the
specific hinge region residues with docking scores:
-5.341 and -7.585, respectively (Figure 2).

Selective BRAF inhibitors that target the RAF-
MEK-ERK pathway without inducing paradoxical
activation are desired. Interaction with the DFG
loop enhances inhibitor potency, known as type II
inhibition (Ramurthy et al., 2020). Docking studies
on inactive BRAF revealed that the conformation
of the co-crystallized ligand [N-(4-methyl-3-(1-
methyl-2-o0x0-2,3-dihydro-1H-benzo[d]imidazol-5-
yl)phenyl)-3-(trifluoromethyl)benzamide] ~ formed
hydrogen bonds with specific residues Phe595,
Asp594, and aC-Glu501. L-(+)-vanilmandelic acid
(N-G-44) showed potential as a selective type II
inhibitor of BRAF with a docking score of - 5.5003
(Figure 2).

In general, most of the studied compounds studied
with the active conformation of the BRAF protein by
forming hydrogen bonds with hinge residues. The
side chain hydroxyl group of certain compounds
(N-G-12, 17, 26, 31, 38, 39, 40, 42, and 47) played an
important role in interacting with the BRAF receptor
(Figure S1).

Overall, the screening and docking studies
identified potential targets and modes of inhibition
for 6-gingerol and its related compounds, with a

particular on kinase proteins.
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(2a)

(2b)

Figure 2. (a) Structure of BRAFV®*F: PDB ID: 30G7 complex with: vanylglycol (N-G-42) and (b) Structure
of BRAF: PDB ID: 6N0Q complex with: L- (+)-vanilmandelic acid (N-G-44)

JAK proteins are non-receptor tyrosine kinases
that play critical roles in cytokine and growth factor
signaling pathways. Dysregulation of the JAK-
STAT signaling cascade may contribute to various
immunological disorders and malignancies (Alicea-
Velazquez et al., 2011; Sanachai et al., 2020). JAKI,
JAK2, and JAK3 are frequently found in cancer cells,
with JAKI and JAK2 being particularly abundant,
making them promising targets for anticancer agents
(Lucet et al., 2006; Hornakova et al., 2011; Andraos et
al., 2012; Sanachai et al., 2020). Most JAK inhibitors act
as type I inhibitors, enhancing phosphorylation in the
JAK activation loop while inhibiting kinase activity
and phosphorylation of STAT proteins (Andraos et
al,, 2012).

Binding to JAKI in its active state involves
interactions with Glu957 and Leu959 residues in the
hinge region (Williams et al., 2009; Lin et al., 2018).
Docking studies on JAK1 demonstrated that the co-
crystallized ligand (CP-690-550) formed hydrogen
bonds with Glu957 and Leu959. When 6-gingerol
and its similar molecules were docked into the active
conformation of JAKI, paradol (N-G-30) formed a

hydrogen bond with the carbonyl backbone of Leu959,
indicating its potential as an inhibitor of JAK1 with a
docking score of - 6.9492 (Figure 3).

Similarly, to achieve good binding to JAK2 in
its active state, the inhibitor should interact with
Glu930 and Leu932 residues in the hinge region.
Docking studies on JAK2 revealed that the co-
crystallized ligand (CMP6) formed hydrogen bonds
with GIu930 and Leu932 (Lucet et al.,, 2006). In the
case of dihydroconiferyl aldehyde (N-G-43), docking
simulations showed that it formed two hydrogen
bonds with the carbonyl backbone and the nitrogen
backbone of Leu932, indicating its potential as a JAK2
inhibitor with a docking score of -5.478 (Figure 3).

Based on these findings, paradol (N-G-30) showed
potential as a JAK1 inhibitor, while dihydroconiferyl
aldehyde (N-G-43) showed potential as a JAK2
inhibitor. These results suggest that 6-gingerol and its
related compounds have the potential to inhibit JAK
proteins and may serve as promising agents in the
development of anticancer treatments targeting the
JAK-STAT signaling pathway.
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(3a) (3b)

(3¢)

Figure 3. (a) Structure of JAK1: PDB ID-3EYG complex with paradol (N-G-30), (b) structure of JAK2:
PDB ID-2B7A complex with dihydroconiferyl aldehyde (N-G-43), and (c) structure of JAK2: PDB ID: 3UGC
complex with pratensein (N-G-39)

The development of a selective JAK2 inhibitor has
been challenging due to the conserved ATP site of the
JAK family. However, efforts are underway to discover
selective JAK2 inhibitors to minimize undesired side
effects (Lin et al., 2018). Inhibition of JAK2 activity
can lead to several alterations in myeloid cell function.
Binding to the inactive conformation of the JAK
protein, known as DFG-out, reduces phosphorylation
in the activation loop. Critical residues, including
Leu932, aC-Glu898, and Asp994, play a pivotal role
in achieving selectivity towards JAK2. Docking
studies on JAK2 using X-ray data revealed that the co-
crystallized ligand (NVP-BBT494) formed hydrogen
bonds with Leu932, Asp994, and aC-Glu898 (Andraos
et al,, 2012; Lin et al.,, 2018). Pratensein (N-G-39)
formed hydrogen bonds with Glu898, Glu930, and
Asp994, indicating its potential as a selective JAK2
inhibitor with a docking score of -6.5816 (Figure 3).

