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Chalcone-linked acetamide derivatives represent a unique class of compounds with a broad spectrum of
biological activities. Various synthetic methods for chalcones are reviewed, emphasizing their efficiency.
These derivatives exhibited potent antiproliferative properties, functioning as inhibitors of key targets
such as EGFR, topoisomerase | and Il, ABCG2, caspase proteins, and histone deacetylase (HDAC), as well
as inhibiting tubulin polymerization. The structure—activity relationships (SAR) pertinent to their
anticancer activity are elucidated. In addition to their antiproliferative effects, these compounds display
significant antimicrobial activities against a variety of bacterial and fungal pathogens. Their antiviral
potential is also highlighted, with capabilities to inhibit critical viral enzymes and pathways. The

antiprotozoal properties of chalcone-linked acetamide derivatives underscore their efficacy against
Received 4th February 2025

Accepted 29th May 2025 protozoan infections. Furthermore, these derivatives possess strong anti-inflammatory and antioxidant

activities, contributing to their overall therapeutic potential. By exploring these diverse biological
DOI: 10.1039/d5ra00834d activities, these compounds present significant opportunities for the development of novel therapeutic

rsc.li/rsc-advances agents overcoming various medical challenges.

1 Introduction capabilities, antimicrobial and antiviral, antimalarial, neuro-

protective effects, among others.*** Interestingly, a single
Chalcones, also known as 1,3-diphenylpropan-1-ones, serve as chalcone compound can manifest multiple types of bioactivity.
the initial intermediate structures in the biosynthesis of all For instance, isoliquiritigenin (Fig. 2a) exhibits anticancer,
flavonoids. These open-chain flavonoids consist of two aromatic ~ cancer-chemo-preventive, antioxidant, and anti-inflammatory
rings (A and B) connected by a three-carbon o, B-unsaturated activities.**** Similarly, xanthohumol (Fig. 2b) demonstrates
carbonyl system (Fig. 1)."? anti-HIV-1, antibacterial, and anticancer effects.'® It is worth

Many natural chalcones exhibit multiple hydroxyl groups on
their aromatic rings. Typically, hydroxyl groups are found at the
C2/, C4', and/or C6’ positions in the A-ring. The B-ring usually
contains a hydroxyl group at the C4 position. Chalcones lacking
an oxygen at the 2'-position are known as retrochalcones. Prenyl
and methoxyl groups are commonly found as substituents in
natural chalcones.™?

These small molecular structures possess Michael acceptor
features, enabling chalcones to interact with various biological
molecules, facilitating their binding and reactivity. Conse-
quently, chalcones demonstrate a wide range of biological
activities encompassing anticancer, anti-inflammatory, anti-
bacterial, antituberculosis, antidiabetic effects, antioxidant
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noting that alongside the therapeutic potentials of chalcones,
researchers have also evaluated their potential side effects.'”'®
Notably, Xing et al.* discovered a hepatotoxic risk associated
with a specific type of chalcone, emphasizing the importance of
further comprehensive investigation in this area.

Amide group are not only common structural motifs in
biologically active molecules but also play a critical role in
modulating physicochemical properties such as solubility, lip-
ophilicity, and metabolic stability.>®** More importantly, the
amide moiety contributes significantly to molecular recognition
through various non-covalent interactions, including hydrogen
bonding and dipole-dipole interactions, which are essential for
enhancing binding affinity and specificity toward biological
targets.”

By integrating an amide functionality into the chalcone
structure, it is possible to synergistically combine the electro-
philic Michael acceptor character of chalcones with the favor-
able binding properties of amides.*® This hybrid design strategy
is expected to enhance target interaction, improve bioavail-
ability, and potentially lead to compounds with superior phar-
macological profiles.”® Thus, chalcone-linked acetamide
derivatives represent a promising class of compounds for drug
discovery and development.**

This article present various synthetic approaches for
chalcone derivatives and comprehensively review the specific
biological activities associated with chalcones incorporating
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amide functionalities, with a particular focus on recent
advancements and current research developments in this
field.

2 Methods of synthesis of chalcones

Many methods have been developed for synthesizing chalcones,
which are a significant class of natural products possessing
diverse biological activities. Moreover, chalcones serve as
precursors for the synthesis of numerous compounds.
Furthermore, there has been a considerable amount of research
focused on developing synthetic strategies to produce chalcones
that mimic their natural counterparts, as well as synthesis of
novel molecules. The following sub-sections provide an over-
view of the primary methodologies employed for this purpose
(Scheme 1).

2.1 Synthesis of chalcones by Claisen-Schmidt reaction

The Claisen-Schmidt condensation is a widely used method for
synthesizing chalcones, involving the condensation of aceto-
phenone and benzaldehyde derivatives to form a,B-unsaturated
ketones, linking aromatic rings A and B (Scheme 1a).>* The
reaction proceeds through the nucleophilic addition of the
carbanion, derived from the aryl ketones to the carbonyl carbon
of the aromatic aldehydes, the Claisen-Schmidt reaction is
typically carried out in the presence of an aqueous, methanolic
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Scheme 1 Different methods of chalcones synthesis. (a) Claisen—Schmidt reaction; (b) using borontrifluoride-etherate; (c) via Suzuki coupling
reaction; (d) direct cross-coupling reaction; (e) Friedel-Crafts acylation; (f) Julia—Kocienski olefination. R; and R, = electron donating or electron

withdrawing groups.

19044 | RSC Adv, 2025, 15, 19043-19068

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00834d

Open Access Article. Published on 05 June 2025. Downloaded on 11/7/2025 11:17:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

or ethanolic alkaline solution, at room temperature or at reflux
for several hours.>® Moreover, microwave (MW) irradiation has
been effectively employed. This method involves the conden-
sation of acetophenone and benzaldehyde derivatives in the
presence of anhydrous potassium carbonate under free-solvent
conditions. Anhydrous K,COj is a cost-effective, non-toxic, and
user-friendly alternative to stronger bases like NaOH or KOH,
which are typically used in traditional Claisen-Schmidt reac-
tions but can be harmful, toxic, and environmentally polluting.
Khan, S. A,, et al.*” successfully applied this methodology to
synthesize various chalcone derivatives with high yields.

2.2 Synthesis of chalcones using borontrifluoride etherate

In 2007, Narender and Reddy developed a method utilizing
borontrifluoride etherate for the synthesis of diverse chalcones.
Instead of the traditional base-catalyzed Claisen-Schmidt
reaction, this method involves the reaction between various
substituted acetophenones and aromatic aldehydes using BF;—
Et,O as a catalyst, yielding chalcones within a timeframe of 15—
150 minutes (Scheme 1b).*® Compared to the conventional
Claisen-Schmidt condensation reactions employing KOH or
NaOH, this method offers several advantages. These include
high yields, simplified work-up procedures, shorter reaction
times, absence of side reactions, and compatibility with sensi-
tive functional groups such as amides and esters.*®

2.3 Synthesis of chalcones by direct cross-coupling reaction

The direct cross-coupling reaction involves the coupling of
benzoyl chlorides and potassium styryltrifluoroborates using
a palladium-catalyzed system under microwave (MW) irradia-
tion. This method enables the one-pot synthesis of o,B-unsat-
urated aromatic ketones. Al-Masum et al.*® were the first to
utilize this approach for the synthesis of several chalcones,
employing 1,4-dioxane as a solvent and K,CO; as a base
(Scheme 1d). Despite 1,4-dioxane being a non-polar solvent
typically not used in MW irradiation reactions, its polarizability
due to the presence of two oxygen atoms and relatively high
boiling point is advantageous for facilitating the desired cross-
coupling reaction. This process offers notable advantages,
including the non-toxicity, ease of preparation, and ease of
removal of potassium styryltrifluoroborates.

2.4 Synthesis of chalcones by Friedel-Crafts acylation

Chalcones can be synthesized through a direct Friedel-Crafts
acylation reaction involving a phenol. In this reaction, the
phenol serves as the precursor for the formation of the chal-
cone's A-ring, while the acylating agent contributes to the
formation of both the B-ring and the three-carbon bridge con-
necting rings A and B (Scheme 1e). Various catalysts have been
employed for this reaction, including anhydrous aluminum
chloride,* aluminum bromide,** and chiral phosphoric acids.**

2.5 Synthesis of chalcones by Julia-Kocienski olefination

The approach described in this method plays a pioneering role
in the synthesis of chalcones and flavanones. It involves the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Method of synthesis of chalcones via Suzuki coupling
reaction.

condensation of aldehydes with 2-(benzo[d]thiazol-2-
ylsulfonyl)-1-phenylethanones, which are reagents developed
for Julia-Kocienski olefination. This reaction is carried out in
the presence of a base (Scheme 1f). The resulting product is
obtained in good yields.*

2.6 Synthesis of chalcones by Suzuki coupling reaction

The Suzuki reaction is a valuable tool utilized for the formation
of carbon-carbon (C-C) bonds. It involves the coupling of
organoboron compounds with organic halides or triflates,
catalyzed by palladium in the presence of a base (Scheme 1c).
This reaction has found widespread application in the synthesis
of various compounds, including chalcones.**

In 2003, Eddarir et al.*® introduced a method for synthesizing
chalcones through the Suzuki coupling reaction. This method
involves the coupling of cinnamoyl chlorides with phenyl-
boronic acids (Scheme 2a) or the coupling of benzoyl chlorides
with phenylvinylboronic acid (Scheme 2b).

2.7 Synthesis of chalcones by grinding technique

By utilizing the grinding technique, certain chalcone derivatives
have been successfully synthesized. This method involves the
reaction between substituted 2-acetyl-1-naphthol and various
substituted benzaldehydes in the presence of a base. Notably,
this reaction does not require a catalyst, making it non-
hazardous and environmentally safer. Furthermore, it offers
the advantage of yielding excellent results in a short reaction
time, leading to high product yields.**

3 Antiproliferative properties

The documentation of the antiproliferative activity of acetamido
chalcones is increasing. Many research groups synthesized or
modified natural chalcones that possess antiproliferative
activity. Chalcones showed an ability of targeting multiple
cellular molecules, such as mouse double minute 2 MDM2/
P53, tubulin,® nuclear factor kappa-light-chain-enhancer of
activated B cells NF-kappa B,* vascular endothelial factor VEGF,
VEGFR-2 kinase,* hypoxia-inducible factor-1 HIF-1,** matrix
metalloproteinase MMP-2/9 (ref. 41) and P-glycoprotein P-gp*?/
multidrug resistance-associated protein MRP1 (ref. 43)/breast
cancer-resistance protein BCRP.** Which indicates that chal-
cones can act as an anticancer via tumor cell apoptosis
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induction, microtubule polymerization, anti-inflammatory,
antiangiogenesis.”> These characters made chalcones highly
desirable as fundamental constituents for developing agents
that target cancer molecules.

