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	 Benzimidazole is a compound with significant therapeutic promise, as numerous 
biochemical and pharmacological studies have highlighted its potent anticancer activity and 
its potential as a lead scaffold in cancer drug development.  From academic articles to patents, 
this review covers it everything when it comes to synthetic pathways towards anticancer drugs 
including benzimidazole.  We have mainly concentrated on the construction of the heterocyclic 
core and  incorporating benzimidazole due to the large number of possible configurations.  
Targeting benzimidazole, one of the most representative chemical entities, is essential.  There 
has been a recent uptick in interest and focus from academics all over the globe in this area.  
Nevertheless, obstacles such as resistance to drugs, a lack of understanding of receptor structures, 
and difficulties in finding practical ways to synthesize benzimidazoles persist.  As such, we are 
writing this review in the hopes that it will serve as a thorough resource for future scholars 
interested in benzimidazole-containing anticancer drugs and drug design.

Keywords: Anticancer agents; Benzimidazoles; Drug design; Molecular targets;
and Structure-activity relationship.

	 Among the leading causes of death 
and disability worldwide, cancer is still a major 
problem.  In 2020, there were over 19.3 million new 
cases of cancer and 10 million deaths attributable 
to cancer, according to projections from the World 
Health Organization (WHO) and GLOBOCAN 
2020.  The burden of cancer is expected to rise to 
28.4 million new cases per year by 2040 as a result 
of variables like an aging population, changes in the 
environment, and lifestyle choices.1, 2 Even though 
cancer treatment has come a long way, there are still 
certain limitations to methods including radiation 

therapy, immunotherapy, chemotherapy, and 
targeted therapy. Their limited efficacy due to drug 
resistance, serious side effects, expensive treatment 
costs, and non-specific cytotoxicity highlights the 
necessity for new, safer, more effective therapeutic 
agents.3

	  Because of their structural flexibility and 
capacity to interact with biological macromolecules, 
heterocyclic compounds have been pivotal in 
medicinal chemistry.  A large number of molecules 
with medicinal properties are based on heterocycles, 
which are ring structures that include at least one 
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heteroatom (including sulfur, nitrogen, or oxygen).4  
Their incorporation into medicinal compounds 
improves their bioavailability, metabolic stability, 
and specificity for their intended targets.  Imatinib, 
gefitinib, and sorafenib are anticancer medications 
that were developed using heterocyclic scaffolds, 
which include pyrimidine, quinazoline, and 
pyridine.  These chemicals work by blocking 
important signaling pathways that the tumor uses 
to grow and stay alive.  Benzimidazole stands 
out among these pharmacophores as a potential 
anticancer medication option because of its 
versatility in interacting with enzymes, proteins, 
and DNA.5

	 Structurally, benzimidazole is an example 
of a fused bicyclic heterocycle, consisting of 
a benzene ring fused with an imidazole ring 
a configuration that plays a crucial role in its 
biological activity and interaction with cancer-
related targets. An example of a fused bicyclic 
heterocyclic system is the benzimidazole ring, 
which is composed of two rings: one benzene ring 
and one imidazole ring.  Crucial for biological 
interactions, this structural arrangement gives 
the chemical good electrical characteristics, 
planarity, and hydrogen bonding capabilities.  The 
pharmacological actions of the benzimidazole 
scaffold, which include antibacterial, antiviral, 
anti-inflammatory, and anticancer effects, have 
been extensively investigated.6 A number of 
benzimidazole compounds have gained clinical 
approval since the 1950s.  Mebendazole and 
albendazole are two prominent examples; originally 
developed as anthelmintic medications, they have 
since been repurposed for their anticancer effects, 
which they achieve by inhibiting tumor cell 
microtubule production and inducing cell death.  
Melanoma and Hodgkin’s lymphoma patients 
receive dacarbazine, an alkylating drug that is a 
benzimidazole derivative.  Through their ability 
to limit cell proliferation, induce programmed cell 
death, and target important biochemical pathways, 
these chemicals have shown promise as cancer 
therapies.7

