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ARTICLE INFO ABSTRACT

Keywords: The present study utilized molecular docking and density functional theory (DFT) approaches, and ADMET
Tetra'hydrocurcumin (absorption, distribution, metabolism, excretion, and toxicity) properties to investigate the binding interactions,
Docking reactivity, stability, and drug-likeness of curcumin (1), tetrahydrocurcumin (2), and tetrahydrocurcumin de-
ZF)FI{/IET rivatives (3-6) as potential anti-cancer agents. MGL (Molecular Graphic Laboratory) and Discovery Studio
Anticancer Visualizer (DSV) software employed for docking studies. Pharmacokinetic and pharmacodynamic (ADME-Tox)

analyses were conducted using SwissADME and pKCSM web servers. Total Electron Density (TED) measurements
identified molecular adsorption sites, considering various factors, including quantum chemical characteristics, to
assess compound effectiveness using DFT method implanted in the Gaussian software. The binding energy (Eb)
from docking simulations was used to evaluate inhibitory potential. ADMET analysis suggested favorable oral
bioavailability and pharmacokinetics for all studied substances, excluding compound 4. DFT and docking in-
vestigations highlighted compounds 1, 2, and 6 as optimal scaffolds for drug design based on in silico screening
tests.

1. Introduction

Plants paly important role as medicines for long time (Fridlender
et al., 2015). Plant-derived substance including paclitaxel (Wani et al.,
1971), cannabinoids (Velasco et al., 2015) and curcumin. Curcumin is a
phytochemical of the Zingiberaceae family isolated from the rhizome of
turmeric Curcuma longa (Lakhan et al., 2015). Turmeric that contains 2
% to 5 % curcumin is a result of the treatment of the rhizome or root
(Wilken et al., 2011). The three major structures of turmeric extract are
curcumin (1, 60-70 %), demethoxycurcumin (2, 20-27 %), and bisde-
methoxycurcumin (4, 10-15 %), along with other few secondary
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metabolites as shown in Fig. 1 (Nelson et al., 2017). Curcuma longa
species are forming bright yellow curcumin. Curcumin is used in the
market as herbal medicine, food flavoring, coloring agents, and cos-
metics ingredient. A diarylheptanoid of curcumin that belongs to the
curcuminoids family of phenolic pigments that give turmeric its yellow
color. Although a lot of studies done but investigating no evidence for its
therapeutic activity due to its both instability and poor bioavailability
and therefore, it is unlikely to be drug development (Baker, 2017,
Manolova et al., 2014).

The reduction of curcumin (Pari et al., 2005) leads to the production
of another curcuminoid of turmeric so called tetrahydrocurcumin (THC)

1319-0164/© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ahmed.mahal@cihanuniversity.edu.iq
www.sciencedirect.com/science/journal/13190164
https://www.sciencedirect.com
https://doi.org/10.1016/j.jsps.2023.101889
https://doi.org/10.1016/j.jsps.2023.101889
https://doi.org/10.1016/j.jsps.2023.101889
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2023.101889&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Mahal et al.

O OH
AN NS
HO OH
OCH3 Curcumin OCHj;
0] OH
AN P a %
HO OH

Bisdemethoxycurcumin

Saudi Pharmaceutical Journal 32 (2024) 101889

(0] OH
™ N OCHj3
HO OH
Demethoxycurcumin
O O
HO OH
OCH3 OCHj3

Tetrahydrocurcumin (THC)

Fig. 1. The major structures of turmeric extracts of including curcumin, demethoxycurcumin, bisdemethoxycurcumin and tetrahydrocurcumin.