3.1 Chalcones as EGFR inhibitors

EGFR (epidermal growth factor receptor) is a protein involved in
cell growth and survival. However, in certain cancers, EGFR
becomes overactive or mutated, leading to uncontrolled cell
growth.*® Targeting EGFR has emerged as an important strategy
in anticancer treatment. EGFR inhibitors, such as small mole-
cule tyrosine kinase inhibitors (TKIs) or monoclonal antibodies,
are designed to block EGFR activity and its downstream
signaling pathways.”” Small molecule TKIs, like erlotinib or
osimertinib (Fig. 3), inhibit the intracellular domain of EGFR,
preventing the phosphorylation of downstream molecules.*®
Monoclonal antibodies, such as cetuximab or panitumumab,
bind to the extracellular domain, blocking ligand binding and
receptor activation.*” By inhibiting EGFR, these drugs suppress
cell proliferation and survival, induce apoptosis, and inhibit
tumor angiogenesis. EGFR inhibitors can also modulate the
immune response against cancer cells, enhancing immune
recognition and promoting antitumor immune responses.*
However, the effectiveness of EGFR-targeted therapies can vary
depending on cancer type and the presence of specific EGFR
mutations. Resistance to EGFR inhibitors can also develop,
necessitating combination therapies and personalized treat-
ment approaches.**

A series of quinoline/chalcone hybrids containing 1,2,4-tri-
azole moiety was tested by ref. 52, for its antiproliferative
activities, All of the selected compounds were tested in four
cancer cell lines: the pancreatic cancer cell line Panc-1, the
breast cancer cell line MCF-7, the colon cancer cell line HT-29,
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Fig. 3 EGEFR inhibitors — erlotinib and osimertinib.
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and the epithelial line cancer cell A-549. The five most active
compounds were 1, 2, 3, 4, and 5 (Fig. 4). Among these
compounds, 2 exhibited the highest activity against cancer cell
growth, with a GI5, of 3.325 puM. Compound 2, which has an
allyl-triazole backbone, displayed the highest anticancer
potential. On the other hand, compound 1, which has the same
substitution pattern as 2 but a different phenyltriazole moiety,
showed almost 2.5 times lower activity than 2. These findings
suggest that all compounds with an allyl-triazole backbone were
better inhibitors of cancer cell growth compared to derivatives
with the same substitutions but a different phenyltriazole
backbone, and the presence of trimethoxy phenyl at the chal-
cone moiety showed increase in the antiproliferative activity. All
investigated compounds 1, 2, 3, 4, and 5 exhibited inhibitions of
EGFR with ICs, ranging from 1.3 to 4.8 uM in comparison to the
positive control erlotinib (ICs, = 0.08 &+ 0.04 uM). This study
demonstrates that these compounds are effective EGFR
inhibitors.

Fathi and coworkers® synthesized series of chalcone/1,3,4-
oxadiazole derivatives in order to study the effect of these
derivatives against different cancer cell lines. The compounds
exhibited promising anticancer activities particularly leukemia
cell lines compounds, 6, 7, 8, and 9 (Fig. 5) were the most potent
(mean growth inhibition% = 37.77, 27.29, 28.20, and 132.29;
respectively). Compound 9 exhibited potent cytotoxic activity
against most of the tested cell lines. Compounds 6, 7, 8, and 9
displayed the highest inhibitory activities against EGFR (IC5, =
0.24-2.35 pM) as well as Src kinase (IC5, = 0.96-6.24 uM). Out of
all the derivatives, 6, 7, and 9 demonstrated the highest effec-
tiveness in inhibiting the activity of signal transducer and
activator of transcription 3 (STAT3), which indicate that the
substitution of phenyl ring carrying the oxadiazole moiety
showed the highest activity with the 3,4,5-trimethoxy < H < p-
methoxy, and the most effective substitution of the chalcone
phenyl ring was p-methoxy, as a result they found that to achieve
the best possible activity, it is necessary for R, to consist of 3,4,5-
trimethoxy groups and for R, to contain a methoxy group in the
p-position. Therefore, in order to exhibit effective anti-cancer
properties, it is ideal for either both phenyl rings to be unsub-
stituted or for one of the rings to contain a p-methoxy group,
while the other ring should have 3,4,5-trimethoxy groups.
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Fig. 4 Quinoline/chalcone hybrids 1-5 as EGFR inhibitors.
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R,= Ph R;=ClI IC50= 4.8 £ 1.7 yM
R,= Allyl Ry=ClI IC50=1.3 £ 1.2 uM
R,=Ph Ry=Tri-MeO IC5=3.7 £ 1.5 uM

R,= Allyl R;= Tri-MeO
R,= Allyl R;= Tri-MeO

ICs0= 2.1 % 0.4 uM
ICs0= 2.8 * 0.8 uM
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6: R=H R,=H ICs0= 1.2 £ 0.25 yM
7: Ry=4-OCH; R,=3,4,5-tri-OCH; IC50= 2.3 + 0.95 uM

Ry 8: R;=3,4-di-OCH; R,=4-Cl IC5o= 13.2 £ 0.65 uM

9: Ry=3,4,5-tri-OCH; R,=4-OCH; ICs= 0.24 £ 0.03 uM

Fig. 5 Chalcone/1,3,4-oxadiazole hybrids 6-9 as EGFR inhibitors.

C%_N\ 10:

R= 2-Cl IC50= 0.6 uM
11: R=4-Cl IC50= 0.3 uM
12: R=4-OCH, ICs0= 1.5 uM
13: R=3,4-di-OCH; ICs0= 0.9 yM
14: R=3-NO, ICs0= 1.6 uM

Fig. 6 Xanthine/chalcone hybrids 10—-14 as EGFR inhibitors.

Abou-Zied, et al®* tested a series of xanthine/chalcone
derivatives for possible antiproliferative activity. Compounds
10,11,12, 13, and 14 (Fig. 6), demonstrated strong inhibition of
cancer cell growth, with ICs, values ranging from 1.0 £ 0.1 to 3.5
+ 0.4 uM against four cancer cell lines A-549 (epithelial cancer
cell line), MCF-7 (breast cancer cell line), Panc-1 (pancreas
cancer cell line), and HT-29 (colon cancer cell line),. In
comparison, doxorubicin exhibited ICs, values ranging from
0.90 + 0.62 to 1.41 £+ 0.58 uM. Compounds 11 and 14 showed
the highest effectiveness in the study. To understand their
anticancer mechanism, compounds 10, 11, 12, 13, and 14 were
tested for their inhibition of EGFR. Compound 11 demon-
strated the strongest inhibition with an ICs, value of 0.3 uM,
which is more potent than the reference drug staurosporine
(IC50 = 0.4 uM). The activity of the compounds can be attributed
to the substitutions (R) at position 4 of the chalcone phenyl
ring. Notably, among the 1,3-dimethyl xanthine series,
compounds with NO,, Cl, and OCH; groups on the chalcone
phenyl ring exhibited the highest inhibitory activity across
various cell lines. Despite the differing chemical nature of the
substituents, this enhanced activity may be attributed to
different physicochemical nature of the chalcone/xanthine
hybrids which could result in improved cell membrane
permeability of these hybrids and lead to this enhanced anti-
proliferative activity.

Hisham et al.,® synthesized a series of hybrid molecules
consisting of quinazoline-4-one and chalcone parts as EGFR
enzyme inhibitors with antiproliferative activity against cancer
cells. The target compounds were synthesized and tested in vitro
against various cancer cell lines, the EGFR enzyme, and the
BRAF enzyme which is a serine/threonine-protein kinase
involved in the MAPK signaling pathway, regulating cell growth

© 2025 The Author(s). Published by the Royal Society of Chemistry
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15: Ry= Allyl, R,= 4-OCH; IC5,= 0.11 pM
16: Ry=Allyl, R,=4-Cl  IC5=0.90 uM
17: Ry=Allyl, R,=4-Br  IC5=0.56 uM

Ry, Methoxy > 4-Br > 4-Cl > 3,4-dimethoxy > H >>> CH3

Fig. 7 Structure—activity relationship of the target compounds
(15-17).

and differentiation. Out of the synthesized compounds, three
showed the greatest antiproliferative activity (15, 16, and 17)
and were the most potent inhibitors of the EGFR enzyme with
ICso = 0.11, 0.90, and 0.56 puM, respectively comparable to the
positive control erlotinib (IC5, = 0.08 uM). The order of effec-
tiveness for the (R,) substituent was 4-methoxy > 4-Br > 4-Cl >
3,4-dimethoxy > H > CH; (Fig. 7).

Hybrids of cyanopyridine/chalcone acetamide derivatives
were synthesized by Abou-Zied et al>® These derivatives were
designed to inhibit EGFR enzyme. Compounds 18, and 19
(Fig. 8) exhibited strong inhibition of cancer cell growth in
multiple cell lines, outperforming the reference compound
doxorubicin. These compounds were found to have a dual
inhibitory effect on both EGFR and BRAFV600E (which is
a mutant form of the BRAF enzyme with a V600E substitution)
based on in vitro studies. Compounds 8, 12, and 13 demon-
strated significant inhibition of EGFR protein, with ICs, values
of 110 and 94 nM, respectively, in the synthesized compounds.
The study revealed that the specific atoms or arrangements in
the aryl R distal chalcone' group affected potency, with 3,4-
dimethoxy being more potent than hydrogen, 4-bromo, 4-
chloro, and 3,4,5-trimethoxy substitutions for compounds with
the 4,6-bis(3,4-dimethoxyphenyl)pyridine core structure.

Hagar et al.,”” designed and synthesized a series of 1,3,4-
oxadiazole chalcone/benzimidazole hybrids. These hybrids
showed notably strong abilities to inhibit the growth of
different types of cancer cells in an initial screening test. The
abilities of the synthesized compounds to inhibit the growth of

(0}
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\)J\u R

18: R=H ICso= 110 M
19: R=4-OCH; ICs= 94 nM

Fig. 8 Cyanopyridine/chalcone hybrids 18, and 19 as EGFR inhibitors.
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cancer cells were evaluated against four human cancer cell
lines: lung cancer cells (A-549), breast cancer cells (MCF-7),
pancreatic cancer cells (Panc-1), and colon cancer cells (HT-
29). Acetamido compounds and their acetate isostere
compounds, showed promising abilities to inhibit cancer cell
growth with ICs, values ranging from 0.80 to 2.27 uM compared
to doxorubicin (ICs, values ranging from 0.90 to 1.41 uM). The
most effective compound was compound 20, with an ICs, value
of 1.8 + 0.7 uM against EGFR. This compound had the following
substituents: R; = methoxy, R, = chlorine, and X = nitrogen.
The second most effective compound was 21, with an IC5, of 1.9
+ 0.8 uM against EGFR. This compound had the substituents:
R; = methoxy, R, = chlorine, and X = oxygen. The study found
that the acetamide molecular group connecting the benzimid-
azole, oxadiazole unit, and chalcone showed better activity than
the acetate linker. Regarding the substitution pattern on the
phenyl ring of the chalcone unit, in both the acetamide and
ester derivatives, the order of preference was: 4-methoxy > 4-
chlorine > 3,4-dimethoxy > 3,4,5-trimethoxy > unsubstituted
hydrogen, as shown in (Fig. 9).

Abdelbaset et al.,*® synthesized thienoquinoline carbox-
amide-chalcone derivatives by cyclizing acylated chalcones with
2-mercaptoquinoline-3-carbaldehyde. These thienoquinolines
demonstrated promising antiproliferative effects across all
tested cell lines and exhibited significant activity as inhibitors
of EGFR. Among the series, compound 22 (Fig. 10) exhibited
significant antiproliferative activities with ICs, values of 1.0, 0.9,
0.9 and 1.2 puM against the colon cancer cell line HT-29,
pancreatic carcinoma cell line paca-2, lung cancer cell line H-
460 and human pancreatic cancer cell line Panc-1, respec-
tively. Compound 23 exhibited the highest antiproliferative
activity among all the tested thienoquinolines, and its activities
were comparable to those of erlotinib against all the tested
cancer cell lines. Moreover, thienoquinoline 23 showed ICs,

TR
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20: X=NH
21: X=0
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values of 0.5, 0.8, 0.2 and 1.0 uM against the colon cancer cell
line HT-29, pancreatic carcinoma cell line paca-2, lung cancer
cell line H-460 and human pancreas cancer cell line Panc-1,
respectively. Furthermore, compound 23 was found to influ-
ence pre G1 apoptosis and induce cell cycle arrest at the G2/M
phase.

