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Heterocyclic scaffolds form one of the foundations of the anticancer drug development
age as these structures are diverse, flexible in their chemistry and their biological activity
is exceptional. The introduction of heteroatoms like nitrogen, oxygen, and sulfur into
cyclic scaffolds allows the optimal control of physicochemical parameters and
molecular interactions, which allows the selective targeting of cancer-associated targets.
The review gives an in-depth discussion of the role of heterocyclic compounds in
oncology, including molecular design approaches, mechanistic understanding, and
clinical translation. The paper talks about the basics of heterocyclic chemistry, such as
classification, aromaticity, and the functionality of heteroatoms in biology. The focus is
on rational drug designing techniques including molecular hybridization,
pharmacophore-based modeling, bioisosteric replacement, and computational
techniques that have enhanced the process of developing potent heterocycle-based
anticancer agents. Significant types of heterocycles such as systems based on nitrogen,
oxygen and sulfur, fused and polycyclic structures and heterocyclic natural products are
critically evaluated in terms of their structure and therapeutic importance. Heterocyclic
compounds have mechanistic actions against cancer in a wide range of pathways, which
are typically complementary, such as cell cycle arrest, apoptosis, kinase inhibition, DNA
damage, epigenetic, and angiogenesis/metastasis suppression. The review also presents
the clinical relevance of heterocycle-based drugs, an overview of FDA approved drugs,
key issues including drug resistance, toxicity, pharmacokinetic issues, and tumor
heterogeneity. Lastly, upcoming trends and future directions are discussed and include
the incorporation of heterocyclic chemistry with precision oncology, multitarget drug
design and highly advanced delivery methods. Overall, this discussion shows the
perennial significance of heterocyclic structures in cancer therapeutics and how it can
be used to potentially generate more effective and safer anticancer drugs in the future.
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INTRODUCTION

Cancer is one of the giants to the overall health of
the world with unregulated cell growth, resistance
to apoptosis, metabolic restructuring, and invasion
and metastasis abilities [1-5]. Although there has
been a tremendous improvement in the initial
diagnosis, molecular profiling, and treatment,
cancer remains a major cause of morbidity and
mortality in the Complexity and
heterogeneity of tumor biology with adaptive
resistance mechanisms has restricted the long-term
success of most traditional treatment approaches
[7-10].

world.

1.1. Global burden of cancer and unmet
therapeutic needs

Cancer is one of the major causes of mortality in
the world, and as the population grows old, their
lifestyles change, people are exposed to
environmental conditions and a genetic tendency
to this condition, and it is escalating [11]. The
World Health Organization estimates that cancer-
related death is claimed to be causing deaths in
millions of people each year with low and middle
income countries paying a larger share of the toll.
Lung, breast, colorectal, liver and prostate cancers,
among others, are the most common cancers that
cause death all over the world despite the progress
made in their screening and treatment [12]. Whilst
surgery, radiotherapy, and chemotherapy are the
cornerstone of cancer management, these
treatments have been linked to limited selectivity
and large amounts of systemic toxicity. The
therapeutic environment has been changed with
the introduction of specific therapies and
immunotherapies, which have made it possible to
modulate oncogenic signaling and
checkpoints more specifically [13]. Nonetheless,
intrinsic or acquired drug resistance, tumor

immune

toxicities, and
activity often

heterogeneity, dose-limiting

inappropriate pharmacokinetic

impair clinical results [14-16]. The existing
treatments are not usually effective to eliminate
the disseminated tumor cells or stop the disease
recurrence [17]. [18].

1.2. Importance of heterocyclic chemistry in
modern drug discovery

The heterocyclic chemistry is a foundation of
modern medicinal chemistry, and heterocycles are
the structural backbones of an enormous fraction
of approved pharmaceuticals. A hetero-cycle is a
compound in a ring form where one or more of the
ring atoms is a heteroatom, often either nitrogen,
oxygen or [19]. [20]. Heterocycles
containing nitrogen, especially, are commonly
used because they can undergo important binding
with enzymes, receptors and nucleic acids.
Heterocyclic compounds that contain oxygen and
sulfur further extend chemical space by bringing
in special redox, polarity and conformational
properties. The pre-eminence of heterocycles in
oncology is demonstrated by the fact that diverse

sulfur

anticancer agents that are used clinically are
composed of heterocycles [21][23].

1.3. Evolution of heterocyclic scaffolds in
anticancer drug development

Heterocyclic compounds have a long history of
development in cancer treatment over the last few
decades, which has been accompanied by the
development of cancer biology, synthetic
chemistry, and molecular pharmacology. The
early antitumor agents such as classical
antimetabolites and DNA-interacting-agents
frequently used simple heterocyclic cores to
disrupt nucleic acid synthesis or action [24]. An
example of the first heterocycle-based drugs to
show clinical effectiveness, by inhibiting DNA
replication in dividing cancer cells,
pyrimidine and purine analogues. Since the

were
discovery of oncogenic signaling pathways,
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heterocyclic scaffolds have been growing to be
specific to individual molecular drivers of cancer.
The discovery of the kinase inhibitors signaled a
paradigm shift in the development of anticancer
drugs, as heterocyclic including
quinazolines, indoles, and pyridines, are the basis
of many of the targeted therapies. These
compounds take advantage of the ATP-binding
sites of the kinases and they are highly specific and
offer Dbetter therapeutic indices than the
conventional cytotoxic agents. New developments
in computational methods and synthetic
techniques have also contributed to the evolution
of heterocyclic scaffolds [25][26].

cores,

2. Fundamentals of Heterocyclic Chemistry in
Oncology

Heterocyclic chemistry is at the heart of modern
medicinal chemistry and it is now of special
importance in the design of anticancer therapy.
Heterocyclic compounds combine a complex
structure with a wide range of functions, which
makes the interactions with  biological
macromolecules related to tumor formation,
progression, and metastasis precise. Heterocyclic
frameworks offer a platform on which rational
drug design can be applied to oncology, in which
subtle differences in molecular recognition can
spell the difference between success and failure of
therapy.[27].

2.1. Definition and classification of heterocyclic
compounds

Medicinal ~ chemistry  Since  heterocyclic
compounds may be natural or synthetic. Natural
products with anticancer activity, such as
alkaloids, antibiotics, and many more, contain
heterocyclic cores, which have been the basis of
synthetic analogues with better efficacy and
safety. The great variety of these classifications
highlights the flexibility of heterocyclic chemistry

and its ability to meet the multifaceted needs of
anticancer drug development.

2.2. Aromatic vs non-aromatic heterocycles

An important difference between heterocyclic
compounds is the fact that they are either aromatic
or non-aromatic, which significantly affects their
chemical stability and their biological activity.
Aromatic heterocycles are defined as being
cyclically conjugated and electron delocalized,
which meet conventional criteria of aromaticity.
These compounds have improved thermodynamic
stability and a planar structure and these structures
frequently permit p-p stacking and other
noncovalent interactions with biological targets
[31]. drugs containing aromatic
heterocycles are extremely common because they
can be predicted to have an electromagnetic nature
and their binding properties are favorable. These
molecules have delocalized electrons which
enable such interactions with aromatic amino acid
residues in proteins and with the bases of nucleic

Anticancer

acids. These types of interaction have been
especially useful in the inhibition of enzymes that
contribute to DNA replication, transcription, and
signal transduction pathways that contribute to
cancer progression [32]. Alternatively,
aromatic heterocycles are not fully delocalized and
do not have aromatic stabilization. These
compounds can be completely saturated or semi
unsaturated and can have a higher conformational

non-

flexibility than aromatic compounds. Although
non-aromatic heterocycles can be less stable, their
three dimensional structures can be used to their
benefit as a means of occupying unique binding
pockets and selectivity to a particular biological
target. Aromatic and non-aromatic heterocycles
are used complementary in oncology [33] [34].

2.3. Role of heteroatoms (N, O, S) in biological
activity
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The most common heteroatomic in heterocyclic
anticancer agents is nitrogen which is central in
molecular recognition. Nitrogen atoms may be
hydrogen bond donors or acceptors, take part in
ionic interactions and control the molecular
basicity. These properties play a crucial role in
affinities to enzyme active sites, receptor domains
and nucleic Heterocycles containing
nitrogen have shown to be particularly useful in
targeting kinases and other ATP-dependent
enzymes, since they have been demonstrated to
form a major interaction with their target enzymes
in catalytic pockets and can also mimic native

acids.

substrates. The heterocycles with oxygen groups
help in contributing to polarity and hydrogen-
bonding capacity which can affect solubility and
membrane permeability [36]. The drug-target
complexes can be stabilized by oxygen atoms
through the hydrogen bonds and dipole-dipole
interaction. Oxygen heterocycles are commonly
used in the manufacturing of anticancer drugs to
improve pharmacokinetics and tissue distribution.
Also, the oxygen atoms can take part in redox
reactions, and this can be used to selectively cause
oxidative stress in cancerous cells. The
heterocycles containing sulfur add a new type of
electronic and steric properties that are not present
in the counterparts containing nitrogen and
oxygen. Sulfur atoms are larger and more
polarizable in order to participate in the specific
noncovalent interactions, such as chalcogen
bonding [37] [38]. The heteroatomic integration of
heteroatoms into heterocyclic systems allows the
precision of the molecular characteristics that are
important in anticancer activity. Medicinal
chemists selectivity,
metabolic stability and toxicity systematically by
changing the type, number, and position of
heteroatoms. This flexibility has enabled
heterocyclic chemistry to become an invaluable
asset in drug discovery in oncology, in helping

can optimize potency,

bridge the gap between molecular design and
clinical therapeutic [39].

3. Molecular design strategies for anticancer
heterocycles

Optimization and discovery of heterocycle-based
anticancer agents have a great dependence on
design approaches that
intuition and biological
intuition. Due to the complexity of cancer biology
and the adaptive response of the tumor cells, the
effective drug candidates should be potent,
selective and have good pharmacokinetic
properties with minimum toxicity. The current

clear-cut molecular

combine chemical

medicinal chemistry deals with these issues by
rational drug design, pharmacophore modeling,
bioisosteric modification, computational tools and
early prediction of absorption, distribution,
metabolism, excretion, and toxicity (ADMET).
These strategies combined create a unified strategy
of the effective development of heterocyclic
anticancer therapeutics [40].

3.1. Rational drug design and molecular
hybridization

Rational drug design is a structured method of
bioactive molecule development, which is founded
on the knowledge of disease biology, molecular
targets, as well as structure-activity relations. The
latter is especially useful within the field of
oncology, where there are
characterized targets (i.e. a kinase, growth factor

several well-
receptor, epigenetic enzyme, and DNA-associated
protein) that can be used by this strategy.
Heterocyclic structures are perfectly designed to
be rationally designed as it offers structural
rigidity and functional versatile characteristics, as
well as can be precisely aligned at the target
binding sites [41]. Molecular hybridization is an
important aspect of rational drug design that
entails the purposeful structuring of two or more
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pharmacologically significant structural motifs
into one molecular construct [42]. Hybrid
molecules in the context of anticancer heterocycles
are developed to combine the mechanisms of
action that complement each other, thus improving
the efficacy and minimizing the chances of
resistance development [43]. In one instance, a
heterocyclic core demonstrated to have kinase
inhibitory activity can be conjugated with a
different moiety that can alter the apoptosis or
oxidative stress signaling. These hybrids have the
potential to concomitantly disrupt
processes of oncogenicity, providing a strategic
edge over single-target agents. The effectiveness
of the molecular hybridization process should rely
on the consideration of the linker length, the
flexibility, and the orientation since these aspects
affect the general conformation and the biological
behavior of the molecule [44]. The use of
heterocyclic scaffolds as a central platform in
hybrid structures is usually attributed to their

several

capacity to retain pharmacophoric functionalities
and the expansion capacity of their structures. The
rational design and hybridization can therefore be
used to produce multifunctional anticancer agents
with better therapeutic characteristics [45].

