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Excavating medicinal virtues of chalcones to
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illuminate a new scope in cancer chemotherapy
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A common simple scaffold, 1,3-diaryl-2-propen-1-one (also known as chalcone), is present in many
important natural products. This scaffold is the backbone of several flavonoids and isoflavonoids. Owing
to the simple approachable synthetic strategies and the rigid backbone of chalcone and its derivatives,
they have captivated the attention of researchers for several decades. Chalcone and its derivatives
possess strong biological activities, viz. anti-tumor activity and anticancer potency. Accordingly, the in

Received 21st February 2025 vitro and in vivo anticancer activities of several chalcone-based compounds with strong anticancer

Accepted 31st March 2025 potential have been identified, which relies on mechanisms such as cell cycle arrest, regulation of

autophagy, and induction of apoptosis. Therefore, researchers have successfully introduced chalcone
DOI: 10.1039/d5ra01280e - ) . L . .
derivatives to achieve enhanced anticancer activity in traditional chemotherapy. Nevertheless, in-depth

rsc.li/rsc-advances research on this highly impactful scaffold is lacking to date. Thus, in this review, we shed light on the
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recent advances in the relatively unexplored scaffolds of chalcone and its derivatives, which have substantial
anticancer activities. Furthermore, future perspectives of the mushrooming research on chalcones as

potential anticancer agents (therapeutics) are emphasized.

Introduction

Cancer is considered the second leading cause of morbidity and
mortality after cardiovascular diseases. It affects the lives of
millions of people worldwide." Thus, several research groups
have devoted significant efforts to the development of new
strategies for the treatment of various types of cancer using
novel therapeutic agents. It is of keen interest to scientists
worldwide to explore new classes of compounds having anti-
cancer potency. Cancer is mainly caused by the uncontrolled
growth of abnormal cells. Environmental and genetic issues
affect the growth of cancer within the human body. Factors such
as smoking, obesity, excessive consumption of alcohol, lack of
physical exercise, and dietary habits contribute to the growth of
cancer.” Cancer can be identified in many ways, including
symptoms, signs, and screening tests, and can be treated using
techniques such as surgery, radiation therapy or the widely used
chemotherapy.®* Among them, chemotherapy is the most effec-
tive and is being applied worldwide despite its tremendous side
effects. Chemotherapeutic agents destroy the normal cells along
with the cancer cells. Nature is a treasure, which contains
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surplus of compounds having potent biological activities. Some
important anticancer drugs, such as taxanes and epi-
podophyllotoxins, are extracted from nature and are proven to
possess strong anticancer potency. Flavonoids, which are found
in spices, fruits, vegetables, and nuts, are heterogeneous
compounds and are recognized as an important class of natu-
rally occurring compound having significant anticancer
potency.* They are polyphenolic compounds with high thermal
stability. Epidemiological studies have proven that sufficient
intake of flavonoids reduces the risk of tumor growth, thereby
reducing the risk of cancer.® Interestingly, the important scaf-
fold present in flavonoids is chalcone. It acts as an intermediate
for the biosynthesis of flavonoids. Furthermore, its additional
features of structural heterogeneity and structural simplicity
make it an attractive candidate to scientists as an ideal
chemotherapeutic agent, hence attracting attention from many
research groups.®” Chalcones are well-known for their impor-
tant biological applications, viz. antioxidant, antidiabetic, anti-
inflammatory, cancer chemopreventive, antileishmanial, anti-
malarial, and antimicrobial properties.*** Many chalcone-
based compounds, such as metochalcone, sofalcone, and
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Fig. 1 Structures of a few clinically implemented chalcones.

Fig. 2 General structure of chalcone.

hesperidine methylchalcone,"'” have been clinically tested and
approved for commercial use (Fig. 1).

The chemically obtained chalcone is the 1,3-diaryl-2-propen-
1-on scaffold (Fig. 2), which can be conveniently and easily

modified by adding different functional groups, e.g. -OH, -Ar, -
X, -CO, and -Ph, to enhance its biological properties. It has
been observed that chalcone derivatives exhibit a considerably
broad spectrum of biological activities. The core structure of
chalcones contains an a,B-unsaturated carbonyl group.* This «,
B-unsaturated motif is a well-known Michael acceptor and is
prone to undergo nucleophilic addition reactions.' Due to the
presence of a double bond in their structure, chalcones can exist
in two isomeric forms, cis and trans, where trans is the more
thermodynamically stable and dominant form over the corre-
sponding cis isomer.>**> Their uniqueness lies in their tolerance
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Fig. 3 Schematic of the preparation of chalcones.
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towards different biological molecules and active binding with
specific molecules. Another feature is their modification.
Chalcone moieties can be hybridized with important pharma-
cophores, e.g. imidazole, benzothiazole, indole, coumarin, and
azole, to augment their efficiencies, thereby improving their
drug resistance properties and therapeutic specificity for
application as novel anticancer agents.

The classical synthesis of chalcone involves the Claisen—
Schmidt*® condensation reaction, which is an aldolization-
crotonization reaction of acetophenone and benzaldehyde
under strongly alkaline or acidic catalytic homogeneous
conditions.”**” Many modified pathways, e.g., Heck coupling,
Suzuki coupling, Friedel-Crafts reaction, Wittig reaction,
Sonogashira coupling reaction, and Julia-Kocienski reaction,*®
can effectively produce chalcones (Fig. 3).

