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Breast cancer, the most common diseasefSufl e%ﬂ OYn/en, causes high mortality compared to other cancer types.

This study aims to synthesize mono-carberdyl cur€umin analogs and test their cytotoxic activity against four breast

cancer cell lines, i.e., MCF-7, T4 4T1, HER?2, along with bioinformatics analysis, molecular docking, and

pharmacokinetic profile predictiofir€valuation. Curcumin analogs were produced through aldol condensation, which

reacting 3-bromo-4-methox§benzal@@hyde with various ketones to form N-benzyl-4-piperidone (A), 4-piperidone

(B), and N-methyl-4spipexid C). Pharmacokinetic profiles showed that compounds A—C showed improved
Ul

absorption, tiss istribution, retention, and toxicity profiles compared to curcumin. However, these compounds
1 % 1pinski criteria, indicating limitations in oral bioavailability. Compound B exhibited the

i 2 evactivity against T47D (IC,, = 19.20 pg/ml) and HER2 cells (IC,, = 30.70 pg/ml). Compound A
e best against 4T1 cells (IC,; = 174.05 pg/ml) while compound C gave the best activity on MCF-7
cells (IC,; = 110.91 pg/ml). All compounds showed low efficacy, with a selectivity index value of lower than 3.
Bioinformatics studies of the network pharmacology approach on cancer pathways showed that mitogen-activated
protein kinase 8 protein became the main target of compound A while AKT1 protein was for compounds B and C.
Further improvement in their activity and selectivity through targeted delivery systems and further molecular studies

are recommended to enhance their therapeutic potential.

INTRODUCTION

Breast cancer, the second most common cancer disease
globally, accounts for a substantial number of annual deaths
among women [1]. Breast cancer development is influenced
by both genetic and epigenetic changes, which can disrupt
signaling pathways and contribute to tumor growth. In addition,
alterations in the tumor micro-environment can promote
invasion and metastasis processes [2]. Breast cancer cells are
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characterized into distinct subtypes based on the expression of
human epidermal growth factor receptor 2 (HER2), estrogen
receptor (ER), and progesterone receptor (PR). These molecular
subtypes are clinically divided into major forms that include
Luminal A (ER+ and/or PR+ or HER2-), Luminal B (ER+ and/
or PR+ or PR- and/or HER2+/-), HER2-enriched, and basal/
triple-negative breast cancer (TNBC) [2]. In breast cancer, up to
70% of the cells show positive immunohistochemical detection
for ER and/or PR receptors. Other subtypes, such as HER2
comprise approximately 12%-20%, while TNBC accounts
for 15%-20% of invasive breast cancer cases [3]. Breast
cancer treatment mostly involves surgery, radiation therapy,
immunotherapy, and chemotherapy [4]. Chemotherapy, a
standard treatment for cancer, specifically targets the rapid
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proliferation of cancer cells. However, it also affects normal
cells that undergo rapid division, leading to undesired side
effects and potential damage to some organs [5]. In response
to these challenges, extensive research is being conducted
to identify and develop new anticancer agents derived from
natural products. These efforts aim to discover compounds that
may offer more targeted and less toxic therapeutic options for
cancer treatment.

Curcumin is a well-known example of a natural
compound with significant clinical promise due to its anti-
inflammatory, antioxidant, and anticancer properties [6].
Despite its broad activity spectrum and great safety profile,
curcumin faces challenges in its development as a medication
due to its poor oral bioavailability [7], which is characterized
by poor absorption, limited water solubility, and rapid
metabolism. In addition, the instability of curcumin in alkaline
conditions and systemic elimination further limit its application
as an effective therapeutic agent [8,9]. Consequently, there is
ongoing interest in developing curcumin analogs that preserve
its biological efficacy while improving the oral bioavailability
properties. Notably, the presence of an active methylene group
and a,B-diketone moiety contribute to curcumin instability and
poor absorption under physiological conditions [10].

The development of new anticancer agents from
natural products also involves bioavailability improvement
and pharmacological activity enhancement through chemical
modifications. The synthesis of curcumin analogs aims to obtain
more effective treatments for various diseases. Heterocych
compounds play a crucial role in medicinal chemisfry, a %

biologically active molecules, including vitamifs, ofes,
enzymes, antibiotics, nucleic acids [Deoxyr'.&:‘ ic acid
(DNA) and Ribonucleic acid], hemoglo @ orophyll,
contain heterocyclic rings. These org nds typically
incorporate at least one heteroato ommonly oxygen,
nitrogen, or sulfur on their cyclic structures [11]. The ring
structure not only enhances the stability of the molecule but
also improves solubility, facilitating oral absorption and
bioavailability [12]. The 1,3-dicarbonyl site is particularly
attractive for integrating heterocyclic groups to create novel
and stable derivatives, making the unique structure of curcumin
as an excellent candidate for this approach.