	 Cancer remains one of the leading global 
health challenges, accounting for approximately 10 
million deaths each year.7,8 Far beyond a simple 
medical condition, cancer represents a complex, 
multifaceted disease that affects populations 
worldwide. Despite advancements in conventional 

treatments such as surgery, chemotherapy, and 
radiation therapy—these approaches often fall 
short due to significant limitations, including severe 
side effects, drug resistance, and the inability to 
fully eliminate malignant cells, which may lead 
to recurrence. Given the persistent global burden 
of cancer, there is an urgent need for innovative 
therapeutic strategies that can selectively target 
and destroy cancer cells while minimizing harm 
to healthy tissues.9  this has driven the search for 
novel anticancer agents that are not only more 
effective and safer but also capable of offering 
greater specificity in targeting the disease. The 
increasing cancer rates and the inadequacies of 
current cancer treatments make Benzimidazoles an 
attractive class of chemicals for the development of 
anticancer drugs.  Modifications to their structural 
flexibility can improve their pharmacokinetic 
characteristics, selectivity, and anticancer activity. 
What follows is an examination of the therapeutic 
potential, structure-activity connections, and action 
mechanisms of Benzimidazole derivatives as 
potential new anticancer drugs.10, 11  with roughly 
10 million deaths yearly, cancer is still a major 
obstacle to world health .7, 8 this problem that 
impacts people all around the globe.  Innovative 
therapeutic approaches that can efficiently target 
and eliminate cancer cells while avoiding damage 
to normal tissues are urgently needed due to the 
ongoing global burden of cancer.9 There has been 
some success with traditional cancer therapies 
including radiation, chemotherapy, and surgery, 
but these methods are not without their drawbacks, 
such as serious side effects, drug resistance, and 
the fact that they do not completely eradicate 
the disease, which can lead to recurrence. New 
therapeutic compounds that are safer, more 
effective, and more precisely targeted are being 
sought for as a result.10,11 illness is more than just a 
medical issue; it’s a complicated, multidimensional 
Benzimidazoles as Promising Scaffolds in 
Anticancer Drug Development
	 The benzimidazole class of chemicals 
has recently come to the forefront of the search 
for novel anticancer medicines.  The fused bicyclic 
ring system of benzimidazoles is defined by the 
presence of both the benzene and imidazole rings.  
In medicinal chemistry, this one-of-a-kind structure 
is a scaffold that can support the creation of several 
bioactive molecules.  Thanks to the benzimidazole 
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core’s chemical flexibility, derivatives with 
improved pharmacological properties can be 
designed through significant structural alterations.12

	 A wide variety of functional groups can be 
introduced at different places on the ring structure 
because to the benzimidazole scaffold’s great 
adaptability.  Chemists can optimize the chemical 
characteristics of benzimidazole derivatives to 
interact with certain biological targets because 
of this flexibility.  Benzimidazoles exhibit a 
broad spectrum of biological activities, including 
antiviral, antibacterial, anti-inflammatory, and 
anticancer properties. Their versatility makes them 
a valuable class of compounds in the fight against 
complex diseases such as cancer.13

Chemical Structure and Properties of 
Benzimidazoles
Basic Structure and Functional Groups
	 One reason for its strong biological 
activity is that its core structure is very similar to 
that of purine, a building block of nucleic acids.  
Important to the chemical reactivity and biological 
interactions of the benzimidazole complex are the 
two nitrogen atoms that make up the nucleus, which 
is located at positions 1 and 3 of the imidazole ring.  
Its pharmacological profile is drastically changed 
when electron-donating and electron-withdrawing 
substituents are positioned at different places on 
the benzimidazole scaffold.14

	 The functional groups that are most 
frequently found in benzimidazole derivatives 
are hydroxyl (-OH), amino (-NH‚ ), carboxyl 
(-COOH), halogen (Cl, Br, F), and alkyl (-CHƒ , 
-C‚ H– ).  These functional groups can be employed 
to enhance interactions with biological targets, 
increase lipophilicity, and improve solubility. 
Benzimidazole serves as a highly versatile scaffold 
in medicinal chemistry, as the position of its 
substituents can modulate the drug’s affinity for 
enzymes, receptors, and nucleic acids.Binding 
interactions with proteins and enzymes implicated 
in cancer pathways rely on the NH group at position 
1, which frequently acts as a hydrogen bond 
donor.15

Physicochemical Properties
	 There is a significant relationship between 
the physicochemical features of benzimidazoles 
and the pharmacokinetic and pharmacodynamic 
behaviors of these compounds.  Since these 
qualities are responsible for determining solubility, 

absorption, distribution, metabolism, and excretion 
(ADME), they ultimately have an impact on the 
therapeutic efficacy and toxicity profiles of the 
substances.14,16