The synthesis of chalcones in alkaline medium? is more
effective compared to using acidic medium. The Claisen-
Schmidt condensation reaction in alkaline medium involves the
formation of the corresponding anion of acetophenone, fol-
lowed by the attack of the carbonyl group under slightly heating
conditions with medium yield.*® However, this method has
several disadvantages including long reaction time, harsh
reaction conditions, and difficulties in product isolation and
catalyst recovery.*® To address these issues, modification in
methods have been carried out by replacing homogeneous
catalysts with heterogeneous catalysts. To solve the selectivity
issue, Lewis acids, Brgnsted acids or solid acids or bases have
been utilized in the modified method. The use of these catalysts
reduces the possibility of reactions such as Cannizzaro reaction
and Michael condensation reaction.*> Other condensation
reactions, e.g., Heck coupling reaction, Sonogashira reaction,
photo-Fries rearrangement, and Suzuki coupling reaction are
also very effective for the synthesis of chalcones.*

Apoptosis
induction

Inflammation

\\ Chalcone

Multidrug
resistance
proteins

Signalling

pathways Autophagy

Cell Cycle
arrest

.

|
|
\
\

Angio
genesis

Fig. 4 Different mechanisms of action of chalcone.
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Chalcone and its derivatives show significant in vitro and in
vivo activity against therapy-resistant cancer and are susceptible
to different cancer-targeting proteins and factors, e.g., breast
cancer resistant protein and mesenchymal epithelial transition
factor (MET).**** Chalcones play an important role in inhibiting
the assembly of microtubules, which are responsible for the
maintenance of the function and shape of cells during mitosis.
Moreover, chalcone and its derivatives exhibit anticancer
potency through different mechanisms such as regulating
autophagy, induction of apoptosis, and inflammatory and
immunomodulatory responses (Fig. 4).%

Natural chalcones as cancer palliative
agents

Decades of research on natural compounds unveiled the exis-
tence of chalcones as the core moieties of various biologically
important compounds, remaining mostly in monomeric form
with a considerably wide range of structural diversity. The
compounds belonging to the chalcone family can be broadly
categorised as follows: (1) classical or simple chalcones and (2)
hybrid chalcones bearing the 1,3-diaryl-2-propen-1-one core
framework. The structural diversity of these chalcones origi-
nates from the number and position of the substituents present
in their framework and they are isolated from the various
natural sources including roots, buds, leaves, seeds, flowers,
and rhizomes of species of Dorstenia, Butea, Glycyrrhiza,
Angelica, Desmodium, Helichrysum, Morus, Parartocarpus, Soph-
ora, Neoraputia, Ficus, Humulus, Scutellaria, Tarenna, Calotropis,
and Artocarpus genera. Commonly, chalcone-containing herbs
have been used as medicines for the treatment of numerous
diseases to date.*®* Some naturally isolated important chal-
cones such as butein, isoliquiritigenin, and isobavachalcone
(Fig. 5) exhibit effective anticancer activities, which are explicitly
delineated in this section.

Butein (3,4,2',4'-tetrahydroxychalcone) is a biologically
important flavonoid of the chalcone family, which is isolated
from several plants, such as Butea monosperma, Rhus verniciflua,
Semecarpus anacardium and Caragana jubata. It is potentially
used as traditional medicine to treat various types of ailments
such as inflammatory diseases, cough, atherosclerosis and
cancer.”’ Butein exhibited antitumor activity against a variety of
human tumor cells, including colon carcinoma, osteosarcoma,
breast carcinoma, hepatocarcinoma, and lymphoma. Butein
inhibits cancer cell growth by inducing G2/M phase arrest and
apoptosis. Butein-induced G2/M phase arrest is associated with
increased phosphorylation of the ataxia telangiectasia mutated
(ATM) and Chk1/2 genes, and consequently with reduced
cdc25C levels. In addition, butein-induced apoptosis is medi-
ated through the activation of caspase-3, which is associated
with changes in the expression of Bcl-2 and Bax proteins.
Intriguingly, butein sensitizes cells to tumor necrosis factor-
related ligand-induced apoptosis via ERK-mediated Sp1 activa-
tion, which promotes the transcription of specific death
receptor 5. Butein also inhibits the migration and invasion of
human cancer cells by suppressing nuclear factor-«B (Nf-kB)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Structures of naturally obtained butein, isoliquiritigenin, and isobavachalcone.

and extracellular signal-regulated kinase 1/2-mediated expres-
sion of matrix metalloproteinase-9 and vascular endothelial
growth factor (VEGF). Additionally, butein downregulates the
expression of human telomerase reverse transcriptase and
causes a concomitant decrease in telomerase activity. Butein
exhibits anticarcinogenic property towards non-small cell lung
cancer (NSCLC) through an apoptosis pathway, mediated by
ROS generation both in vitro and in vivo.**

Another important chalcone-based compound, iso-
liquiritigenin, has been isolated from licorice root and proven
to exhibit strong therapeutic potential against various types of
cancers including breast cancer, gastrointestinal cancer,
ovarian cancer, colon cancer, lung cancer, and melanoma.** An
active and one of the most useful chalcone-based compounds,
isobavachalcone, has been isolated from the Fabaceae and
Moraceae families, which possesses strong antitumor activity
towards various cancer types. Furthermore, it is very effective
towards human prostate cancer,** colorectal cancer cells,** ER+
breast cancer,* etc. cardamonin,*® xanthohumol, panduretin A,
and lonchocarpin® are few examples of chalcone-based
compounds isolated from different natural resources, and
also well known to be very effective for their strong anticancer
activity towards various cancer types.