3.2. Pharmacophore-based design approaches

Pharmacophore-based design is a ligand-based
design approach which determines the key
structural requirements needed to achieve a
biological effect, regardless of the chemical
scaffold. A typical pharmacophore model has
spatially constructed features that include
hydrogen bond acceptors and hydrogen bond
donors, aromatic rings, hydrophobic centers, and
charged centers. These features depict the
minimum of the requirements to conduct the
interaction with a biological target [46].
Pharmacophore modeling has found application in
anticancer drug discovery especially when

relatively little structural data is available about
the target protein, multiple active ligands are
known, or a combination of both. Through
studying similarities in active heterocyclic
compounds, medicinal chemists can create
pharmacophore hypotheses that can help them
create new molecules [47-49] [50]. The strategy is
useful in maximizing potency, selectivity, and
physicochemical properties, and surmounting
intellectual property or resistance problems.
Pharmacophore modeling can allow the efficient
exploration of chemical space and lead
identification in oncology, where there are
multiple molecular targets of interest, and complex
signaling networks are involved [51].

3.3. Bioisosteric replacement in heterocyclic
optimization

Bioisosteric replacement is another popular
optimization technique of medicinal chemistry
where the atom or functional group is substituted
by another atom or group with similar
physicochemical characteristics but exhibiting
better biological or pharmacokinetic properties.
Bioisosterism is also important in optimization of
lead compounds in heterocyclic anticancer agents
to increase efficacy, selectivity and safety [52].
The heterocyclic bioisosteres are especially useful
as they permit the gentle control of the electronic
distribution, polarity and steric profile without
affecting the overall structure of the molecule. As
an example, introducing oxygen or sulfur in place
of a nitrogen atom into a heterocycle can cause
major changes to hydrogen-bonding
characteristics and metabolic stability. These
alterations can minimize off-target effects or
enhance enzyme resistance [53] [54-56].

3.4. Role of computational tools and molecular
docking
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Computational aids have already been added to the
molecular design of anticancer heterocycles,
providing  information  that  supplements
experimental methods. Computational chemistry,
molecular modeling and bioinformatics have
allowed the rapid screening of large libraries of
compounds, making drug discovery more cost
[57]. Omne of the
computational techniques in anticancer drug
design is molecular docking. It is the forecast of
the orientation of a heterocyclic ligand that is
desired to occupy in the binding site of a target
protein and the strength of the interaction [58]. The

effective commonest

docking studies assist in recognizing the important
binding interactions, including hydrogen bonds,
hydrophobic contacts, and attractions, that inform
the process of structural optimization [59]. In
addition to docking, molecular dynamics
simulations can be used to understand how drug-
target complexes are stable or flexible over time,
which can also be used to provide an insight into
the binding kinetics and conformational changes.
Models of quantitative  structure-activity
relationship also help in correlating chemical
properties with biological activity so that rational
prioritization of lead compounds can be made.
Computational methods n oncology
Computational methods have also found particular
use in designing heterocyclic kinase and other
enzyme active site inhibitors. The identification of
multitarget agents support and prediction of
resistance-associated mutations are also supported
with these tools. Medicinal chemists would be able
to make informed decisions by incorporating
computational processes in the design process,
which would increase their chances of clinical
success [60].

3.5. ADMET considerations in heterocycle-
based anticancer agents

Although potency and target selectivity are, in
fact, the key qualities of anticancer drugs,
desirable ADMET properties are equally
important to achieve effective clinical translation.
A lot of good heterocyclic products still fail in
low

development because of absorption,

metabolism or unacceptable toxicity [61] [62-65].

4. Nitrogen containing heterocycles in cancer
therapy

The most notable and the most studied group of
scaffold in the field of anticancer drug discovery is
that of nitrogen-containing heterocycles. The
abundance of the nitrogen atoms in the framework
of heterocyclic structures allows their various
forms of interaction with biological targets, such
as hydrogen bonding, ionic interactions, p-p
stacking, and metal ion binding. It is these
properties that enable the nitrogen heterocycles to
regulate enzymes, receptors, nucleic acids, and
signaling proteins that are key to oncogenesis and
tumor progression [66]. This means that a
significant percentage of clinically approved
small-molecule anticancer agents use nitrogen-
based heterocyclic cores. Nitrogen heterocycles
possess the ability to be tuned in terms of basicity,
electronic  distribution, conformational
flexibility and are useful in a wide range of
biology. These characteristics allow precise
manipulation  of  pharmacodynamic  and
pharmacokinetic behaviour and such scaffolds are

and

especially good at targeting complex and adaptive
disease pathways. This section brings out the key
categories of nitrogen-containing heterocycles
used in treatment of cancer with special references
to their structures, mechanisms of action and their
therapeutic importance [67-69].

4.1. Pyridine and dihydropyridine derivatives

The six-member aromatic heterocycle pyridine,
with one nitrogen atom, is a commonly used
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heterocycle in the design of anticancer drugs
because of its moderately high basicity and good
binding qualities [70]. The nitrogen atom of
pyridine is a hydrogen bond acceptor and is
involved in electronic stabilization and helps in the
association between the molecule and the active
sites of the enzyme and receptor domains. Kinase
inhibitors, DNA-binding agents and signal
transduction pathway modulators often have
pyridine derivatives to enhance solubility, stability
and activity. Compounds with pyridines have also
shown effectiveness in the field of oncology by
stopping cell growth, promoting apoptosis, and
interrupting angiogenesis [71][74].

OO

Pyrnidine  Dihydropyridine

4.2. Pyrimidines and purines as antimetabolites

Some of the earliest and most successful nitrogen-
containing heterocycles used in the treatment of
cancer are pyrimidines and purines. These
heterocycles can form the backbone structure of
nucleic acids and their close similarity with
endogenous bases can serve as antimetabolites
interfering with cell division through DNA and
RNA synthesis in fast growing cancer cells.
Central to anticancer chemotherapy are the
pyrimidine derivatives, especially by blocking the
enzyme of thymidylate synthase, as well as
disrupting nucleotide biosynthesis [75] decrease
myelosuppression and increase therapeutic
indices. pyrimidines and purines
continue to be the backbones in anticancer
chemotherapy [76].

However,
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4.3. Quinoline and quinazoline frameworks

Quinoline and quinazoline heterocycles are fused
nitrogen-containing systems which have gained
significant popularity in targeted cancer therapy.
These bicyclic structures are aromatically stable
and structurally rigid structure, allowing them to
have high-affinity with protein kinases, and other
signaling molecules involved in tumor growth and
survival. Quinoline analogs possess varied
such as topoisomerase,
microtubule dynamics, and signal transduction

pathways inhibition [77] [78].

anticancer activities,

“fﬁ:b:I# N& r{;&&’?w \”
N NF oSN
Cluinaline Quinazoline

4.4. Indole and
agents

indazole-based anticancer

Indole is a nitrogen heterocycle, bicyclic pyrrole
that is a benzene ring with a pyrrolidine group
attached to it. It is considered to be a recognized
privileged scaffold in medicinal chemistry as it is
found in many bioactive natural products and
synthetic =~ pharmaceuticals.  Indole  -based
compounds have a wide range of activities in
cancer therapy, such as cell cycle arrest, induction
of apoptosis, and angiogenesis inhibition [79] [81,
82].
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4.5. Imidazole, triazole, and tetrazole
derivatives
Imidazole, triazole, and tetrazole are five-

membered nitrogen heterocycles that are very
important in the current anticancer drug design.
High nitrogen content defines these heterocycles,
giving them tremendous hydrogen-binding ability,
adjustable basicity and unusual electronics [83].
The imidazole derivatives have been significant in
their capacity to bind metal ions as well as interact
with the active site of enzymes. Imidazole-based
compounds have been studied in the oncology
field, as enzyme inhibitors, hypoxia-targeted
therapy, and also as regulators of intracellular pH.
They are small and polar and are therefore
appropriate to attack intracellular enzymes and
signaling proteins [84]. Triazoles are prized
because of their chemical stability as well as their
bioisosteric versatility. Triazoles act as linkers or
pharmacologically active moieties, which increase
the metabolic stability and affinity [85].
Tetrazoles, in which the number of nitrogen atoms
is four, are commonly used as bioisosteres of
carboxylic acids that are less toxic with better
metabolic stability and membrane permeability.
[86].

HN . rl“»{H ’,'._NH
A T SPL R Vi
Ry M M
Imidazole Triazole Tetrazole
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5. Oxygen-containing heterocycles in oncology

Heterocycles containing oxygen are a significant
and varied group of structural motifs in the
discovery of anticancer drugs. The existence of
oxygen atom in cyclic structures gives them
unique electronic and polarities as well as
hydrogen-bonding properties that play an
important role in molecular recognition and
biological functions [87]. Oxygen heterocycles
tend to be less basic and more metabolically
compatible than nitrogen heterocycles, and may be
converted into better safety and tolerability
profiles[88].

5.1. Benzofurans and coumarins

Benzofurans are heterocyclic oxygen bicycles that
are composed of a fused furan and benzene ring.
Benzofurans are axial molecules with a strong
interaction with biological macromolecules due to
their aromatic nature and planar geometry, hence
they are useful scaffolds in the development of
anticancer drugs [89]. The derivatives of
benzofuran have been reported to exhibit a wide
range of anticancer effects such as blockage of
tumor cell proliferation, induction of apoptosis,
and inhibition of metastasis. Electronic
delocalization and hydrogen-bonding is enabled
by the oxygen atom in the furan ring, which
improves the affinity of binding with enzyme
sites and receptor domains [90].
Benzofuran-based compounds have been reported

active

to regulate important signaling pathways
responsible in cancer progressions including those
that govern cell survival and angiogenesis.
Lipophilicity and target selectivity may be fine-
tuned by structural modification of the benzofuran
core to enable its further evolution into anticancer
leads [91]. Another influential type of oxygen
heterocycle is coumarins, which is based on
benzopyrone. They are found in nature in large
quantities; and are long known to possess a variety
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of pharmacological properties. In cancer therapy,
coumarin analogs have anticancer effects by
various mechanisms, such as cell cycle inhibition,
regulation of reactive oxygen species and tumor
angiogenic interference. The lactone moiety of
coumarin structure is extremely important in
biological activity as it allows the specific
association with enzymes and regulatory proteins.
Coumarin is also an excellent template to chemical
modification to introduce substituents to increase
potency and selectivity. Coumarins may be good
candidates of further development as cancer
therapy agents due to their relatively favorable
safety profiles and natural origin [92].