(Fig. 1) which is isolated from Curcuma wenyujin (Song et al., 2018) as
traditional Chinese medicine. Phase I metabolism is producing THC by
hepatic reductases as a curcumin major metabolite (Esatbeyoglu et al.,
2012). On the other hand, the hydrogenation of curcumin is producing
THC (white color) in the laboratory and investigated its bioactivity as an
anti-inflammatory, antioxidant, and anticancer agent (Karthikesan
etal., 2010, Kim et al., 2021, Li et al., 2021, Song et al., 2018, Zhao et al.,
2015). The findings show the potent cytotoxic activity of THC as anti-
cancer agents (Duan et al., 2022; Mahal et al., 2019, 2017) and as an
cancer chemoprevention (Kim et al., 1998). THC shows the potent
inhibitory activity as P-glycoprotein (P-gp) inhibitors against multidrug
resistance in the cancer diseases (Limtrakul et al., 2007). In-silico study
was used an effective tool to search for search for new drugs especially
from plants (Aanouz et al., 2021, Chen and Nakamura, 2004, Soudani
etal., 2023, El Khatabi et al., 2023). To develop better treatment against
cancer and in order to examine the potential of curcumin compounds as
anticancer medicines, Saeed and coworkers employ a technique known
as molecular docking to target the cancer-related target proteins of
curcumin, including EGFR and nuclear factorkB (NF-kB) (Saeed et al.,
2022). Additionally, they used the annexin V/propidium iodide assay,
lactate dehydrogenase assay, reassuring cell viability assay, and flow
cytometry measurement of reactive oxygen species to validate the
docking results for locating a curcumin-based drug against cancer.
Performed molecular docking to show that potential of twenty-two
selected food-derived compounds as hyperglycemia reducers. They
found that curcumin is a dual inhibitor of DPP-4 and a-glucosidase, two
enzymes important for glycemic control. Based on the docking results,
they examined the enzymatic evaluation via in vitro studies. Cao and
coworkers discovered that curcumin dramatically alleviated the diet-
induced hyperglycemia in mice. This condition was brought on by a
change in the mice’s diet. Curcumin is highlighted as a potential
component of foods with functional qualities that are utilized to manage
diet-induced hyperglycemia in a study that was investigated by Cao and
coworkers (Cao et al., 2022). The DFT analyses of synthesized curcumin
analogues were studied by Ahsan and coworkers (Ahsan et al., 2022),
where the HOMO/LUMO configuration of the compounds lies between
the energy levels E = 3.55 and 3.35 eV. In addition, the anti-proliferative
efficiency of curcumin analogues was evaluated using a total of fifty
dozen distinct cancer cell lines in both a single dosage experiment (10
M) and five dose assays (0.001 to 100 M). Among the prepared com-
pounds, two derivatives demonstrated the most encouraging anti-
proliferative activity against the cancer cell lines, with growth
inhibitions of 92.41 % and 87.28 %, respectively. In addition to this, it

demonstrated significant antiproliferative activity (%GIs > 68 %)
against fifty-four of the use of curcumin analogues as a therapeutic
intervention may prove to be advantageous in the fight against cancer,
as suggested by the findings of Ahsan and coworkers (Ahsan et al.,
2022). In an investigation into the inhibition of aldose reductase (rate-
limiting enzyme of progression of diabetic complications), Kondhare
and coworkers synthesized of novel series of curcumin analogues and
biological activity studies implemented (Kondhare et al., 2019). The
biological activity revealed that, in comparison to the quercetin stan-
dard, all curcuminoids have androgen receptor inhibitory (ARI) activ-
ities that ranged from moderate to good. They reported that five
compounds of newly synthesized have ICs( values less than 5.95 pM. In
our continuous attempts to develop novel potent bioactive agents
(Abdel-Jalil et al., 2015; El-Barasi et al., 2020; El-ajaily et al., 2019;
Eleya et al., 2011; Hussain et al., 2008; Ibad et al., 2011; Kamel et al.,
2022a, 2022b; Mahal, 2015a; Mahal et al., 2010, 2011, 2015a,b, 2019,
2021; Marzano et al., 2022; Mohapatra et al., 2021; Salman et al., 2011,
2020, 2022, Yang et al., 2017, 2018, Zinad et al., 2021a,a,b,b-d, 2022,
2023a,b), we aim at this study to investigate the molecular docking and
DFT calculation of potent anticancer agents of tetrahydrocurcumin.

2. Materials and methods
2.1. Cytotoxic activity assay

The cytotoxic activity assay was performed according to the previous
procedure (Mahal et al., 2017).

2.2. Calculation methods

2.2.1. Ground state predictions

Fig. 2 shows the anticancer inhbitory activity of the THC and its
derivativess. Gaussian 09 was utilized in conjunction with DFT calcu-
lations (Plata and Singleton, 2015). The 6-311G* basis set and the
B3LYP as the exchange-correlation funcional were used (Salman et al.,
2019). The energy of the highest occupied molecular orbital (EHOMO),
the energy of the lowest unoccupied molecular orbital (ELUMO), Egap
= EHOMO- ELUMO, global hardness (1)), global softness (n), electro-
philicity index (w), and dipole moment (u) were computed, among other
chemical parameters (Lee et al., 1988).
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Fig. 2. The basic mechanisms and 2D structures for the study of compounds (1-6).

2.2.2. Physical properties

2.2.2.1. Charge of the atom. Electrostatic (polar) or orbital cooperation
in chemistry (covalent). Electrostatic collaboration is made possible by
the presence of electric charges inside the particle. Many chemical re-
actions and the physical characteristics of substances are influenced by
the local electron density or charge density. The densities of local
electrons or charges are necessary and respond to the physical and
chemical properties of compounds. Along these lines, depending on the
parameters of charge for measuring molecular activity. As an outcome,
there are numerous techniques for calculating the partial charges.