Chalcone in chemists' round-bottom
flask

Inspired by the strong anticancer potency of naturally occurring
chalcone molecules, researchers have developed synthetic
chalcone derivatives, which have strong therapeutic application
for the treatment of different forms of cancer. Modification of
the structure of chalcone changes its physicochemical and
biological properties to a large extent. Modification has been
done primarily with the inclusion of a different number of
substituents and at different positions in its benzene rings, and

Fig. 6 Structures of compounds 1 and 2.

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

then several research groups replaced the aryl group with
alicyclic, heteroaryl, and steroid scaffolds.*” Molecular hybrid-
ization is a very common strategy that has been employed by
scientists in their continuous pursuit to obtain effective
chalcone-based chemotherapeutic agents.

Important chalcone derivatives and
their anticancer activities

Natural chalcones are known to possess marked anticancer
properties. Therefore, researchers have shown keen interest in
the development of new chalcone derivatives having superior
physicochemical and biological properties. Modification of the
activities of chalcones has been done by adopting three
different strategies, which include modification of the associ-
ated aromatic rings, replacement of the aromatic rings with
heteroaromatic rings, and coupling with other molecules
having important biological activities. The presence of substit-
uents at different positions of the aromatic rings of the chal-
cone backbone influences its biological properties. It has been
proven by many research works that the introduction of -OH
and -OMe groups in the aromatic ring of the chalcone moiety
strongly affects its biological activities.**>* Cuellar et al.**
synthesized methoxy chalcones for application as anticancer
agents, among which two compounds (Fig. 6, compounds 1 and
2) have been found to possess considerable growth inhibition
activity against the MCF-7, ZR-75-1 and MDA-MB-231 cancer cell
lines with significant ICs, values. These chalcones are found to
have differential activity against tumor cell lines compared to
that of MCF-10F having ICs, values ~75 uM.

Chavasiri and co-workers reported the synthesis of a series of
methoxy-substituted chalcones through Claisen-Schmidt
condensation reaction, and their assessment of the anticancer
properties of these compounds against different cell lines
revealed their corresponding potential. Among the compounds
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Fig. 7 Structures of compounds 3-6.

studied, four compounds (Fig. 7, compounds 3-6) were found to
be the most potent, having slightly lower cytotoxicity against
normal cell lines compared to that of the A549 cell line.*

Xanthohumol derivatives of chalcones

A series of seven mono and diacyl-xanthohumol was synthe-
sized and their antiproliferative properties were checked
against the HT-29 human cancer cell line. The SRB assay was
used for this purpose. Among the compounds (Fig. 8),
compounds 7-10 were found to exhibit the greatest activity,
having IC5, values in the range of 10-12 uM, which were slightly
higher in magnitude compared to that of the parent compound,
xanthohumol, especially compound 7. Their antioxidant activity
was determined using applicable method and compound 7 was
found to possess lower antioxidant activity than that of the
parent compound xanthohumol, whereas the others showed
either comparable or higher antioxidant activity.*

Poplonski et al.** synthesized a series of six derivatives of
chalcone via the cyclisation of the prenyl group of xanthohumol

OMe O
7

and their antiproliferative properties were evaluated against
three human cancer cell lines, PC-3, MCF-7 and HT-27, using
the SRB assay technique. All the compounds tested exhibited
moderate to increased bioactivity and the MCF-7 breast cancer
cell line was found to be the most susceptible one among the
human cancer cell lines tested. Compounds 11, 12, and 13
(Fig. 9) xanthohumol C, dihydroxanthohumol K and 2,3-dehy-
droisoxanthohumol were to exhibit the best results on the PC-3
cancer cell line, which is comparable to that of the most used
cancer drug, cisplatin, for the treatment of cancer.

Diaryl ether moiety-containing
chalcone derivatives

A series of sixteen diaryl ether-containing chalcone moieties
was synthesized by Wang et al. Their antiproliferative properties
were investigated using three human cancer cell lines, HepG2,
MCF-7, and HCT116. The majority of the compounds possessed
superior to moderate anticancer activity against the three

OMe O

Meocoocome Ho NN
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Fig. 8 Structures of compounds 7-10.
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Fig. 10 Structure of compound 14.

human cancer cell lines, having ICs, values in the range of 3-9
uM. Compound 14 (Fig. 10) was found to be the most effective
on the three cancer cell lines. The introduction of a 4-dia-
lkylamino group in the place of the 4-OMe group decreased the
activity. Compound 14 increased the cell percentage in the G2/
M phase, thereby increasing the antiproliferative properties
against the MCF-7 cells. The annexin V-FITC method was also
applied to comprehend the chalcone-induced apoptosis of the
cell line (MCF-7) studied. Additionally, the molecular docking
study supported the binding phenomena, which adopted a Y-
shaped conformation, where the strong binding of the
compound was induced by hydrogen bonding, hydrophobic
bond formation and cation- interaction.>

Chalcone derivatives containing
a sulfonamide moiety

Castano et al designed a series of a,B-unsaturated
sulphonamide-based chalcones, among which compounds 15—
26 (Fig. 11) were found to possess strong anticancer properties
against the K-562 cancer cell line. Compound 16 exhibited the
best activity towards the human erythroleukemic cell line (K-
562), human colorectal carcinoma cell line (HCT-116), and
human melanoma cell line (LOX IMVI) with considerable GIs,

values.®®

Bischalcone derivatives

Compounds having two chalcone moieties in a single molecule
are known as bischalcone. The cytotoxic effects of some bis-
chalcones against various human cancer cell lines, e.g., KB,
A549, DU145, KB-VN, and HeLa, have been established. Bis-
chalcones with biphenyl residues within their molecules have
been found to be active on cancer cell lines including MDA-MB

