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The Emerging Role of Novel Heterocyclic
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Abstract

Cancer remains to pose a major worldwide health challenge because ofits high incidence, complex pathophysiology,
and poor prognosis in advanced stages. Conventional therapies, including chemotherapy, radiotherapy,
immunotherapy, and hormonal treatments, have improved survival but are often accompanied by significant
systemic toxicity, multidrug resistance, and low target selectivity. Heterocyclic compounds have emerged as pivotal
scaffolds in anticancer drug discovery due to their structural diversity, capacity for functional modifications, and
favorable pharmacokinetic and pharmacodynamic profiles. This review highlights recent advances in heterocyclic
derivatives, including thiazolidine dione, 1,3,4-thiadiazole, and styryl-heterocyclic hybrids, emphasizing their
mechanisms of action, structure—activity relationships, and clinical relevance. In addition, the review discusses the
pharmacological potential of marketed heterocyclic anticancer drugs and provides insight into future directions
for rational design, optimization, and targeted therapy development.
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INTRODUCTION

his review covers the emerging role
of novel heterocyclic derivatives

in cancer therapy, with a particular

and targeted cancer therapies, while also indicating future
directions for research in this field.

CANCER AND ITS GLOBAL HEALTH

focus on their structural diversity, biological
significance, and therapeutic  potential.
Heterocyclic compounds, containing atoms
such as nitrogen, oxygen, or sulfur within
their ring systems, have gained considerable
importance in anticancer drug development
due to their ability to interact with multiple
biological targets.!! The review highlights
various classes of heterocyclic scaffolds and
their involvement in key mechanisms such
as inhibition of cell proliferation, induction
of apoptosis, and suppression of tumor
progression. It also provides a general overview
of structure—activity relationships, emphasizing
how  chemical modifications influence
pharmacological activity and selectivity. In
addition, the role of heterocyclic compounds
in currently available anticancer drugs is
briefly addressed, along with insights into
their pharmacokinetic and pharmacodynamic
behavior. Overall, this review presents a broad
understanding of how heterocyclic derivatives
contribute to the development of more effective
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BURDEN

Uncontrolled cellular growth is a characteristic of the diverse
disease known as cancer, evasion of apoptosis, angiogenesis,
and the potential for invasion and metastasis.!"* The underlying
causes are multifactorial, including genetic mutations,
epigenetic alterations, environmental exposures, and lifestyle
factors.*” Solid tumors, such as those originating in the
breast, lung, colon, or liver, and hematological malignancies,
including leukemias and lymphomas, result from the disruption
of normal cellular growth control mechanisms.®'? The World
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Health Organization estimates that 9.6 million people died
from carcinoma and 18.1 million new cases are diagnosed
globally in 2018, making it is 2" leading source of mortality
worldwide. The incidence is projected to increase to over
22 million cases annually by 2030, with deaths potentially
reaching 21.6 million.'"'? The increasing prevalence of
cancer presents substantial challenges for healthcare systems,
necessitating the development of safer, more effective, and
more selective therapeutic strategies that can overcome
resistance mechanisms and minimize systemic toxicity.!'>

CONVENTIONAL CANCER THERAPIES
AND THEIR LIMITATIONS

Current cancer management strategies rely on surgery,
chemotherapy, radiotherapy, hormonal therapy, and
immunotherapy, either alone or in combination.'¥
Chemotherapy remains one of the most widely used systemic
treatment modalities, targeting rapidly dividing cells
through interference with DNA replication, repair, or mitotic
processes.!>] Chemotherapeutic classes include topoisomerase
inhibitor (e.g., etoposide), anti-metabolites (e.g., S-fluorouracil,
nelarabine), alkylating agent (e.g., cyclophosphamide), and
other compounds such as monoclonal antibodies and molecular-
targeted drugs.'® While these therapies have significantly
improved survival in various cancers, they suffer from
notable limitations. Low selectivity causes damage to healthy
proliferating cells, leading to myelosuppression, cardiotoxicity,
gastrointestinal toxicity, and alopecia. High systemic doses
required for therapeutic efficacy often compromise immunity,
increasing susceptibility to infections.'”” Moreover, tumor
cells frequently acquire multidrug resistance via mechanisms
such as efflux pump overexpression, target enzyme mutation,
or enhanced DNA repair.l' These challenges highlight the
urgent need for the development of novel, targeted, and multi-
mechanistic drugs with improved therapeutic indices and
reduced adverse effects.