Co QT

Benszu ran

Coumarnn

5.2. Flavones, isoflavones, and chromones

Flavones, isoflavones, and chromones are a
closely related group of oxygen containing
heterocycles based upon a standard benzopyran
framework. These are compounds that are widely
present in plants and which have gained significant
interest over the years owing to their strong
anticancer properties and pleiotropic biological
activities [93]. Having a 2-phenyl-4H-chromen-4-
one structure, flavones are anticancer agents that
are effective via the control of various cellular
pathways. They have been known to cause
apoptosis, prevent cell proliferation and prevent
tumor invasion and metastasis. The presence of
different hydroxyl groups allows flavones to react
with proteins and nucleic acids by means of
hydrogen bond, as well as, antioxidant activity that
can affect the survival of cancer cells. The
isoflavones are structurally related to flavones in
location of the phenyl substituent, a difference that

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

has major implications on the biological behavior
of the isoflavones. The isoflavones have been
greatly researched over their use in hormone-
dependent cancers, in which they can act in
modulating the estrogen receptor signaling [94].
The fact that they can modulate gene expression,
cell cycle, and apoptotic processes makes them
oncology. The
heterocyclic building block of flavones and
isoflavones, chromones, is also an independent
anticancer building block. Kinases,
topoisomerases and other enzymes that have been
reported to be inhibited by chromine derivatives

relevant  to fundamental

active

play a role in the proliferation of cancer cells. The
chemical stability and the structural simplicity of
chromones predetermine its usefulness in the
rational modification and hybridization strategy to
boost anticancer efficacy. Together, flavones,
isoflavones, and chromones demonstrate the
therapeutic  potential of
heterocycles obtained in the natural sources. Their

oxygen-containing
multitargeting activities and good safety profiles

justify their further application as anti-cancer
agents [95].

@i;f =
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5.3. Lactones and epoxides in anticancer drug
design

Lactones are cyclic ester types of compounds that
take centre stage in anticancer drugs design
because they are found in various natural products
that are of clinical significance. The rigidity and
reactivity of the lactone ring assist in interacting
with enzymes and regulatory proteins of cancer
progression [96]. A number of compounds
developed that include lactones exert their
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anticancer activity by disrupting microtubule
dynamics, causing DNA damage, or inducing
apoptosis. Biological action of lactones is directly
connected with the reactivity of ester group, which
may be hydrolyzed or covalently reacted with
nucleophilic residues of target proteins. As much
as this reactivity has the advantage of augmenting
potency, it also demands cautious optimization to
prepare efficacy and toxicity [97].

k[\tb

N O s
C—C
.
Lactone Epoxide
5.4. Natural oxygen heterocycles with

anticancer potential

The natural products with oxygen heterocycles
have been widely used as a prolific source of
anticancer agents in history, and they remain
guiding the drug discovery today. These
compounds are usually complicated and novel
mechanisms of action with complex architectures
which are hard to synthesize. They have been
useful as anticancer drug templates because of
their evolutionary optimization assimilated in their
structural  diversity [99]. Natural oxygen
heterocycles are highly anticancer, and most of
them regulate oxidative stress, cell division, and
programmed cell death pathways.[100].

6. Sulfur-Containing Heterocyclic Compounds

The use of heterocycles with sulphur is an
important and unique category of scaffold in
anticancer drug discovery. The presence of sulfur
atoms in the heterocyclic structures adds distinct

electronic,  stericc and  physicochemical

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

characteristics that distinguish the compounds
with a sulfur atom in the structure than compounds
containing nitrogen and oxygen atoms. Sulfur is
bigger and more polarizable and can therefore
have stronger noncovalent interaction and binding
flexibility in biological targets [101]. Such
properties enable the sulfur heterocycles to interact
with the enzymes, receptors and redox sensitive
proteins that are frequently dysregulated in the
cancer cells. Sulfur-based heterocycles have been
shown to have a diverse biological nature of
applications in oncology such as tumor cell
growth, apoptosis, redox homeostasis, and signal
transduction pathways. They have the capacity to
engage in sulfur-specific interactions including
chalcogen bonding and thiol reactivity, which
further increases their therapeutic potential. The
key classes of heterocycles that contain sulfur as
discussed here in relation to cancer treatment are
their structural characteristic and pharmacological
implications [102].

6.1. Thiazoles and benzothiazoles

Thiazoles are five-membered aromatic
heterocycles that have sulfur and nitrogen
elements. This heteroatomic structure is a dual
heteroatomic structure giving them an equal
measure of electronic richness and structural
rigidity, which render thiazoles very desirable
scaffolds in anticancer drug-design. The
derivatives of thiazoles have been extensively
documented to demonstrate cytotoxic,
antiproliferative and apoptosis-inducing properties
on diverse cancer cell lines [103]. The thiazole ring
sulfur atom is associated with increase in
polarizability and lipophilicity, which makes it
easy to interact with the hydrophobic sites of the
protein binding sites. The nitrogen atom, in turn,
allows making hydrogen bonds and electrostatic
interactions, enhancing the affinity to the target.
Thiazole based drugs have been investigated as
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kinase, tubulin polymerization and DNA synthesis
and repair enzyme inhibitors. They are not
particularly large (relatively) and can be easily
prepared in the synthetic form, enabling them to be
optimized in terms of potency and selectivity [104]
[105].

T 5
.f".r-"‘ S". ﬂ Hj/ N,
oo . a
N’ ~Z" N
Thiazole Benzothiazole

6.2. Thiophenes and thienopyrimidines

The thiophenes are five-membered aromatic
heterocycles that have a sulfur atom in them and
are structurally analogous to furans and pyrroles.
The thiophenes sulfur atom to ensure a higher level
of aromatic stability and hydrophobicity which can
promote membrane permeability and targeting.
Tiophene derivatives have been integrated into
many anticancer agents because of their good
balance between chemical and biological actions
[106]. Thiazide compounds have been used in
cancer therapy with a variety of effects such as
anti-proliferative effects, anti-apoptotic effects,
and anti-inflammatory effects, as well as anti-
angiogenic effects. The planar aromatic structure
of these compounds allows them to access the
active site of enzymes and the receptor domains
effectively and the ability to replace different
positions of the structure of these compounds
facilitates experimental structure-activity
relationships [107] [108].
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6.3. Sulfonamide-linked heterocycles

The heterocycles containing a sulfonamide
functional group take a special place among
sulfur-containing anti-cancer agents, since they
have a strong level of polarity and the ability to
form hydrogen bonds. The sulfonamide group can
also interact with enzymes and receptors that
promote cancer by means of hydrogen bonds as a
donor and acceptor. Sulfonamide linkages are
commonly used in the design of anticancer drugs
in heterocycle format, both to conjugate bioactive
heterocyclic cores, and to confer high binding
specificity to a particular molecular target [109]
[111].

7. Fused and polycyclic heterocyclic systems

In anticancer drug discovery, fused and polycyclic
heterocyclic systems represent a superior group of
molecular architectures. These are heterocyclic or
carbocyclic rings that are connected by a common
atom to create rigid, planar or semi-planar rings
and structures of greater structural complexity.
These architectures offer defined three
dimensional structures which allow robust and
selective interactions with biological
macromolecules. Fused and  polycyclic
heterocycles have been especially useful in
oncology, in which careful molecular recognition
is essential, and have been used to target enzymes,
nucleic acids, and tumor-growth and tumor-
survival-related signaling proteins [112].[113].

7.1. Tricyclic and tetracyclic heterocycles

The tricyclic and tetracyclic heterocycles are
defined as heterocyclic molecules which are built
around three or four ring systems and which
frequently involve several heteroatoms including
nitrogen, oxygen or sulfur [114]. The long ring
fuses leading to stiff molecular backbones which
limit the conformational flexibility, a property that
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can dramatically increase target specificity. Such
rigidity in anticancer drug development enables
the best alignment in the active sites of the enzyme
or DNA structure, enhancing binding forces and
time. Such polycyclic systems often have a strong
biological activity because of their extensive p-
conjugated surfaces which allow interaction with
aromatic amino acid residues and nucleic acid
bases via p-p stacking interactions [115] 116].

7.2. Heterocycle-based kinase inhibitors

Protein kinases are of crucial importance in cancer
pathogenesis as they control the proliferation,
differentiation, survival, and angiogenesis of cells.
Kinase signaling pathway dysregulation is also a
characteristic of most malignancies and therefore
kinases represent the ideal target of anticancer
therapeutics [117]. Kinase inhibitors have been
especially notable examples of the success of
fused heterocyclic scaffolds because of their
capacity to mimic adenosine triphosphate (ATP)
and bind kinase active sites specifically. Kinase
inhibitors based on heterocycles are usually
designed to take advantage of fused nitrogen based
systems to match the hinge region of kinase and
remain in critical hydrogen bond and hydrophobic
contact [118] [120].

7.3. DNA intercalating heterocyclic agents

DNA intercalation is an established anticancer
action whereby planar aromatic molecules are
inserted between the adjacent base pairs of DNA,
which affects its structural integrity and prevents
the normal functioning of the cell, including the
replication ~ and  transcription  processes.
Heterocycles containing fused and polycyclic
compounds are exceptionally favorable to this type
of action owing to the plane geometry and the long
surfaces of aromatics. The heterocyclic DNA
intercalators have anticancer effects due to the
ability to cause DNA damage, cause cell cycle

arrest, and induce apoptosis [121]. The specificity
of binding by heteroatom inclusion in polycyclic
systems is increased by hydrogen bonding and
electrostatic interactions with the DNA backbone.
These reactions stabilize the intercalated complex
and extend its effects on nature. Although DNA
intercalating agents may be very potent, they are
not selective and may also cause toxicity in fast
growing normal tissues. As a result, the current
drug design approaches are focused on optimizing
fused heterocyclic intercalators to enhance tumor
selectivity and minimize the adverse effects. It
involves the incorporation of substituents that are
directed to cancer-specific sequences of DNA or
the adoption of prodrug strategies. Regardless of
these obstacles, DNA-interacting heterocycles are
still a significant constituent of anticancer
chemotherapy [122].

7.4. Multitarget-directed
frameworks

heterocyclic

Single-target therapies are generally not effective
due to the complexity and redundancy of cancer
signaling networks. This has led to development of
multitarget directed ligands, which are attractive
approach to oncology. Polycyclic and fused
heterocyclic scaffolds are the most suitable in
multitarget drug design since it is possible to
include several pharmacophoric units in one rigid
structure  [123].  Multitarget  heterocyclic
compounds are programmed to activate or inhibit
two or more cancer-relevant signaling pathways,
including kinase signaling, epigenetics, and
apoptosis. The combination of various functional
domains of a fused heterocyclic system can help to
interact with a variety of biological targets in a
coordinated manner, which may minimize the
risks of the development of resistance. Designed
wise, polycyclic heterocycles offer a stable core
onto which strategic functionalization can be done
without structural integrity loss. This allows a
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close regulation of target selectivity and
pharmacokinetic activity. Multitarget heterocyclic
structures are becoming considered a sensible
reaction to tumor heterogeneity and adaptive

resistance in anticancer research [124].