© 2025 The Author(s). Published by the Royal Society of Chemistry
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12 13

231, HEK-293, MCF-7, and HeLa. A series of bischalcone
derivatives was synthesized by Burmaoglu et al. and reported in
the journal, “Bioorganic Chemistry” in 2019. Their anticancer
potencies were determined by the MTT assay technique against
two cancer cell lines, Caco2 and MCF-7. The synthesized
compounds possessed superior activity against the tested
cancer cell lines. Among the compounds, the compounds
having fluoro groups (compounds 27 and 28) (Fig. 12) were
found to exhibit better ICs, values upon treatment against the
MCF-7 cell line and Caco-2 cell line. The anticancer activity of
these compounds was found to be seven times greater than that
of allopurinol.*®

The Claisen-Schmidt condensation reaction was applied by
Li and co-workers® for the synthesis of lysine-linked bischal-
cones, among which, one was found to be the most effective
(compound 29) (Fig. 13) and screened for its application in
different cancer cell lines. Their bischalcone conjugate was
shown to have the greatest sensitivity towards the AGS cancer
cell line, having an ICs, value of 22.1 uM and TMK1 having an
ICs value of 22.2 uM, compared to that of the standard refer-
ence drug, 5-fluoro-uracil. The in vivo studies on this compound
also revealed its potential with negligible side effects.

Chalcones containing nitrogen in their
molecule

Chalcone, bearing an amino group in the aromatic ring of its
structure, is well known for its biological activity. 2-Amino-
chalcones are known to possess proapoptotic activity and
antiproliferative activity.®® Therefore, a library of eighteen
amino chalcones was reported by Koztowska et al. to act as
anticancer agents, among which 10 were novel and not reported
earlier in the scientific literature. Compounds 30-32 (Fig. 14)
exhibited superior anticancer potency towards the HT-29 colon
cancer cell line, having an IC;, value of ~1.5-2 pg mL™". The
antiproliferative property was 12-times stronger than the widely
used anticancer drug, cisplatin. Introduction of nitro groups at
the para position of the aminochalcone also resulted in similar
activities when tested against the Lovo/DX and LoVo human
cancer cell lines by the SRB method. Cisplatin and doxorubicin
were used as the standard for this study. The results showed
that the introduction of carboxylic acids in the amino chalcone
moiety affected the biological activity of the molecules. The
position of the introduced carboxylic acid had a major role in
dictating the biological property of the resulting

RSC Adv, 2025, 15, 11617-11638 | 11623
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Fig. 12 Structures of compounds 27 and 28.

g

27

J

F MeO OMe F

aminocarboxylic chalcones. 2-Aminochalcone showed greater
activity compared to that of the 3- and 4-aminochalcone. It was
also reported that the introduction of a nitro group at the para
position of the corresponding aldehyde of the chalcone
decreased the bioactivity. These molecules followed Lipinski's
rules, making them potent candidates to be applied as potential
drugs. Their strong antiproliferative property on human colon
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cancer cell line and nature to prevent microbial growth also
reinforced their application as potential anticancer agents.”
Wang et al. detected a series of twelve amino chalcones
having anticancer properties against HCT116 and HepG2
cancer cell lines by performing the MTT assay. Compound 33
(Fig. 15) was found to possess superior anticancer activity
towards the tested cancer cell lines. This compound also
showed low cytotoxicity when it was tested against the LO2
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Fig. 14 Structures of compounds 30-32.
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Fig. 15 Structure of compound 33.
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normal human cell line. Substitution of the amino group with
an alkyl group reduced the antiproliferative property. The in
vitro tubulin polymerization inhibition assay unveiled that
tubulin assembly inhibition took place in a concentration-
dependent manner, having an ICs, value of 7.1 uM compared
to that of the standard compound, colchicine. Its ability towards
cell cycle arrest in the G2/M phase is noteworthy. Strong inter-
action of the abovementioned compound with tubulin with its
active site colchicine was demonstrated by a molecular docking
study. All the results reported in this research article proved that
compound 33 is a potential alternative anticancer agent.*®

Chalcone hybrids

Despite their very strong effective anticancer properties,
synthetic chalcones have many drawbacks including drug

resistance properties.®*"** Alternatively, hybrids chalcone
N
\

N
N (o)

Y

Imidazole Tetrazole

N-N.

Oxazole
Fig. 16 Structures of different azoles.
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molecules have been proven to have increased specificity and
strong activity towards the target cancer cells.**® Classical
chalcone moieties have been effectively hybridised with
important pharmacophores, e.g., azole, coumarin, indole, and
imidazole, to obtain more effective chalcone hybrids. Some of
the representative chalcone hybrids that have been recently
evaluated and shown to exhibit strong anticancer property both
in vitro and in vivo are summarized below.