Various studies have been on the synthesis of
curcumin analogs that involve modifications to the structure of
curcumin, including the introduction of mono-carbonyl groups
and substitutions on the aromatic ring. This modification has
been proven to increase the biological activity. Al-Hujaily et al.
[13] synthesized 5-bis(4-hydroxy-3-methoxybenzylidene)-N-
methyl-4-piperidone (PAC) by replacing the methylene group
and the two carbonyl groups in curcumin with N-methyl-4-
piperidone, which increased both stability and hydrophilicity.
At a concentration of 40 uM, PAC induced cell death in 35%
of MCF-7 cells and 70% of T47D cells, whereas curcumin
triggered apoptosis in less than 20% of both cells. In addition,
Adams et al. [14] prepared and screened a series of curcumin
analogs, among which 3,5-bis((E)-2-fluorobenzylidene)
piperidin-4-one  exhibited significant cytotoxicity and
antiproliferative properties against MDA-MB-231 and PC3
cancer cell lines, demonstrating potency greater than curcumin.

Based on those previous studies, we developed novel anticancer
agents of mono-carbonyl curcumin analogs and evaluated their
anticancer effects against TNBC 4T1, HER2 enriched group,
Luminal A T47D, and MCF-7 cells. In addition, in silico
studies the three most promising compounds were conducted
using molecular docking to reveal their interactions with
protein receptors identified through bioinformatics, along with
predictions of their pharmacokinetic profiles.

MATERIALS AND METHODS
Materials
The reagents, including 3-bromo-4-

methoxybenzaldehyde, N-benzyl-4-piperidone, 4-piperidone,
and N-methyl-4-piperidone, were purchased from Macklin in
pro-analysis specification. Ethanol and sodium hydroxide were
purchased from Merck in pro analytical grade. The materials
used in the cytotoxicity activity include 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), Modified Eagle
Medium, fetal bovine serum, trypsin-EDTA 0.25%, phosphate
buffer saline, sodium dodecyl sulfate (SDS), and HC1 0.01 M.
The cell cultures used are T47D, HER2, 4T1, and MCF-7 for
cancer cell culture, as well as Vero for normal cell culture, with
doxorubici the positive control.

[ ﬁ
S entation
The equipment used in this research includes

ISA reader (Bio-Rad, Benchmark), melting point
apparatus (Electrothermal 1A9100), TLC scanner (CAMAG
TLC Scanner), FTIR-ATR spectrophotometer (Shimadzu
Prestige-21), 'H-NMR (500 MHz), and *C-NMR (125 MHz)
(JEOL JNMECA 500).

General synthesis of compounds A, B, and C

The synthesis process was conducted using a modified
method from the previous work [15]. This involved dissolving
3-bromo-4-methoxybenzaldehyde (2 mmol) in 10 ml of
ethanol and mixing it with 1 mmol of piperidone derivatives
(N-benzyl-4-piperidone, 4-piperidone, and N -methyl-4-
piperidone). The solution was stirred at room temperature for
30 minutes, followed by a drop-wise addition of NaOH solution
(1 ml of 20% NaOH for compound A; 2 ml of 30% NaOH for
compound B; and 1 ml of 30% NaOH for compound C). The
solution was then subjected to ultrasonic irradiation for 1, 7,
and 2 hours to produce a yellow precipitate of compounds A,
B, and C, respectively. The yellow solid of compound A was
recrystallized with ethanol and then dried under vacuum. Table
1 lists the characterization and elucidation data of compounds
A-C.

Cytotoxic activity

The cytotoxic activities were measured by the MTT
assay using a modified method from the previous reports [3,16].
Briefly, cells were harvested and plated in a well plate, followed
by incubation for 24 hours before the treatment. Various
concentrations of compounds A, B, and C (ranging from 12.5
to 200 pg/ml) were diluted in the culture medium and applied
for 24 hours treatments in MCF-7, T47D, 4T1, and HER2
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Table 1. Characterization and elucidation of the structure of curcumin analog compounds.