Mulliken populace investigation was utilized for the count of the charge
distribution in a particle. In addition, the subatomic polarity is described
using atomic charges (Sayin et al., 2019).

2.2.2.2. Orbital energies of the molecule. The highest occupied molecular
orbital energy (EHOMO) is the orbital that has an electron to contribute
to bonds. On the other hand, the lowest unoccupied molecular orbital
energy (ELUMO) is the deepest (lowest energy) orbital that may take
electrons, making it a potential electron acceptor. According to the
border molecular orbital theory, the interaction between the two or-
bitals (HOMO and LUMO) of reactants determines the structure of a
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transition state. The design of a transition state is the result of this
collaboration (Radhi et al., 2020). Both the ionization potential of the
HOMO and the electron affinity of the LUMO can be identified based on
their respective energies. The HOMO-LUMO gap, also known as the
difference in energy between the HOMO and LUMO states, is an essential
indicator of dependability. High chemical stability is indicated by a
significant HOMO-LUMO gap. The HOMO-LUMO energy hole has also
been used to measure activation hardness. Because a smaller energy gap
often causes a more straightforward polarization of the molecule, the
subjective sense of hardness is inextricably linked with polarizability
(Becke, 1993).

2.2.2.3. Dipole moments (u). The Net molecule polarity, or charge, is
measured by the dipole moment. The product of the atom’s charge and
the distance between the two bound atoms is called the bond strength. A
polar covalent bond’s dipole moment serves as a gauge for its polarity
(Lestari and Indrayanto, 2014). The absolute value of the molecular
dipole moment can be determined by adding up the dipole moments of
the various bonds in the molecule (Lee et al., 1988).

2.2.2.4. Ionization potential (IP). The amount of energy needed to
remove electrons from molecules or atoms in order to an anion (cation)
is known as the ionization potential (Yaqo e al., 2020).

X +energy = X' +e

The EHOMO’s ionization potential may be calculated using the
following Eq. (3.1).

IE(Ionization potential) ~ — EHOMO 3.1)

The ionization energy of atoms and molecules is a measure of their
chemical reactivity. Atoms and molecules with high ionization energy
are more stable, whereas those with low ionization energy are more
reactive (Yaqo et al., 2020). Higher activities are from low ionization
energy.

2.2.2.5. Electron affinity (EA). When an electron is brought into a sys-
tem and an antimatter particle is produced, the amount of energy
released is referred to as electron affinity (EA) (Yaqo et al., 2020).

X+e— =X — + energy
Electron affinity related to ELUMO is shown in Eq. (3.2).
EA (Electron affinity) ~ — ELUMO (3.2)

When reacting with electrophiles, the more reactive molecule has
greater HOMO energy, whereas nucleophiles need a lower LUMO energy
(Khadom et al., 2021; Kadhim et al., 2021).

2.2.2.6. Chemical hardness (7). The resistance of an atom to a charge
transfer is measured by chemical hardness (Peters et al., 1998). Hard-
ness is an imperative property to quantify molecular stability and
reactivity. A hard particle has a considerable energy gap (Khadom et al.,
2021; Kadhim et al., 2021). It can be calculated by utilizing Eq. (3.3) as
follows:

n(Hardness) = (IE — EA)/2 (3.3)

2.2.2.7. Chemical softness (S). Chemical softness (S) is the ability of an
atom or group of atoms to accept electrons, and it is the inverse of global
hardness (Khadom et al., 2021; Kadhim et al., 2021). Softness is a
measure the molecular reactivity and stability. Molecules with high
values of softness have a small energy gap (Hussein et al., 2020). It is
calculated by Eq. (3.4).

S(global softness) = 1/5 3.4)

2.2.2.8. Electronegativity (y). In the theory of chemical reactivity,
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Table 1
In vitro cell proliferation-inhibitory activity of the synthesized compounds (ICso,
}J.M)u.