Chalcone—azole hybrids

Azoles are an important class of nitrogen-containing heterocy-
clic compounds. This class of pharmacophores plays an
important role in hybridisation with chalcone moieties to
obtain a new class of more effective chemotherapeutic agents.*”
Some chalcone-azole hybrid compounds, such as AZD8835,
cefatrizine, and carboxyamidotriazole, have been used clinically
for the treatment of cancer. Imidazole, tetrazole, oxazole, pyr-
azole, thiazole and triazole (Fig. 16) compounds will be covered
under the discussion of chalcone-azole hybrid moieties. Some
representative examples containing azole moieties are congre-
gated here.

Imidazole is a heteroaromatic compound having two annular
nitrogen atoms. Due to the presence of two nitrogen atoms
within its ring, imidazole is highly polar in nature. It also has

Thiazole 1,2,3' 1,254'

Triazole
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Fig. 17 Structures of compounds 34 and 35.

amphoteric character, and thus it behaves as both an acid and
base. Several imidazole-containing compounds are well-known
for their marked anticancer properties against different carci-
noma cell lines.**"°

Oskuei et al.” reported a series of imidazole-based anti-
cancer agents (compounds 34 and 35), which acted as tubulin
polymerization inhibitors (Fig. 17). The assessment of these
compounds was done against four cancer cell lines including
A549, MCF-7, MCF-7/MX, and HEPG2. Compounds 34 and 35
were shown to be effective, having ICs, values in the range of
7.05 to 63.43 pM. Detailed studies revealed that their potenti-
ality of tubulin polymerization inhibition was comparable to
that of the trimethoxyphenyl pharmacophore CA-4. This
research group had also performed a molecular docking study,
proving the probable interactions of the compounds with
tubulin.

Wang et al”> designed and synthesized 24 compounds
having potent antitumor activity. Their antitumor activity was
checked against the HCT116, 143B, and MCF7 cell lines. Among
the compounds, compound 36 (Fig. 18) was found to possess
>90% inhibition for both Cat L and Cat K. The IC;, values were
very impressive, which was supported by molecular docking.
Thus, the antitumor activity of compound 36 was shown to be

N O
CL
NH

36

Fig. 18 Structure of compound 36.
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o o MeO
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Fig. 19 Structures of compounds 37-39.
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very effective targeting the Cat L, Cat K cell lines, and thus can
be a potent candidate exhibiting strong anticancer properties.

Tetrazole is an unsaturated heterocyclic compound having
a five-membered ring, which consists of four nitrogen atoms
and a carbon atom. Biological compounds containing tetrazole
moieties have effective anticancer properties. Letrozole, a well-
known tetrazole-based drug, has been used clinically for the
treatment of tamoxifen-refractory breast cancers.”

Abd ElMonaem et al. reported a series of tetrazole chalcone
hybrid molecules having in vitro antiproliferative property
against the studied cancer cell lines including the HCT116
colon cell line and PC-3 prostate cell line. They were reported to
possess better activity compared to that of the commonly used
anticancer drugs cisplatin and 5-fluorouracil. Compounds 37,
38 and 39 (Fig. 19) displayed the best efficacies among the
tested cancer cell lines, having appreciable IC5, values and high
selectivity indices.”

Oxazole is an N- and O-containing five membered heterocy-
clic compound. It exhibits slightly basic character. It is
considered the parent compound of many heterocyclic aromatic
compounds. Oxazole and its derivatives are well-known for their
important anticancer, antibacterial, anti-allergic, anticonvul-
sant, antiviral, anthelmintic, analgesic, antidepressant, and
antioxidant properties.”

A series of oxazole-containing chalcone derivatives were
prepared by Li et al. and their reversible and time-dependent
LSD1 inhibitory activity was evaluated. Among the chalcones
studied, compound 40 (Fig. 20) was found to exhibit the
strongest LSD1 activity having an ICs, value of 0.14 uM.
Compound 40 also possessed cell-proliferation inhibitory
properties when treated against the HAL-01, KE-37, SUP-B15,
P30-OHK, MOLT-4 and LC4-1 leukaemia cell lines. Its ICs,
values were found to be 1.10 uM, 3.64 uM, 1.87 uM, 3.85 uM,
0.87 uM and 2.73 pM, respectively. Noteworthily, the in vivo

T, A0 70

40

Fig. 20 Structure of compound 40.
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Fig. 21 Structures of compounds 41-44.

inhibition of tumor growth upon treatment with compound 40
in the xenograft model revealed its negligible toxicity.”
Pyrazole is a heterocyclic compound having a five-membered
ring structure, which is composed of three carbon atoms and
two nitrogen atoms at adjacent positions. It is slightly basic in
nature. Extensive studies have shown that pyrazole-containing
substances possess important pharmacological activities such
as anti-fungal, anti-microbial, anti-inflammatory, anti-
tubercular, anticancer, anti-convulsant, and anti-viral activi-
ties.”” Some important anticancer compounds such as axitinib,
ruxolitinib, celecoxib, difenamizole, epirizole, fezolamine, iso-
lan, lonazolac, pyrazofurin, rimonabant, tepoxalin, zoniporide,
and crizotinib contain pyrazole as the key pharmacophore.””®
A series of pyrazole-based chalcone moieties were reported
by Prasad et al. Among the compounds tested, compounds 41,

OMe

45 46

Fig. 22 Structures of compounds 45-48.
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42, 43 and 44 (Fig. 21) possessed the highest anticancer potency
compared to that of the standard drug camptothecin.®* They
also performed an ADMET (Absorption, Distribution, Metabo-
lism, Excretion, and Toxicology) study, which revealed that the
synthesized pharmacophores exhibit strong potency in cancer
therapy. Notably, this study is one of the important key studies
in drug discovery and the drug delivery process.