For both JAK1 and JAK2, most of the compounds
interacted with the active conformation of the proteins.
The phenol group of the compounds formed hydrogen
bonds with hinge region residues, predominantly
Leu959 for JAK1 and Glu930 and Leu932 for JAK2.

The phenolic hydroxyls of the compounds played an
important role in the interaction with the receptors
(Figure S2 and S3).

Mitogen-activated protein kinases (MAP kinases),
such as ERK1 and ERK2, regulate cell proliferation,
differentiation, and various physiological responses.
Dysregulation of ERK signaling has been implicated
in several cancers (Halder et al., 2019; Pegram et al.,
2019). Most inhibitors targeting ERK1/2 exhibit a
type I binding mode. Co-crystal structures of ERK1/2
5-iodotubericidin (5ID) have revealed a type I binding
mode with hydrogen bonds formed with hinge
residues (Met125 and Asp123) and Lys131 (Chaikuad
et al, 2014). Docking studies on ERK1 showed that
isoferulic acid (N-G-47) formed hydrogen bonds
with Met125 and Lys131, indicating its potential as
an ERKI inhibitor with a docking score of -5.413
(Figure 4). The phenol group of 6-gingerol also
formed a hydrogen bond with Met125. Several other
compounds exhibited hydrogen bonding interactions
with Met125 and Lys131 through their phenol and
carbonyl groups or phenolic hydroxyl group and
carboxylate group (Figure S4).
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Figure 4. Structure of ERK1: PDB ID: 2Z0Q
complex with isoferulic acid (N-G-47)

The
(MAPK) family consists of four isoforms: p38a, p38p,

p38 mitogen-activated protein kinase

p38y, and p388. These isoforms are activated by dual
phosphorylation of tyrosine and threonine residues
in a Thr-X-Tyr motif. The p38 MAPK pathway
is involved in the regulation of the inflammatory
response and may contribute to tumorigenesis.
Elevated levels of p38y have been observed in
cutaneous T-cell lymphoma (CTCL) and various
malignancies, making it a potential therapeutic target
(Sahu et al., 2019; Zhang et al., 2021).

Docking studies were performed on both

(5a)

the active and inactive conformations of p38y to
understand how the compounds under study interact
with the protein. X-ray data from 1CMS8, using the
non-hydrolyzable ATP-like inhibitor AMP-PNP,
revealed two hydrogen bonds with the hinge residues
(Met112 and Pro110) (Bellon et al., 1999). However,
the compounds in this study did not interact with the
hinge region. Instead, they showed interactions with
residues located outside of the ATP pocket (Figure 5).

No co-crystallized ligands were available for
the inactive conformation of p38, represented by
the X-ray data of 6UNA. The binding pocket was
identified based on the active conformation of p38,
particularly involving aC-Glu74 and Aspl71 of the
DFG region (Bellon et al., 1999; Aoto et al.,, 2019).
Docking studies on 6UNA showed that most of the
compounds interacted with the hinge region or with
Aspl71 of the DFG region. For example, Curcumin
PE (N-G-40) formed hydrogen bonds with the
backbone of Met112, Phelll, Aspl15, and aC-Glu74,
indicating its potential as an inhibitor with a docking
score of -5.979 (Figure 5). More information about
the docking scores of the 6-gingerol-like series and
the co-crystallized ligands is presented in (Table S7).

(5b)

Figure 5. (a) Structure of p38y: PDB ID: 1CM8 complex with Ferulic acid (N-G-2) and (b) structure of
p38y: PDB ID: 6UNA complex with curcumin PE (N-G-40)
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Prediction of Drug-likeness and Pharmacokinetics