8. Heterocyclic natural products and semi-
synthetic derivatives

A large fraction of such molecules possess
heterocyclic structures, and the main focus of their
attachment to cellular targets that cause cancer
initiation and progression. The heteroatomic
nature of the formed cyclic systems, which are
naturally produced, allows focused recognition of
the molecule, high-binding specificity and control
of a variety of signaling pathways [125].

8.1. Alkaloids as anticancer heterocycles

A significant number of alkaloids are highly
cytotoxic and this aspect has led to their extensive
application in chemotherapy. Alkaloids may have
problems with narrow therapeutic indices and
dose-limiting although they are
effective. have been the
motivation behind major medicinal chemistry
efforts directed at structural refinement and
controlled delivery. Still, alkaloids are not
replaceable heterocyclic structures of oncology
and can still be used as models in the design of new
anticancer drugs [127].
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Fig.1: Alkaloid based heterocycles as anticancer agents

8.2. Marine-derived heterocyclic compounds

These characteristics often end up being strong
and selective Dbiological activity. Marine
heterocyclic compounds have been used in

sk
74
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oncology studies, where they have been found to
exert anticancer effects in the form of cell cycle
arrest, apoptosis, angiogenesis inhibition and
signal transduction pathways control [129 [130].
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8.3. Microbial and plant-based heterocycles

Heterocyclic secondary metabolites that have high
anticancer effects are prolifically produced by
microorganisms and plants [131] 132], especially
those of actinomycetes and fungi. Their effects on
cancer are usually associated with the ability to
inhibit DNA synthesis, transcriptional

interference, and disrupt cellular metabolism.
These

compounds are heterocyclic,

enhances good interactions with enzymes and
nucleic acids, which contribute to their cytotoxic
effects. Although numerous heterocycles derived
via the plant and microbial route demonstrate good
in vitro performance, their application in the clinic
is often limited by pharmacokinetic factors.
Nevertheless, such natural heterocycles have
strong value as lead compounds and as molecular
templates to be optimized [133].
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8.4. Semi-synthetic modification for enhanced
efficacy

Semi-synthetic modification is an important
approach to enhancing clinical utility of natural
products that are heterocyclic. This involves
artificial modification of naturally occurring
supports through conscious chemical modification
to boost potency, stability and
pharmacokinetic behavior without interfering with
the fundamental bioactive framework. Semi-

selectivity,

synthetic derivatives have been aggressive in
converting promising but inactive natural products
into useful anticancer agents in oncology [134].

9. Mechanisms of anticancer action of

heterocyclic compounds

Heterocyclic compounds are the structural basis of
most modern anticancer agents because of their
ability to interact with important molecular targets
with high specificity. The integration of the
heteroatoms like nitrogen, oxygen and sulfur into
cyclic structures provides desirable distribution of
electrons,  hydrogen-bonding  ability  and
conformational regulation. The attributes allow
heterocyclic molecules to regulate various cellular
pathways that control tumor formation, growth,
survival and spread. In contrast to agents that work
using only one mechanism, most agents based on
heterocycles have pleiotropic effects, which is
especially beneficial in responding to tumor
heterogeneity and adaptive resistance. The main
anticancer effects related to the heterocyclic
compounds will be discussed below [136].

9.1. Cell cycle arrest and apoptosis induction

An unregulated cell division is one of the hall
marks of cancer and is a result of cell cycle
machinery

dysregulation. Heterocyclic

compounds often have anticancer effects by
inhibiting proteins

that regulate cell cycle

progression such as cyclins, cyclin-dependent
kinases, and checkpoint regulators. Heterocyclic
agents disrupt these parts, causing arrest at
terminal stages, most often at the G1/S or G2/M
phases. This arrest inhibits the replication of DNA
or entry into mitosis hence inhibits the growth of
tumor cells. A prolonged blockage of cell cycle
can result in the stimulation of apoptotic processes.
Heterocyclic compounds may induce apoptosis by
using intrinsic intrinsic mitochondrial signalling
pathways by disrupting mitochondrial membrane
potential, facilitating cytochrome c release and
caspase cascades. Another way through which
they can interact with extrinsic pathways is the
approach of regulating death receptors and other
similar signaling proteins. Notably, numerous
heterocyclic agents, usefully trigger apoptosis
exclusively in cancerous cells but not in normal
ones, a characteristic due to variations in metabolic
status, redox homeostasis as well as apoptotic
threshold between malignant and normal tissues.
The combination of the two capabilities to prevent
proliferation and induce programmed cell death is
the basis of therapeutic efficacy of heterocyclic
anticancer agents [137].

9.2. Inhibition of kinases and growth factor
receptors

Oncogenic signaling is centrally covered by the
aberrant activation of protein kinases and growth
factor receptors. These enzymes control the
pathways involved in cell growth, survival,
differentiation, angiogenesis and metastasis. The
heterocyclic scaffolds are specifically favorable to
the kinase inhibition since these can be able to
resemble the endogenous nucleotides and fit
perfectly within the ATP-binding pockets or
allosteric locations. [138].

9.3. DNA damage and topoisomerase inhibition
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Although DNA-targeting heterocyclic compounds
can be extremely potent, their clinical application
needs a meticulous equilibrium in order to reduce
the toxicity to non-cancerous growing tissues. The
progress in molecular design and target delivery
methods keeps on improving these agents to be
more tumor selective and less side effects [139].

9.4. Epigenetic modulation and

inhibition

enzyme

Epigenetic dysregulation is a serious factor in the
development and progression of cancer since it
alters gene expression without modifying the DNA
sequence. Heterocyclic molecules have been
found to be wuseful as
modulators

epigenetic enzyme
histone deacetylases,
methyltransferases, demethylases.
Heterocyclic agents are used to inhibit these
and

such as
and

reestablish normal chromatin
structure and patterns of gene expression. The
control of epigenetics may result in reactivation of
tumor suppressor genes, silencing oncogene
and cellular differentiation. Notably,

enzymes

genes,
epigenetics are reversible and this process is of
much interest in long-term therapeutic treatment.
[140].

9.5. Anti-angiogenic and anti-metastatic

mechanisms

Angiogenesis and invasion of the cancerous cells
in the surrounding tissues and colonization in
distant organs is what determines tumor growth
and metastasis. Heterocyclic compounds have
anti-angiogenic  actions of inhibiting the
endothelial cell proliferation, migration,
endothelial cell generation of new blood vessels,
as well as by disrupting the signaling pathways
that mediate these effects. [141].

and

FDA-approved heterocyclic anticancer agents

Heterocyclic compounds have been a decisive
element in the development of anticancer therapy
in a clinical setting, serving as the structural
backbone of a significant percentage of the
approved small-molecule drugs. The presence of
heteroatoms like nitrogen, oxygen, and sulfur in
the cyclic complements the best
physicochemical characteristics, which allow the
high-affinity binding to the cancer-relevant
targets. The U.S. Food and Drug Administration
gave regulatory approvals that emphasize the core
role of heterocyclic scaffolds in modern-day
oncology. Antimetabolites, especially those that
are pyrimidine-based and purine-based, are some
of the earliest heterocyclic anticancer agents that
were approved by the FDA [142].

structures

Table 1: FDA-Approved Heterocycle-Based Anticancer Drugs

Drug Key Heterocyclic Primary Molecular Target / Approved Cancer
Scaffold Mechanism Indications
5-Fluorouracil Pyrimidine Thymidylate synthase inhibition; Colorectal, breast, gastric
DNA/RNA synthesis blockade cancers
Capecitabine Pyrimidine (prodrug) | Converted to 5-fluorouracil in tumors | Colorectal, breast cancer
Methotrexate Pteridine Dihydrofolate reductase inhibition Leukemia, lymphoma,
breast cancer
Mercaptopurine Purine Purine metabolism inhibition Acute lymphoblastic
leukemia
Fludarabine Purine DNA polymerase inhibition Chronic lymphocytic
leukemia
Imatinib Pyridine / benzamide | BCR-ABL tyrosine kinase inhibition CML, gastrointestinal
heterocycle stromal tumors
Erlotinib Quinazoline EGFR tyrosine kinase inhibition Non-small cell lung cancer
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Gefitinib Quinazoline EGEFR tyrosine kinase inhibition Non-small cell lung cancer
Lapatinib Quinazoline EGFR / HER?2 inhibition Breast cancer
Sunitinib Indole Multi-kinase inhibition (VEGFR, Renal cell carcinoma,
PDGFR) GIST
Sorafenib Pyridine RAF and VEGFR kinase inhibition Liver, kidney cancer
Pazopanib Indazole VEGFR, PDGFR inhibition Renal cell carcinoma
Doxorubicin Anthracycline DNA intercalation, topoisomerase II Breast cancer, leukemia,
(polycyclic inhibition lymphoma
heterocycle)
Daunorubicin Anthracycline DNA intercalation, topoisomerase 11 Leukemia
inhibition
Irinotecan Quinoline Topoisomerase I inhibition Colorectal cancer
(camptothecin
derivative)
Topotecan Quinoline Topoisomerase I inhibition Ovarian, lung cancer
Vorinostat Heterocyclic Histone deacetylase inhibition Cutaneous T-cell
hydroxamic acid lymphoma
Temozolomide Imidazotetrazine DNA alkylation Glioblastoma, melanoma
Thalidomide Glutarimide Anti-angiogenic, immunomodulatory Multiple myeloma
heterocycle
Lenalidomide Glutarimide Immunomodulatory, anti-angiogenic Multiple myeloma
heterocycle

matinib
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Challenges and Limitations of Heterocycle
based Anticancer Drugs

Although the clinical development and therapeutic
use of modern oncology are closely linked to the
heterocyclic compounds, they have numerous
problems and limitations. Although heterocyclic
scaffolds have an outstanding versatility and
biological applicability, transition of encouraging
preclinical activity to sustained clinical advantage
is a multifactorial and complex undertaking. Drug
resistance is one of the main issues of the
heterocycle-based anticancer treatment. Intrinsic
or acquired resistance of cancer cells is often
caused by target mutation, redundancy of
pathways, or stimulation of reparative pathways.
The point mutations at the ATP-binding sites
would cause a major decrease in drug affinity in
heterocyclic  kinase inhibitors, resulting in
therapeutic failure. Also, there are other adaptive
adaptation  like
overexpression of efflux transporter and drug
metabolism, which further worsen the efficacy of
treatment. Another significant limitation is toxicity
and off-target effects. Even though, heterocyclic
compounds are usually tailored to specifically
target a particular target, most of them react with
structurally related enzymes or receptors that are

mechanisms of  cellular

also expressed in normal tissues.
CONCLUSION

Heterocyclic structures have proven themselves as
essential structural patterns in anticancer drug
discovery and development that exist between the
concept of molecular design and clinical use. This
is due to their inherent chemical flexibility, which
is a consequence of the replacement of hydrogen
atom centers in cyclic frameworks by heteroatoms,
like nitrogen, oxygen and sulfur, which allows the
physicochemical and biological properties to be
carefully tuned. Heterocyclic compounds serve as
the scaffold of many approved anticancer agents

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

and they are still driving the innovation of the
traditional chemotherapy paradigm and the
targeted therapy paradigm as shown in this review.
This attribute can be attributed to the success of
heterocycle-based anticancer drugs, reception of
them to selectively interact with primary
molecular targets that are linked to tumor
initiation, progression, and metastasis. These
compounds apply therapeutic effects by various
mechanisms, such as blockage of cell cycle,
induction of apoptosis, inhibition of kinases and
growth factor receptors, DNA damage, epigenetic
regulation, and inhibition of angiogenesis and
metastasis. The ability of heterocyclic scaffolds to
support rational design operations like molecular
hybridization, pharmacophore modeling as well as
bioisosteric modification has further promoted
their flexibility towards the intricate and dynamic
trajectories of oncogenesis. The heterocycle-based
therapeutics with their clinical significance bear
significant issues such as drug resistance, off-
target toxicity, pharmacokinetic issues, and tumor
heterogeneity

REFERENCES

1. TangFH, Wong HY, Tsang PS, Yau M, Tam
SY, Law L, Yau K, Wong J, Farah FH,
Wong J. Recent advancements in lung
cancer research: a
Translational Lung Cancer Research. 2025
Mar 27;14(3):975.