Hawash et al. synthesized a series of 42 pyrazole-based
chalcone compounds. Their activity against different cancer
cell lines was studied in detail. Among the compounds,
compounds 45-48 (Fig. 22) exhibited strong antiproliferative
properties and were found to exhibit better results compared to
that of the popular drug, 5-fluorouracil. The ICs, values for
compounds 45-48 for epithelial cells and in the HCC cell line
were found to be satisfactory in the range of 0.4-3.4 uM. Among

OMe

a7 48
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these four active compounds, compound 46 and compound 48
possessed the greatest activity against the tested HCC cell line
and epithelial cells (e.g., the ICs5, values of compounds 46 and
48 for HepG2 were of 3.4 and 4.8 uM, and the ICs, values of
compounds 46 and 48 for MCF12A were 2.4 and 3.0 uM,
respectively), which may be potent candidates for further clin-
ical studies.*

Thiazole is a heterocyclic compound having a five-membered
ring with nitrogen and sulphur in the 1 and in 3 positions,
respectively. Thiazole-containing compounds are well-known
for their important biological properties including antifungal,
antitubercular, anticancer, antiparasitic, anti-inflammatory,
antioxidant, antigout, antibacterial, and anticonvulsant prop-
erties.*” Thiazole-containing compounds exhibit anti-
proliferative  properties  through the inhibition of
metalloprotease, BcL2 family proteins, and some kinases.*
Because of the presence of two heteroatoms, sulphur and
nitrogen, the thiazole moiety can bind easily with the amino
acid residues of the receptor proteins, which is responsible for
the apoptotic function of thiazoles on cancer cells. Some well-
known anticancer agents contain a thiazole group in their
structure, e.g., epothilones, bleomycin, kud773, and
thiazofurine.**

Suma et al. designed and synthesized thiazole-based chal-
cones having imidazopyridine scaffolds, which acted as
important pharmacophores. These compounds were found to
be effective towards all four cancer cell lines tested including
MCF-7 and MDA-MB-231 breast carcinoma, A549 lung carci-
noma, and DU-145 prostate carcinoma cell lines. The MTT assay
was employed for this purpose using etoposide as the positive
control. Among the compounds, compound 49 (Fig. 23) was
found to be the most effective with ICs, values in the range of

MeO.

MeO
OMe

49

Fig. 23 Structure of compound 49.

Me<
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Fig. 24 Structures of compounds 50-53.
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0.1-1.0, which proved that it had stronger anticancer activity
compared to that of the positive control, etoposide. Thus,
compound 49 can be a potent anticancer agent, which can be
used as a chemotherapeutic agent.*

A series of thiazole-based chalcones and rigid chalcone
derivatives was designed for successful application as anticancer
agents. Their antiproliferative properties against human cancer
cell lines, i.e., HepG-2, MCF-7, and A549, were investigated and
doxorubicin was used as a control. Four thiazole-based chalcones
were found to be the most effective. The high selectivity index as
well as low toxicity on the WI38 normal lung cell line of these
thiazole-based chalcones were also noteworthy. The CDK inhi-
bition assay studies were carried out with these four compounds,
compounds 50-53 (Fig. 24), where they were proven to be
nonselective inhibitors towards the tested CDKs, having ICs,
values of ~2 pM. The annexin-V assay was carried out for the
assessment of their apoptotic ability, where it was demonstrated
that these compounds could influence apoptosis by increasing
apoptotic cell-death. In the molecular docking study, it was
revealed that three active thiazole-based chalcones were bound
to the ATP of the CDK1 binding sites. The thiazole-based chal-
cones were bound to Leu83 by the formation of H-bonds among
the thiazole sulphur, aminomethyl group and the specified
amino acids. Again, two synthesized chalcones were bound to
another amino acid residue (Glu81) of the targeted enzyme.®®

Triazole is a heterocyclic compound containing three
nitrogen atoms in the 1,2,3- or 1,2,4-positions. Heterocyclic
organic compounds are well-known for their important bio-
logical properties, e.g., anticancer, anti-inflammatory, anti-HIV,
and anti-tuberculosis.*®

Gurrapu et al. synthesized a series of nine 1,2,3-triazole-
containing chalcone hybrids as potential anticancer agents.
Their effectivity was screened against three cancer cell lines, i.e.,
MCF-7, HeLa, and MDA-MB-231 cell lines. The MTT assay
method was applied for the determination of in vitro cytotoxic
activity, where these hybrid chalcones showed moderate to
significant cytotoxicity. Among the chalcone hybrids studied,
compounds 54-56 (Fig. 25) displayed the highest cytotoxicity,
having lower ICs, values compared to that of the commonly
used drug cisplatin. The molecular docking study revealed the
hydrogen bonding interaction, m-7m stacking interaction, and
cation—-m interaction of these compounds with ASP 800, PHE
856 and PHE 997, LYS 745, respectively. All these results
demonstrated an alternative pathway towards the development
of chemotherapeutic drugs.®”

52 53
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Fig. 25 Structures of compounds 54-56.