Compound A549 HeLa MCEF-7

2 > 50 33.6 £ 0.04 > 50

3 > 50 36.4 +1.2 > 50

4 19.4 + 0.3 20.1 + 0.6 21.6 + 2.2
5 15.1 + 1.9 15.6 + 1.3 6.0 + 0.7
6 8.0+ 1.4 9.8 + 0.8 +0.4

The derivatives of the significance [bold] showed significant activities against A-
549, HeLa and MCF-7 cells.
@ Values represent means + SD based on three individual experiments.

electronegativity is advantageous. Definition: It is the capacity to attract
electrons from atoms or a collection of them (Khadom et al., 2021;
Kadhim et al., 2021). It is calculated by the following Eq. (3.5):

x(electronegativity) = (IE 4+ EA)/2 (3.5)
2.3. Molecular docking

In the present investigation, software programs such as Molecular
Graphic Laboratory (MGL) and Gaussian View were utilized. (09). The
geometrical optimization of the compounds using the (6-311G) basis set
was proposed by the DFT (Becke, 1993). LDH-5 cancer cells were
identified as a prospective target for inhibition by the complexes that are
the subject of this study. (Research Collaborator for Structural Bioin-
formatics) RCSB (Berman et al., 2000). The information necessary to
determine the protein’s structure was obtained by employing (SNQR).
Through the use of autodock tools, each component’s LDH-5 and drug
locations have been established. (ADT, version 1.5.6). ADT (files with
the extension *.pdbqt) can be used to determine the structure of proteins
or their complexes. During the process of computing, both polar
hydrogen atoms or Gasteiger charges are taken into consideration. In the
event that the user does not specify the root of the molecule, it will be
determined by the Autodock on its own. Autodock used an automated
procedure to choose the root (Hussein et al., 2020) and correctly
calculated the atomic affinity maps and electrostatics for every single
ligand atomic group using Autogrid (version 4.2.6). Displaying the in-
teractions that take place between the cell & its complexes is the job of
the DSV program.

2.4. Drug-Likeness, pharmacokinetics and pharmacodynamics

The computational examination of a drug candidate’s bioavail-
ability, pharmacokinetics, and pharmacodynamic toxicity profiles
(ADME-Tox) is a crucial prelude to synthesis and in vivo trials (Daoui
et al., 2023a). Integrating experimental in vitro tests into a bona fide
screening strategy often results in a significant divergence between in
vitro assessments and the intended in vivo outcomes, contributing to a
relatively diminished success rate for screened molecules as therapeutic
agents. Challenges may encompass: incongruence between the struc-
tural properties of the molecule and the drug’s bioavailability, failure to
attain suitable pharmacokinetics, manifestation of undesirable side ef-
fects, lethal dose concentration, risk of toxicity, and failure to achieve
the therapeutic goal and biological response.

In our current investigation, our focus lies in ascertaining the
compatibility of candidate molecules’ drug-like attributes with oral
bioavailability using Lipinski and Veber bioavailability rules. Further-
more, we evaluate the pharmacokinetic and pharmacodynamic prop-
erties (ADME-Tox) of the candidate drug molecules. This examination
employs the SwissADME and pKCSM web servers for implementing
pharmacophore-based virtual screening (Daina et al., 2017; Pires et al.,
2015).
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Table 2
TH NMR theoretically and experimentally values of compound 3.

Functional groups Theoretical values Experimental values OF '"H NMR

m, 4H, ArH 6.10 6.60
s, 1H, C4-H 5.5 5.83
s, 6H, OMe 3.70 3.77
bs, 8H, 4CH2 2.79 2.82

m: multi; s: single; bs: broad singlet.

Expermntial values

2.5 3.5 4.5 5.5 6.5 7.5
Theortical values

Fig. 3. NMR values in theoretical and experimental study for the compound 3.
3. Results
3.1. Cytotoxic activity

Cytotoxic activity for the compounds including 2, 3, 4, 5, 6 have been
investigated and the Table 1 showed the results as follows (Mahal et al.,
2017):

3.2. Converge theoretical and experimental results

This part inserts to improve the theoretical values from the experi-
mental according to reference (Hussein et al., 2020). Compound 3 was
used as the standard in this study. DFT method and (6-311G) basis set
were used to estimate the nuclear magnetic resonance (NMR). The
prediction results with experimental shown in Table 2. Fig. 3 included
values of R? (coefficient of determination). R? explains the convergence
in two values groups and the best convergence when going to number 1.
From this experiment, the R? value is (0.9992) in Fig. 3. As a result, the
theoretical part of the current study approved the correct estimations.

3.3. Activity and molecular orbitals

These chemicals’ action (Khazaal et al., 2020) within the context of
the physical characteristics that they possess in this section Table 3. The
value of ELUMO drops from 2 to 1, then from 5 to 3 to 4, then ultimately
from 4 to 6. The energy gap between the HOMO and LUMO orbitals was
discovered to follow the order 1 > 2 > 5 > 3 > 4 > 6, which emphasizes
the pattern of activity even more. lonization energy (IE) is the amount of

Saudi Pharmaceutical Journal 32 (2024) 101889

energy needed to rip an electron out of an atom. To optimize activity,
ionization energy has to be below (Allouche et al., 2011). The com-
pounds under investigation are ordered in order of action by the IE: 3 >
6>4>5>1>2

Hardness (Radhi et al., 2020) is a measure of a molecule’s reactivity
and stability that is represented as the second derivative from the mol-
ecule’s energy. The sequence is as follows, accordington: 1 >2>5>3
>4>6.