Properties of the Molecules

To assess the drug-likeness and pharmacokinetic
properties of the molecules, an analysis was
conducted to ensure their potential as drugs. For this
purpose, the SwissADME online tool, designed for
easy submission and analysis of the results, was used
to predict the drug-likeness and ADME properties.
The results of drug-likeness and ADME properties
are presented in Tables S8, S9, and S10, respectively.
The evaluation showed that 6-gingerol and the similar
molecules investigated in this study met Lipinski’s and
Veber’s rules of five. This suggests that these molecules
possess favorable oral bioavailability based on their
physicochemical properties. These parameters are
associated with desirable aqueous solubility and
intestinal permeability, which are crucial initial factors
in determining oral bioavailability. Furthermore, the
bioavailability score (BA) was assessed, revealing that
most of the molecules studied obtained a value of
0.55. This score indicates compliance with the Rule
of Five and predicts a 55% bioavailability in rats,
indicating a higher probability compared to the 10%
threshold (Martin, 2005; Daina et al., 2017). Notably,
N-G (2, 22, 46, 47, and 48) showed a BA value of 0.85.
The synthetic accessibility was also evaluated using a
scale ranging from 1 (easy to synthesize) to 10 (very
difficult and complex to synthesize) (Daina et al.,
2017). The synthetic accessibility of all the studied
molecules falls within the range of 1-4, indicating that

they are relatively easy to synthesize (Table S8).

The ADME properties of 6-gingerol and similar
compounds are summarized in Tables S8 and S9.
These compounds exhibit high gastrointestinal
(GI) absorption, consistent with the Rule of Five
(Ro5). P-glycoprotein (P-gp), a transmembrane
efflux pump involved in drug transport, regulates
the uptake and efflux of various drugs and toxins
(Finch et al., 2014; Leeson et al., 2015). Our results
showed that the molecules N-G-(16, 27, and 31) are

the only substrates for P-gp among the molecules

studied, while the others are not substrates for P-gp.
Furthermore, the blood-brain barrier (BBB) controls
cerebral homeostasis and provides the central nervous
system (CNS) with a unique protection against the
toxicity of many xenobiotics and pathogens (Weiss
et al., 2009). Analysis of the molecules in this study
indicates that the N-G (5, 9, 12, 14, 17, 22, 24, 28, 31,
38- 42, 44, and 46) lack the ability to cross the BBB,
while the remaining compounds studied possess BBB

permeability.

The results presented in Tables S8 and S9 are
consistent with the BOILED-Egg (Brain Or Intestinal
EstimateD permeation predictive model) shown
in Figure 6. The BOILED-Egg model predicts the
behavior of small molecules based on their polarity
and lipophilicity, using an egg visualization. Molecules
located in the yolk of the egg are expected to pass
through the BBB, while those in the white are expected
to be absorbed by the human gastrointestinal tract
(HIA) (Daina et al., 2016). Blue-white circles indicate
molecules predicted to be effluxed from the CNS
by P-glycoprotein (PGP+), while red-white circles
represent molecules not expected to be effluxed by
P-glycoprotein (PGP-). As depicted in Figure 6, most
of the compounds, except those mentioned above, are
located within the yolk of the egg, suggesting their
permeability across the BBB. However, 6-gingerol and
its similar compounds are predicted to be absorbed

from the gastrointestinal tract.

Furthermore, our results indicate that most of the
compounds do not inhibit CYP2C19, except for N-G-
15, which exhibits inhibitory effects on CYP2CI09.
Among the compounds studied, N-G-(5, 12, 17, 24,
27, 32, 38- 41) specifically affects CYP3A4, while
the remaining molecules do not inhibit this isoform.
Only N-G-(1, 12, 15, 16, 17, 27, 30, 31, 32, 39, and 41)
exhibit inhibition against CYP2D6, while the other
compounds do not affect this isoform. Regarding
CYP2C9, compounds N-G-(5, 24, 32, 38- 40) show
inhibitory activity, while the remaining compounds

do not impact this isoform. Moreover, the compounds
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N-G-(1, 3, 6, 7, 11- 13, 15, 19, 23, 24, 29, 30, 33, 37-
39, and 45) inhibit the CYP1A2 isoform, while the
other compounds do not exhibit any effect on this
isoform. Overall, the compounds N-G-(5, 12, 17, 24,
27,32, 38- 40, and 41) show inhibitory activity against
multiple CYP isoforms.

Regarding excretion, clearance was determined
by calculating the sum of hepatic and renal clearance,
which represents the rate at which a drug is eliminated
from the body. A low total clearance value indicates
a longer persistence of the drug in the body. In our
study, most of the compounds exhibited low clearance
rates. However, the compounds N-G-(1, 2, 4, 8- 10,
15, 16, 20, 30, 34, 35, 38, 46, 47, and 49) exhibited
high clearance values (Table S10). The organic cation
transporter 2 (OCT2), which is responsible for renal
uptake, plays a critical role in the clearance of drugs
and endogenous substances. When substances are
OCT?2 substrates, there is a possibility of adverse
reactions co-administered with OCT2
inhibitors (Pires et al., 2015). It is noteworthy that

when

none of the compounds studied in this research were
identified as OCT?2 substrates. Therefore, it is unlikely
that these compounds would interact or cause adverse
effects when used with OCT?2 inhibitors.