Lipophilicity
	 As a result of its moderate lipophilicity, 
benzimidazoles are able to traverse biological 
membranes, including the barrier that keeps blood 
and brain from coming together.  Being able to 
target intracellular components like tubulin and 
DNA is made possible by this characteristic of 
theirs.  It is necessary to make cautious structural 
alterations since excessive lipophilicity can result 
in poor solubility and bioavailability.17,18

Solubility
	 The majority of benzimidazole derivatives 
have a limited solubility in water, which restricts 
their capacity to be absorbed by the cellular system.  
A number of different strategies, including salt 
creation, prodrug design, and nanocarrier-based 
drug delivery systems, are utilized in order to 
enhance the solubility of medicinal substances.  
The incorporation of polar functional groups, 
such as hydroxyl (-OH) or carboxyl (-COOH), at 
particular locations has the potential to improve 
aqueous solubility while simultaneously preserving 
biological activity.16,18

Stability
	 Under  physiological  condi t ions, 
benzimidazoles are chemically stable, which makes 
them appropriate for formulations that are either 
orally or through parenteral administration.  They 
are, nevertheless, prone to oxidative destruction, 
particularly when light and moisture are present 
in the environment.  By changing the molecular 
structure of benzimidazole derivatives, utilizing 
protecting groups, or putting them into reliable 
delivery methods, it is possible to improve the 
stability of these compounds.16,18

Structure-Activity Relationship (SAR) in 
Anticancer Activity
	 The structural modifications and 
molecular interactions of benzimidazoles with 
key targets such as tubulin, topoisomerases, and 
kinases are critical in determining their anticancer 
potential. Structure–activity relationship (SAR) 
studies have identified several strategies to 
enhance their efficacy. For example, introducing 
halogen atoms (Cl, Br, F) at positions 4, 5, or 6 
increases cytotoxicity by improving membrane 
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permeability and facilitating intracellular target 
binding. Electron-withdrawing groups such as 
nitro (-NO‚ ) and cyano (-CN) enhance interactions 
with cancer-associated enzymes, further boosting 
anticancer activity. Alkylation at N1 and N3 
positions improves bioavailability and metabolic 
stability. The addition of hydroxyl (-OH) and 
sulfonamide (-SO‚ NH‚ ) groups strengthens 
hydrogen bonding with target proteins, enhancing 
anticancer efficacy. However, certain substitutions 
at R5, particularly with bulky or electron-donating 
groups (e.g., methyl or methoxy), have been shown 
to reduce activity, likely due to steric hindrance 
or unfavorable electronic effects. Figure 1 shows 
the benzimidazole scaffold, where its primary 
functional groups play key roles in modulating 
biological activity.”
	 Improving the selectivity of benzimidazole 
derivatives for cancer cells over normal cells, the 
addition of rings of pyridine, quinoline, or thiazole 
increases DNA binding and enzyme inhibition 
characteristics.  Improved anticancer activity has 
been observed in hybrid compounds that combine 
benzimidazole with pharmacologically active 
groups like indole or coumarin.  Benzimidazole 
derivatives boost their anticancer action by 
increasing oxidative stress and death in cancer 
cells when coordinated with transition metals (e.g., 
platinum, copper) .21 The binding interactions of 
benzimidazole derivatives with biological targets 
have been further clarified using molecular docking 
and computer modeling techniques, in addition to 
SAR studies.  The results of these investigations can 
be useful in the development of more selective and 
potent anticancer drugs based on benzimidazole.22, 

23  The anticancer effects of important structural 
alterations are summarized in Table 1.
Mechanism of  Ant icancer Act ion  o f 
Benzimidazoles
	 Through many processes that disrupt 
the growth, multiplication, and survival of cancer 
cells, benzoimidazole derivatives demonstrate 
strong anticancer activity.  Tubulin polymerization 
inhibition, DNA intercalation, topoisomerase 
inhibition, apoptotic pathway modification, kinase 
inhibition, cell cycle arrest, and angiogenesis 
and metastasis suppression are all mechanisms 
involved.22,23  One reason why benzimidazole-based 
compounds are being considered for anticancer 
medication development is their versatility in 