Maghraby et al,* synthesized a series of 1,2,3-triazole/
chalcone hybrids, and evaluated for the antiproliferative
activity of these hybrids against four different cancer cell lines
A-549 (epithelial cancer cell line), MCF-7 (breast cancer cell
line), Panc-1 (pancreas cancer cell line), and HT-29 (colon
cancer cell line), with doxorubicin used as a reference
compound. Among the hybrids tested, multiple compounds
demonstrated the remarkable antiproliferative activity, with
ICs, values ranging from 0.95 to 1.80 uM, more potent than
doxorubicin (ICs, 1.14 pM). Specifically, compound 24 (Fig. 11)
showed the most potent antiproliferative effect and was also
a highly effective inhibitor of EGFR, with an ICs, of 0.09 &+ 0.05
uM, comparable to the reference drug erlotinib (ICs, = 0.05 +
0.03 uM). Furthermore, compound 24 exhibited modest inhib-
itory activity against BRAF, with an ICs, of 0.90 £+ 0.10 uM.
Molecular docking studies provided insights into the strong
interactions of the inhibitors with the EGFR-TK domain. Addi-
tionally, cell cycle analysis revealed that compound 24 induced
cell cycle arrest at the G1 transition phase.

The studies on amide linked chalcone based EGFR inhibi-
tors reveal several common trends that enhance their potency.
Substitutions on the chalcone phenyl ring, particularly with
methoxy groups (especially in the 4-position), significantly
improve EGFR inhibition, with 3,4,5-trimethoxy or p-methoxy
substitutions proving most effective. Additionally, the inclusion
of heterocyclic moieties, such as triazole, oxadiazole, quinazo-
line, xanthine, and thienoquinoline, boosts binding affinity and
enhances potency, with quinoline/chalcone hybrids particularly
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Fig. 9 Structure—activity relationship of the target compounds (20-21).
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Fig. 11 1,2,3-Triazole/chalcone acetamides 24 as EGFR inhibitor.

showing strong activity. The allyl-triazole backbone also stands
out as a key feature, offering higher efficacy compared to the
phenyltriazole variant, emphasizing the importance of linker
structure in overall compound effectiveness. These compounds
demonstrated broad cell line selectivity, inhibiting cancer cell
growth in pancreatic, lung, colon, and breast cancer cells, with
ICs, values comparable to the standard EGFR inhibitor erlotinib
(~0.08 pM), suggesting their potential as viable candidates.
Moreover, several compounds exhibited dual inhibition of
EGFR alongside other targets, such as BRAF and STAT3, offering
a promising strategy to overcome resistance mechanisms and
enhance therapeutic outcomes.

3.2 Topoisomerase I and II inhibitors

Certain molecules can interfere with the function of topo-
isomerase enzymes, which are proteins that modify DNA
strands during cell activities like copying and expressing genes.
There are two main topoisomerase types: topoisomerase I and
II. Inhibiting topoisomerase activity can stop cell growth by
disrupting DNA handling, making topoisomerase inhibitors
a group of substances that prevent proliferation. Some struc-
tures exhibit antiproliferative properties through their ability to
block one or both topoisomerase types, thereby hindering cell
division. Researchers examine the capacity of novel molecules
to inhibit topoisomerase I and II as a means of evaluating their
potential antiproliferative and anticancer effects.®>**

A series of urea-linked ciprofloxacin—chalcone hybrid
compounds were synthesized by ref. 62 and compounds 25 and
26 (Fig. 12), demonstrated remarkable abilities to inhibit cell
growth in both colon HCT-116 and leukemia SR cancer cell
lines, outperforming the reference compounds camptothecin,
topotecan, and staurosporine. Specifically, compounds 25 and
26 exhibited ICs, values of 2.53 and 2.01 pM, respectively,
against the HCT-116 cell line, and 0.73 and 0.64 pM, respec-
tively, against the leukemia SR cell line. These values were
significantly lower than those of the reference compounds. In
addition to their potent antiproliferative effects, compounds 25
and 26 also showed inhibitory activity against topoisomerase I

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Ciprofloxacin/chalcone hybrids 25, and 26 as topoisomerase
inhibitors.

and II B. Compound 26 exhibited 56.72% inhibition of topo-
isomerase I and 60.06% inhibition of topoisomerase II B,
compared to 60.05% and 71.09% inhibition by the reference
compounds camptothecin and topotecan, respectively.
Regarding the structure-activity relationship, the study found
that replacing three hydrogen atoms on the phenyl ring of the
chalcone moiety with methoxy groups resulted in the most
active compound. For compounds with a single substituent,
a chlorine atom in the para position produced the highest
activity compared to other halogen or electron-donating groups.

Kim et al.,* conducted a study in which they synthesized
a series of chalcone derivatives. The aim of the study was to
identify compounds that could inhibit the topoisomerase
enzyme and exhibit antiproliferative activity against cancer
cells. The synthesized compounds were tested in vitro against
various cancer cell lines and the topoisomerase enzyme.
Compound 27 (Fig. 13), exhibited 100% inhibition of the
topoisomerase I enzyme at a concentration of 100 uM,

o~ o
i
HO H/k

27: IC50= 12.33 uM

Fig. 13 Chalcone hybrid 27 as topoisomerase inhibitor.
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Fig. 14 Ciprofloxacin/chalcone hybrids 28, and 29 as Topoisomerase
inhibitors.

comparable to the positive control camptothecin, which
showed 70.5% inhibition at the same concentration.
Compound 27 also showed moderate cytotoxic activity against
human breast ductal carcinoma cell line (T47D) with an IC5, of
12.33 uM and human gastric cancer cell line (SNU638) with an
ICs, Of 17.41 M.

Abdel-Aziz et al.,** prepared N-4-piperazinyl-ciprofloxacin—-
chalcone derivatives. The results of a test on a single dose of
anticancer compounds showed that compounds 28 and 29
(Fig. 14) were the most effective at inhibiting the growth of
various cancer cell lines. In an in vitro five-dose test on the full
NCI 60 cell panel, compound 28 demonstrated a broad-
spectrum antitumor activity against all nine tumor subpanels
tested, without significant selectivity. Compound 29, on the
other hand, exhibited high selectivity towards the leukemia
subpanel. Most of the tested compounds showed good inhibi-
tory activity against both topoisomerase I and topoisomerase II
at 100 pM. The study found that the presence of three OCH;
groups is more effective than the presence of one OCH; group.
Compound 29, with three OCH; groups, showed superior anti-
cancer activity against various cancer cell lines compared to
compound had one OCH; group. Additionally, the presence of
an electron-donating group (OCHj;) in compound 29 was more
effective against cancer cells than an electron-withdrawing
group.

The studies on chalcone derivatives as topoisomerase I and
II inhibitors highlight key structural trends that enhance
potency. Methoxy groups, especially in the para position, and
halogen substitutions, such as chlorine, on the phenyl ring,
significantly boost enzyme inhibition. Compounds with three
methoxy groups showed stronger antiproliferative effects, sug-
gesting that electron-donating groups
inhibition.

improve enzyme

3.3 ABCG2 modulators

ABCG2 modulators represent a promising pathway in the
development of anticancer drugs. ABCG2, also known as breast
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cancer resistance protein (BCRP), is a member of the ATP-
binding cassette (ABC) transporter family.®® It is highly
expressed in various tissues, including the intestines, liver,
kidney, and blood-brain barrier. The role of ABCG2 in cancer is
significant, as it acts as a multidrug efflux pump, pumping out
awide range of chemotherapeutic agents from cancer cells. This
efflux activity contributes to drug resistance, limiting the
effectiveness of chemotherapy and leading to treatment
failure.®® In recent years, many researches have focused on
developing ABCG2 modulators to overcome drug resistance and
enhance the efficacy of anticancer drugs.” These modulators
are compounds that can either inhibit or enhance the activity of
ABCG2, thereby influencing its efflux function. Inhibitors of
ABCG2 can block the pump's activity, preventing the efflux of
anticancer drugs and increasing their intracellular concentra-
tion within cancer cells.®® This approach can sensitize cancer
cells to chemotherapy and improve treatment outcomes. On the
other hand, enhancers of ABCG2 can stimulate the pump's
activity, promoting the efflux of toxic metabolites and protect-
ing normal tissues from drug-induced toxicity.*

Kraege et al.,”® synthesized a series of 35 compounds by
combining a typical chalcone structure with different acid
chlorides. An amide linker was introduced at positions 2/, 3, or
4’ on ring A of the chalcone. These compounds exhibited
a diverse range of substitution patterns, which facilitated the
establishment of structure-activity relationships and identifi-
cation of optimal structural characteristics for further investi-
gation. The inhibitory activity against ABCG2 and intrinsic
cytotoxicity of the synthesized acryloylphenylcarboxamides
were examined. The study revealed that the ortho position of the
amide linker and the presence of 3,4-dimethoxy groups on the
distal phenyl ring of the chalcone were crucial for inhibitory
activity. Additionally, the highest potency was observed with
unsubstituted phenyl, thiophene, and quinoline rings linked to
the amide group. Compound 30 (Fig. 15), exhibited the most
significant activity, with an ICs, of 0.600 uM against MDCK II
BCRP cells by using pheophorbide A assay.

Again Kraege et al.,”* synthesized and examined a series of
chalcones combined with an additional aromatic residue to
evaluate their inhibitory effects on ABC transporters. In their
previous mentioned article, they determined that the ortho
position on the chalcone A-ring was the preferred location for
the amide linker, and they discovered various substitution
patterns on the additional ring that enhanced potency. In this
study, they investigated whether introducing a methoxy group,
known to improve the inhibitory activity of chalcones, would

o | o
U, _CUTCD
NH o~ o NH o~

31: IC50= 0.211 yM
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30: 1C5o= 0.6 pM

Fig. 15 Chalcone hybrids 30, and 31 as ABCG2 inhibitors.
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also be advantageous for the acryloylphenylcarboxamide scaf-
fold. Remarkably, this modification resulted in highly potent
ABCG?2 inhibitors. To further support the hypothesis regarding
the beneficial impact of the amide linker, six acryl-
oylphenylcarboxylates were synthesized and examined for their
inhibitory activity. Substituting the amide linker with an ester
group led to decreased inhibition. Among the derivatives tested,
compound 31 (Fig. 15), exhibited the highest level of activity
with ICs5o = 0.211 uM against ABCG2. These include the amide
linker positioned ortho, a 4’-methoxy substitution on ring A, 3,4-
dimethoxy groups on ring B, and an unsubstituted phenyl ring
connected to the amide linker.

In conclusion, the findings of this study can be summarized
as follows: the 3,4-dimethoxy substitution on ring B was found
to be beneficial for inhibiting ABCG2, based on previous
studies.”” A 4’-methoxy substitution on ring A of the chalcone
moiety was identified as a beneficial structural feature, leading
to increased inhibitory activity against ABCG2. However, 4',5'-
dimethoxy substitution resulted in slightly decreased potency.
There was no significant difference between chalcones
substituted with 3,4- or 3,5-dimethoxy groups on ring B, as well
as comparable 4’-methoxy-substituted acryloylphenylcarbox-
amides and benzoates. The replacement of the amide linker
with an ester function in the acryloylphenylcarboxylates resul-
ted in decreased inhibitory effects towards ABCG2. This could
be attributed to the loss of donor-acceptor behavior or differ-
ences in preferred conformation. These findings provide valu-
able insights into the structure-activity relationships and the
potential for developing selective ABCG2 inhibitors. Further
studies and optimization of compound design could lead to the
development of more potent and selective inhibitors for thera-
peutic applications.