Figure 6. BOILED-Egg representation of the

studied molecules

Prediction of the Toxicity Profiles of the
Molecules

The toxicity profiles of the compounds were
predicted using various computational tools, and the
results are summarized in (Table S11, S12, and S13).
12

Cytotoxicity predictions (Way2Drug) on tumor and
non-tumor cell lines revealed that 21 compounds
showed activity against various tumor cell lines from
8 different tissues. Among them, coniferaldehyde
exhibited the highest predicted activity against 6 cell
lines. Vanylglycol demonstrated the highest predicted
activity (0.747) against PC-3 cells. However, the
majority of the compounds did not exhibit significant
effects on non-tumor cells when their probability was
above 0.50, and only 6 compounds showed negative
effects on non-tumor cells. This lack of activity was
consistent with the predictions from ProTox-II (Table
S12), which indicated that most of the compounds
were expected to be safe with low probabilities of

toxicity.

Hepatotoxicity predictions made by ProTox-II
suggested that most of the compounds were unlikely
to cause liver toxicity (Table S12). The compounds
predicted to have positive effects had low probabilities,
ranging from 50% to 52%. Furthermore, the toxicity
effects of hepatotoxicity, hERG I inhibitor, and hERG
IT inhibitor were assessed using pkCSM (Table S13).
Most of the compounds showed no significant effects
on hepatotoxicity, hERG I inhibitor, and hERG II
inhibitor.

Regarding the predictions of mutagenicity,
carcinogenicity, cytotoxicity, and immunotoxicity by
ProTox-11, not all compounds were expected to show
mutagenic or cytotoxic effects. Only two compounds
had low probabilities of a positive mutagenicity
result, ranging from 53% to 67%. Immunotoxicity
predictions revealed that 17 compounds, including
the query compound, had a high probability of
affecting the immune system (79% to 98%). For
carcinogenicity, methyleugenol exhibited the highest
potential to induce tumors, with a probability of 76%.
Most of the compounds showed no toxicity to MMP
and p53. However, seven compounds were predicted
to have positive effects on MMP with probabilities
ranging from 78% to 100%, and two compounds

were predicted to have positive effects on p53 with
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probabilities from 80% to 100%. Notably, curcumin
showed a toxic effect on MMP and p53 with a high
probability of 100%.

CONCLUSION

In this study, we used virtual screening to identify
potential leads and molecular targets for natural
chemical compounds, with a particular focus on
6-gingerol and its similar compounds. Through target
prediction servers, we discovered anticancer targets,
with a particular focus on kinase proteins due to their
role in cellular signaling pathways (Roskoski, 2016;
Wang et al., 2021).

Our findings showed that the compounds
interacted with various kinases, including B-RAE
JAK1/2, ERKI, and p38y. These interactions were
determined by through molecular docking studies
using MOE. The majority of the compounds acted
as type I inhibitors, forming hydrogen bonds with
specific residues in the hinge region of the active

conformation of the target proteins.

The and ADMET

properties of the compounds were also evaluated.

drug-like characteristics
They complied with Lipinski’s and Veber’s rule of five,
indicating good oral bioavailability and absorption.
However, some compounds inhibited multiple CYP
isoforms, while most showed low clearance. None of

the studied molecules were substrates for OTC2.

Toxicity assessments were conducted using
computational approaches. Most compounds did
not show cytotoxicity to normal cells, but several
demonstrated toxicity to cancer cells. Coniferaldehyde,
Vanylglycol, and L-(+)-vanilmandelic acid exhibited
the highest potency on various cell lines. Each
compound showed potent inhibitory activity against
specific kinases. With respect to organ toxicity,
the compounds did not show hepatotoxicity or
hERG inhibitory effects on the liver and heart.
None of the compounds exhibited mutagenicity or

carcinogenicity, except for two with a low probability

of positive mutagenicity. A few compounds had a
high probability of affecting the immune system.
Additionally, the majority of compounds were
predicted to be inactive with respect to the MMP and
P53 stress response pathways, indicating safe use for

non-cancerous cells.

In conclusion, our computational approach iden-
tified the potential anticancer targets for 6-gingerol
and its similar molecules including vanylglycol,
vanillylmandelic acid, L-(+)-vanilmandelic acid, de-
hydrozingerone, 2-methoxyestrone, methylvanillate,
dihydroconiferyl aldehyde, pratensein, acetovanil-
lone, acetosyringone, licochalcone B, isoferulic acid,
curcumin PE, and coniferaldehyde that could inhibit
(B-RAF, JAK1/2, and ERK1 (MAPK3)) proteins pri-
marily in their active state while they could modulate
P38y primarily in its inactive state. In addition, our
computational analysis showed that the majority of
the compounds have good drug-likeness and AD-
MET profiles without toxicity. In the future, in vitro
enzymatic assays are planned to validate the compu-

tational results and optimize the lead compounds.
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