targeting numerous pathways involved with 
cancer.22, 23

Inhibition of Tubulin Polymerization
	 Inhibiting tubulin polymerization, which 
disturbs microtubule dynamics and hinders 
cell proliferation, is one of the well-established 
anticancer actions of benzimidazole derivatives.  A 
key component of the cytoskeleton, microtubules 
are involved in the process of mitosis.  Preventing 
microtubule polymerization and stability, 
benzomidazole compounds like albendazole and 
mebendazole bind to â-tubulin.  Mitotic arrest 
and cell death are the results of this disturbance, 
which prevents chromosomal segregation from 
taking place.  By blocking tubulin polymerization, 
Mebendazole causes melanoma and lung cancer 
cells to undergo apoptosis and enter the G2/M phase 
arrest.  In models of leukemia and colon cancer, 
it has strong anticancer effects via preventing 
microtubule assembly.23, 24

DNA Intercalation and Topoisomerase Inhibition
	 One mechanism by which benzoimidazole 
derivatives interfere with DNA replication 
is by binding directly to DNA and inhibiting 
topoisomerase enzymes.  Intercalating into DNA, 
specific benzimidazole chemicals change its 
structure and inhibit replication.  Additionally, 
some of the derivatives cause DNA damage and 
cell death by blocking topoisomerase I and II, 

Fig. 1. Benzimidazole Scaffold
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Table 1. Structure-Activity Relationship (SAR) of Benzimidazole Derivatives in 20-25 Anticancer Drug Design

Sr. 	 Modification	 Effect on Anticancer Activity	 Examples
No. 

1	 Halogen substitution 	 Increases lipophilicity and 	 5-Fluorobenzimidazole
	 (Cl, Br, F)	 enhances cell permeability
2	 Electron-withdrawing 	 Enhances binding to 	 Nitrobenzimidazole derivatives
	 groups (-NO‚ , -CN)	 cancer enzymes
3	 Alkylation at N1/N3	 Improves metabolic stability	 Methylbenzimidazoles
4	 Heterocyclic ring fusion 	 Increases DNA intercalation	 Quinoline-fused benzimidazole
	 (quinoline, thiazole)
5	 Metal complexation 	 Enhances ROS generation 	 Copper-benzimidazole complexes
	 (Pt, Cu)	 and apoptosis

Table 2. Effects of Benzimidazole Derivatives on Tubulin Polymerization

Compound	 Target	 Effect on Tubulin	 Cancer Types

Mebendazole	 β-Tubulin	 Prevents polymerization	 Lung, Melanoma
Albendazole	 β-Tubulin	 Induces microtubule depolymerization	 Colon, Leukemia

the enzymes that unwind DNA.  A benzimidazole 
derivative called Hoechst 33258 attaches to the 
DNA’s minor groove and disrupts the processes 
of transcription and replication.25, 26

Targeting Apoptotic Pathways
	 Cancer cells are brought to cell death 
by benzimidazole derivatives in two ways: 
the intrinsic (mediated by mitochondria) and 
the extrinsic (mediated by death receptors).  
Because they increase mitochondrial membrane 
permeability, cytochrome c is released, and 
caspases, which are responsible for cell death, are 
activated.  In addition to promoting apoptosis, these 
chemicals block anti-apoptotic proteins like Bcl-2 
and increase production of pro-apoptotic proteins 
like Bax and Bak.  Also, several benzimidazole 
derivatives trigger caspase-dependent cell death 
by binding to death receptors like Fas and TRAIL.  
Apoptosis is induced by fenbendazole through the 
generation of reactive oxygen species (ROS) and 
disruption of mitochondrial activity. Oxibendazole, 
on the other hand, promotes programmed cell death 
in breast cancer cells by increasing Bax expression 
and decreasing Bcl-2 levels.27, 28

Kinase Inhibition and Cell Cycle Arrest
	 Inducing cell cycle arrest and inhibiting 
oncogenic kinases are two mechanisms by 
which some benzimidazole derivatives limit the 
unchecked proliferation of cancer cells. Chemicals 

in the benzoimidazole class block the action of 
cyclin-dependent kinases (CDKs) and tyrosine 
kinases, therefore stopping the cell cycle in its 
tracks. To decrease cancer cell survival, certain 
compounds disrupt the PI3K/AKT and MAPK 
signaling pathways. G1 phase arrest in glioblastoma 
cells is caused by thiabendazole’s inhibition of 
CDK4/6. It inhibits the phosphorylation of AKT, 
which in turn decreases the proliferation of cancer 
cells.29, 30