Parameter

Curcumin analogs

Compound A

Compound B

Compound C

Compound name

1-benzyl-3,5-bis((£)-3-bromo-4-
methoxybenzylidene) piperidin-4-one

3,5-bis((E£)-3-bromo-4-methoxybenzylidene)
piperidin-4-one

2. Form Yellow powder Yellow powder
3. Yield 89.00% 38.52%
4. Purity with TLC 95.18% 95.81%
Scanner
5. Melting point (°C) 179-181 216-218
6. FTR analysis (cm™) 2941 (Csp’-H), 1654 (C=0), 1590 3303 (N-H), 2932 (Csp*-H), 1651 (C=0), 1580
(C=Cy, ), 1491 (C=C,,,,, ). 1256 (C=C,, ), 1490 (C=C,,,,), 1245 (C-N), 1179,
(C-N), 1179 and 1050 (C-O-C), 700 1148 and 1049 (C-O-C), 700 (aromatic)
(aromatic)
7. 'H-NMR analysis 3.72 (s, 3H), 3.81 (d, /=2 Hz, 4H), 7.70-7.57 (m, 2H), 7.35 (ddd, /= 17.8, 8.5, 2.2
(CDCL,) § (ppm) 3.92 (s, 6H), 6.88 (d, J=8.5 Hz, 2H), Hz, 1H), 7.04-6.83 (m, 1H), 5.44 (d, J=5.9 Hz,
67.29-7.20 (m, 7H), 7.55 (d, J=2.5 1H), 4.13 (d, J= 1.9 Hz, 1H), 3.98-3.86 (m, 6H),
Hz, 2H), 7.66 (s, 2H) 3.68-3.45 (m, 4H), 1.62 (s, 1H), 1.23 (t,J=7.1
Hz, 2H)
8. BC-NMR analysis 187.17 (1C, C=0), 156.44 (2C, Ar-O-  187.52 (1C, C=0), 156.60 (1C, Ar-C-0), 155.87

(CDCI) § (ppm)

), 137.11 (2C, -CH=C-), 135.23 (2C,
Ar-C), 134.90 (1C, Ar-C), 132.46
(2C, Ar-CH), 131.41 (2C, Ar-CH),
129.28 (2C, Ar-CH), 129.23 (2C, Ar-

(1C, Ar-C-0), 135.40 (1C, C= CH) 134.40 (1C,

C=CH), 134.17 (1C, CH=C), 8(1C CH=C),
131.84 (1C, Ar-C), 131. 5 C), 129.31
(2C, Ar-C), 12 95( .02 (1C, Ar-C),

), 128.54 (2C, Ar-CH), 127.61 (1C,  111.80 (1CgAT- Ar-C Br), 100.60
Ar-CH), 111.91 (2C, Ar-CH), 111.73  (I1C, Ar-C- CH -0), 56.49 (1C,
(2C, Ar-C-Br), 61.67 (1C, -CH,-), CH,),56.41 ( CH )

3,5-bis((E)-3-bromo-4-
methoxybenzylidene)-1-
methylpiperidin-4-one

Yellow powder
41.42%
93.75%

215-216

2939 (Csp*-H), 1664 (C=0), 1590
(C=C,p0) 1495 (C=C,,i)» 1254

(C-N), 1171 and 1050 (C-O-C), 678
(aromatic)

9.83 (s, 2H), 7.67 (s, 2H), 7.58 (d, J =
2.2 Hz, 2H),7.33 (dd, J = 8.6, 2.2 Hz,
2H), 6.93 (d, J = 8.5 Hz, 4H), 3.93 (s,
6H), 2.48 (s, 3H)

186.52 (1C, C=0), 156.50 (2C, Ar-
0-), 135.22 (2C, -CH=C-), 134.79
(2C, -C=CH-), 132.33 (2C, Ar-CH),
131.43 (2C, Ar-CH), 129.29 (2C, Ar-
), 111.96 (2C, Ar-CH), 111.77 (2C,
Ar-C-Br), 56.96 (2C, -CH,-), 56.44
(2C, -CH,), 45.98 (1C, -CH,)

56.42 (2C, -CH,), 54.34 (2C, -CH,-)

plac

AW

formazan

cells. After treatment, the medium was r
MTT and incubated for 4 hours to allé
crystal formation. When formazan had ¢d, 100 pl of 10%
SDS-HCI solution was added as a stoppct and the well plate
was stored overnight. The absorbance was recorded with an
ELISA reader, while the IC, and selectivity index values of the
synthesized compounds were calculated accordingly.

Pharmacokinetic profile prediction (ADMET)

Pharmacokinetic profile prediction was performed
through the swissADME (http://www.swissadme.ch),
ADMET]Iab 2.0 (http://admet.scbdd.com/) websites by entering
the Simplified Molecular Input Line Entry System (SMILES)
codes of curcumin and synthesized curcumin analogs,
downloaded from the PubChem website (www.pubchem.ncbi.
nlm.nih.gov).

Collection and target establishment of curcumin analog
compounds

The optimized curcumin analogs were opened
using ChemDraw to obtain SMILES data, then they were
uploaded to the Swiss Target Prediction database (http://www.
swisstargetprediction.ch/). The predicted target gene data were
downloaded in CSV format, filtered, and integrated using
Microsoft Excel 365 software [17,18]. In addition, disease-
related targets were retrieved by searching the keyword “breast
cancer” from four public databases: National Center for

Biotechnology Information GeneCards database (https://www.
genecards.org/), Online Mendelian Inheritance in Man (OMIM,
https://omim.org/), Therapeutic Target Database (TTD, http://
db.idrblab.net/ttd/), and DisGeNET (https://www.disgenet.
org/). Both the curcumin analog compound gene and disease
target gene were integrated with VENNY 2.1 (https://bioinfogp.
cnb.csic.es/tools/venny/index.html) [19,20].