A series of 1,2,4-triazole-containing chalcone hybrids was
designed by Ahmed et al. The cytotoxicity of compounds 57-61
(Fig. 26) was investigated against different cancer cell lines,
which were observed to be the most effective towards the A549
lung cancer cell line. They exhibited the ICs, values in the range
of 4.4 to 16.04 uM compared to that of the widely applied drug
cisplatin having an IC;, value of 15.3 uM. It was visualised that
the phenyl-substituted compounds were less active compared to
that of the allyl substituted ones. These compounds were found
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Fig. 26 Structures of compounds 57-61.
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to affect caspase-3-dependent apoptosis in both the intrinsic
and extrinsic apoptosis pathways in a dose-dependent manner.
Thus, the synthesized 1,2,4-triazole-based chalcone hybrids
were found to possess strong anticancer potency with less side
effects as a chemotherapeutic agent compared to that of the
traditional drug molecules.®

A series of 12 quinoline-based 1,2,4-triazole chalcone hybrids
was synthesized by Mohassab et al. Among them, 5 compounds
(compounds 62-66) (Fig. 27) were found to possess significant
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Fig. 27 Structures of compounds 62-66.

antiproliferative properties and three compounds (compounds
63, 65, 66) were more potent compared to that of the positive
control, erlotinib. The BRAF®°°F inhibitory assay was carried out
to determine the anticancer property and they were found to be
effective towards inhibiting the BRAF'*°°F enzyme. The molec-
ular docking study revealed the interaction of these compounds
with the active sites of the EGFR and BRAF'***® enzymes,
showing the suitable fitting of the compounds with the active
sites of the enzymes. The binding free energy values towards
EGFR were higher compared to that of the control drug erlotinib,
and their binding affinities towards BRAF"*°°F were comparable
to that of the standard drug vemurafenib.*

1630 | RSC Adv, 2025, 15, 11617-11638

Chalcone heterocyclic hybrids

Pyrazole-, thiophene- and pyrrole-containing ferrocene-based
chalcones (compounds 67-69) (Fig. 28) were synthesized by
Montes-Gonzalez et al.®® and their biological properties were
evaluated, respectively. Three compounds were found to
possess excellent ICs, values in the range of 6.59-12.51 uM,
when tested against the MDA-MB-231 triple negative breast
cancer cell line. Their cytotoxicity was also evaluated in the 4T1
cancer cell line, having IC5, values ranging from 13.23 to 213.7
uM as well as the MRC-5 normal cell line.

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

Indole bears a heterocyclic moiety, where a benzene ring is
fused with a pyrrole ring. Indole compounds exhibit significant
antifungal properties. Therefore, Bhale et al synthesized
indole-based chalcones and evaluated their potential applica-
tion towards Vero normal monkey cells and the MCF7 breast
cancer cell line.’* They reported that the two synthesized

70 71
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Fig. 31 Structures of compounds 73 and 74.
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compounds (compounds 70 and 71) (Fig. 29) exhibited signifi-
cant potential towards the MCF7 cancer cell line. The GIs,
values were calculated for these compounds and were found to
be 0.1 and 16.3 uM, respectively, which matched the efficiency
of the commonly used standard drug Adriamycin, having a GI;,
value of <0.1 uM.

Chalcone-like benzofuran hybrid

Ari and coworkers® synthesized a benzofuran-based chalcone-
like compound (compound 72) (Fig. 30) and tested its poten-
tial against the HCT116 and HT29 colon cancer and A549 and
H1299 human lung cancer cell lines and found to be more
effective compared with the drug 5-fluoro uracil.

Chalcone triazine hybrids

Triazine is a well-known class of heterocyclic compounds
having three nitrogen atoms in its six-membered aromatic ring.
Melamine and cyanuric chlorides are the commonly used 1,3,5-
triazine derivatives. The triazine derivative melamine is widely
used as a precursor of resin.