Angiogenesis Inhibition and Anti-Metastatic 
Effects
	 Derivatives of benzoimidazoles have 
anti-angiogenic and anti-metastatic properties that 
inhibit tumor growth and metastasis.  The creation 
of blood vessels in tumors is inhibited by blocking 
the signaling of vascular endothelial growth factor 
(VEGF).  Lowers matrix metalloproteinases 
(MMPs), which in turn decreases invasion and 
migration of cancer cells.  By lowering VEFG 
expression, flubendazole decreases angiogenesis 
in breast cancer.  Albendazole: Lung cancer 
metastasis inhibition through blocking MMP-9 
activity.30,32

Targeting Specific Cancer-Related Pathways 
with Benzimidazole Derivatives
	 A remarkable property of benzimidazoles 
in the field of anticancer medication development 
is their capacity to zero in on particular pathways 



854 Wagh & Kankate, Biosci., Biotech. Res. Asia,  Vol. 22(3), 849-863 (2025)

Table 3. Benzimidazole Derivatives Acting on DNA and Topoisomerase

Compound	 Mechanism	 Effect on DNA	 Cancer Types

Hoechst 33258	 DNA intercalation	 Disrupts replication	 Breast, Colon
Benzoimidazol-quinoline	 Topoisomerase inhibition	 Induces DNA breaks	 Leukemia, Ovarian

Table 4. Benzimidazole-Induced Apoptosis in Cancer Cells

Compound	 Apoptotic Pathway	 Effect on Cancer Cells	 Cancer Types

Fenbendazole	 Intrinsic (Mitochondrial)	 Increases ROS and cytochrome c release	 Lung, Pancreatic
Oxibendazole	 Extrinsic (Death Receptor)	 Activates Fas-mediated apoptosis	 Breast, Liver

Table 5. Benzimidazole-Induced Cell Cycle Arrest and Kinase Inhibition

Compound	 Target	 Effect	 Cancer Types

Thiabendazole	 CDK4/6	 G1 phase arrest	 Glioblastoma
Flubendazole	 AKT pathway	 Inhibits cell proliferation	 Colorectal

Table 6. Anti-Angiogenic and Anti-Metastatic Effects of Benzimidazoles

Compound	 Target	 Effect	 Cancer Types

Flubendazole	 VEGF	 Inhibits angiogenesis	 Breast, Ovarian
Albendazole	 MMP-9	 Reduces metastasis	 Lung, Pancreatic

associated with cancer.  Unchecked cell proliferation, 
apoptosis evasion, angiogenesis, and metastasis are 
some of the biological pathways that drive cancer.  
Molecularly focused cancer therapy is possible 
with the help of benzoimidazole derivatives that 
can be engineered to disrupt these processes.  One 
example is the fact that benzimidazoles prevent 
tubulin polymerization, which is necessary for 
the creation of microtubules—an apparatus that 
is fundamental for cell division.  Cancer cell 
growth can be efficiently halted by benzimidazole 
derivatives, which induce cell cycle arrest and 
apoptosis by interfering with microtubule dynamics.  
Benzimidazoles are effective antimitotic drugs 
because this mechanism is especially important in 
cells that divide quickly, including tumor cells.33,35

	 As an added bonus, benzimidazole 
derivatives can target microtubules as well as DNA 
and topoisomerases, two enzymes that are very 
essential for DNA replication and transcription.  
The capacity of cancer cells to replicate their 

DNA is hindered by benzimidazoles, which work 
by blocking these enzymes.  The benzimidazole 
scaffold has proven to be quite versatile in the 
development of anticancer drugs; for example, 
some benzimidazole derivatives have been 
engineered to block particular kinases that are 
implicated in cancer signaling pathways.36, 37

Advances in Benzimidazole-Based Anticancer 
Agents
	 A number of promising anticancer 
medicines based on benzimidazoles have recently 
been developed thanks to developments in 
medicinal chemistry.  Research into the structure-
activity relationship (SAR) has been vital in 
this regard, illuminating important structural 
aspects that improve the anticancer efficacy of 
benzimidazole derivatives.  Novel molecules 
with enhanced selectivity, pharmacokinetics, and 
effectiveness have been synthesized thanks to these 
investigations.38
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Table 7. FDA-Approved Benzimidazole Derivatives with Anticancer Potential