The global softness (S) (Radhi et al., 2020) is the quality that opposes
the global toughness. The degree of a molecule’s softness is one of the
most important factors in influencing both its stability and its reactivity.
The sequence, according to S, is: 6 >4 >3 >5>2> 1.

When inhibition has a large value, it is more effective for the dipole
moment (p) (Khadom et al., 2021; Kadhim et al., 2021). Hence, the
correct series of events is as follows: 2 >1 > 6 > 3 > 5 > 4. Compounds 1
and 2 were the most active after these circumstances, followed by the
compound 6. They will thus consider this in the following section.

Fig. 4 illustrates the distribution of LUMO and HOMO density for the
optimized molecules in the gas phase. The color green represents a low
electron density, whereas the color red represents an electron density
that is elevated (Berman et al., 2000). Metal surfaces with a high elec-
tron density have the ability to absorb electrons from atoms in close
proximity to them. Electrons are amassed in the Green area of the
spectrum. In other words, the division of labor between these two areas
is of the utmost importance. The presence of an oxygen atom in the ring
is responsible for the increased electron density found at the receptor
site for the compound 2. On the other hand, compound 1 appears to
attach itself to O atom receptors while simultaneously giving the cell C
atoms. In compound 6, the oxygen atom has a similarly high electron
density. The receptor site is mainly composed of atoms of carbon and
nitrogen.

The compounds have a lower level of action (3, 4 and 5). In the field
of computational chemistry, two of the most significant challenges are
the optimization of gas-phase molecule morphologies and the estimation
of LUMO or HOMO density distributions. These tasks are often per-
formed using quantum chemical methods. A number of different ap-
proaches, including as DFT, ab initio methods, or semi-empirical
approaches, can be utilized in order to achieve the goal of optimizing the
form of a molecule that exists in the gas phase. These methods take into
account the electronic structure of the molecule, as well as its geometry,
and attempt to find the most stable configuration. In some cases, red is
indeed used to represent high electron density, while blue or green is
used to represent low electron density. However, in other cases, the
colors are reversed or a different color scheme is used altogether Fig. 4.

3.4. TED map of the studies compounds

The compounds 1, 2 and 6 are the ones that are most likely to be
found in this area. The total electron density (TED) can be approximated
by calculating the number of electrons that are present in a given area.
The atoms C and O, which are represented by the color red, are shown to
be the most electronegative in the molecules shown in Fig. 5. The color
blue comprises a greater number of positive sites, each of which has the
ability to take an electron from the donor (Khazaal et al., 2020). The
presence of charges has an effect on the physicochemical properties that

Table 3

Quantum chemical characteristics of the molecules in a vacuum.
Comp. Efiomo Efumo IE? Egap n’ s® ue
1 —5.63125 —1.67381 5.631251 3.957441 1.978721 0.505377 6.9638
2 —8.26727 —3.81131 8.267278 4.455965 2.227983 0.448837 7.1497
3 —5.42634 —0.31103 5.426345 5.115312 2.557656 0.390983 5.8587
4 —5.50580 —0.22123 5.505804 5.28457 2.642285 0.37846 4.9986
5 —5.57465 —0.59158 5.57465 4.983061 2.491531 0.40136 5.3485
6 —5.47423 —0.08190 5.474238 5.39233 2.696165 0.370897 6.2059

a:in eV, b:in eV}, ¢ in Debye.
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Fig. 5. TED maps of compounds under study.

Table 4
Values for the binding energy and ligand efficiency of the substances under
study.

Compound Ep Lg

1 —4.24 -0.16
2 —2.86 —0.11
6 -3.52 —0.10
3 -1.59 —0.06
4 -1.89 —-0.05
5 —1.46 —0.04

are exhibited by the reactions (Kadhim et al., 2021; Khadom et al., 2021;
Yaqo et al., 2020). The electrophilic attack on compounds 1, 2, and 6
showed that the carbon of carbonyl groups, the carbon atom, and the
hydrogen atom were the most reactive sites that were able to accept
electrons as shown in Fig. 5.

Now the TED of the compounds 3, 4, and 5 in Fig. 5. Some Carbone
and Oxygen atoms, the atoms in the molecules with the highest elec-
tronegative charge are represented by the color red. In addition, blue
contains a greater number of positive sites, which have the potential to
absorb donor electrons.