HETEROCYCLIC DERIVATIVES IN DRUG
DISCOVERY

Heterocyclic compounds are organic molecules containing
at most 1 heteroatom typically oxygen, sulfur, or nitrogen,
in a cyclic ring." This structural feature confers unique
electronic, steric, and hydrogen-bonding properties,
enabling selective interactions with diverse biological
targets, including enzymes, receptors, and nucleic acids.
Heterocycles are ubiquitous in nature and serve as building
blocks for numerous biomolecules essential for life, such
as nucleic acids, vitamins, alkaloids, and coenzymes.['**]
In drug discovery, heterocyclic scaffolds are crucial for
imparting biological activity, improving pharmacokinetics
(PK), and enhancing target specificity. More than 70% of
small-molecule food and drug administration-approved
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drugs contain at least one heterocyclic ring, including key
anticancer agents such as imatinib, dasatinib, erlotinib, and
pazopanib.’l The versatility of heterocycles lies in their
capacity for substitution and functionalization, allowing
medicinal chemists to fine-tune lipophilicity, solubility,
metabolic stability, and binding affinity, which are essential
attributes for optimizing therapeutic potential.[2%!

STRUCTURE-ACTIVITY RELATIONSHIP
(SAR) OF HETEROCYCLIC COMPOUNDS

The biological activity of heterocyclic derivatives is closely
linked to their chemical structure and the nature of substituents
on the core ring. For thiazolidine dione (TZD) derivatives,
substitution at the 5-position with aromatic or heteroaromatic
moieties enhances m—7 interactions with DNA bases and
target proteins, facilitating apoptosis induction.?* Electron-
withdrawing groups such as halogens or nitro functionalities
increase cellularuptake and cytotoxic potency, while excessive
hydrophobicity can reduce selectivity. In 1,3,4-thiadiazole
derivatives, electron-donating substituents on the benzamide
ring enhance hydrogen-bond interactions with enzymes
such as topoisomerase II, improving inhibitory activity.!**!
Steric effects from bulky substituents can modulate binding
orientation and target selectivity. Styryl-heterocyclic hybrids
benefit from planarity and conjugation provided by the styryl
moiety, which facilitates DNA intercalation and enhances
interactions with transcription factors.?¥ Incorporation of
indolenine or quinoline scaffolds increases binding affinity
to oncogenic targets, demonstrating how precise structural
modifications directly impact cytotoxic efficacy and
therapeutic selectivity. Rational SAR-based optimization
thus forms the cornerstone of modern heterocyclic drug
development.!

PKS AND PHARMACODYNAMICS (PD)
OF HETEROCYCLIC DERIVATIVES

The therapeutic success of heterocyclic compounds depends
on favorable PK and PD properties. PK characteristics such
as absorption, distribution, metabolism, and excretion are
influenced by lipophilicity, aromaticity, and heteroatom
content.””” Many heterocyclic derivatives exhibit moderate
lipophilicity, which enhances membrane permeability
and oral bioavailability. Nitrogen- or sulfur-containing
heterocycles often show high plasma protein binding,
prolonging systemic circulation, while metabolic stability is
achieved by resistance to oxidative degradation via CYP450
enzymes.”® Active metabolites can contribute to extended
therapeutic effects, and hepatic metabolism is generally
the primary route of elimination.””’ Pharmacodynamically,
heterocyclic derivatives act through multiple mechanisms,
including apoptosis induction via mitochondrial pathways,
inhibition of DNA replication by topoisomerase inhibition,




cell cycle arrest, and modulation of reactive oxygen species
(ROS).22I' TZD derivatives activate peroxisome proliferator-
activated receptor gamma (PPARy)-mediated apoptotic
pathways, thiadiazoles inhibit DNA unwinding enzymes, and
styryl-heterocyclic hybrids suppress oncogenic transcription
factors and oxidative stress, collectively contributing to
multi-targeted anticancer efficacy.!