3.4 Caspase protein inhibitors

Caspases are a family of proteins that play a crucial role in the
regulation of programmed cell death, known as apoptosis.
These proteins act as key players in the intricate network of
signaling pathways responsible for maintaining cellular
homeostasis.” Dysregulation of apoptosis has been implicated
in various diseases, including cancer, making caspases attrac-
tive targets for the development of anticancer agents.”* In
cancer cells, the dysregulation of apoptotic pathways often leads
to uncontrolled cell proliferation and resistance to cell death,
contributing to tumor development and progression.” Target-
ing caspases and modulating their activity has emerged as
a promising strategy for developing novel anticancer agents.”®
By promoting apoptosis in cancer cells, caspase-targeted ther-
apies aim to induce selective cell death, inhibit tumor growth,
and overcome drug resistance.”” Targeting caspase proteins and
their associated apoptotic pathways holds great potential for the
development of more effective and selective cancer
therapies.”™”®

Tok et al.,” synthesized a series of chalcone derivatives and
assessed it's in vitro antiproliferative activities against HeLa,
MCF-7, MKN-45 cancer cell lines, as well as the NIH-3T3 cell line
using the MTT assay. Notably, compound 32 (Fig. 16), exhibited

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

o /

32: ICsp=ranging between 5.17 to 26.6 yM

Fig. 16 Chalcone hybrid 32 as caspase inhibitor.

significant cytotoxic effects on all three cancer cells while
demonstrating no cytotoxicity towards NIH-3T3 normal cells.
The ICs, values for compound 32 were 26.66 uM on HeLa, 9.41
UM on MCF-7, and 5.17 uM on MKN-45. Furthermore,
compound 32 exhibited the ability to upregulate the protein
expression of Bax while downregulating the protein expression
of Bcl-2 in cells. Additionally, these compounds increased
caspase-3 activity in the cells. Based on these findings, it can be
concluded that 32 activated apoptosis by inducing mitochon-
drial apoptotic proteins in HeLa, MCF-7, and MKN-45.

Ahmed et al.,* synthesized a series of hybrids combining
1,2,4-triazole and chalcone. The synthesized compounds
demonstrated remarkable cytotoxic activity against various
cancer cell lines. Among the tested compounds, compounds 33,
34, 35, 36, 37, and 38 (Fig. 17), exhibited the highest cytotoxicity
against human lung adenocarcinoma A549 cells, with ICs,
values 19.43, 6.06, 4.4, 7.55, 16.04 and 8.04 uM, respectively. In
comparison, cisplatin had an ICs, of 15.3 uM. Further investi-
gation into the mechanism of action revealed that the 1,2,4-
triazole-chalcone hybrids induced apoptosis by increasing the
level of proapoptotic protein Bax, releasing cytochrome ¢ from
mitochondria, and activating caspase-3/8/9 proteins.

In the analysis of the structure-activity relationship (SAR),
we found that the presence of N-4-allyl triazole in the hybrids
resulted in higher activity compared to N-4-phenyl triazole. It
was observed that for optimal activity in the allyl triazole
hybrids, the presence of 3,4,5-trimethoxy groups in R, was
crucial. Additionally, the chalcone phenyl ring B in these
hybrids needed to be substituted with either electron-donating
or electron-withdrawing groups (such as OCHj; or Cl) preferably
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33: R=4-Cl Ry=Phenyl R=H IC50= 19.43 pM
34: R=4-Cl R4=Allyl Ry= 3,4,5-trimethoxy IC50= 6.06 pM
35: R=4-OCHj; Ry=Allyl R,= 3,4,5-trimethoxy IC50= 4.4 yM
36: R= 3,4,5-trimethoxy Ry=Allyl R,= 3,4,5-trimethoxy IC50= 7.55 pM
37: R=3,4-dimethoxy R4= Phenyl R,= 4-OCHj; IC50= 16.04 uM

38: R= 3,4,5-trimethoxy Ry= Phenyl R,= 3,4,5-trimethoxy ICso= 8.04 uM

Fig. 17 1,2,4-Triazole/chalcone hybrids 33—38 as caspase inhibitors.

RSC Adv, 2025, 15, 19043-19068 | 19051


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00834d

Open Access Article. Published on 05 June 2025. Downloaded on 11/7/2025 11:17:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

R4 Allyl>>Phenyl (o]
=
o
/NYS\/U\N R,
N \ H
N\
Ry

R, R, 3,4,5-Trimethoxy>4-Methoxy>4-CI>H>>>3,4-Dimethoxy
R
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in the p-position. However, full substitution of the phenyl ring
slightly decreased the activity, while 3,4-dimethoxy substitution
greatly reduced it. Nonetheless, the activity was maintained
when trimethoxy substitution was present. On the other hand,
in the phenyl triazole hybrids, optimal activity was achieved
when both R and R, were 3,4,5-trimethoxy groups. The activity
slightly decreased when the phenyl ring was substituted with
electron-donating or electron-withdrawing groups in the p-
position (Fig. 18).

Romagnoli et al,* synthesized a series of
bromoacryloylamido/chalcones hybrids and evaluated for their
ability to inhibit the growth of cancer cells in five different cell
lines. These hybrid derivatives displayed significantly enhanced
anti-tumor activity when compared to the corresponding amino
chalcones. The most promising molecules identified as poten-
tial leads were compounds 39, 40, and 41 (Fig. 19), the anti-
proliferative activity of these three compounds was evaluated
against five different cancer cell lines: L1210, FM3A, Molt4,
CEM, and HeLa. Compound 39 exhibited remarkable activity,
with ICs, values of 0.24 1M, 0.68 pM, 0.61 uM, 0.75 uM, and 0.75
uM for the respective cell lines. Similarly, compound 40 dis-
played notable activity, with ICs, values of 0.25 uM, 0.52 uM,
0.55 uM, 0.73 uM, and 0.34 pM. Compound 41 also demon-
strated significant potency, with ICs, values of 0.63 uM, 0.53
uM, 0.68 uM, 0.84 uM, and 0.51 uM. Flow cytometry analysis
conducted on K562 cells revealed that the most active
compounds caused a substantial proportion of cells to enter the
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apoptotic sub-G0-G1 peak, indicating cell death. Compound 39
increased activated caspase-3 after 24 h of treatment, and
a further increase after 48 h.

3.5 Histone deacetylase (HDAC) inhibitors

Histone deacetylase (HDAC) inhibitors have emerged as prom-
ising agents in the development of anticancer therapies. HDACs
are enzymes that regulate gene expression by modifying histone
proteins, which play a critical role in chromatin remodeling and
gene transcription.®” Dysregulation of HDAC activity is observed
in various cancers, promoting tumor growth and progression.*
HDAC inhibitors target and inhibit these enzymes, leading to
the accumulation of acetyl groups on histone proteins. This
alters chromatin structure and gene expression, activating
tumor suppressor genes and repressing oncogenes.** HDAC
inhibitors have shown antitumor effects by inducing cell cycle
arrest, differentiation, and apoptosis in cancer cells.* They have
been approved for hematological malignancies and are being
investigated for solid tumors.*®

Valente et al.,*” synthesized compounds combining pyrrole
and benzene with hydroxamate and chalcone groups. Among the
synthesized compounds, 42 and 43 (Fig. 20) exhibited selective
inhibition of HDAC6 at the nanomolar level 30 and 10 nM
respectively. In human acute myeloid leukemia U937 cells, the
other hydroxamates led to increased levels of acetyl-a-tubulin.
Furthermore, in the same U937 cell line, compounds 42 and 43
demonstrated apoptotic effects of 18.4% and 21.4%, respectively,
compared to 16.9% for SAHA (a reference HDAC inhibitor). The
antiproliferative effects of compound 43 were also investigated
across various cancer cell lines. It showed growth inhibition at
sub-micromolar concentrations in neuroblastoma LAN-5 and
SH-SY5Y cells, as well as chronic myeloid leukemia K562 cells.
Moreover, in lung H1299 and A549, colon HCT116 and HT29
cancer cells, compound 43 exhibited growth inhibition at low-
micromolar concentrations. In HT29 cells, compound 43
increased histone H3 acetylation and significantly reduced the
colony forming potential of the cancer cells by up to 60%.
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41: 1C5o ranging from 0.51 to 0.84 uM

Fig. 19 Chalcone hybrids 39—-41 as caspase inhibitors.
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Fig. 21 Chalcone hybrid 44 as HDAC inhibitor.

A series of chalcone-based hybrids with a-phthalimido
substituents as a dual inhibitors targeting histone deacetylases
(HDACs) and tubulin for potential anticancer applications.®® The
synthesized compounds were evaluated for their anticancer
activity against MCF-7 and HepG2 human cancer cell lines using
the MTT assay. They measured the in vitro B-tubulin polymeri-
zation and inhibitory activity against HDAC 1 and 2 for the most
potent hybrids. Among the compounds tested, the trimethoxy
derivative 44 (Fig. 21) exhibited the highest anticancer activity. It
demonstrated potent -tubulin polymerase and HDAC 1 and 2
inhibitory activity with ICs, of 0.22 4 0.01 uM against HDAC 1.
Additionally, compound 44 effectively induced cell cycle arrest at
both the G2/M and preG1 phases in the MCF-7 cell line.

3.6 Tubulin polymerization inhibitors

Tubulin polymerization inhibitors are a class of compounds
that play a crucial role in the field of medicinal chemistry. These
inhibitors target the process of microtubule assembly and
disassembly,* which is essential for cellular functions such as
cell division, intracellular transport, and maintenance of cell
shape. By interfering with tubulin polymerization, these
inhibitors disrupt the formation of microtubules, leading to cell
cycle arrest and inhibition of cell proliferation.”® They have
shown significant promise as anticancer agents, as they selec-
tively target rapidly dividing cancer cells. Tubulin polymeriza-
tion inhibitors exhibit various mechanisms of action, including
binding to tubulin subunits, preventing their assembly into
microtubules, or destabilizing existing microtubule structures.
This disruption of microtubule dynamics ultimately leads to
cell death through apoptosis or mitotic catastrophe.®* Ongoing
research aims to discover and optimize novel tubulin poly-
merization inhibitors with improved efficacy, selectivity, and
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Fig. 22 Chalcone/quinoline hybrids 45, and 46 as tubulin inhibitors.

reduced toxicity, paving the way for the development of more
effective treatments against cancer and other diseases charac-
terized by uncontrolled cell growth.”

Amin et al.,”® Synthesized a series of 8-hydroxyquinoline/
chalcone hybrids, and investigated for their potential anticancer
activity. Notably, compounds 45 and 46 (Fig. 22) demonstrated
exceptional activity against both HCT116 and MCF?7 cells, while
also showing improved safety towards normal WI-38 cells when
compared to staurosporine. Further enzymatic assays indicated
that compounds 45 and 46, displayed effective inhibition of
tubulin polymerization, with ICs, values of 5.3 and 8.5 uM
respectively, in comparison to the reference compound com-
bretastatin A4 (ICs, = 2.15 uM). Additionally, compounds 45, and
46 demonstrated inhibition of EGFR (epidermal growth factor
receptor), with ICs, values of 0.097 uM, and 0.334 pM, respec-
tively, in contrast to erlotinib (ICs5, = 0.056 uM). Compounds 45
and 46 were further investigated to assess their effects on the cell
cycle, induction of apoptosis, and suppression of the wnt1/p-
catenin gene. Western blot analysis was conducted to detect the
apoptosis markers Bax, Bcl2, Casp3, Casp9, PARP1, and B-actin.