2. Saha P, Kumar A, Bhanja J, Shaik R,
Kawale AL, Kumar R. A review of immune
blockade safety and antitumor activity of
dostarlimab therapy in endometrial cancer.
International Journal for Research in
Applied Sciences and Biotechnology. 2022
Jun 22;9(3):201-9.

3. Lito P. KRAS oncoprotein signaling in

narrative  review.

cancer. New England Journal of Medicine.
2025 Jan 16;392(3):296-8.

2941 |Page



10.

11.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Chen J, Huang Z, Chen Y, Tian H, Chai P,
Shen Y, Yao Y, Xu S, Ge S, Jia R. Lactate
and lactylation in Signal
transduction and targeted therapy. 2025 Feb
12;10(1):38.

Jia H, Chen X, Zhang L, Chen M. Cancer
associated fibroblasts in cancer development
and therapy. Journal of hematology &
oncology. 2025 Mar 28;18(1):36.

Bruhm DC, Vulpescu NA, Foda ZH, Phallen
J, Scharpf RB, Velculescu VE. Genomic and
fragmentomic landscapes of cell-free DNA
for early cancer detection. Nature Reviews
Cancer. 2025 Mar 4:1-8.

Nguyen L, Shanmugan S. A review article:
the relationship between obesity
colorectal cancer. Current Diabetes Reports.
2025 Dec;25(1):8.

Chen Y, Shao Z, Wu S. Research progress
on the tsRNA biogenesis, function, and
application in lung cancer. Non-coding RNA
Research. 2025 Feb 1;10:63-9.

Kumar S, Keshamma E, Trivedi U, Janjua D,
Shaw P, Kumar R, Kumar R, Saha P. A meta
analysis of different herbs (leaves, roots,
stems) used in treatment of cancer cells.
Scientific Hub of Applied Research in
Emerging Medical science & technology.
2022 Aug 29;1(4):1-1.

Zhang Y, Ji Y, Liu S, LiJ, Wu J, Jin Q, Liu
X, Duan H, Feng Z, Liu Y, Zhang Y. Global
burden of female breast cancer: new
estimates in 2022, temporal trend and future
projections up to 2050 based on the latest
release from GLOBOCAN. Journal of the
National Cancer Center. 2025 Feb
13;5(3):287.

Bandi P, Star J, Mazzitelli N, Nargis N,
Islami F, Siegel RL, Yabroff KR, Jemal A.
Prevalence and review of major modifiable
cancer risk factors, HPV vaccination, and
cancer screenings in the United States: 2025

cancer.

and

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

12.

13.

14.

15.

16.

17.

update. Cancer Epidemiology, Biomarkers
& Prevention. 2025 Jun 3;34(6):836-49.
Diao X, Guo C, Jin Y, Li B, Gao X, Du X,
Chen Z, Jo M, Zeng Y, Ding C, Liu W.
Cancer situation in China: an analysis based
on the global epidemiological data released
in 2024. Cancer Communications. 2025
Feb;45(2):178-97.

Kumar R, Saha P, Keshamma E,
Sachitanadam P, Subramanian M. Docking
studies of some Hetrocyclic
compound as Acat inhibitors: A meta
analysis. Journal for Research in Applied

novel

Sciences and Biotechnology. 2022 Aug
31;1(3):33-41.

JiY,Zhang Y, Liu S, LiJ, Jin Q, Wu J, Duan
H, Liu X, Yang L, Huang Y. The
epidemiological landscape of lung cancer:
current status, temporal trend and future
projections based on the latest estimates
from GLOBOCAN 2022. Journal of the
National Cancer Center. 2025 Feb 17.

Li Y, Song W, Gao P, Guan X, Wang B,
Zhang L, Yao Y, Guo Y, Wang Y, Jiang S,
Sun S. Global, regional, and National burden
of breast, cervical, uterine, and ovarian
cancer and their risk factors among women
from 1990 to 2021, and projections to 2050:
findings from the global burden of disease
study 2021. BMC cancer. 2025 Feb
24;25(1):330.

Qin N, Fan Y, Yang T, Yang Z, Fan D. The
burden of Gastric Cancer and possible risk
factors from 1990 to 2021, and projections
until 2035: findings from the Global Burden
of Disease Study 2021. Biomarker Research.
2025 Jan 7;13(1):5.

Zhang T, Guo Y, Qiu B, Dai X, Wang Y,
Cao X. Global, regional, and national trends
in colorectal cancer burden from 1990 to
2021 and projections to 2040. Frontiers in
Oncology. 2025 Jan 16;14:1466159.

2942 |Page



18.

19.

20.

21.

22.

23.

24.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Kumar A, Uniyal Y, Kumar R. Recent
Advancement of Colorectal Cancer and
Their Herbal Essential Oil Treatment.
Journal for Research in Applied Sciences
and Biotechnology. 2022;1(5):133-44.
Mermer A, Orhan IE, Ye G, Kumar NA,
Danac R. Five-membered ring heterocyclic
compounds as anticancer drug candidates.
Frontiers in  Chemistry. 2025 Apr
2;13:1599140.

Kaur K, Jain P, Chelike DK. Heterocyclic
compounds in targeted treatment of
hepatocellular Carcinoma: Mechanistic
Insights and clinical Implications. Inorganic
Chemistry Communications. 2025 May
24:114704.

Kapoor K, Kaur N, Sohal HS, Kaur M,
Singh K, Kumar A. Drugs and Their Mode
of Action: A Review on Sulfur-Containing

Heterocyclic ~ Compounds.  Polycyclic
Aromatic Compounds. 2025 Jan
2;45(1):136-75.

Nadar S, Borkar M, Khan T.

Thienopyrimidine: Unveiling the Versatile
Potential of a Promising Heterocyclic
Scaffold in Drug Discovery. Chemical
Biology & Drug  Design. 2025
Jun;105(6):€70146.

Zhao Y, Zhang C, Liu W, Guo Z, Zhang Y,
Wu Y, Wei C, Wu J, Yang X. Quinolines: a
promising heterocyclic scaffold for cancer
therapeutics. Current Medicinal Chemistry.
2025 Feb;32(5):958-73.

Mallappa, Chahar M, Choudhary N, Yadav
KK, Qasim MT, Zairov R, Patel A, Yadav
VK, Jangir M. Recent advances in the
synthesis of nitrogen-containing
heterocyclic compounds via
multicomponent reaction and their emerging
biological applications: a review. Journal of
the Iranian Chemical Society. 2025
Jan;22(1):1-33.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

25.

26.

27.

28.

29.

30.

31.

Puranik N, Song M. Therapeutic role of
heterocyclic compounds in
neurodegenerative diseases: insights from
Alzheimer’s and Parkinson’s diseases.
Neurology  International. 2025  Feb
7;17(2):26.

Omar EA, Rajesh R, Das PK, Pal R, Matada
GS, Maji L. Next-generation cancer
therapeutics: PROTACs and the role of
heterocyclic ~ warheads in  targeting
resistance. European Journal of Medicinal
Chemistry. 2025 Jan 5;281:117034.
Carmona-Quintana E, Rodriguez-Lozada J,
A, Franco-Pérez M.
Ultrafast Synthesis of Moclobemide via Free
Radicals: An Integral Activity in the
Heterocyclic Chemistry Lab. Journal of
Chemical Education. 2025 Apr
2;102(5):2020-5.

Nematpour M. Ultrasonic Assisted Cu-
Catalyzed Intermolecular O-Arylation of N-
Hydroxyimidoyl = Chloride = and  2-
Iodophenol: New Substituted Benzo [1, 4, 2]
Dioxazine  Derivatives.  Journal  of
Heterocyclic Chemistry. 2025
Feb;62(2):192-201.

Sushma C, Pramanik R, Barathkumar J,
Nagarajan S. Electro-Organic Synthesis of
Heterocyclic Compounds. Asian Journal of
Organic Chemistry. 2025 Jun 29:e00388.
Karjee P, Shah TA, Mandal S, Debnath B,
Punniyamurthy T. Recent Advancement on
Ring Expansion of Bicyclic Diaziridines to
Access N-Heterocyclic Compounds.
European Journal of Organic Chemistry.
2025 Jan 10;28(2):¢202401057.

Bendi A, Bhathiwal AS, Tiwari A, Rao GD,
Afshari M. Microwave-Assisted One-Pot
Synthesis of 1,  5-Benzodiazepine
Derivatives Using Novel ZnFe204. Cu
(OH) 2 Magnetic Nanocomposite as
Heterogeneous  Catalyst and  Their

Zamudio-Medina

2943 |Page



32.

33.

34.

35.

36.

37.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Theoretical Studies as Antifungal Agents.
Journal of Heterocyclic Chemistry. 2025.
Magdalenic K, Morillon D, De Jonghe S,
Persoons L, Schols D, Van Hecke K,
Grootaert C, Van Camp J, D'hooghe M.
Synthesis and cancer cell cytotoxicity of 6-,
7-, or 8-substituted 2-(hetero) aryl-4-(4-
(hetero) aryl-2-oxobut-3-en-1-ylidene)
benzothiazepanes. Journal of Heterocyclic
Chemistry. 2025 Feb;62(2):249-56.

Ashvin H, Rathod A, Jyotindra B, Rathod
AR, Patel C. Synthesis, biological
evaluation, and molecular docking of some
new  oxadiazole-incorporated  pyrazole
derivatives as potent antimicrobial agents.
Indian Journal of Heterocyclic Chemistry.
2025 Jan 1;35(1).

Ziaie ZM, Mokhtary M. A Theoretical
Investigation of Heterocycles with N-O
Bonds Understanding the Biological Effects
and Theoretical Studies: From Theory to
Applicatio. J. Chem. Rev. 2025;7(2):166-90.
Varala R, Kamsali MM, Bollikolla HB,
Mahurkar SS, Hussein M, Alam MM.
Research Progress of DBU in C— C, C—
Heteroatom, and Heteroatom—Heteroatom
Bond Formations. Chemistry &
Biodiversity. 2025:e01527.