3.5. Molecular docking

The binding energy Eb and the ligand efficiency values of the studied
compounds are presented in Table 4.

It has been demonstrated that receptors have active areas that are
able to both take in and give out hydrogen bonds. The compounds that
were studied contain C atoms that have a donor density of electrons
(Fig. 6). These electrons are responsible for the formation of hydrogen
bonds. The density, on the other hand, is typically accepted by the other
atoms. In addition, the substances that were studied have both hydro-
philic and hydrophobic characteristics. Fig. 7 demonstrates that the
hydrophilic, represented by the color blue, and the hydrophobic,

depicted by the color white, each have unique values.

3.6. Two dimension structures

The most effective compounds 1, 2, and 6 were investigated. Com-
pound 1 contains four different interaction sites when it comes to pro-
tein. The linking of the oxygen and hydrogen atoms by a hydrogen bond
with (SER, and SYR). In addition, alkyl types, Vander vals, and amide-pi
stacking bonds can be discovered Fig. 8.

Whereas compound 2 may have any of the four possible forms of
linkages to its constituent parts. Hydrogen bonds between (ASN, SER,
and ARG), in addition to a carbon-hydrogen relationship with SER, but
the contact with the HIS amino acid is a Vander Waals force.

Furthermore, the linkages in the structures of compounds 2 and 6 are
identical, making them structurally equivalent. By three hydrogen
bonds with (LYS, GLN, LEU). As can be observed in Fig. 9, the number of
linkages in compound 2 is quite high, whereas the number of linkages in
compound 6 is not quite (Al-Janabi et al., 2021; Kadhim et al., 2021;
Khadom et al., 2021).

The two-dimension intractions of protien with ligands (3, 4, and 5).
The N and H atom linkage by a hydrogen bond with (LYS and GLY) and
Pi-cation with (LYS) of the compound 3 Fig. 9.

While compound 4 can be found to exist in three different linking
forms. Hydrogen bonds to (GLY, LYS), as well as carbon-hydrogen
interaction with LYS, whereas LYS is involved in Pi-cation interactions
Fig. 9. In addition to this, the structure of compound 5 features a
coupling of hydrogen via LYS that has been seen.

3.7. Drug-Likeness, pharmacokinetics and pharmacodynamics

At this screening stage, we have analyzed the bioavailability and
pharmacodynamic parameters of the six compounds to pinpoint po-
tential scaffolds for drug design. Table 5 displays the in-silico drug-like
property profile acquired for the examined molecules. During this in
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Fig. 7. The connecting region of inhibitors and spikes, respectively, contains hydrophilic and hydrophobic sites.

silico drug-like property screening, we assess bioavailability parameters
using Lipinski and Veber rules. Additionally, we examine the in vitro
synthetic accessibility index (SA) of the studied molecules.
Furthermore, the absorption assessment reveals that values below
30 % indicate poor absorption in the human intestine, while values
above 30 % suggest good absorption capacity (Klantzi et al., 2006). P-

glycoprotein, functioning as a drug transporter, regulates drug absorp-
tion and flux, expelling foreign substances from the cell (Froom, 2004).
Drugs influencing P-glycoprotein may interact with others administered
through this pump, potentially yielding opposing effects.

In terms of metabolism, we explored the interactions of cytochrome
P450 (CYP) with the six molecules, crucial enzymes for detoxification.
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Fig. 8. Two dimensions’ structures of the studied compound 1, 2 and 6.

These enzymes oxidize foreign microorganisms to aid in their excretion.
Inhibitors of CYP can alter drug metabolism, potentially causing oppo-
site effects. It’s crucial to assess molecules’ ability to inhibit specific
cytochromes, notably 1A2, 2C9, 2C19, 2D6, and 3A4, responsible for
over 90 % of drug metabolism (Zanger and Schwab, 2013). Among
them, 2D6 and 3A4 play a primary role. Tables 6 and 7 present the
ADMET properties profile for the six studied compounds.

4. Discussion
4.1. Anticancer activity

Table 1. show the anticancer activity of the THC and its derivatives 1,
2, 3 and 4 against cancer cell lines including A549, HeLa and MCF-7. The
derivatives 2, 3 and 4 showed potent anticancer inhibitory activity with
ICsp values ranging from 5.9 to 21.6 against all cancer cell lines used
compared to the THC (ICs59 33.6 - > 50) while compound 1 showed
moderate activity (ICso = 33.6) against Hela cell line and weak activity
against A549 and MCF-7 cell lines with ICsg values of more than 50.