A series of chalcone derivatives synthesized and their anti-
proliferative activities were assessed against five human tumor
cells.®* These chalcone derivatives contain an additional
aromatic or heterocyclic ring connected via an ether or an ester
or an amide functional group. Furthermore, the impact of the
presence of one or three methoxy groups or a 2,4-dimethoxy-3-
methyl system on the B ring of the chalcone structure on cyto-
toxicity was investigated. The findings demonstrated that the
most cytotoxic chalcones contained a furoyl substituent con-
nected through an ester or an amide to the 2’-hydroxy or 2'-
amino group of the A ring in the chalcone skeleton. These
compounds exhibited ICs, values ranging from 0.2 uM to 1.3
uM against human leukemia cells. Specifically, the synthetic
compound 47 (Fig. 23) exhibited at least ten-fold greater
potency than the antineoplastic agent etoposide against U-937
cells, while showing lower cytotoxicity against human periph-
eral blood mononuclear cells. Treatment of U-937 and HL-60
cells with FMC resulted in cell cycle arrest at the G2-M phase,
an increase in the percentage of sub-G1 and annexin-V positive
cells, release of mitochondrial cytochrome ¢, activation of cas-
pase, and cleavage of poly(ADP-ribose) polymerase.
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Fig. 23 Chalcone hybrid 47 as tubulin inhibitor.

3.7 Miscellaneous anticancer chalcone acetamides

Histone lysine specific demethylase 1 (LSD1) has gained
significant attention as a promising molecular target for the
development of potent anticancer drugs to combat leukemia.
Li, Y., et al.,” synthesized a series of chalcone derivatives and
assessed their inhibitory activity against LSD1. All chalcone-
dithiocarbamate hybrids demonstrated considerable inhibitory
activity against LSD1. Notably, chalcone 48 (Fig. 24), exhibited
the most potent LSD1 inhibitory activity, with an ICs, value of
0.14 pM. Furthermore, compound 48 displayed inhibitory
effects on cell proliferation, with ICs, values of 1.10 uM, 3.64
uM, 3.85 uM, 1.87 uM, 0.87 pM, and 2.73 pM against HAL-01,
KE-37, P30-OHK, SUP-B15, MOLT-4, and LC4-1 leukemia cells,
respectively. Additional investigations revealed that compound
48 selectively and reversibly inhibited LSD1 in a time-dependent
manner. It also up-regulated the expression levels of H3K9me1l
and H3K9me2 in MOLT-4 cells. Notably, in an in vivo xenograft
model, chalcone 48 inhibited tumor growth without causing
apparent toxicity.

A series of chalcone-dithiocarbamate hybrids and assessed
their ability to inhibit cell proliferation in various cancer cell
lines, including MGC803, MCF7, and PC3.°* Among these
hybrids, compound 49 (Fig. 24), exhibited the most potent
inhibitory activity against PC3 cells, with an ICs, value of 1.05
uM. Preliminary investigations into the biological mechanisms
of compound 49 revealed several effects. It was found that 49
could reduce colony formation, induce DNA damage, and arrest
the cell cycle at the G2/M phase. This effect was associated with
the upregulation of P21 and the downregulation of CDK1 and
cyclinB1, and it occurred in a concentration-dependent
manner. Notably, 49 also induced apoptosis in PC3 cells by
reducing the mitochondrial membrane potential and altering
the expression levels of BCI-2 family proteins. Additionally, as
an apoptosis inducer, 49 triggered the accumulation of intra-
cellular reactive oxygen species (ROS) in PC3 cells by inhibiting
the activity of the catalase enzyme.

Lamie & Philoppes,” synthesized a group of hybrid
compounds combining 2-thiopyrimidine and chalcone, and its
cytotoxic activities were assessed against three different cell
lines: K-562, MCF-7, and HT-29. Most derivatives exhibited
significant activity against the K-562 cell line, with ICs, values
ranging from 0.77 to 1.74 m pM. Against the MCF-7 cell line, the
ICs, values ranged from 1.37 to 3.56 uM, while against the HT-
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29 cell line, the ICs5, values ranged from 2.10 to 2.37 pM.
Furthermore, five derivatives were selected for further evalua-
tion of their cytotoxicity against the normal fibroblast cell line
WI38. Additionally, the inhibitory activities against STAT3 and
STAT5a were determined for the most active derivatives.
Notably, compound 50 (Fig. 24), exhibited dual inhibitory
activity, with ICs, values of 113.31 and 50.75 uM against STAT3
and STAT5a, respectively.

Ren et al,” synthesized homoserine lactones/chalcone
hybrids. These compounds were then tested in vitro to eval-
uate their cytotoxic activity against four different human cancer
cell lines. Compounds with the chalcone scaffold exhibited
significantly increased cytotoxicity compared to compounds
with hydrophobic side chains. Additionally, certain compounds
showed higher potency than the commonly used drug 5-Fu and
a natural compound called OdDHL. Among the compounds
tested, those with the 4-amino chalcone scaffold demonstrated
excellent inhibition against all cancer cell lines, surpassing the
effectiveness of 5-Fu. Compound 51(Fig. 24), which contained
a 3,4,5-trimethoxy group with ICs, 1.32 pM, proved to be the
most potent against all cancer cell lines. Further analysis using
flow cytometry revealed that analog 52 with ICs, of 5.57 pM
induced cellular apoptosis and cell cycle arrest at the G2/M
phase of MCF-7 cells in a concentration- and time-dependent
manner.

M. A. Mourad,” synthesized a group of nitric oxide (NO)
releasing chalcones by combining amino chalcones with
different NO-releasing moieties such as nitrate esters, oximes,
and furoxans. The compounds were then screened to evaluate
their potential as anticancer agents, and the results demon-
strated a range of cytotoxic activity, varying from mild to strong.
Among the NO-releasing compounds tested, compounds 53 and
54 (Fig. 24), displayed notable cytotoxic activity against a diverse
set of cancer cell lines, including leukemia, lung, renal, breast,
colon, melanoma, ovarian, and skin cancer cells. The nitrate
ester compound 53 exhibited the highest level of inhibitory
activity. Additionally, compound 53 exhibited moderate selec-
tivity specifically towards colon cancer, with a selectivity ratio of
5.87 at the TGI (total growth inhibition) level.

Cao et al.,'* designed and synthesized Pt(iv) complexes that
were combined with P-glycoprotein (P-gp) inhibitors to over-
come resistance (MDR) and improve the effectiveness of anti-
cancer treatments. Among these complexes, complex 55
(Fig. 24), demonstrated notable abilities: it efficiently reversed
cisplatin resistance in the SGC-7901/CDDP cell line, with an
ICso value of 3.37 uM, and exhibited an increased selectivity
index of 6.9 against the normal HL-7702 cell line. Detailed
investigations conducted on SGC-7901/CDDP cells provided
insights into the mechanisms behind the efficacy of complex
55. It was found that the complex induced apoptosis effectively
by suppressing the expression of P-gp, leading to improved
cellular uptake of platinum. Moreover, it arrested cells at the
G2/M phase, induced DNA damage, and initiated the mito-
chondrial apoptosis pathway. Furthermore, in vivo studies
demonstrated that the enhanced accumulation of complex 55
resulted in a tumor inhibition rate of 75.6% in SGC-7901/CDDP
xenografts, surpassing the rates achieved by cisplatin (25.9%)
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Fig. 24 Miscellaneous anticancer chalcone hybrids 48-59.

and oxaliplatin (43%). Additionally, the low systemic toxicity of
complex 55 indicated its potential as a P-gp-mediated MDR
modulator.

Patel et al.,'** synthesized a series of amides combining
deoxycholic acid and chalcone synthesized and evaluated
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against two cancer cell lines: A549 (human lung cancer) and
SiHa (cervical cancer). Among the synthesized deoxycholic acid-
chalcone conjugates, several compounds exhibited promising
anticancer activity in vitro. Specifically, conjugates 56 (ICso: 0.51
uM) and 58 (ICs0: 0.84 pM) (Fig. 24), containing 2-nitrophenyl
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and 3,4,5-trimethoxyphenyl groups respectively, demonstrated
good activity against the SiHa cell line. Similarly, compounds 57
(ICs0: 0.25 uM) and 56 (ICso: 1.71 uM) showed improved activity
against the A549 lung cancer cell line compared to deoxycholic
acid and chalcones alone. The conjugation of chalcones with
deoxycholic acid resulted in enhanced anticancer activity
compared to the individual components. This suggests that
employing a bile acid conjugate strategy could be advantageous
in enhancing the biological effectiveness of chalcone deriva-
tives. The increased activity observed in certain compounds
might be attributed to their improved bioavailability.

Lu et al.,'”* synthesized Amino chalcone derivatives and
investigated for their antiproliferative activity in vitro. Several
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Fig. 25 Chalcone hybrids 60-71 with different targets.
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compounds exhibited moderate to good activity against three
human cancer cell lines: MGC-803, HCT-116, and MCF-7 cells.
Notably, compound 59 (Fig. 24), displayed the most potent
antiproliferative activity, with ICs, values of 1.52 pM (MGC-803),
1.83 uM (HCT-116), and 2.54 puM (MCF-7), surpassing the effi-
cacy of the positive control (5-Fu). Further investigations were
conducted to understand the mechanisms involved. The colony
formation assay indicated that compound 59 inhibited the
formation of cell colonies in MGC-803 cells. DAPI fluorescent
staining and flow cytometry analysis revealed that compound 59
induced apoptosis in MGC-803 cells. Additionally, western
blotting experiments demonstrated that compound 13e trig-
gered cell apoptosis through the extrinsic/intrinsic apoptosis
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pathway in MGC-803 cells. These findings suggest that
compound 59 holds promise as a valuable lead compound for
antiproliferative agents, and further efforts should be made to
enhance the potency of amino chalcone derivatives.

P. N. Bandeira et al.,'” synthesized a series of acetamido-
chalcone derivatives were and subjected to initial biological
screening using HCT-116 cells. Among the compounds tested,
chalcone 60 (Fig. 25), exhibited potent and specific activity
against HCT-116 cells, with an ICs, value of 2.37 + 0.73 uM.
Preliminary analysis of the structure-activity relationship sug-
gested that the cytotoxic effects of these compounds might be
attributed to the combined action of two electron-withdrawing
groups: the nitro group (NO,) located at the meta-position of
ring B and the acetyl group positioned at the para-position of
ring A. Furthermore, chalcone 60 demonstrated the ability to
induce G2/M cell cycle arrest and apoptosis when incubated at
a concentration of 10 uM for 24 hours.

Durgapal et al.,'** synthesized a series of chalcone derivatives
containing 3-aminomethyl pyridine synthesized and evaluated
for their anticancer activity and DNA binding affinity in vitro.
Most of the compounds exhibited significant antimitotic activity
against the A549 cell line, surpassing the effectiveness of fluo-
rouracil. Compounds 61 and 62 (Fig. 25), were specifically chosen
for DNA-binding studies due to their excellent activity against
cancer cell lines in the MTT assay. The binding affinity of
compounds 61 and 62 to CT-DNA was investigated using UV-
based DNA titration and fluorescence emission studies in the
presence of DNA-EtBr complex. Notably, compound 62 demon-
strated remarkable antiproliferative activity, with an ICs, value of
0.0067 £+ 0.0002 pM, against the MCF-7 cell line. Cytotoxicity
studies using MTT, LDH, as well as EtBr/AO assay revealed that
compound 62 induced apoptosis in the cancerous cell line.