Helal MH, Abusaif MS, Ragab A, Abbas
SY, Ayman R, El-Gaby MS, Fouad SA,
YA. Recent advances in
adamantane-linked heterocycles: synthesis
and biological activity. Molecular Diversity.
2025 Nov 21:1-49.

Alhilal M, Alhilal S, Sabancilar I, Gomha
SM, Elhenawy AA, Ouf SA. Synthesis,
Spectroscopic Characterization, and
Biological Evaluation of a Novel Acyclic

Ammar

Heterocyclic ~ Compound:  Anticancer,
Antioxidant, Antifungal, and Molecular
Docking Studies. Pharmaceuticals. 2025 Oct
12;18(10):1533.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

38.

39.

40.

41.

42.

43.

44,

Barbuceanu SF, Olaru OT. Synthesis and
Evaluation of  Biologically  Active
Compounds from Heterocycles Class.
Molecules. 2025 Jan 18;30(2):394.
Satyanarayana K, Saraswat H. Synthesis Of
Heterocyclic Compounds In Pharmaceutical
Industry. African Journal of Biomedical
Research. 2025 Feb 2;28.
de Moraes LG, Santos TB, da Rocha DR.
Molecular Hybridization of
Naphthoquinones and  Thiazoles: A
Promising Strategy for Anticancer Drug
Discovery. Pharmaceuticals. 2025 Dec
13;18(12):1887.
Hassan A, Ashraf R, Igbal MA, Hayat K,
Jamil F, Althobaiti SA, Tahira SA, El Nagar
M, Soliman MM. Synthesis, DFT and
molecular  docking studies of N-
Heterocyclic carbene selenium compounds
conferring anticancer and antibacterial
activity. Archives of Biochemistry and
Biophysics. 2025 Aug 20:110598.
El-Sayed NN, Krayem N, Derbala HA,
Kamal S, Bukhari SN, El-Ashrey MK,
Almarhoon ZM, Soliman Alterary S, Ben
Bacha A. New Nitrogen-, Oxygen-, and
Sulfur-Containing Heterocyclic Compounds
as Anti-Colon Cancer Agents: Synthesis,
Multitargeted  Evaluations, = Molecular
Docking  Simulations and ADMET
Predictions. Pharmaceuticals. 2025 May
27;18(6):801.
Sharma S, Babu MA, Kumar R, Singh TG,
Dwivedi AR, Ahmad G, Goel KK, Kumar B.
pyrimidine-based
a template for the

A review on
pharmacophore as
development of hybrid drugs with anticancer
potential. Molecular Diversity. 2025 Feb
12:1-23.

Verma N, Tiwari G, Khanna A, Mishra VK,
Yadav Y, Malviya M, Sagar R. Molecular
Design, Synthesis and Anti-cancer Activity

2944 |Page



45.

46.

47.

48.

49.

&
"

Vesd
1

5

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

of Novel Pyrazolo [3, 4-b] pyridine-based
Glycohybrid Molecules. Bioorganic
chemistry. 2025 Mar 1;156:108161.

Yushyn I, Holota S, Finiuk N, Senkiv J,
Karpenko O, Vovchuk O, Kozak Y,
Ivasechko I, Pinyazhko R, Gzella A, Swiqtek
P. Synthesis activity
evaluation of new linked/fused bioisosteric

and anticancer
pyrazole-thiazole-bearing hybrid molecules.
Bioorganic & Medicinal Chemistry. 2025
Jun 22:118291.

Kumar S, Gupta U, Singh RK. Recent
updates on novel heterocyclic scaffolds of
anticancer potential as emerging tubulin
inhibitors. InSeminars in Oncology 2025
Aug 1 (Vol. 52, No. 4, p. 152374). WB
Saunders.

Alaseem AM, Rashid S, Puneetha J, Babu
MA, Alasiri G, Singh TG, Tyagi Y, Akhter
MS, Singh AM, Bansal N. Pharmacophore-
based high-throughput virtual screening
(HTVS) to identify new c-Src kinase
inhibitors ~ with  anticancer  potential.
Bioorganic & Medicinal Chemistry. 2025
Oct 25:118451.

Suvaiv, Singh K, Hasan SM, Sharma R,
Singh K, Singh M, Ahmad F, Kumar A,
Zaidi SM. Design, synthesis, and biological
evaluation of coumarin derivatives against
tuberculosis: a  pharmacophore-based
approach. Molecular Diversity. 2025 Aug
20:1-9.

Chhabra N, Matore BW, Murmu A, Kumar
A, Gawande P, Singh J, Roy PP. A
computational-based search of natural
product derived multi-target ligands for the
management of  Alzheimer’s and
Parkinson’s disease using structure-based

pharmacophore modelling, virtual
screening, MD docking, free energy
analysis, ADMET profiling and DFT

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

50.

51.

52.

53.

54.

55.

studies. SAR and QSAR in Environmental
Research. 2025 Nov 2;36(11):993-1024.
Lone V, Khona P, Umekar MJ, Kabra UD.
Thiazole pharmacophore-based discovery of
SGLT2 inhibitors
screening, docking,
molecular dynamics simulation for diabetic
nephropathy. SAR and QSAR in
Environmental Research. 2025 Nov
2;36(11):1081-103.

Thai KM, Duong CQ, Tran VT, Nguyen PT.
Roles of Pharmacophores in Drug
Discovery. InSpringer Handbook of Chem-
and Bioinformatics 2026 Jan 1 (pp. 463-
494). Cham: Springer Nature Switzerland.
Almutairi S, Sabbah DA, Sweidan K, Hajjo
R, Bardaweel SK. Identification and
Biological Validation of MMP-12 Inhibitors
Guided by Pharmacophore-Based Virtual
Screening and Docking Studies. ACS
omega. 2025 Oct 13;10(42):50055-76.
Germoush MO, Dewan A, Fouda M,
ALRashdi BM, El-Rashedy AA, Massoud
D, Ahmed M, Sayed M. Rational Design of

using virtual
and

novel
molecular

New Thienopyridine Heterocycles
Tethering Thiophene Moiety as
Antimicrobial ~Agents: Synthesis and

Computational Biology Study. Journal of
Molecular Structure. 2025 May 17:142716.
Ramadan SK, Gomha SM, El-Helw EA.
Synthesis and Exploring Antiproliferative
Activity of Some  Pyrazole-Bearing
Heterocycles: DFT, Molecular Docking, and
ADME Study. Russian Journal of General
Chemistry. 2025 Mar;95(3):732-41.

Gupta SS, Kesarwani V, Shankar R, Sharma
U. Chemoinformatics exploration of
synthetically accessible N-heterocycles:
uncovering new antifungal lead candidates.
In Silico Pharmacology. 2025 May
5;13(2):74.

2945 |Page



56.

57.

58.

59.

60.

61.

62.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Ziaie ZM, Mokhtary M. A Theoretical
Investigation of Heterocycles with N-O
Bonds Understanding the Biological Effects
and Theoretical Studies: From Theory to
Applicatio. J. Chem. Rev. 2025;7(2):166-90.
Elmorsy MR, Yousef SH, Abdel-Latif E,
Badawy SA. Molecular structures and in
Silico molecular docking of new pyrazine-
based heterocycles as antibacterial agents.
BMC chemistry. 2025 Jun 11;19(1):164.
Shaik AB, Bhandare RR, Rahman MM, Dua
K. Beyond borders: exploring diverse roles
of heterocyclic compounds in combatting
infections and cancer. Frontiers in
Chemistry. 2025 Mar 4;13:1578852.
Bondock S, Alabbad N, Abd El-Aleam RH,
Elhenawy AA, Abdou MM. Synthesis and

Computational Evaluation of
Azaheterocyclic ~ Inhibitors  Targeting
TGFpBRI: Integrating TD-DFT,
Physicochemical  Profiling, = Molecular

Docking, and Molecular Dynamics. Arabian
Journal for Science and Engineering. 2025
Apr 18:1-27.

Reheim MA, Abdou MM, El-Gaby MS, Al-
Omari MH, Abu-Rayyan A, Al-Assy WH,
Refat HM, Sarhan AA, Hafiz IS. Bioactivity
of mnovel isoxazole-fused heterocycles:
comprehensive antimicrobial, antioxidant
activities, SwissADME predictions,
molecular docking, and DFT analysis.
Molecular Diversity. 2025 Apr 17:1-8.
Hassaballah Al, El-Ziaty AK, Gado MM,
Sayed HA, Kamal M, Ali RS. Design
synthesis,  characterization, = molecular
docking and antimicrobial evaluation of
novel heterocycles with acrylonitrile and
anthracene moieties. Scientific Reports.
2025 Jun 3;15(1):19370.

Lohith TN, Neetha S, Kameshwar VH,
Kumar KS, Ali MS, Al-Lohedan HA, Kumar
DV, Verma SK. Structural analysis and

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

63.

64.

65.

66.

67.

68.

computational  studies of  pyrazole
derivative: Investigation of interactions by
X-ray crystallography, DFT, molecular
docking, and  molecular  dynamics
simulation. Journal of Molecular Structure.
2025 Aug 5:143497.

Ashraf MS, Alshammery H, Janardanan RP,
Allahyani M, Almehmadi M, Asif M.
Synthesis, docking  simulation, and
antimicrobial
based heterocyclic compounds. Journal of
Molecular Structure. 2025 Mar
15;1325:140976.

Abbaoui Z, Khibech O, Oulous A, Karci H,
Diindar M, Ozdemir I, Giirbiiz N, Ko¢ A,
Ozdemir i, Touzani R. In silico and in vitro
evaluation of N-heterocyclic derivatives as
antimicrobials: ADMET analysis, SAR, and
molecular docking. In Silico Pharmacology.
2025 Dec;13(3):1-8.

Singh AK, Sreelakshmi P, Pathak P, Kumar
A, Singh H, Yadav JP, Verma A, Grishina
M, Kumar P. Design, virtual screening,
Molecular  Docking, ADME
cytotoxicity studies of 1, 3, 5-Triazine
containing  heterocyclic  scaffolds as
selective BRAF Monomeric, Homo and
heterodimeric  inhibitors. Combinatorial
Chemistry & High Throughput Screening.
2025 Aug;28(13):2351-68.

Mehra A, Mittal A, Sangwan R. Innovative
Nitrogen-Based Heterocycles: Pioneering
Advances in Anticancer Therapeutics.
Current Chemical Biology. 2025 Jan 20.
Zhao S, Xu Z. Development of indole
hybrids for potential lung cancer treatment-
part I: nitrogen-containing six-membered
aromatic heterocycles. Future Medicinal
Chemistry. 2025 Apr 3;17(7):839-55.

Naik A, Juvale K. A comprehensive review
on the role of nitrogen containing
heterocycles in overcoming ABC transporter

evaluation of pyridazine-

and

2946 |Page



69.

70.

71.

72.

73.

74.