Khattab et al®® synthesized 1,3,5-triazine-based chalcones
for their application as anticancer agents. The MTT assay was
performed, revealing that two compounds (compounds 73 and
74) (Fig. 31) possess significant growth inhibition of A549
cancer cells with ICs, values of 24.5 uM and 17.0 uM, respec-
tively, compared to that of the well-known cancer drug cisplatin,
having an ICs, value of 21.5 pM (Table 1).
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Table 1 Chalcone-containing compounds with anticancer potency
S. no. Details Compounds IC5 value (uM) Cell lines Reference
1 Chalcone derivatives 1 75.76 + 11.52 MCF-7 51
2 75.11 £ 11.97
2 Chalcone derivatives 3 2.93 A549 52
4 0.91
5 4.57
6 5.34
3 Xanthohumol derivative of chalcones 7 9.74 HT-29 53
8 11.84
9 11.75
10 10.04
4 Xanthohumol derivative of chalcones 11 15.09 + 3.6 MCF-7 54
12 9.0+ 6.4
13 7.0 £0.5
5 Diaryl ether moiety-containing chalcone 14 3.44 + 0.19 MCF-7 25
derivatives 6.31 + 0.27 HCT116
6 Chalcone derivatives containing 16 0.5 (GIso) K562 55
a sulfonamide moiety 1.28 (GI5) LOX IMVI
7 Bischalcone derivatives 27 1.9 MCF-7 56
28 6.8 Caco2
8 Bischalcone derivatives 29 22.2 TMK1 57
9 Chalcones containing nitrogen in the 30 1.43 £ 0.16 HT-29 59
molecule 31 1.60 £ 0.01
32 1.98 + 0.18
10 Chalcones containing nitrogen in the 33 0.28 + 0.06 HCT116 60
molecule
11 Chalcone hybrid 34 66.47 + 4.85 A549 71
Chalcone-azole hybrid 35 11.7 + 1.62
Imidazole hybrid
Chalcone hybrid 36 0.597 HCT116 72
Chalcone-azole hybrid 0.886 MCF7
Imidazole hybrid 0.791 143B
12 Tetrazole hybrid 37 0.6 HCT116 74
1.6 PC-3
13 Oxazole hybrid 40 1.10 HAL-01 76
3.64 KE-37
3.85 P30-0HK
1.87 SUP-B15
0.87 MOLT-4
2.73 LC4-1
14 Pyrazole hybrid 11 44.04 £ 0.01 — 80
42 39.94 £+ 0.01
43 48.35 £+ 0.02
44 44.20 £+ 0.01
15 Pyrazole hybrid 45 1.1 £ 0.50 MCF-7 81
46 1.5 £ 0.52
47 1.6 + 0.66
48 1.4 £ 0.38
16 Thiazole hybrid 49 0.18 + 0.094 MCF-7 85
0.66 £ 0.071 A549
1.2 + 0.45 DU-145
0.069 £ 0.0082 MDA-MB-231
17 Thiazole hybrid 50 1.97 £+ 0.09 MCF-7 86
51 4.14 £ 0.35
52 2.38 +0.14
53 4.11 £ 0.3
50 1.39 + 0.061 A549
51 3.17 £ 0.15
52 2.01 £ 0.1
53 2.37 £0.12
18 1,2,3-Triazole 54 2.52 + 0.49 MCEF-7 87
55 1.27 + 0.89
56 1.72 £ 0.75
54 0.78 £ 0 MDA-MB-231
55 0.31 + 0.01
56 2.66 £ 0
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Table 1 (Contd.)
S. no. Details Compounds IC5, value (uM) Cell lines Reference
19 1,2,4-Triazole 57 6.06 £ 0.5 A549 88
58 4.4 +0.3
59 7.55 £ 0.8
60 16.04 £ 1.32
61 8.04 £ 0.59
20 1,2,4-Triazole 62 7.5+ 1.2 MCF-7 89
63 3.3 £0.08
64 6.8 = 1.6
65 3.2 +0.08
66 4.9 £ 0.6
20 Chalcone heterocyclic hybrids 67 6.59 MDA-MB-23 90
68 10.4
69 12.5
Chalcone heterocyclic hybrids 67 32.9 4T1
68 76.5
69 13.2
22 Chalcone indole hybrid 70 <0.1 MCF7 91
71 16.3
23 Chalcone-like benzofuran hybrid 72 2.85 A-549 92
1.46 H1299
0.59 HCT116
0.35 HT29
24 Chalcone triazine hybrid 73 24.5 A549 93
74 17.0
According to the above-mentioned studies on chalcone- substituted chalcones including synthetic chalcones. This

based compounds by different research groups, it has been
found that the incorporation of electron-donating substituents
(e.g. -OMe) in the aromatic ring part of the chalcone moiety
increases the anticancer potency. The naturally occurring
chalcone, Licochalcone A, containing an -OMe group has been
found to possess strong anticancer potency. The position of the
substituent present in the aromatic ring also plays a crucial role
regarding the use of compounds as anticancer agents. The
efficiency is found to increase proportionally with an increase in
the number of electron-donating substituents in the aromatic
ring and incorporating aromatic and heterocyclic rings. On the
contrary, the incorporation of electron-withdrawing groups may
have some detrimental effects on the efficiency of chalcone-
based compounds to act as potential anticancer agents.

Conclusion

Chalcones play a crucial role in the synthesis of many flavonoid-
containing natural products. The rigid backbone of these
Michael acceptors makes them more potent towards a wide
range of biological activities including anticancer potency. Due
to the simplicity of their structure, it is easy to tune their activity
to target several cellular molecules including tubulin and MMP-
2/9.°* In summary, this review article shed light on the poten-
tiality of chalcones and their derivatives as anticancer agents.
We highlighted the recent advancement in research on chal-
cones as chemotherapeutic agents. Emphasis was given to the
recent advancements in chalcone hybrid research and

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

discussion also covered the different procedures for the prep-
aration of chalcones, including examples of naturally occurring
chalcones (e.g., butein, xanthohumol and lonchocarpin) and
synthetic chalcones (mainly derivatives of chalcones containing
a diaryl ether or sulfonamide moiety and bischalcone deriva-
tives). This review also included a variety of chalcones con-
taining a nitrogen in their molecule, in the form of different
groups including azole, imidazole, tetrazole, oxazole, pyrazole,
thiazole, and triazole. In the continuous search for low-cost
chemotherapeutic agents having low toxicity, chalcones may
be proven to be promising candidates in the first row to meet
the criteria of more target-specific nature, leading to less side
effects in cancer patients. With the advancement of cancer
treatment technology, novel and efficient motifs such as chal-
cones have become the focus, possessing important properties
such as easy synthetic techniques, reduced toxicity and great
potentiality. It is noteworthy that chalcones are capable of tar-
geting different cell lines in diverse ways and via unique
mechanisms of action, which make them potent candidates for
cancer treatment. This mushrooming research area is expected
to unveil a new era for novel chalcone-based efficient and safer
compounds as potent anticancer agents, which may become
a breakthrough in the research and development of the treat-
ment modalities for deadly diseases, including cancer. Briefly,
this review indicates the bright future in the development of
chalcone-based anticancer research and extends the hope for
reduced side effects of commonly used chemotherapeutic
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agents, thereby diminishing the suffering of cancer patients
during the treatment process.
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