4.2. Molecular docking

Evaluation of the cancer-fighting capabilities of compounds one
through six has been completed. Because of the diverse array of sub-
strates that are amenable to being processed by NUDIX hydrolases, this
family of nucleotide-metabolizing enzymes has recently been recog-
nized as a significant contributor to the field. NUDT5, often referred to
as NUDIX5, has been shown to play a role in the metabolic processes
involving ADP-ribose and 8-oxa-guanine. This activity of the protein
functions as a rheostat, regulating the expression of hormone-dependent
genes and the proliferation of breast cancer cells. In this work,

researchers are looking into known NUDT5 substrates to learn more
about how NUDTS5 influences gene expression and how it helps breast
cancer cells grow and spread. This study reveals that NUDTS5 is involved
in the metabolic process of ADP-ribose, but, it does not show any link to
the elimination of oxidized nucleotides from the cell. The finding of
potent NUDTS5 inhibitors has led to a significant improvement in CET-
SA’s ability to bind to NUDTS5 cellular targets. This improvement was
made possible as a direct consequence of the discovery of NUDTS5 in-
hibitors. Compounds known as curcuminoids are capable of suppressing
the ability of breast cancer cells to create progestin-dependent, PAR-
derived nuclear ATP and the processes of chromatin transformation,
gene regulation, and proliferation that are directly related to this ability.
Our disclosed curcuminoids extract is a highly selective inhibitor of
NUDTS activity and ADP-ribose metabolism that may be used in future
studies. The Protein Data Bank ID code used in this study is SNQR.
Binding energy Eb and ligand efficiency LE are two parameters that can
be used to describe NUDT5 function in relation to inhibitors. Each of
these measurements evaluate a substance’s affinity for a receptor pro-
tein (receptor) binding energy per atom of ligands. The compounds 1, 2
and 6 have a larger ability to inhibit NUDTS5 than the other chemicals do.
This can be deduced from the values of their Eb, which are expressed in
Kcal/mol Table 4. There is a preferred receptor binding site (L = 1-10)
for each of the three substances (1, 2, and 6), with L2 and L10 being the
most prevalent. The list of substances that follow is presented in the
order in which they are most effective at inhibiting LDH-5: 1 > 6 > 2.
Furthermore, the Eb and LE of the compounds (3, 4, and 5) presented in
Table 4 shown that the harmful compounds act as anti-cancer com-
pounds. The most effective compounds C, THC, and THCN3 were
investigated. Compound C contains within it four interaction sites for
protein.
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Table 5
Drug-like properties profile of the proposed compounds.
Compound MW (Da) Log P nHBA nHBD TPSA (A% nRotB Drug-likeness SA
Lipinski Veber
< 500 <5 <10 <5 < 140 <10 Yes/No 0<SA<10
1 368.385 3.370 6 2 93.06 8 Yes Yes 2.97
2 372.417 3.209 6 2 93.06 10 Yes Yes 2.45
3 368.433 3.409 5 3 87.60 8 Yes Yes 2.96
4 486.612 5.995 6 2 76.74 10 Yes Yes 3.85
5 523.427 5.634 6 2 76.74 9 Yes Yes 3.53
6 474.557 4.880 7 2 85.97 10 Yes Yes 3.66

MW: Molecular weight; LogP: Logarithm of partition coefficient of the compound between n-octanol and water; nHBA: Num. H-bond acceptors; nHBD: Num. H-bond
donors; TPSA: Topological Polar Surface Area; nRotB: Num. rotatable bonds; SA: Synthetic accessibility.

Table 6
Absorption, distribution, excretion and toxicity properties profile predicted in silico.
Compound Absorption Distribution Excretion Toxicity
Solubility HIA P-Gp BBB CNS TC AMES
1 Soluble 87.801 Yes 0.041 —3.088 0.080 No
2 Soluble 86.644 Yes —0.507 —3.203 0.311 No
3 Moderately 90.856 Yes —1.001 —2.752 0.162 No
4 Poorly 92.910 Yes —0.460 —2.193 0.356 Yes
5 Poorly 93.433 Yes —0.660 —2.251 —0.150 No
6 Poorly 96.669 Yes —0.823 —3.046 0.362 No

HIA: % Human intestinal absorption; P-Gp: P-glycoprotein substrate; VDss: Human volume of distribution (log L/kg); BBB: Blood-Brain-Barrier permeability (log BB);
CNS: Central nervous system permeability (log PS); TC: Total clearance (Log ml/min/kg).
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Table 7
Metabolism properties profile predicted in silico.
Compound Metabolism
CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
1 No No Yes No Yes
2 No No No Yes Yes
3 Yes Yes Yes No Yes
4 No Yes No Yes No
5 No Yes No Yes No
6 No Yes No Yes No