75.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

mediated multidrug resistance in cancer.
Bioorganic Chemistry. 2025 Jun 27:1087009.
Alshams MA, Nafie MS, Ashour HF,
Yassen AS. A comprehensive review and
recent advances on isatin-based compounds
as a versatile framework for anticancer
therapeutics (2020-2025). RSC advances.
2025;15(39):32188-231.

El-Sayed NN, Krayem N, Derbala HA,
Kamal S, Bukhari SN, El-Ashrey MK,
Almarhoon ZM, Soliman Alterary S, Ben
Bacha A. New Nitrogen-, Oxygen-, and
Sulfur-Containing Heterocyclic Compounds
as Anti-Colon Cancer Agents: Synthesis,
Multitargeted  Evaluations, = Molecular
Docking  Simulations ADMET
Predictions. Pharmaceuticals. 2025 May
27;18(6):801.

Al-Jumaili MH, Bakr EA, Huessien MA,
Hamed AS, Muhaidi MJ. Development of
heterocyclic-based anticancer agents: A

and

review.
2025

comprehensive
Communications.
25;31(1):20220179.

XuZ,LiR, Huang Z, Zhuang Y. The current
landscape of 1, 2, 3-triazole-(fused) six-
membered nitrogen-containing
heteroaromatic ring hybrids with anticancer
therapeutic potential. Archiv der Pharmazie.
2025 Jan;358(1):e2400873.

Zhao Y, Zhang C, Liu W, Guo Z, Zhang Y,
Wu 'Y, Wei C, Wu J, Yang X. Quinolines: a
promising heterocyclic scaffold for cancer
therapeutics. Current Medicinal Chemistry.
2025 Feb;32(5):958-73.

Alshamrani M. Selected Metal (Au, Ag, and
Cu) Complexes of N-heterocyclic Ligands
as Potential Anticancer Agents: A Review.
Medicinal

Heterocyclic
Feb

Anti-Cancer  Agents  in
Chemistry. 2025 Jan 3.

Santhosh CR, Chinnam S, Kottam N,
Amreen S, Ananthnag GS, Madhu GM,

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

76.

77.

78.

79.

80.

81.

82.

Gadde S, Fernandes VT, Arnipalli H. Recent
progress on anti-cancer activity of
thiadiazoles: a review. Results in Chemistry.
2025 Jan 1;13:101939.

Mir MA, Banik BK. Heterocyclic
Phytochemicals as Agents.
Current Topics in Medicinal Chemistry.
2025 Feb;25(5):533-53.

He J, Ma X, Sun J, Chen M, Xu L, Song Z,
Ding C, Meng L, Zhang A. Design,
synthesis, and pharmacological evaluation
of quinazoline and quinoline derivatives as
potent ENPP1 inhibitors for cancer
immunotherapy. Journal of Medicinal
Chemistry. 2025 Feb 20;68(5):5856-73.
Chaudhary J, Singh I, Sahu SK. Quinoline,
isoquinoline, and quinoxaline derivatives as
promising anticancer agents. InNitrogen
Heterocycles in Cancer Therapy 2026 Jan 1
(pp- 205-222). Academic Press.
Bhane PD, Pawar SS.
Therapeutic Horizons with Indazole-Based

Anticancer

Expanding

Compounds: A Review of Anticancer,
Antimicrobial, and Neuroprotective
Applications. Medicinal Chemistry. 2025
Apr 18.

Ma Z, Zhang W, Han X, Chen Y, Li G.
Design, Synthesis, and Cytotoxic Activities
of Indole and Indazole-Based Stilbenes.
Chemistry & Biodiversity. 2023
May;20(5):¢202300368.

Shang C, Hou Y, Meng T, Shi M, Cui G. The
anticancer activity of indazole compounds: a
mini review. Current Topics in Medicinal
Chemistry. 2021 Feb 1;21(5):363-76.

Mal S, Malik U, Mahapatra M, Mishra A,
Pal D, Paidesetty SK. A review on synthetic
strategy, molecular pharmacology of
indazole derivatives, and their future
perspective. Drug Development Research.
2022 Nov;83(7):1469-504.

2947 |Page



83.

&4.

85.

86.

87.

88.

89.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Popova EA, Protas AV, Trifonov RE.
Tetrazole  derivatives as  promising
anticancer agents. Anti-Cancer Agents in
Medicinal Chemistry (Formerly Current
Medicinal Chemistry-Anti-Cancer Agents).
2017 Dec 1;17(14):1856-68.

Kumar N, Goel N. Recent development of
imidazole derivatives as potential anticancer
agents. Physical Sciences Reviews. 2023
Oct 1;8(10):2903-41.

Sharma P, LaRosa C, Antwi J, Govindarajan
R, Werbovetz KA. Imidazoles as potential
anticancer agents: An update on recent
studies. Molecules. 2021 Jul
11;26(14):4213.

Abdel-Rahman AH, Zaid IF, Salama WM,
Hawatah MA, Zaki YH, Farag B, Zaki ME,
Gomha SM, Amer HH. Design and
Evaluation of Novel Benzimidazolo-
Triazole-Tetrazole Derivatives as
Anticancer Agents Against MCF-7 Cells.
Russian Journal of General Chemistry. 2025
Jun;95(6):1530-42.

Sachdeva H, Khaturia S, Saquib M, Khatik
N, Khandelwal AR, Meena R, Sharma K.
Oxygen-and sulphur-containing
heterocyclic compounds as potential
anticancer agents. Applied Biochemistry
and Biotechnology. 2022
Dec;194(12):6438-67.

Gurjar VK. Recent Advances in Oxygen-
Containing Heterocycles as
Agents. International Journal of Medical
Pharmaceutical and Health Sciences.
2024:80-93.

Choudhary S, Kumari A, Kumar R, Kumar
S, Singh RK. Progress in Nitrogen and
Oxygen-based Heterocyclic Compounds for
their Anticancer Activity: An Updates
(2017-2020). InKey Heterocyclic Cores for
Smart Anticancer Drug—Design Part I 2022

Anticancer

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

90.

91.

92.

93.

94.

95.

96.

97.

Jul 4 (pp. 232-259). Bentham Science
Publishers.

Sharma R, Yadav RK, Sharma R, Sahu NK,
Jain M, Chaudhary S. Recent advancements
in the synthesis and chemistry of benzo-
fused nitrogen-and oxygen-based bioactive
heterocycles. Current Topics in Medicinal
Chemistry. 2021 Jul 1;21(17):1538-71.
Kumar D, Sharma P, Lobe MM, Kaur S,
Singh TG, Dua K, Ntie-Kang F. Emerging
Oxygen Based Heterocyclic Scaffolds as
Potential Anticancer Candidates.

Farhat J, Alzyoud L, Alwahsh M, Al-Omari
B.  Structure—activity
benzofuran

relationship  of
with  potential
2022 Apr

derivatives
anticancer activity. Cancers.
28;14(9):2196.

Shokol T, Gorbulenko N, Khilya V.
Synthesis of chromones, annulated with
oxygen-containing heterocycles with two
hetero atoms at C (7)-C (8) bond. French-
Ukrainian Journal of Chemistry. 2019 Jul
30;7(1):121-39.

Machado NF, Marques MP. Bioactive
chromone derivatives-structural diversity.
Current bioactive compounds. 2010 Jun
1;6(2):76-89.

Chaudhary A, Singh K, Verma N, Kumar S,
Kumar D, Sharma PP. Chromenes-a novel
class of heterocyclic compounds: Recent
advancements and future directions. Mini
Reviews in Medicinal Chemistry. 2022 Nov
1;22(21):2736-51.

Ren J, Yu P, Zhang M, Zhao Y, Zhong J, Hu
K. Discovery of a-methylene-y-lactone-o-
epoxy derivatives with anti-cancer activity:
synthesis, SAR study, and biological
activity. Medicinal Chemistry Research.
2022 Oct;31(10):1803-17.

Romero M, Renard P, Caignard DH, Atassi
G, Solans X, Constans P, Bailly C, Pujol
MD. Synthesis and Structure— Activity

2948 |Page



98.

99.

100.

101.

102.

103.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Relationships of New Benzodioxinic
Lactones as Potential Anticancer Drugs.
Journal of medicinal chemistry. 2007 Jan
25;50(2):294-307.

Kim Y, Sengupta S, Sim T. Natural and
synthetic lactones possessing antitumor
activities. International Journal of Molecular
Sciences. 2021 Jan 21;22(3):1052.
Kuzminac 1Z, Jakimov DS, Beki¢ SS, Celi¢
AS, Marinovi¢ MA, Savic MP, Raicevi¢
VN, Koji¢ VV, Saka¢ MN. Synthesis and
anticancer potential of novel 5, 6-
oxygenated and/or halogenated steroidal D-
homo lactones. Bioorganic & Medicinal
Chemistry. 2021 Jan 15;30:115935.
Nicolaou KC, Shelke YG, Dherange BD,
Kempema A, Lin B, Gu C, Sandoval J,
Hammond M, Aujay M, Gavrilyuk J.
Design,  synthesis, and  biological
investigation of epothilone B analogues
featuring lactone, lactam, and carbocyclic
macrocycles, epoxide, aziridine, and 1, 1-
difluorocyclopropane and other fluorine
residues. The Journal of Organic Chemistry.
2020 Feb 17;85(5):2865-917.

Laxmikeshav K, Kumari P, Shankaraiah N.
Expedition of sulfur-containing heterocyclic
derivatives as cytotoxic agents in medicinal
chemistry: A decade update. Medicinal
Research Reviews. 2022 Jan;42(1):513-75.
Kapoor K, Kaur N, Sohal HS, Kaur M,
Singh K, Kumar A. Drugs and Their Mode
of Action: A Review on Sulfur-Containing
Heterocyclic ~ Compounds.  Polycyclic
Aromatic Compounds. 2025 Jan
2;45(1):136-75.

Sahil, Kaur K, Jaitak V. Thiazole and related
heterocyclic systems as anticancer agents: A
review on synthetic strategies, mechanisms
of action and SAR studies. Current
medicinal chemistry. 2022 Sep
1;29(29):4958-5009.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

104.

105.

106.

107.

108.

109.

110.

I11.

Irfan A, Batool F, Zahra Naqvi SA, Islam A,
Osman SM, Nocentini A, Alissa SA,
Supuran CT. Benzothiazole derivatives as
anticancer agents. Journal
inhibition and medicinal chemistry. 2020
Jan 1;35(1):265-79.

Rouf A, Tanyeli C. Bioactive thiazole and
benzothiazole derivatives. European journal
of medicinal chemistry. 2015 Jun 5;97:911-
217.

Masaret GS. Convenient synthesis and

of enzyme

anticancer evaluation of novel pyrazolyl-
thiophene, thieno [3, 2-b] pyridine, pyrazolo
[3, 4-d] thieno [3, 2-b] pyridine and pyrano
[2, 3-d] thieno [3, 2-b] pyridine derivatives.
Journal of Heterocyclic Chemistry. 2021
Jun;58(6):1344-58.

Pathania S, Chawla PA. Thiophene-based
derivatives as anticancer agents: An
overview on decade’s work. Bioorganic
Chemistry. 2020 Aug 1;101:104026.