Protein—protein interaction (PPI) data screening and analysis

Each gene of curcumin analog compounds and
integrated disease targets built PPI relationships by uploading
to the STRING data site (https:/string-db.org/) with the Homo
sapiens setting, a confidence level of 0.4, and other parameters
selected as default. PPI relationships with nodel, node2, and
the combined score from the export file were imported into
Cytoscape 3.10.2 software to form an interaction network.
The results of the top target analysis were performed using
the CytoHubba plugin. This step is used to build and visualize
networks, especially in the field of network pharmacology
analysis [19,20,18].

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGGs) enrichment analysis

Gene Ontology and KEGG pathway analysis were
performed to further study the functions of identified target
genes, including biological processes (BPs), cellular components
(CCs), gene functionality, CC, and molecular functions (MFs).
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The results of STRING data bioinformatics analysis were
uploaded to ShinyGO 0.82 data (http://bioinformatics.sdstate.
edu/go/) with the “Human” setting to obtain combined targets.
The main target proteins were validated by molecular docking
analysis.

Molecular docking

Proteins obtained from the bioinformatic approach
were traced through the website www.rcsb.org to obtain the
PDB ID. Protein structures and standard ligands were prepared
using Autodock tools. Curcumin and its analogs were modeled
and optimized using GaussView 5.0 software with density
functional theory, B3LYP hybrid functional, and 3-21G(d,p)
basis set. Molecular tethering simulations were performed
with Autodock Vina. Root-mean-square deviation (RMSD)
values were obtained by performing re-docking studies of the
native protein and each ligand prepared in a 30 A cubic grid
box (PDB ID 2G01 and 4EJN) with a spacing of 0.375 A for
100 runs of the generic Lamarck algorithm using AutoDock4.2
software. The re-docking process was declared valid if the
RMSD value was lower than 2.00 A. The molecular docking
studies were performed using the same parameters as the re-
docking investigation. Parameters reviewed in molecular
tethering were affinity energy (increasingly negative values
indicate higher stability), RMSD value, and interaction between
ligand and receptor protein. The interaction of the most stab

AN\

conformation was visualized using BIOVIA Discovery Studio
2019 Client software [21].

RESULTS AND DISCUSSION

Synthesis of curcumin analogs

The chemical modification of curcumin involves
the replacement of a,B-diketone with mono-carbonyl. Three
novel mono-carbonyl analogs of curcumin, i.e., N-benzyl-4-
piperidone (A), 4-piperidone (B), and N-methyl-4-piperdone
(C), were designed by displacing a,B-diketone moiety with
a single carbonyl group. The synthesis and structures of
compounds A—C are shown in Figure 1. The target compounds
were synthesized through the direct aldol condensation of
substituted benzaldehyde with the ketones in alkaline media.
The synthesized compounds were characterized using FTIR,
"H-NMR, and *C-NMR spectroscopies, confirming the correct
structures of compounds A—C. The FTIR spectra of compounds
A, B, and C, shown in Figure 2, exhibit absorption signals
at 3,303, 2,941, 1,654, 1,590, 1,491, 1,256, and 1,179 cm™,
corresponding to the stretching vibrations of N—H, Csp*-H,
C=0, C=C Cc=C C-N, and C-O-C functional groups,

alkene’ aromatic’

respectively, The mono-carbonyl curcumin analogs A—C are
distinguis eﬁpeaks in the range 0f2,941-2,932 cm™!, which
carres % H stretching vibrations. In addition, the C—N

T g8’ indicated by peaks in the range of 1,256-1,245

“TyFurthermore, the structures of curcumin analogs were
nfirmed by analyzing the hydrogen splitting patterns in

o, fi-dikeione

o]
/,0
MalOH
g + BT R
Br N Ethanol
|
H X
R: CH:CsH (A)
H (B)
CH;3 (C)
R: CH,C HH : 1-benzyl-3,5-bis((£)-3-bromo-4-methoxybenzylidene)piperidin-4-one (A) :3,5-bis((£)-3-bromo-4-
’ CH methoxybenzylidene)piperidin-4-one (B)

3

: 3,5-bis((E)-3-bromo-4-methoxybenzylidene)- 1-methylpiperidin-4-one (C)

Figure 1. The synthesis scheme of curcumin analogs.
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Figure 2. The FTIR spectra of curcumin analogs A, B, and C.

the 'H-NMR spectra and the number of carbon signals in the
BC-NMR spectra. The spectra show a C=0 signal at & 186—
187 ppm and CH aromatic signals at 3 131-132 ppm on their
BC-NMR spectra. In addition, the C-Br signal appears at &
111-112 ppm, and the C-O signal at 4 156 ppm is more de-
shielded than the C—Br signals due to the electron-withdrawing
effect of the oxygen atom on their *C-NMR spectra. These
characterizations provide strong evidence for the success

synthesis of the mono-carbonyl curcumin analogs A C. 0

Pharmacokinetic X

A drug candidate must reach itsyinhibitory-target at
sufficient concentrations, and it must re; % he-active site for
a period to generate the expected biologieal effects. Undesirable
pharmacokinetic properties or intolerable toxicity levels are
leading causes of failure in the development of new drug
candidates during clinical trials. Therefore, the development of
new drug candidates must include the ADMET evaluations to
ensure high efficacy and safety as therapeutic agents.