4.3. Drug-Likeness, pharmacokinetics and pharmacodynamics

Lipinski’s rule of five (RO5) physicochemical property standards
would be followed by an ideal drug molecule (Abchir et al., 2023). It
predicts the drug-likeness of a compound with a specific biological ac-
tivity that will be administered orally. According to the RO5, a drug-like
molecule should have a molecular weight of less than 500 g/mol, a log P
value of less than 5, no more than 5 hydrogen bond donors (HBD), and
no more than 10 hydrogen bond acceptors (HBA). In addition, according
to the Veber rule, a drug-like molecule should have a TPSA of less than
140 A2 and a nROTB value of less than 10. As depicted in Table 5, none
of the compounds violated more than one of the Lipinski’s and Veber’s
rules which is considered acceptable but it warrants careful
consideration.

The synthetic accessibility (SA) of the studied compounds is evalu-
ated using the synthetic accessibility index. More SA values are close to
1, very easy to synthesize, while more SA values are close to 10, very
difficult and complicated to synthesize (Fukunishi et al., 2014). From
the Table 5, we can notice that the synthetic accessibility (SA) values of
the examined molecules were between 2.45 and 3.85. This means that
all the molecules can be synthesized easily.

Regarding solubility, compounds 1, 2 and 3 exhibit solubility in
aqueous mediums, presenting suitable drug-likeness properties for
consideration as oral drug candidates. Conversely, compounds 4, 5, and
6 display poor solubility in aqueous mediums.

From Table 6, we can conclude that the six molecules have a high
capacity to be absorbed by the intestine in the human body Also, P-
glycoprotein substrates, are resistant to metabolism, maintaining their
potency and signifying their potential as effective drugs.

Regarding distribution, calculating the Blood-Brain-Barrier (BBB)
and central nervous system (CNS) permeabilities allowed us to assess
how the tested compounds were distributed in the human body as result,
the molecules can’t traverse the blood-brain barrier (Table 6).

Molecules with standard BBB permeability values (LogBB < 0.3) and
CNS permeability values (LogPS < -2) below the specified thresholds are
deemed incapable of penetrating the BBB and central nervous system.
The predictions for the distribution indices of the six molecules confirm
their suitability for drug use (Daoui et al., 2023b).

In assessing the excretion index, we examined the liver’s capacity to
filter and excrete toxins using the total clearance index. A lower total
clearance value implies greater stability of the drug in the body (Pires
et al., 2015). The obtained total clearance values for the molecules
indicate that they have low values, suggesting that the designed six-
molecule structures are not rapidly excreted. This characteristic im-
plies that these molecules can persist in the body for an extended period,
potentially reaching the intended therapeutic target.

The toxicity of the compounds was assessed in silico using the AMES
test (Stead et al., 1981). The results of the toxicity evaluation indicated
that, with the exception of compound 4, all the molecules are non-toxic.

In terms of metabolism, our findings (Table 7) reveal that the six
molecules act as substrates for cytochromes 3A4 or 2C9, without
inhibiting all CYP enzymes. This is advantageous, suggesting these
compounds lack metabolic interactions with other drugs, reducing the
risk of hepatotoxicity and promoting normal metabolism. This lowers
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the likelihood of side effects, ensuring the drug’s proper metabolism and
minimizing potential reactions with other medications.

5. Conclusion

An anticancer (breast cancer) role for new compounds 1-6 is pro-
posed. Results from 'HNMR validated R%s docking values. DFT studies
were carried out to investigate some of the physical properties of the
compounds. They proved the high level of activity of the compounds 1, 2
and 6. Based on TED and ESP maps, theoretical simulations predicted
that oxygen, nitrogen, and chloride atoms in all of the compounds
studied would have the highest electron densities. ADMET analysis
suggested favorable oral bioavailability and pharmacokinetics for all
studied substances, excluding compound 4. The docking study discusses
the compounds’ potential as anticancer medications as well as the su-
perior efficacy of the identical molecules 1, 2 and 6, and the least
effective inhibitory positions were the compounds 3, 4, and 5. Based on
the obtained results from this study, there is ongoing research aim at the
development of potent anticancer agents based on the modification of
the natural products and study the binding affinity using the molecular
docking and employing the DFT calculations to predict the activity
stability and electron properties of these compounds leading to more
understand the structure of these. Further studies are in progress to
invistigate the mechaism of the these compounds and develope more
derivatives leading to enhance the anticancer inhibitory activity.
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