Sayed MT, Hassan RA, Halim PA, El-
Ansary AK. Recent wupdates on
thienopyrimidine derivatives as anticancer
agents. Medicinal Chemistry Research. 2023
Apr;32(4):659-81.

Ghomashi S, Ghomashi R, Aghaei H,
Massah AR. Recent advances in biological
active sulfonamide based hybrid compounds
part B: Two-component sulfonamide
hybrids. Current Medicinal Chemistry. 2023
Feb 1;30(5):604-65.

Supuran CT. sulfonamides. Molecules. 2017
Sep 29;22(10):1642.

Arshad N, Mehmood Y, Ismail H, Perveen
F, Javed A, Channar PA, Saced A, Naseem
S, Naseer F. Newly synthesized sulfonamide
derivatives explored for DNA binding,

enzyme inhibitory, and cytotoxicity
activities: a mixed computational and
experimental analyses. RSC advances.

2024;14(47):35047-63.

2949 |Page



112.

113.

114.

115.

116.

117.

118.

119.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Hassan AY, Mohamed MA, Abdel-Aziem
A, Hussain AO. Synthesis and anticancer
activity of some fused heterocyclic
compounds
Polycyclic Aromatic Compounds. 2020 Aug
7;40(4):1280-90.

Sharma V, Gupta M, Kumar P, Sharma A. A
comprehensive review on fused heterocyclic
as DNA intercalators: promising anticancer
agents. Current Pharmaceutical Design.
2021 Jan 1;27(1):15-42.

Lang DK, Kaur R, Arora R, Saini B, Arora
S. Nitrogen-containing heterocycles as

containing pyrazole ring.

anticancer agents: An overview. Anti-
Cancer Agents in Medicinal Chemistry
(Formerly Current Medicinal Chemistry-
Anti-Cancer Agents). 2020 Dec
1;20(18):2150-68.

Gaber HM, Bagley MC, Sherif SM, Abdul-
Raouf UM. Promising antimicrobial agents:
Synthetic approaches to novel tricyclic and
tetracyclic pyrimidinones with antimicrobial
properties.  Journal of  Heterocyclic
chemistry. 2010 Sep;47(5):1162-70.
Amewu RK, Sakyi PO, Osei-Safo D, Addae-
Mensah 1. Synthetic and naturally occurring
heterocyclic anticancer compounds with
multiple biological targets. Molecules. 2021
Nov 25;26(23):7134.

Irfan A, Al-Hussain SA, Khalid T, Nasim I,
Mojzych M, Zaki ME. Recent advances in
clinically approved nitrogenous heterocycle-
based drugs and EGFR Tyrosine kinase
inhibitors for precision oncology (2020—
2024): a review. Journal of Saudi Chemical
Society. 2025 Dec;29(6):39.

Wahan SK, Chawla PA. Recent advances of
heterocycle based anticancer hybrids.
Physical Sciences Reviews. 2023 Nov
6;8(10):3043-65.

Nehra B, Mathew B, Chawla PA. A
medicinal chemist’s perspective towards

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

120.

121.

122.

123.

124.

125.

126.

structure activity relationship of heterocycle
based anticancer agents. Current Topics in
Medicinal Chemistry. 2022 Mar
1;22(6):493-528.

Gupta S, Shome A, Saha M, Asati V. Three
and  four-member nitrogen-containing
compounds as
agents. InNitrogen Heterocycles in Cancer
Therapy 2026 Jan 1 (pp. 19-35). Academic
Press.

Sharma V, Gupta M, Kumar P, Sharma A. A
comprehensive review on fused heterocyclic
as DNA intercalators: promising anticancer
agents. Current Pharmaceutical Design.
2021 Jan 1;27(1):15-42.

Das A, Banik BK. Advances in heterocycles

heterocyclic anticancer

as DNA intercalating cancer drugs. Physical
Sciences Reviews. 2023 Sep 22;8(9):2473-
521.

Gontijo VS, Viegas FP, Ortiz CJ, de Freitas
Silva M, Damasio CM, Rosa MC, Campos
TG, Couto DS, Tranches Dias KS, Viegas C.
Molecular hybridization as a tool in the
design of multi-target directed drug
candidates for neurodegenerative diseases.
Current neuropharmacology. 2020 May
1;18(5):348-407.

Zhou J, Jiang X, He S, Jiang H, Feng F, Liu
W, Qu W, Sun H. Rational design of
multitarget-directed ligands: strategies and
emerging paradigms. Journal of medicinal
chemistry. 2019 May 13;62(20):8881-914.
M. Lourenco A, M. Ferreira L, S. Branco P.
Molecules of natural origin, semi-synthesis
and synthesis with anti-inflammatory and
anticancer utilities. Current pharmaceutical
design. 2012 Sep 1;18(26):3979-4046.

da Rosa R, Schenkel EP, Campos Bernardes
LS. Semisynthetic and newly designed
derivatives based on natural chemical
scaffolds: moving beyond natural products

2950 |Page



127.

128.

129.

130.

131.

132.

133.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

to fight Trypanosoma cruzi. Phytochemistry
Reviews. 2020 Feb;19(1):105-22.

Salvador JA, Carvalho JF, Neves MA,
Silvestre SM, Leitao AJ, Silva MM, e Melo
ML. Anticancer steroids: linking natural and
semi-synthetic compounds. Natural product
reports. 2013;30(2):324-74.

Singh M, Sharma P, Singh PK, Singh TG,
Saini B. Medicinal potential of heterocyclic
compounds from diverse natural sources for
the management of cancer. Mini Reviews in
Medicinal Chemistry. 2020 Jul
1;20(11):942-57.

Khalifa SA, Elias N, Farag MA, Chen L,
Saeed A, Hegazy ME, Moustafa MS, Abd
El-Wahed A, Al-Mousawi SM, Musharraf
SG, Chang FR. Marine natural products: A
source of novel anticancer drugs. Marine
drugs. 2019 Aug 23;17(9):491.

Barreca M, Spano V, Montalbano A, Cueto
M, Diaz Marrero AR, Deniz I, Erdogan A,
Luki¢ Bilela L, Moulin C, Taffin-de-
Givenchy E, Spriano F. Marine anticancer
agents: An overview with a particular focus
on their chemical classes. Marine drugs.
2020 Dec 4;18(12):619.

Mukherjee AK, Basu S, Sarkar N, Ghosh
AC. Advances in cancer therapy with plant
based natural products. Current medicinal
chemistry. 2001 Oct 1;8(12):1467-86.
Shirolkar A, Chougule S, Ranade A, Pawase
A, Gaidhani S, Pawar S. The potential
applications of plant-based anti-cancer
compounds and their chemical derivatives.
Int J Pharm Sci Res. 2022;13(12):4794-804.
Srivastava V, Negi AS, Kumar JK, Gupta
MM, Khanuja SP. Plant-based anticancer
molecules: a chemical and biological profile
of some important leads. Bioorganic &
medicinal chemistry. 2005 Nov
1;13(21):5892-908.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

134.

135.

136.

137.

138.

139.

Afzal O, Yusuf M, Ahsan MJ, Altamimi AS,
Bakht MA, Ali A, Salahuddin. Chemical
modification of curcumin into its semi-
synthetic analogs bearing pyrimidinone
moiety as anticancer agents. Plants. 2022
Oct 16;11(20):2737.

Sati P, Sharma E, Dhyani P, Attri DC, Rana
R, Kiyekbayeva L, Biisselberg D, Samuel
SM, Sharifi-Rad J. Paclitaxel and its semi-

synthetic ~ derivatives: ~ comprehensive
insights into chemical structure,
mechanisms of action, and anticancer

properties. European journal of medical
research. 2024 Jan 30;29(1):90.

Kumar N, Goel N. Heterocyclic compounds:
importance in anticancer drug discovery.
Anti-Cancer  Agents in  Medicinal
Chemistry-Anti-Cancer Agents). 2022 Nov
1;22(19):3196-207.

Al-Jumaili MH, Bakr EA, Huessien MA,
Hamed AS, Muhaidi MJ. Development of
heterocyclic-based anticancer agents: A
comprehensive Heterocyclic
Communications. Feb
25;31(1):20220179.

Bernacchi A, Valerii MC, Spigarelli R,
Dussias  NK, Rizzello F, Spisni E.
Investigating the Molecular Mechanisms of
the Anticancer Effects of Eugenol and
Cinnamaldehyde Against Colorectal Cancer
(CRC) Cells In Vitro. International Journal
of Molecular Sciences. 2026 Jan
8;27(2):649.

da Silva Carneiro R, Mourao PS, Magalhaes
AF, de Sousa Silva M, Santos IB, Mendes
AN, dos Santos Alves W, Marques RB,
Uchoda VT. Flavonoids in cancer treatment:
structures, mechanisms, and  future
directions. = InEmerging  Trends in
Phytotherapy of Cancer 2026 Jan 1 (pp. 127-
136). Academic Press.

review.
2025

2951 |Page



140.

141.

142.

143.

Mohsina Bano Shaik, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 1, 2924-2952 | Review

Dimaki A, Lazaridou L, Vakalou K, Zervas
V, Bartzi D, Tsagkidou K, Papadopoulos
PD, Koumarelas KE, Christodoulidis G.
Natural Compounds in Gastric Cancer
Therapy: Molecular Mechanisms and
Potential Treatment Options. International
Journal of Molecular Sciences. 2026 Jan
12;27(2):753.

Ifijen IH, Faderin E, Okafor CE, Onyinyechi
OL, Aworinde OR, lTorkula TH, Fagbolade
M, Adesina KE, Akodu BO, Adeleke BH,
Udogu U. Dual functionality of cobalt oxide
nanoparticles: Exploring their potential as
and anticancer

antimicrobial agents.

Biomedical Materials & Devices. 2026
Mar;4(1):143-88.

Arya GC, Mehla S, Singh L. Hybrid
anticancer agents: Design, development, and
therapeutic potential. Letters in Drug Design
& Discovery. 2026 Jan 15:100265.

Gupta S, Shome A, Saha M, Asati V. Three
and

four-member  nitrogen-containing

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

144.

145.

heterocyclic anticancer
agents. InNitrogen Heterocycles in Cancer
Therapy 2026 Jan 1 (pp. 19-35). Academic
Press.

Cheekatla SR. Azetidines
chemistry: emerging
approved  drugs.  Future
Chemistry. 2026 Jan 7:1-35.
Sharma D, Dadge SD, Pasrija K, Jain S,
Sharma U, Upmanyu N, Chawla R, Yadav

R, Vaidya A. Indole scaffolds in anticancer

compounds as

in medicinal
applications and
Medicinal

drug discovery. InNitrogen Heterocycles in
Cancer Therapy 2026 Jan 1 (pp. 175-190).
Academic Press.

HOW TO CITE: Mohsina Bano Shaik, Saira Zahoor,
Heterocyclic Frameworks in Oncology: from Molecular
Design to Clinical Application, Int. J. of Pharm. Sci.,

2026,

Vol 4, Issue 1, 2924-2952.

https://doi.org/10.5281/zenodo.18366035

2952 |Page