MARKETED HETEROCYCLIC
ANTICANCER DRUGS

Several clinically approved anticancer agents exemplify the
therapeutic relevance of heterocyclic scaffolds. Imatinib, a
pyrimidine-based inhibitor of tyrosine kinase, selectively
aims BCR-ABL protein fusion within chronic myeloid
cancer. Erlotinib and gefitinib, quinazoline derivatives,
inhibit epidermal growth factor receptor (EGFR) within
non-small lung cell melanoma. Dasatinib, containing a
thiazole ring, acts as a multi-kinase inhibitor effective
against imatinib-resistant leukemia. Sorafenib and sunitinib,
featuring pyridine and indole heterocycles, inhibit multiple
tyrosine kinases involved in angiogenesis and tumor
growth, while pazopanib, an indazole derivative, exerts
antiangiogenic activity through vascular endothelial growth
factor receptor (VEGFR) inhibition. These examples
illustrate how heterocyclic chemistry contributes to
targeted therapy, improved PKs, and enhanced clinical
outcomes. !>

ADVANCES IN NOVEL HETEROCYCLIC
SCAFFOLDS

TZD derivatives
TZD derivatives are five-membered heterocycles containing

both sulfur and nitrogen atoms, known for their multifaceted
anticancer  properties. Among recently synthesized

derivatives, compound 8c demonstrated potent cytotoxic
movement opposite MCF-7 cells of breast malignance
through IC, by 14.2 uM and showed comparable efficacy
against PC-3 prostate cancer cells (IC, 16.5 uM).*
Compound 10 g, another TZD derivative, exhibited broad-
spectrum anticancer activity against A549 lung cancer
(IC,,12.7 uM) and malondialdehyde (MDA)-MB-453 breast
cancer (ICso 18.3 uM). Machine-like research reveals which
these compounds comprise apoptosis through mitochondrial
intrinsic path, including instigation of caspase 3 and 9,
DNA intercalation, leading to arrest of cell cycle with G2/M
stage.P!

In addition to these examples, TZD analogues such as
rosiglitazone derivatives and pioglitazone hybrids have been
explored for anticancer activity. These analogues leverage
PPARY activation to modulate cell differentiation and inhibit
proliferation.*? Structural modifications, such as aromatic or
heteroaryl substitutions at the 5-position, enhance lipophilicity
and DNA-binding affinity, which correlates with increased
cytotoxic potency.P Preclinical studies suggest that some
TZD derivatives may act synergistically with conventional
chemotherapeutics, improving efficacy while potentially
reducing systemic toxicity.?! Details of TZD derivatives are
presented in Table 1.

1,3,4-Thiadiazole derivatives

1,3,4-Thiadiazole derivatives are stable, nitrogen-sulfur
heterocycles with significant lipophilicity, which facilitates
cellular uptake and metabolic stability. Novel N-[5-
(1,3,4,5-tetrahydroxycyclohexyl)-1,3,4-thiadiazole-2-yl]
benzamide derivatives (compounds 5a—5j) demonstrated
strong in vitro cytotoxicity against MCF7 cells, by IC,
value that rangeas10-25 puM.PY In 7,12-dimethylbenz[a]
anthracene-induced murine tumor models, these compounds
reduced tumor volume by 40-60% over a 28-day
treatment period. Mechanistically, thiadiazoles inhibit
topoisomerase I, disrupt microtubule dynamics, and induce

Table 1: Thiazolidinedione derivatives

Compound Cancer type/ IC,, (uM)  Mechanism of action SAR insights/structural
cell line features
TZD-acridine hybrid Breast, colon 14-20 DNA intercalation, apoptosis Dual moiety enhances
modulation multi-target activity
TZD—lupeol Breast 12-18 Apoptosis induction, cell cycle Natural triterpene
conjugate regulation conjugation increases
efficacy
TZD-benzimidazole Various 15-25 Microtubule disruption, PPARy Hybrid design enhances
derivative activation antiproliferative effect
Rosiglitazone Preclinical N/A PPARy-mediated anti-inflammatory TZD core structure
studies and antiproliferative effects
Pioglitazone Preclinical N/A PPARYy activation, apoptosis TZD scaffold
studies modulation