To evaluate the absorption properties of compounds
A—C, we predict Caco-2 permeability and human intestinal
absorption (HIA), as presented in Table 2. The Caco-2 cell assay
is a key method for evaluating passive and active transports and
the absorption of orally administered drugs. The predicted values
of Caco-2 permeability range from —4.732 to —6.63 cm/second,
suggesting low to moderate permeability [22]. Compounds
B and C show low Caco-2 permeability, similar to curcumin,
indicating that these compounds may have low absorption. In
contrast, compound A exhibits higher Caco-2 permeability than
curcumin, suggesting that it may have better absorption. HIA is
a crucial parameter for the efficacy of drug compounds because
it is closely related to bioavailability, as it is reported that 64%
of a compound’s bioavailability is significantly influenced by
HIA [23]. High HIA values, expressed as %absorption, indicate
that the drug compound is well absorbed in the intestine,
while compounds with an absorption rate of less than 30% are
considered poorly absorbed [22]. It is shown that compounds
A—C exhibit higher absorption than curcumin, suggesting that

Table 2. Prediction of pharmacokinetics for curcumin analogs A—C
and curcumin.

Parameters Compound
A B C Curcumin
Absorption
S::‘;ﬁgi“:ﬁggg"g —5243 4920 —4.797 —4.834
HIA (%) 92.156  93.026  92.816 87.580
Distribution
BBB 0.176 0.934 0.757 0.103
VD (L/kg) 0.641 0.698 0.664 0.369
Metabolism
CYP1A2 inhibitor No Yes No No
CYP2C19 inhibitor Yes Yes Yes No
CYP2C9 inhibitor No No No Yes
CYP2D6 inhibitor Yes No No No
CYP2D6 substrate No Yes Yes No
CYP3A4 inhibitor No No No Yes
CYP3A4 substrate No No No No
Excretion
CL (ml/m1 K 4.691 1.680 3.894 13.839
ox ci %
agene51s 0.025 0.046 0.015 0.234
cmogemcny 0.262 0.097 0.337 0.706

the proposed mono-carbonyl curcumin analogs will provide
improved absorption compared to curcumin.

Blood—brain barrier (BBB) permeability and volume
of distribution (VD) are key parameters in studying the
distribution of drug candidates. The ability of a drug compound
to penetrate the brain is crucial for mitigating potential side
effects. The BBB plays a significant role in the absorption of
drug compounds into the brain. Molecules with a logBB > —1
are classified as BBB+, indicating they can penetrate the BBB,
while those with logBB < —1 are classified as BBB-, indicating
their low ability to penetrate BBB. Based on Table 2, compounds
B and C can easily pass through the BBB, whereas compound
A and curcumin could not. Consequently, compounds B and C
can be distributed to the central nervous system, while it is not
possible for compound A. For drug candidates targeting breast
cancer, it is generally preferable for them not to cross the BBB,
as the target is located in cancer tissue. Compound A has a
relatively moderate BBB value, suggesting that a small amount
may still pass through the barrier, raising the possibility that it
could reach the target cancer tissue.

The volume of distribution is a measure that indicates
how far a drug spreads in the body after administration. VD
values provide insights into how well the drug binds to plasma
protein, its distribution in body fluids, and its absorption by
tissues. A compound is considered to have an appropriate VD if
its value is within the range of 0.04-20 L/kg [24]. Compounds
A—C exhibit a larger distribution volume compared to curcumin
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(Table 2). Generally, drug compounds with high lipophilicity
are more likely to bind to body tissues rather than remain in
blood plasma, resulting in a lower concentration in plasma and
a larger distribution volume. Compounds A—C are predicted
to be distributed less in the blood but more in tissues than
curcumin. This suggests that the prepared compounds have a
superior volume of distribution compared to curcumin, leading
to higher tissue distribution.

Drug metabolism parameters in the body measure
how the enzymatic system breaks down drugs and determines
the duration and intensity of their action. A crucial aspect is to
avoid the inhibition of cytochrome P450 (CYP450) enzymes.
Approximately 80% of this metabolic activity is attributed to
five key isozymes, named 1A2, 3A4, 2C9, 2C19, and 2D6 [25].
Most of these CYP enzymes, responsible for phase I metabolic
reactions, are concentrated in the liver, the primary organ
for drug metabolism. Phase I drug-metabolizing enzymes,
particularly members of the CYP family, are responsible for the
oxidation of many drugs [26]. When these enzymes are inhibited,
the metabolic clearance of their substrate drugs decreases,
leading to higher concentrations of the drugs in the body, which
can increase the risk of toxicity by allowing drug levels to
exceed their therapeutic window. Predictions regarding drug
metabolism indicate that compounds B and C are metabolized
by the CYP2D6 enzyme, whereas none of the compounds are
predicted to interact with CYP3A enzymes. Compounds A—C
inhibit CYP450 enzyme, suggesting they may inhibit phase I
metabolism more effectively than curcumin, thereby increasi