El-Sherief et al.,'® constructed a study with an objective to
explore a synthesis approach utilizing a molecular hybridization
strategy by incorporating a nitric oxide-releasing moiety, oxime,
into coumarin-chalcone hybrids. Multiple derivatives were
synthesized, and their in vitro anti-proliferative activity was eval-
uated. Moderate activity was observed for some of the prepared
compounds, with growth inhibition values of 40.86, and 39.25 for
compound against leukemia, central nervous system, and breast
cancer cells, respectively. Additionally, compounds 63 and 64
(Fig. 25), exhibited ICs, values of 9.62 and 14.40, respectively,
against breast Michigan Cancer Foundation-7 cell lines.

Farrag et al.,"® synthesized a series of indomethacin analogs
with the aim of investigating their effects on three human colon
cancer cell lines: HCT-116, HT-29, and Caco-2. The MTT assay was
employed to assess the cytotoxicity of these derivatives. The
results from the cytotoxicity assay revealed that the indomethacin
amide analog 65 (Fig. 25), displayed remarkable antitumor activity
specifically against Caco-2 cells, with an ICs, value of 1.5 pM.

Rodrigues et al.,'”” synthesized a series of chalcone deriva-
tives hybridized with 4-maleamic acid and 4-maleamide pep-
tidyl groups and evaluated in vivo and in vitro for their
antitumor activity against human prostate cancer. A total of
twenty-one compounds were tested, and three of them 66, 67,
and 68 (Fig. 25), exhibited activities against both androgen-
independent (PC-3) and androgen-sensitive (LNCaP) human
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prostate cancer cells. Of particular interest was compound 67,
an analog of 4-maleamide peptidyl chalcone, which incorpo-
rated a leucine amino acid as a substituent group. This
compound demonstrated the highest cytotoxicity among the
tested compounds in both tumor cell lines, with an ICs, value of
29.5 pug mL ™" for PC-3 cells and 21.4 ug mL~" for LNCaP cells.

Bhojwani et al.,'®® synthesized chalcone/benzamide hybrids,
aiming to investigate their effectiveness as inhibitors of c-Met
kinase. Chalcone analogs containing 4-methylbenzamide and 4-
chlorobenzamide were synthesized, characterized, and subse-
quently assessed for their antiproliferative activity using the
sulforhodamine-B stain (SRB) assay on various cell lines,
including Michigan Cancer Foundation-7 (MCF-7), HT-29, MDA-
MB-231, COLO-205, and A549. Compound 70 and compound
71 (Fig. 25), showed GIs5, 15.6, 6.05 uM respectively which
demonstrated better activity than sorafenib (GIso = 10.79 uM) in
the breast cancer cell line MCF-7, indicating their potential as
anticancer agents for breast cancer treatment. Furthermore, all
tested compounds, including 69, 70, and 71 exhibited excellent
activity in the colon cancer cell line, suggesting their effectiveness
in colon cancer treatment. In the lung cancer cell line, compound
69 showed better activity than sorafenib, making it a potential
candidate for lung cancer treatment. These promising results
highlight the potential of these compounds as anticancer agents.

Lakshmanan et al.,'” synthesized a series of paracetamol
chalcone derivatives and evaluated for their cytotoxic activity.
The synthesized compounds 72, 73, and 74 (Fig. 26), have been
examined and it is confirmed that the most promising cyto-
toxicity and also cell morphology analysis exhibited good
apoptotic activity against lung cancer A549 cell.

Um, Y., et al.'*® synthesized unsymmetrical curcuminoids
with various amide groups and evaluated for their ability to
reverse multidrug resistance (MDR). The MDR reversal activity
was assessed using the potent anticancer agents, vincristine
and paclitaxel, against P-gp non-expressing KB cells and P-gp
expressing KBV20C cells. Verapamil was used as a positive
control for comparison. Among the compounds tested, 75, 76,
and 77 (Fig. 26), exhibited potent MDR reversal activity by
inhibiting the drug efflux function of P-gp. The remaining
compounds showed moderate potency. Based on the prelimi-
nary structure-activity relationship analysis, it was observed
that the curcumin half-structure, feruloyl benzamidobenzene,
holds promise as a lead structure for developing MDR reversal
agents. Furthermore, the presence of one or two chloride groups
at the meta- or para-position on benzamide was found to
enhance the MDR reversal activity.

A set of chalcone/sulfonylurea hybrids was synthesized by
Avupati, V. R.,""* and compounds were subjected to in vitro testing
to assess their cytotoxicity and antimicrobial activities. In terms of
cytotoxicity, compounds 78 and 79 (Fig. 26), demonstrated signif-
icant activity in the brine shrimp lethality assay, with EDs, values
of 3.96 + 0.21 and 4.02 4 0.19 Ig mL ™", respectively. These values
were comparable to the reference drug podophyllotoxin, which
had an EDj, value of 3.61 & 0.17 lg mL ™. The findings suggest that
compounds 78 and 79 hold potential as starting points for the
development of lead molecules with strong cytotoxic effects.
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Fig. 26 Anticancer chalcone acetamide hybrids 72—-79 with different targets.

Inclusion of a chalcone ketone bridge into a
heterocyclic ring generally tend to a reduction
in cytotoxicity, with the exception of pyrazole,
which exhibits a notable increase in activity.

Changing amide group into ester group
significantly decreased the activity

Aromatic or heteroaromatic groups
directly attached to the amide group ___|
tend to increase activity over acetamide
groups alone.

heteroatom-linked acetamides, activity is
highest for oxygen, similar but slightly
lower for nitrogen, and lowest for sulfur—
attachments.

In the Chalcone ring B, it is observed that
heteroaromatic rings as pyrrole, thiophene, and
furan tend to demonstrate higher activity
compared to substituted phenyl rings.

Electron-donating group results in an increase in
| activity compared to an unsubstituted ring. most likely:
3,4,5-trimethoxy > 4-methoxy > 3,4-dimethoxy >
unsubstituted > 4-methyl.

Electron-withdrawing group, may demonstrate
comparable or moderate increased activity compared to
an unsubstituted ring. The suggested order of activity,
which may vary, is as follows: 4-chloro > 4-fluoro > 4-
bromo > unsubstituted > 4-nitro.

Replacement of substitutions from position 4 into
2 or 3 most frequently decreased the activity.

Fig. 27 Suggested structure—activity relationship of amide linked chalcone as anticancer.

3.8 Structure-activity relationship of chalcone amide as
anticancer

To conclude the SAR analysis, systematic examination of the
structural features of the most potent and promising anticancer
chalcone derivatives identified in the reviewed literature were
obtained. Statistical evaluation was performed on key structural
components, including the chalcone phenyl rings A and B, the
chalcone ketone bridge, and the amide group attached to the
chalcone moiety. By analyzing the relationship between these
structural features and the anticancer activity, the most

19058 | RSC Adv, 2025, 15, 19043-19068

influential modifications that enhance potency were identified.
The introduction of an electron-donating group to the phenyl
ring, in certain instances, results in an increase in activity
compared to an unsubstituted ring, most likely: 3,4,5-trime-
thoxy > 4-methoxy > 3,4-dimethoxy > unsubstituted > 4-methyl.
The substitution of a phenyl ring with an electron-withdrawing
group, in certain cases, may result in comparable activity (in the
case of fluorine isostere to hydrogen) or a moderate increase in
activity compared to an unsubstituted ring. The suggested order
of activity, which is subject to variation, is as follows: 4-chloro >
4-fluoro > 4-bromo > unsubstituted > 4-nitro. However, it is
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important to note that these observations are speculative and
may not hold true universally (Fig. 27).

4 Antimicrobial properties

Antimicrobial resistance has become a global health concern,
necessitating the development of effective antimicrobial
agents." Chalcones offer promising opportunities in this
context, as they have exhibited antimicrobial activity against
a broad spectrum of pathogens, including bacteria, and
fungi."® Multiple mechanisms have been proposed to explain
their antimicrobial action, such as inhibiting essential
enzymes, disrupting microbial membranes, and interfering
with cellular signaling pathways.'** The antimicrobial potential
of chalcones has been evaluated against various drug-resistant
strains, including methicillin-resistant Staphylococcus aureus
(MRSA) and multidrug-resistant Escherichia coli (MDR E. coli)."*®
Additionally, chalcones have demonstrated antifungal activity
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against clinically relevant fungi, such as Candida species.'*®
Furthermore, the structural versatility of chalcones allows for
the synthesis of numerous analogs with modified functional
groups, leading to enhanced antimicrobial activity and
selectivity.'"

H. H. Mohammed et al.,"*® synthesized a series of hybrids
combining ciprofloxacin with chalcones, linked by urea group.
The antibacterial activity of these compounds was evaluated
against S. aureus, P. aeruginosa, E. coli, and C. albicans strains.
The ciprofloxacin derivatives 2a-j exhibited broad-spectrum
antibacterial activity, with MIC values ranging from 0.06 to
42.23 ng mL ', compared to ciprofloxacin alone, which had an
MIC range of 0.15 to 3.25 pg mL~". Notably, hybrids 80, and 81
(Fig. 28), demonstrated significant antibacterial activity, with
MIC values ranging from 0.06 to 1.03 pg mL ™" against the tested
bacterial strains. Moreover, compounds 82, 81, exhibited anti-
fungal activity against Candida albicans comparable to that of

ketoconazole, with MIC values 2.03 to 3.89 ug mL ™" respectively.
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Fig. 28 Chalcone acetamides 80-91 with antibacterial activity.
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Further investigations revealed that some of the ciprofloxacin
hybrids showed inhibitory activity against DNA gyrase, a poten-
tial molecular target, with ICs, values ranging from 0.231 £ 0.01
to 7.592 + 0.40 pM, compared to ciprofloxacin with an ICs,
value of 0.323 £ 0.02 uM.

W.-C. Chu et al.,"* synthesized a set of chalcone derivatives
to mimic the characteristics of cationic antimicrobial peptides.
The antibacterial activities of these compounds were assessed
against various drug-sensitive bacteria, including Staphylo-
coccus aureus, Enterococcus faecalis, Escherichia coli, and Salmo-
nella enterica. Additionally, clinical isolates of methicillin-
resistant S. aureus (MRSA), as well as carbapenem-resistant
Enterobacteriaceae producing KPC-2 and NDM-1, were evalu-
ated. Among the compounds tested, representative molecules
83 and 84 (Fig. 28), demonstrated potent bactericidal activity
against both Gram-positive and Gram-negative bacteria,
including drug-resistant strains such as MRSA, KPC, and NDM.
Compound 83 exhibited a minimum inhibitory concentration
(MIC) of 1 mg mL ™" against S. aureus and 0.5 mg mL ™" against
MRSA, while compound 83 showed an MIC of 0.5 pg mL ™"
against S. aureus and 0.25 pug mL ™' against MRSA. These
membrane-active antibacterial compounds effectively reduced
the viable cell counts in bacterial biofilms and did not promote
the development of bacterial resistance. Furthermore, these
representative molecules exhibited minimal toxicity to
mammalian cells at appropriate concentrations.