SAR: Structure—activity relationship, TZD: Thiazolidinedione, PPARYy: Peroxisome proliferator-activated receptor gamma
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apoptosis, as confirmed by annexin V staining and caspase
activation assays.¥

Specific derivatives such as 5b and 5f exhibited
remarkable selectivity toward cancer cells, minimizing
toxicity to normal fibroblasts in vitro. Other notable
analogues under investigation include 2-amino-1,3.,4-
thiadiazole-substituted pyridines and thiadiazole-linked
sulfonamides, which are being studied for dual inhibition
of topoisomerase and tyrosine kinases.**) Computational
docking studies suggest that hydrogen bonding and n—m
stacking interactions with active site residues are critical
for inhibitory potency, emphasizing the importance
of precise structural modifications for SAR-guided
optimization.? Details of 1,3,4-thiadiazole derivatives
are presented in Table 2.

Styryl-heterocyclic hybrids

Styryl-heterocyclic  hybrids represent a class of
compounds combining a styryl moiety with nitrogen-
containing heterocycles such as indolenine, quinoline, and

1,3,4-oxadiazole. These hybrids are designed to improve
DNA intercalation, ROS modulation, and receptor binding.
Compound 10d demonstrated the highest cytotoxic
activity against HepG2 liver cancer cells (IC, 11.80 uM)
and MCF7 cells of breast malignancy (IC, 24.55 uM).
Mechanistic studies indicate GO/G1 arrest of cell series,
induction of programmed cell death via caspase pathways,
and reserve of oncogenic transcription factors such as nuclear
factor-kB and STAT3.B¢

Other promising derivatives include indolenine-styryl
hybrids 12a-12f, which showed IC, values between 10 and
18 uM across multiple cancer cell lines, including T47D and
HeLa. Quinoline-styryl derivatives have also been explored
for their dual role as topoisomerase inhibitors and ROS
modulators.” The hybridization strategy enhances planarity
and electronic delocalization, improving DNA binding
affinity and cytotoxic selectivity. Preclinical studies indicate
favorable PKs, with moderate oral bioavailability and
metabolic stability, highlighting the potential for translation
into clinical candidates.*®3”! Details of styryl-heterocyclic
hybrids are presented in Table 3.

Table 2: 1,3,4-thiadiazole derivatives

Compound Cancer type/ IC,, (uM) Mechanism of action SAR insights/structural features
cell line

Filanesib (SNS-032) Breast, lung N/A KSP inhibition, mitotic Thiadiazole scaffold critical for
arrest, apoptosis spindle protein binding

Indole—thiadiazole schiff ~ Multiple 10-20 Apoptosis induction, Indole substitution improves DNA

base proliferation inhibition binding

Pyrimidine—thiadiazole Various 12-25 DNA synthesis inhibition, Pyrimidine—thiadiazole hybridization

hybrid cell cycle arrest enhances dual activity

Hydroxylated MCF-7 10-25 Topoisomerase Il Hydroxylation and benzamide

benzamide-thiadiazole

Methazolamide - - -
Acetazolamide - - -

inhibition, apoptosis

substitution improve permeability
and selectivity

Thiadiazole core
Thiadiazole core

SAR: Structure—activity relationship

Table 3: Styryl-heterocyclic hybrids

SAR insights/structural features

Apoptosis induction, proliferation
inhibition, ROS modulation

Apoptotic and autophagic cell

Topoisomerase inhibition, cell
cycle arrest

Selective estrogen receptor

Styryl conjugation
enhances planarity and DNA
intercalation

Dual functional hybrid strategy
enhances multi-pathway
cytotoxicity

Quinoline moiety improves enzyme
binding and ROS modulation

Styryl-containing core

modulation

Compound Cancer type/cell line IC_, (uM) Mechanism of action
Styryl-indolenine HepG2, MCF-7, 10-18

hybrid T47D, HelLa

Phenylpyrazole— Bladder cancer 12-20

styryl hybrid death
Styryl-quinoline  Various 15-25

hybrid

Tamoxifen Breast cancer N/A

Raloxifene Osteoporosis, N/A

potential anticancer

Estrogen receptor modulation

Styryl scaffold

ROS: Reactive oxygen species, SAR: Structure—activity relationship
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HETEROCYCLIC SCAFFOLDS IN
ANTICANCER DRUG DEVELOPMENT