bioavailability in the body. °

Clearance (CL) refers to the body’s ability t @46
a drug from its system. It is a crucial factor in %Sj g the
duration a drug remains in the body (haJf-life requency
at which doses should be administrats % edron Table 2, the
CL values of compounds A, B, and C ate.lower than curcumin,
indicating that the elimination process for these three curcumin
analogs will take longer. Ensuring a compound is non-toxic
is a crucial criterion for choosing a compound as a potential
therapeutic candidate. The toxicity levels of curcumin analog
compounds were evaluated through AMES mutagenesis and
carcinogenicity. The output values presented in Table 2 indicate
the probability of toxicity, ranging from 0 (low toxicity) to 1
(high toxicity). The toxicity prediction results for compounds
A, B, and C have very low potential mutagenic or carcinogenic
effects based on data, even lower than curcumin.

The evaluation of new drug candidates is also
conducted by analyzing through Lipinski’s “Rule of Five”,

Table 3. Results of compound analysis based on Lipinski’s rule.

Lipinski’s rule of five

which consists of combined parameters capable of identifying
potential drug candidates that may present problems with
absorption and permeability [27]. According to this rule, poor
oral bioavailability is more likely when there are more than 10
hydrogen bond acceptors, 5 hydrogen bond donors, a molecular
weight greater than 500, and a calculated LogP greater than 5
[28]. The results of the analysis of the mono-carbonyl curcumin
analog compounds based on Lipinski’s “Rule of Five” are
presented in Table 3. Only compound B meets Lipinski’s
“Rule of Five” while compounds A and C do not follow the
rule, suggesting that these curcumin analogs may have poor
oral bioavailability. However, despite this drawback, their
bioavailability could potentially be improved through further
research and the use of advanced drug delivery systems such
as nanoparticles, liposomes, polymeric nanocarriers, lipid-
based formulations, or other innovative formulations [27].
These strategies are able to enhance absorption and therapeutic
efficacy, allowing for more effective use of these compounds in
clinical settings.

Cytotoxicity activity of mono-carbonyl curcumin analog
compounds

Theccytotoxicity of curcumin analogs was evaluated
on bre %& cell lines T47D, MCF7, HER2, and 4T1 using
o . .
e MILT y. The selection of cancer cell lines represents the
assi ion of breast cancer based on immuno-histochemical
ethods. Luminal A characterized by the expression of ER
nd PR receptors with negative HER2 status is represented by
MCF-7 and T47D cell lines [29]. For the HER2+ subtype, which
demonstrates HER2 overexpression without ER/PR expression
the HER2 cell line is utilized [30]. In addition, 4T1 represents
the characteristics of TNBC, which typically does not express
ER, PR, or HER2 [31]. Understanding the differential responses
of these cell lines to curcumin analogs can provide insights
into their potential therapeutic efficacy and inform treatment
strategies for various breast cancer subtypes.
Cytotoxicity is quantified by the IC,  value, defined as
the drug concentration required to inhibit cell viability by 50%
[32]. Based on the data presented in Table 4, all mono-carbonyl
curcumin analogs exhibit high to moderate cytotoxicity
against the T47D cells, while showing no cytotoxic effects
on the MCF-7 and 4T1 cells. Compound B demonstrates high
cytotoxicity toward T47D cell, with an IC, value of 19.20 pg/
ml. In addition, compounds B and C demonstrate moderate
cytotoxicity against the HER2 cells. These findings suggest
that mono-carbonyl curcumin analogs may selectively target

Table 4. Effect of mono-carbonyl curcumin analogs on viability of
breast cancer cell lines.

Compound  Molecular Hydrogen Hydrogen IC_, (ng/ml)
Weight LogP bond bond donors Compound -
g acceptors T47D HER2 MCF-7 411
A 581.02 5.589 4 0 A 43.04 441.96 277.73 174.05
B 490.97 4.229 4 1 B 19.20 30.70 564.17 101.55
C 504.99 4.483 4 0 C 20.00 87.63 110.91 203.66
Curcumin 368.13 2.742 6 2 Doxorubicin 0.35 0.02 26.63 6.51
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certain breast cancer subtypes, particularly those associated
with hormone receptor expression. The high cytotoxicity of
compound B underlines its potential as a promising candidate
for further development. Understanding the pathways involved
in the action of these compounds, especially in relation to
the T47D cells, is crucial for elucidating their mechanisms of
action and therapeutic potential. Utilizing bioinformatics tools
to analyze gene expression profiles and signaling pathways,
along with molecular docking studies to predict the interactions
between the compounds A—C and breast cancer cell lines.
Therefore, valuable insights into how mono-carbonyl curcumin
analogs interact with breast cancer cell lines could be provided.