Another series of chalcones containing amide groups and
conjugated with various secondary amines were synthesized
and assessed for their antibacterial in vitro activity.’*® Among
the series of compounds, 85, 86, and 87 (Fig. 28), exhibited
notable activity against different bacterial strains, with MIC
values ranging from 2.0 to 10.0 ug mL~". Compound 85 showed
comparable potency to the standard drug Ampicillin, with an
MBC value of 2.0 ug mL™" against the bacterial strain Staphy-
lococcus aureus. Furthermore, the compounds were evaluated
for their anti-biofilm activity. Compounds 85, 86, and 87
demonstrated promising anti-biofilm effects, with IC5, values
ranging from 2.4 to 8.6 pg. Molecular modeling studies were
conducted to explore the potential anti-biofilm mechanisms.
The results suggested that the AspB327 and HisB340 residues,
involved in arene-arene interactions, played a crucial role in
inhibiting c-di-GMP. Additionally, the hydrophobic nature of
the compounds seemed to be important for their activity. ADME
calculations were performed, indicating that compounds 85, 86,
and 87 have the potential to be orally absorbed as effective anti-
biofilm agents.

Joshi et al.,*** synthesized a series of chalcones containing
1,3,4-oxadiazole derivatives as antimicrobial agents targeting
multidrug-resistant bacteria and fungi. The antimicrobial effi-
cacy of these compounds was assessed against a wide range of
bacteria and fungi. Notably, derivatives 88, and 89 (Fig. 28),
exhibited significant antibacterial and antifungal properties,
with more than half of the derivatives displaying superior
minimum inhibitory concentration (MIC) values compared to
the standard drugs used. Based on the structure-activity rela-
tionship (SAR) study, it is suggested that these bio-active
molecules can be further improved as potent lead compounds
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by incorporating additional electron-donating groups into the
core structure. The presence of electron-donating groups such
as hydroxy (-OH) and methoxy (-OCHj3) in the synthesized
derivatives resulted in enhanced electron density, leading to the
development of heterocyclic scaffolds with potent antibacterial
and antifungal properties.

In an effort to enhance the antibacterial effects of chalcones
and rhodanine-3-acetic acid, a series of hybrid compounds
containing both chalcone and rhodanine-3-acetic acid compo-
nents were synthesized by Z.-H. Chen et al.,** and evaluated for
their antibacterial activity. The antibacterial activities of these
compounds were tested against both Gram-positive and Gram-
negative bacteria, with a particular focus on multidrug-resistant
strains of clinical isolates. Most of the synthesized compounds
exhibited promising antibacterial activities, particularly against
Gram-positive bacteria, including multidrug-resistant strains.
Among the compounds tested, compound 90 (Fig. 28),
demonstrated potent inhibitory capacity, with a minimum
inhibitory concentration (MIC) of 2 ug mL~". This activity was
comparable to that of the standard drug norfloxacin and slightly
lower than that of oxacillin. These findings suggest that the
hybrid compounds incorporating chalcone and rhodanine-3-
acetic acid moieties may possess enhanced antibacterial prop-
erties while introduction of the acetamide group (compound
91) in place of the halogens group significantly decreased the
activity.

The analysis of chalcone derivatives highlights their prom-
ising antimicrobial properties, particularly against multidrug-
resistant bacteria and fungi. The incorporation of cipro-
floxacin into chalcone hybrids enhances their antibacterial
activity, as evidenced by the reduced MIC values compared to
ciprofloxacin alone. This suggests that the synergistic effects of
chalcone and ciprofloxacin may offer a new approach for
combating resistant bacterial strains. Additionally, the ability of
these compounds to inhibit DNA gyrase further supports their
potential as dual-action antibacterial agents. The derivatives
mimicking cationic antimicrobial peptides show potent activity
against a broad range of pathogens, including drug-resistant
strains like MRSA. This is significant because it points to the
ability of chalcones to bypass some resistance mechanisms that
hinder traditional antibiotics. Furthermore, the incorporation
of electron-donating substituents like methoxy and hydroxyl
groups increases the antibacterial and anti-biofilm activity of
chalcone derivatives. These findings indicate that careful
structural modifications can enhance the potency and selec-
tivity of chalcones. The hybridization approach, combining
chalcones with other bioactive compounds such as rhodanine-
3-acetic acid, demonstrates how combining different chemical
entities can further improve antimicrobial activity.

5 Antiviral properties

The chalcone antiviral properties have also been investigated,
showing potential in inhibiting the replication of certain
viruses,'* and in the search for development of antiviral agents,
a series of chalcone derivatives containing a purine component
were designed and synthesized by Gan, X., et al,” via
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Fig. 29 Chalcone acetamides 92—-96 with antiviral activity.

combining bioactive substructures. These derivatives were
evaluated for their antiviral activity against tobacco mosaic
virus (TMV) and cucumber mosaic virus (CMV). The results
revealed that most of the derivatives exhibited antiviral prop-
erties. Notably, compounds 92 and 93 (Fig. 29), demonstrated
excellent curative, protective, and inactivation activities against
TMV. Their effective concentration values (ECs,) were 452.4,
416.2, 241.2, and 438.7, 418.6, 261.7 ng mL™, respectively,
surpassing those of the reference drug ribavirin (585.8, 436.0,
and 268.7 ug mL ™). Furthermore, compounds 92 and 93 dis-
played remarkable curative and protective activities against
CMV. Compound 92 exhibited moderate affinity for the TMV
coat protein, with binding constants (K,) and dissociation
constants (Kg) of 1.5 x 104 L mol ' and 79.8 pmol L7,
respectively. These findings not only provide valuable insights
into the structural aspects for the design of highly potent
chalcone derivatives.

Al-Hazam et al.,"* synthesized a series of substituted chal-
cone-incorporated amide derivatives of mefenamic acid
through the Claisen-Schmidt reaction with the aim of devel-
oping HIV non-nucleoside reverse transcriptase inhibitors.
Additionally, two thiopyrimidine analogues were prepared. The
compounds were evaluated for their inhibitory activity against
HIV-1 and HIV-2. The synthesis involved the coupling of mefe-
namic acid with 4-amino-acetophenone, resulting in the
formation of 4-(acetylphenyl)-2-((2,3-dimethylphenyl)amino)
benzamide. Further condensation reactions with various
substituted benzaldehydes led to the synthesis of substituted
chalcone-incorporated amide derivatives. The synthesized
compounds were then tested for their inhibitory activity against
HIV-1 and HIV-2 using MT-4 cells. Compounds 94 and 95
(Fig. 29), exhibited cytotoxicity with ICs, values of 2.17 and 2.06
uM, respectively, against mock-infected MT-4 cells. These
findings suggest that compounds 94 and 95 hold promise as
potential antileukemic agents.

A series of caffeoyl-anilide derivatives were synthesized by
Bodiwala et al.,"** as dual inhibitors targeting both HIV-1 inte-
grase (IN) and cellular CCR5. The intermediate compound, 4-

© 2025 The Author(s). Published by the Royal Society of Chemistry

amino-3,4-dihydroxychalcone. In cell-based anti-HIV assays,
compound 96 (Fig. 29), demonstrated a lower EC5, = 0.9 uM
and a better therapeutic index (TT) compared to AZT, a standard
antiretroviral drug. Mechanistic investigations indicated that
the synthesized compounds inhibited both the entry of CCR5-
tropic viruses and the integration step of the virus life cycle.
Hence, the anti-HIV activity of these inhibitors likely stems
from their specificity towards both targets. Molecular modeling
studies provided insights into the predicted conformations of
the compounds and their interactions with key amino acid
residues (HIV-1 IN: Thr66, His67, GIn148, Lys159, and Mg>";
CCR5: Ser160, Lys197, and Phe245) within the active sites.
These interactions help explain the observed inhibitory effects
of the compounds.

6 Antiprotozoal properties

With the aim of developing potent antileishmanial compounds,
a medicinal chemistry-driven approach was employed by ref.
127 to synthesize scaffolds with common pharmacophoric
features of dihydropyrimidine and chalcone. The design of
these compounds was guided by the X-ray structure of pteridine
reductase 1 (PTR1) from Leishmania major. Several
dihydropyrimidine-based derivatives were synthesized, target-
ing specific.

Several derivatives of bis-chalcone were synthesized by
Dominguez et al.,**® and characterized, and their antimalarial
activities were evaluated. Most of the synthesized compounds
showed mild to moderate susceptibilities against Plasmodium
berghei, with compound 1,1-bis-[(3',4’-N-(urenylphenyl)-3-
(3",4",5"-trimethoxyphenyl))]-2-propen-1-one 97 exhibiting the
highest activity. Compound 97 (Fig. 30), inhibited heme poly-
merization by 87.05 + 0.77% and demonstrated increased
survival time, reduced parasitemia, and delayed progression of
malaria in infected mice. Compound 97 was further evaluated
for its inhibitory effects on globin hydrolysis using a tropho-
zoite-rich extract. The compound effectively inhibited the
degradation of hemoglobin, surpassing the control groups
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(pepstatin and leupeptin). In an in vivo study using mice
infected with P. berghei, compound 97 (administered at 20 pg
kg™ ', ip once daily) and chloroquine (administered at 25 mg
kg™, ip once daily) were compared to a saline control group.
Compound 97 significantly reduced parasitemia at the 4th day
after infection compared to the control group. Moreover,
compound 97 increased the survival time of infected mice, with
deaths occurring between days 6 and 19 after infection,
compared to the control group, where deaths occurred between
days 9 and 11. While compound 97 showed the ability to reduce
parasitemia and delay malaria progression, it did not
completely eradicate the infection.

Leon, C., et al.** synthesized a series of sulfonylureas and
evaluated for their antimalarial activities against Plasmodium
falciparum. Compound 98 (Fig. 30), exhibited the highest
activity with an ICs, of 1.2 pM against cultured P. falciparum
parasites. The results suggest potent antimalarial activity for
this compound, possibly through unknown mechanisms.
Additionally, compound 99 also showed significant antima-
larial effects with an ICs, value of 2.1 uM and demonstrated
activity in a P. berghei mouse model, reducing parasitemia by
77% and increasing survival. The presence of 2,4-difluoro
substitution in the aromatic ring of the «,B-unsaturated ketone
system was found to be important for mediating activity against
P. falciparum. The fluorine substitution likely enhances
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chemical interactions with the biological substrate. The results
indicate that compound (98) inhibits hemoglobin degradation
and hemozoin formation, contributing to its antimalarial
activity in vitro. The findings also suggest that sulfonylurea
derivatives with fluorine substitution in the aromatic ring
maintain antimalarial efficacy in vitro and moderate activity in
vivo, possibly due to electronic effects. The synthesized sulfo-
nylurea compounds demonstrated antimalarial activity against
P. falciparum. Compound (98) exhibited the highest potency,
inhibiting parasite growth in cultured cells and reducing para-
sitemia in a mouse model. The presence of 2,4-difluoro
substitution in the aromatic ring was crucial for mediating
activity against P. falciparum. These findings contribute to the
understanding of the antimalarial potential of sulfonylurea
derivatives and suggest that compound (98) holds promise as
a potential antimalarial compound.

Dominguez et al.,”*® synthesized phenylurenyl chalcone
derivatives and evaluated for their antimalarial properties
against Plasmodium falciparum. Compound 100 (Fig. 30),
showed the highest activity, with an ICs, of 1.76 uM against
cultured P. falciparum parasites. Several other chalcone deriva-
tives also exhibited significant antimalarial effects, both in vitro
and in a murine malaria model. Compound 101 demonstrated
good antimalarial activity in vitro and in vivo. It exhibited
inhibitory effects on heme detoxification (89.2% inhibition) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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globin hydrolysis (98.64% inhibition). This compound con-
tained an aromatic pyridinyl group, resembling the nitrogen of
chloroquine, which may concentrate in the food vacuoles of
malaria parasites. The relationship between antiparasitic
activity, hemozoin formation inhibition, and hemoglobin
hydrolysis was observed, indicating that potent inhibition of
heme formation and hemoglobin hydrolysis does not guarantee
antimalarial activity. Based on the data, compound 100 had the
best antimalarial properties, inhibiting the development of P.
falciparum in culture (IC5, of 1.76 uM) and reducing parasitemia
in P. berghei infected mice (from 23% to 6.8%). However, its
mechanism of action does not appear to be related to hemo-
globin hydrolysis or heme detoxification.