Benzoxazole derivatives

Benzoxazole derivatives have emerged as potent scaffolds for
anticancer drug development due to their versatile chemical
modifications and favorable biological activities [Figure 1].
Al-Harthy et al. developed a series of benzoxazole derivatives

Flunoxaprofen

incorporating piperazine and fluorine moieties through a
multistep process involving nitration, piperazinylation, and
subsequent in situ reductive cyclization.’34"! The synthesized
compounds were then assessed for their cytotoxic activity
against A549 human lung epithelial cancer cells using the
CellTitre-Glo luminescent cell proliferation assay, and certain
intermediates displayed promising cytotoxicity, although
solubility issues in aryl-piperazine derivatives limited initial
activity.*'! Murty et al. extended this work by coupling
benzoxazole derivatives with piperazine rings and evaluating
cytotoxic potential across 5 cell lines (HeLa, MCF-7, A431,
HepG2, and A549).14¢ Composites with amide linkages showed
enhanced activity, particularly against A431 cells, while most
derivatives displayed IC, values below 100 uM in MCF-7 cells.
Researchers reported benzoxazole hydrazone derivatives
and observed significant anti-glioma activity, particularly for

Calcimycin .
N’-(1,1’-Biphenyl-4-yl-methylene)-2-[ (5-fluorobenzoxazole-
_©_< 2-yDthio]acetohydrazide, which induced dose-dependent
>'= © late apoptosis in C6 glioma cells. Collectively, these studies
Benoxaprofen Chloroxazole highlight benzoxazole as a versatile scaffold, capable of
NH; selective cytotoxicity and kinase inhibition.
HO. n N:(
— N
o Z Piperazine-based compounds
o
Boxazomycin B Piperazine scaffolds have been widely explored due to their
Figure 1: Benzoxazole derivatives ability to enhance solubility, bioavailability, and cytotoxicity
CF, cl
N
HN o
HN\) HN\) N
Trifluoromethylphenylpiperazine 1-(3-Chlorophenyl)piperazine 1-(2-Methoxyphenyl)piperazine

e

HN

1-(4-Mcthoxyphenyl)piperazine
)

1-(4-Methylphenyl)piperazine

Figure 2: Piperazine-based compounds
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Figure 3: Oxazole derivatives

[Figure 2]. Anovel sequence of mono-Mannich base
comprising piperazine demonstrated potent inhibition against
carbonic anhydrase isozymes hCAI and hCAII, with Ki values
in the nanomolar range. 4-fluorophenyl piperazine showed
the main tumor selectivity (TS = 59.6), inducing significant
cancer cell-based death. Piperazine-acetamide derivatives were
synthesized and observed that N-(5-benzyl-4-(tert-butyl)thiazol-
2-yl)-2~(piperazin-1-yl)acetamide exerted effective cytotoxicity
in contradiction of HeLa cells, inducing G1 phase arrest and
apoptosis.[’! Research combined piperazine with ciprofloxacin
derivatives, where 7-(4-(2-chloroacetyl)piperazin-1-yl)-
1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxoquinoline-3-
carboxylic acid exhibited IC_ < 10 uM across multiple cancer
lines. It was demonstrated that benzofuran-piperazine hybrids
selectively targeted HeLa cells with higher cytotoxicity than
cisplatin. Overall, piperazine derivatives enhance anticancer
activity while modulating PK properties.[**-%

Oxazole derivatives

Oxazole derivatives, known for their planar heterocyclic
structures, show significant anticancer activity [Figure 3].
Researchers synthesized 2-methyl-4,5-disubstituted oxazoles
and assessed activity in accordance of seven human tumor
cell lines. The 11a and 11b showed IC, values as low as
0.35-4.6 nM. SAR studies suggested that trimethoxyphenyl
moieties at C-4 enhance activity, while electron-donating
groups at meta positions reduce cytotoxicity. Researchers
developed propenone and methadone derivatives
incorporating oxazole, pyridine, and pyrazoline rings, where
12d with bromo substitution presented highest effectiveness
against breast, ovarian, and leukemia cell lines.’*53!