In addition to IC, values, anticancer activity can be
evaluated using the selectivity index (SI), which indicates a
drug’s safety and effectiveness. The SI quantifies the extent
to which a drug selectively targets cancer cells over normal
cells. The SI is calculated from the ratio of the IC_, in normal

Table 5. Selectivity index of curcumin analogs.

cells to that of cancer cells. A higher SI indicates that the drug
is more specific to cancer cells while minimizing toxicity to
normal cells, thereby reflecting a more favorable safety profile
[33]. The synthesized compounds A, B, and C demonstrate
low selectivity, suggesting that these compounds may exert
cytotoxic effects on both cancer and normal cells (Table 5). This
low selectivity may lead to adverse side effects that limit the
therapeutic potential of these compounds. Consequently, further
research is needed to enhance their selectivity. To address these
limitations, it is required to employ drug delivery systems that
specifically target cancerous tissues.

Targets and breast cancer-related targets of curcumin analogs

Drug discovery by utilizing bioinformatic and
computational biology plays a pivotal role in the drug discovery
progress. Its existence provides information on the molecules’
characterization and chemical behavior of compounds in
certain therapeutic processes [34]. The procedure for obtaining
bioinformatic information from each curcumin analog against a
breast cancer target is presented in Figure 1. The results of the

Compound IC;, (ng/ml) bioinformatic approach from the potential of each curcumin
Vero/T47D  Vero/HER2 ~ Vero/MCF-7  Vero/4T1 analog are obtained from the Swiss prediction target database.
A 0.0500 0.0040 0.00100 0.01000 Compounds A,B, and C contain 60, 39, and 27 genes, respectively.
B 0.0020 0.0010 0.00007 0.00030 Therapeu ts searched from the GeneCards Human,
c 0.0005 0.0001 0.00009 0.00005 et , and TDD databases with the keyword “breast
bic sl 298,50 063 576 amed 13 881 target genes. Each of the curcumin analog
Doxorubicin . . . . ilt to obtain potential targets for breast cancer therapy
e A @
Compound A Bireast Cancer Compound B Breast Cancer Compound C Breast Cancer

(b)

Figure 3. Bioinformatic information of each curcumin analog compound in breast cancer therapy prediction; (a) Venn diagram; (b) PPI STRING data between breast

cancer compound genes.
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using a Venn diagram (Fig. 3a). Potential target genes that overlap
between curcumin analogs and breast cancer were constructed
using PPI with the STRING database (Fig. 3b). Further analysis
using Cytoscape 3.10.2 was done to obtain the main compound-
target network plot focused on pathways in cancer pharmacology.
The determination of network pharmacology pathways in cancer
is based on GO and KEGG analysis. GO analysis consists of three
aspects of enrichment analysis, i.e., BP, MF, and CC. The top 10
of each GO parameter of the compound are shown in Figure 4.
KEGG analysis shows the 15 highest network pharmacology
pathways, including the pathways in cancer for breast cancer
therapy (Fig. 5a). Proteins involved in network pharmacology
in cancer pathways in breast cancer therapy are shown in Figure
5b. The set parameters in determining the main protein in the
pathways in cancer in breast cancer therapy are the average length
of the shortest path, betweenness centrality, closeness centrality,
clustering coefficient, edge count, oddness, and inward degree.
The main proteins that play a role in therapy (marked in orange)
are mitogen-activated protein kinase 8 (MAPKS), AKTI, and
AKT]1 for curcumin analogs A, B, and C.

The main target protein for compound A is MAPKS,
which is also known as c-JUN N-terminal kinase found in
glioblastoma cells. Induction of this protein will undergo cellular
transformation and affect epidermal growth and platelet decline,
as well as a signaling pathway responsible for cell adhesion
and migration in breast cancer cells [35]. The activation of
MAPKS is closely related to chemotherapy resistance for
paclitaxel, mechlorethamine, and doxorubicin by reducing
caspase activation, inhibiting microtubules, and supporting
DNA fragmentation after breast cancer treatment with alkylating
agents and anthracyclines [36]. Other reported studies stated that
suppression of MAPKS8 protein expression plays a major role in
preventing the proliferation process of breast cancer cells [37].
The ER is closely related to breast cancer and interacts with
membrane receptors and key signaling molecules that activate the
MAPK and phosphatidylinositol-3 kinase (PI3K)/AKT pathways.
Thus, inhibition of estrogen pathway signaling becomes one of
the effective methods in the treatment of breast cancer [38].