Jiang et al.,*** synthesized chalcone derivatives and investi-
gated as potential anti-Toxoplasma agents. The compounds and
evaluated for their anti-Toxoplasma activity in vitro and in vivo.
The results demonstrated that several chalcone derivatives
exhibited potent anti-Toxoplasma activity with low toxicity.
Using the drug-food-homologous chalcone skeleton as a start-
ing point, six series of chalcone derivatives were designed and
synthesized. Approximately half of these compounds showed
good anti-Toxoplasma activity in vitro. A quantitative structure—
activity relationship (QSAR) model was established, indicating
the significance of the Michael receptor in the chalcone
molecular skeleton for enhancing activity. Four chalcone
derivatives displayed potent anti-7. gondii activity and low
cytotoxicity in vitro. In vivo studies revealed that three of these
compounds 102, 103, and 105 (Fig. 30), effectively inhibited the
proliferation of Toxoplasma tachyzoites. Moreover, these
compounds exhibited liver-protecting effects, as evidenced by
reduced liver and spleen index, as well as decreased levels of
biochemical parameters associated with liver function. These
findings suggest that these chalcone derivatives have protective
effects on the liver of mice infected with Toxoplasma tachy-
zoites. The second study further supported the anti-Toxoplasma
activity of chalcone derivatives. A QSAR model was established,
confirming the importance of the Michael acceptor for their
anti-Toxoplasma activity. Four compounds (102, 103, 104, and
105) demonstrated potent activity against T. gondii in vitro while
exhibiting low toxicity towards host cells.

7 Anti-inflammatory and antioxidant
activity

The anti-inflammatory properties of chalcones arise from their
ability to modulate key molecular targets and signaling path-
ways involved in the inflammatory response. Through various
mechanisms, chalcones exhibit remarkable anti-inflammatory
effects, making them promising candidates for the develop-
ment of anti-inflammatory agents."*” One of the primary
mechanisms through which chalcones exert their anti-
inflammatory effects is by inhibiting the activity of enzymes
responsible for the production of inflammatory mediators. By
targeting cyclooxygenase (COX) and lipoxygenase (LOX)
enzymes, chalcones can impede the synthesis of prostaglandins
and leukotrienes, respectively, thereby reducing the production

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

of these pro-inflammatory mediators. Furthermore, chalcones
have been shown to suppress the expression and release of pro-
inflammatory cytokines. These small proteins, such as tumor
necrosis factor-alpha (TNF-), interleukin-1 beta (IL-1B), and
interleukin-6 (IL-6), play critical roles in orchestrating the
inflammatory response. Chalcones can modulate the tran-
scriptional activity of key transcription factors, such as nuclear
factor-kappa B (NF-«kB) and activator protein-1 (AP-1), leading to
the downregulation of pro-inflammatory cytokine production.
In addition to their impact on enzymes and cytokines, chal-
cones exhibit antioxidant properties.’*® By scavenging reactive
oxygen species (ROS), chalcones can mitigate oxidative stress,
a hallmark of inflammation. Oxidative stress can propagate
inflammatory damage, and the antioxidant activity of chalcones
helps to counteract this phenomenon, protecting cells from
oxidative injury.*** Moreover, chalcones modulate various
signaling pathways implicated in inflammation, they can
interfere with the activation of mitogen-activated protein
kinases (MAPKs) and the phosphoinositide 3-kinase (PI3K)/Akt
pathway, thereby regulating the expression of inflammatory
genes. Through these actions, chalcones attenuate the inflam-
matory response at the molecular level.**

A series of trimethoxy phenyl-containing chalcone deriva-
tives, pyrazoline derivatives, and pyrazole derivatives were
synthesized by Abdelall, Lamie et al.,'*® and evaluated for their
COX-2 inhibitory activity, anti-inflammatory activity, histo-
pathological effects. The compounds exhibited promising
results in various assays. The synthesized compounds demon-
strated selective COX-2 inhibitory activity, with higher potency
against COX-2 compared to COX-1. Compound 106 (Fig. 31),
displayed the most potent COX-2 inhibitory activity (ICs, =
0.039 pM), surpassing that of the reference drug celecoxib
(ICso = 0.045 uM), and exhibited a selectivity index value of
321.28, similar to celecoxib (S.I. = 326.66). Additionally, deriv-
atives 107, exhibited excellent COX-2 inhibitory activity (IC5, =
0.041-0.049 pM) compared to celecoxib, with selectivity index
values ranging from 230.61 to 278.05. In terms of anti-
inflammatory activity, several compounds demonstrated pro-
longed inhibition of inflammation in an in vivo model, with
inhibition percentages ranging from 33.21% to 44.52% after 7
hours following carrageenan injection.

A hit-to-lead effort was conducted by Zhang et al,"*” to
discover and optimize NLRP3 inflammasome inhibitors. The
research led to the identification of a potent lead compound 108
(Fig. 31), which exhibited improved inhibitory potency and
minimal toxicity. Mechanistic investigations revealed that
compound 108 suppressed NLRP3 inflammasome activation by
inhibiting ROS production. Furthermore, treatment with
compound 108 showed remarkable therapeutic effects in sepsis
and colitis models induced by LPS and DSS, respectively. These
findings encourage further development of more potent inhib-
itors based on the chemical scaffold of compound 108 and
provide a valuable chemical tool for identifying its cellular
binding target. During the study, a clinical compound library
screen was utilized to identify elafibranor (GFT505) as a NLRP3
inflammasome inhibitor with good safety. The chalcone phar-
macophore of GFT505 was subjected to optimization through
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Fig. 31 Chalcone acetamides 106—113 with anti-inflammatory activity.

structure-activity relationship (SAR) studies. By employing both
simplification and replacement strategies guided by SAR and
structure information, the researchers achieved enhancements
in inhibitory activity. Notably, modifications that included the
removal of a carboxyisopropanyl moiety and the presence of
suitable hydrogen bond donors at specific positions signifi-
cantly improved the potency of the compound. Further explo-
ration revealed that the 3,5-dimethyl moiety in the phenol group
was crucial for potent inhibition of NLRP3 inflammasome
activation. Subsequent modifications on the methylthio moiety
resulted in the discovery of compound 108, which exhibited
approximately 30 times greater potency against NLRP3 inflam-
masome activation and lower toxicity compared to GFT505 at
the cellular level. Compound 108 demonstrated favorable drug-
like properties and showed efficacy in sepsis and colitis models.
Ongoing chemoproteomic studies are aimed at identifying the
cellular binding target of compound 108. Collectively, these
findings from a single study support the potential of compound
108 as a promising lead compound for NLRP3 inhibitors. The
research highlights its therapeutic potential for inflammation
and related diseases, while also providing insights into its
mechanism of action and opportunities for further chemical
development and investigation of its pharmacological
properties.

A group of chalcone derivatives with nitric oxide (NO)
donating properties were synthesized by Abuo-Rahma et al.,"*®
and evaluated for their anti-inflammatory and gastroprotective

19064 | RSC Adv, 2025, 15, 19043-19068

activities. The compounds were prepared by incorporating
different NO donating moieties, including nitrate ester, oximes,
and furoxans, into amino chalcones. The synthesized
compounds demonstrated significant anti-inflammatory
activity when tested using the carrageenan-induced rat paw
edema method. Compared to the reference drug indomethacin,
most of the prepared compounds exhibited higher levels of
protection against inflammation. Moreover, the compounds
showed a decreased incidence of gastric toxicity compared to
indomethacin, as confirmed by histopathological investigation,
which revealed reduced ulcer formation. The incorporation of
NO-donating groups into the parent chalcone derivatives
resulted in a moderate increase in anti-inflammatory activity
and a marked decrease in gastric ulcerations compared to their
parent chalcone derivatives. Notably, compounds, 109, and 110
(Fig. 31), demonstrated the strongest anti-inflammatory activity
among the synthesized compounds, with edema inhibition
percentages of, 75%, and 72%, respectively, after 4 hours. These
values corresponded to, 91%, and 87% of the activity exhibited
by indomethacin. Additionally, the NO-donating furoxans
exhibited the highest amount of NO release among the
synthesized NO-donating hybrids. The prepared chalcone/NO
hybrids, regardless of the NO donating moiety (nitrate ester,
oxime, or furoxan), demonstrated pronounced gastroprotective
activity, likely attributed to the release of NO. Histopathological
examination further supported the reduction in gastric ulcera-
tion incidence due to the presence of the NO donating moiety.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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J. Chu et al.,**® synthesized a group of chalcone derivatives
and were evaluated for their antioxidant and anti-inflammatory
activities, specifically targeting hepatic fibrosis patients. In
terms of antioxidant activity, the chalcone derivatives demon-
strated significant radical scavenging abilities, as determined
by various methods such as H,0,, DPPH, ferrous reducing
power, and nitric oxide assays. These compounds exhibited
considerable efficacy in scavenging free radicals, indicating
their potential as antioxidant agents. Furthermore, the synthe-
sized chalcone derivatives were assessed for their anti-
inflammatory activity by evaluating their inhibitory potency
against NF-kB activation induced by LPS. The results revealed
that all of the compounds efficiently inhibited the NF-kB acti-
vation provoked by LPS. Among the series, compound 111
(Fig. 31), was identified as the most potent inhibitor of NF-kB,
displaying a relative NF-kB activity of 1.12 + 0.53. Addition-
ally, this compound exhibited inhibitory effects on various
inflammatory mediators, including TNF-a, IL-1b, IL-6, and
PGE2. The developed chalcone derivatives not only exhibited
excellent antioxidant activity but also demonstrated consider-
able inhibitory activity against NF-kB, a key regulator of
inflammation. Combined with their favorable dock score, these
compounds hold promise as lead molecules for future drug
discovery initiatives aimed at treating liver cirrhosis and hepatic
fibrosis patients.

A series of quinoline linked chalcones derivatives were
synthesized by Polo et al.,"** and evaluated for their inhibitory
activity against acetylcholinesterase (AChE) and their anti-
oxidative properties. Several compounds demonstrated selec-
tivity against AChE, with compounds 112, and 113 (Fig. 31),
exhibiting significant in vitro activity, displaying ICs, values of
7.50, and 12.58 pM, respectively. Compound 112 was identified
as the most potent AChE inhibitor, with an ICs, value of 7.50 pM.

8 Conclusion and future directions

Chalcone-linked acetamide derivatives exhibit a remarkable
array of biological activities, positioning them as promising
candidates for therapeutic applications. The detailed explora-
tion of their synthesis methods reveals innovative approaches
that enhance the efficiency and scalability of these compounds.
Through extensive analysis, it is evident that these derivatives
possess potent antiproliferative properties, targeting critical
pathways such as EGFR, topoisomerase I and II, ABCG2, cas-
pase proteins, and histone deacetylase (HDAC), alongside their
ability to inhibit tubulin polymerization. The elucidation of
structure-activity relationships further underscores their
potential as anticancer agents. In addition to their anti-
proliferative effects, chalcone-linked acetamide derivatives
demonstrate significant antimicrobial, antiviral, and anti-
protozoal properties, highlighting their versatility in combating
a wide range of pathogens. Their robust anti-inflammatory and
antioxidant activities further contribute to their therapeutic
promise. The comprehensive evaluation of these bioactivities
suggests that chalcone-linked acetamide derivatives are valu-
able candidates for drug discovery and development.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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