Indole and spiro-oxindole derivatives

Indole derivatives provide a rich scaffold for
anticancer drug discovery [Figure 4]. Researchers
synthesized pyrido[3,4-bJindole derivatives, identifying
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Figure 4: Indole derivatives

1-naphthyl-6-methoxy-9H-pyrido[3,4-b]indole as
highly potent against multiple human cancer cell lines,
including colon, pancreatic, breast, melanoma, lung, and
prostate cancers.’®  Indole-based imidazo[2,1-b][1,3,4]
thiadiazole derivatives were active against pancreatic ductal
adenocarcinoma cells, while some prepared spiro-oxindole-
indole hybrids effective against MCF-7 and K562 leukemia
cells [Figure 5].5758

Imidazole derivatives

Imidazole derivatives have been widely reported for their
antiproliferative effects [Figure 6]. Research synthesized
benzyl-dichloromethyl-nitroimidazoles showing significant
activity against cancer cells.® It was reported that amino-
xantheno-imidazole derivatives targeting MDA-MB-231
breast cancer cells, with SAR indicating increased activity
with larger and more basic substituents. Developed imidazole-
linked pyrimidine amides as Cyclin-dependent kinase
inhibitors, demonstrating enhanced anti-proliferative activity.
Other studies included imidazole-benzofuran hybrids and




erapy

Horsfiline Spindomycin B Mitraphylline

Spirotryprostatin A Spirotryprostatin B Alstonisine Anti-proliferative agent

Figure 5: Spiro-oxindole derivatives
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Figure 6: Imidazole derivatives
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Figure 7: Pyrrole derivatives
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Schiff base derivatives targeting EGFR and p53-dependent
MDM2-amplified cells, with compounds exhibiting strong
cytotoxicity and selective kinase inhibition.[5*-2

Pyrrole derivatives

Pyrrole scaffolds are notable for their incorporation of
sulfonamide and morpholine groups [Figure 7]. Researchers
synthesized pyrrole derivatives effective against MCF-7,
MOLT-4, and HL-60 cell lines, with docking studies
indicating multiple hydrogen bond interactions. Researchers
designed pyrrole derivatives targeting EGFR and VEGFR
kinases, showing stable electrostatic interactions and
promising cytotoxicity.!®*64

Thiazole derivatives

Thiazole derivatives have shown diverse anticancer
potential. 2-((1R,2R,4S,5R)-4-(hydroxymethyl)-3,6-
dioxabicyclo[3.1.0]hexan-2-yl)thiazole-4-carboxamide,
exhibiting potent cytotoxicity against K562 cells was
synthesized [Figure 8]. Thiazole-based derivatives were
developed and screened against 60 human cancer cell lines,
identifying compounds 69 and 70 as potent cytostatic agents
across leukemia, central nervous system, melanoma, and renal
cancers. Nanosized fluorinated thiazoles and azole-chromene
hybrids further demonstrated improved antiproliferative
activity compared to cisplatin,[5-¢7]

Furan and thiophene derivatives

Furan derivatives, such as 1,2-dihydronaphtho[2,1-b]furan-
2-yl(p-tolyl)methanone, exhibited selective cytotoxicity
against MCF-7 and MDA-MB-468.17  Thiophene
derivatives have been explored as anthraquinone hybrids,
showing potent antiproliferative activity. It was reported that
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Triazole derivatives

1,2,3-Triazole derivatives have been widely investigated
as tubulin polymerization inhibitors and cytotoxic agents.
Researchers synthesized Schiff-linked triazoles active against
AS549, prepared coumarin-based triazoles with IC, values in
the low micromolar range against HeLa and MCF-7. And
developed piperazine-triazole derivatives that inhibited
tubulin polymerization and arrested the G2/M phase in A549
and taxol-resistant cells.>7!

CONCLUSION

Heterocyclic scaffolds, particularly TZD derivatives,
1,3,4-thiadiazoles, and styryl-heterocyclic hybrids, represent
a highly promising class of compounds in anticancer
drug development. Advances in rational SAR design, PK
optimization, and mechanistic elucidation continue to
enhance their therapeutic potential. With ongoing preclinical
and clinical evaluation, these derivatives hold the promise
of improving cancer therapy through targeted, multi-
mechanistic approaches that minimize toxicity and overcome
drug resistance.
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