The main protein of compounds B and C is AKTI
as revealed from the bioinformatic analysis of pathways in
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Figure 4. Top 10 GO analyses of each parameter for compound (a) A, (b) B, and (c) C.
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cancer network pharmacology. AKT1 protein is a key element
of the PI3K/AKT signaling pathway. AKT1 regulates cancer
characteristics such as tumor growth, survival, tumor cell
invasion, proliferation, apoptosis, and angiogenesis [39]. AKT is
controlled by PI3K as the main regulator of activation and is an
important part that has been validated as a promising therapeutic
target [40]. AKTT1 is expressed in most tissues, and the mutations
could activate the PI3K/AKT pathway and eliminate phosphatase
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and tensin homologue [41], involved in proliferation and growth,
promote tumor initiation, and suppress apoptosis [42].

Molecular docking analysis

Molecular docking studies of each compound
were performed on each main protein obtained from the
bioinformatics data. Molecular docking studies of curcumin
analogs (Fig. 6) for compound A were carried out with
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Figure 6. 3D and 2D molecular docking visualizations of three curcumin analogs against protein receptors along with native ligands.

MAPKS (PDB ID 2G01) [43] and compounds B and C were residues are van der Waals interaction (Glul09, Serl55, and
carried out with AKT1 (PDB ID: 4EJN) [44]. Compound A Vall86); alkyl and pi-alkyl (Ala36, Val40, Ala53, LeullO,
has a binding affinity energy of —9.4 kcal/mol and an RMSD Metl11, Vall58, Leul68, and Vall87); and pi-sulfur (Lys55,
value of 0.71 A. The observed interactions with amino acid Met108). Meanwhile, the native ligand has a binding affinity
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energy of —7.6 kcal/mol and an RMSD value of 1.83 A with
hydrogen bond (Metl11, Asnl14), alkyl, and pi-alkyl (Ile32,
Val40, Ala53, Lys55, Leull0, Vall58, and Leul68), and pi-
sigma (Val158) interactions. The stability of the intermolecular
bonds with the protein receptor shows that compound A has
better stability compared to the original ligand. In contrast, the
therapeutic activity against breast cancer of compound A has
not shown better activity. Compound B has a binding affinity
energy of —10.5 kcal/mol and an RMSD value of 1.03 A. The
type of interaction with amino acid residues is hydrogen bond
interaction (GIn79, Thr82, and Ser205), as well as alkyl and pi-
alkyl (Trp80, [1e84, Leu210, Leu264, Lys268, Arg273, Cys296,
and Cys310). Compound C has binding affinity energy of —10.7
kcal/mol, an RMSD value of 0.71 A, and various interaction
types via hydrogen bonding (Ser205), van der Waals (GIn203),
alkyl, and pi-alkyl (Trp80, Ile84, Leu210, Leu264, Lys268,
Arg273, and Cys310), and pi-anion (Asp274). Besides, both
compounds B and C give lower binding affinity energy than
native ligands (—13.6 kcal/mol, RMSD value 1.37 A). This
is caused by the native ligand exhibit more interactions with
amino acid residues, i.e., hydrogen bond interactions (Ser56,
Leu78, Thr83, and GIn203), van der Waals (GIn59), alkyl, and
pi-alkyl (Ala58, Trp80, Leu264, Lys268, and Val270), pi-pi
stacked (Trp80), pi-sigma (Lys268), and halogen bond (Asn53).
The bond stability between the evaluated compounds to protein
receptors shows that the order of better bond stability starts
from the native ligand, compound C, and compound B. The IC,

results from the in vitro activity test of each curcumin anal@

are supported by bioinformatic data on network pharmag

in cancer pathways. However, the molecular dogki

do not match well as they have not provided a cortec vity
Aledie

order. Because of that, further developm %
curcumin analogs with better activit % bo
optimize breast cancer therapy in the futu

CONCLUSION

Synthesis and pharmacokinetic evaluation of curcumin
analogs A, B, and C showed improvements in absorption, tissue
distribution, retention, and safer toxicity profiles compared
to curcumin. The identified main limitation was in oral
bioavailability due to non-compliance with Lipinski’s rule of
five. The anticancer activity tests against T47D cells showed
IC, values 0f 43.04, 19.20, and 20.00 pg/ml for compounds A,
B, and C, respectively. Against HER2 cells, compound A gave
IC,, value of 441.96 pg/ml, while compounds B and C gave
IC,, values of 30.70 and 87.63 pg/ml. Compounds A and B
gave IC, values of 277.72 and 564.17 pg/ml, while compound
C gave IC,, value of 26.63 ng/ml against MCF-7 cells. For
4T1 cells, compounds A and B gave IC, values of 174.05 and
101.55 pg/ml, while compound C gave IC,, value of 203.66
pg/ml. All compounds demonstrate low selectivity, as shown
by their SI values < 1, indicating potential cytotoxic effects on
normal cells that may limit clinical utility. Bioinformatic studies
of network pharmacology with pathways in cancer indicate
MAPKS protein as the primary target of compound A while
AKT]1 protein becomes the primary target for compounds B and
C analogs. Future research on targeted delivery strategies and
structural modifications is recommended to improve selectivity

0 obtain
stability to

and optimize the efficacy and safety of these compounds for
therapeutic applications.
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