Drug	 Primary Use	 Anticancer Mechanism	 Cancer Types Investigated

Albendazole	 Anthelmintic	 Inhibits tubulin, induces apoptosis	 Glioblastoma, Colorectal
Mebendazole	 Anthelmintic	 Disrupts microtubules, suppresses 	 Lung, Breast, Colon
		  angiogenesis
Nocodazole	 Investigational	 Microtubule depolymerization	 Leukemia, Prostate

Table 8. Synthetic Benzimidazole Derivatives with Improved Anticancer Activity

Derivative	 Key Modification	 Anticancer Activity	 Targeted Cancer 
			   Types

5,6-Dimethylbenzimidazole	 Methyl group addition	 Enhanced lipophilicity 	 Breast, Lung
		  and cytotoxicity
Benzimidazole-Quinazoline 	 Quinazoline fusion	 Dual inhibition of 	 Leukemia, Ovarian
Hybrid		  topoisomerase and tubulin
Nitrobenzimidazole	 Nitro substitution	 Strong DNA intercalation 	 Cervical, Pancreatic
		  and apoptosis

Table 9. Overview of Preclinical Studies on Benzimidazole Derivatives

Study Type	 Cancer Model	 Findings

In vitro (Cell Culture)	 MCF-7, HCT-116, A549	 Apoptosis induction, microtubule inhibition
In vivo (Mouse Xenograft)	 Glioblastoma, Pancreatic cancer	 Tumor regression, increased survival

	 High-throughput screening techniques 
have accelerated the discovery of novel 
benzimidazole compounds with potent anticancer 
activity Researchers have discovered potential lead 
compounds for additional development by quickly 
testing huge libraries of benzimidazole compounds 
against different cancer cell lines.  Breast, lung, and 
colorectal cancers are among the many types of 
cancer that have shown promise in preclinical and 
clinical trials including some of these substances.39

	 The therapeutic potential of anticancer 
medicines based on benzimidazole has been 
boosted by developments in drug delivery 
technologies.  For instance, benzimidazole 
derivatives can now be more effectively targeted 
and have higher bioavailability thanks to delivery 
systems based on nanoparticles. By minimizing 
systemic toxicity and enhancing medication 
concentration in malignant tissue, these systems 
can deliver the treatment directly to the tumor 
location.  This method of tailored distribution not 
only reduces the side effects of chemotherapy but 
also increases the treatment’s effectiveness.39, 40

Benzimidazole-Based Anticancer Agents: 
Preclinical and Clinical Studies
	 The powerful anticancer effects of 
benzoimidazole derivatives have made them 
a hot topic in cancer treatment.  The FDA has 
approved some of these substances for other uses, 
but they also show promise as anticancer agents. 
Others are still in the research phase, but they are 
undergoing continuous preclinical and clinical 
testing.  This section covers FDA-approved 
benzimidazole-based pharmaceuticals, newly 
synthesized benzimidazole derivatives, preclinical 
studies using animal models, and human clinical 
trials evaluating their anticancer efficacy.40,42

F D A - A p p ro v e d  a n d  I n v e s t i g a t i o n a l 
Benzimidazole Derivatives
	 Although they were first authorized 
for use as anthelmintic medicines, a number of 
benzimidazole derivatives have shown promising 
anticancer effects in laboratory trials. Albendazole 
has anticancer properties through glioblastoma, 
colorectal cancer, and melanoma inhibition of 
tubulin polymerization, induction of apoptosis, and 
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Table 10. Clinical Trials on Benzimidazole-Based Anticancer Drugs

Drug	 Clinical Trial ID	 Cancer Type	 Phase	 Findings

Mebendazole	 NCT02644291	 Glioblastoma	 Phase 2	 Tumor shrinkage, increased survival
Cannabidiol	 NCT02255292	 Colorectal	 Phase 2	 Enhanced chemosensitivity
Nocodazole	 Investigational	 Leukemia	 Preclinical	 Targeting leukemia stem cells

Table 11. Strategies to Improve Benzimidazole Bioavailability

Strategy	 Mechanism	 Example

Lipid-Based Formulations	 Enhances solubility and absorption	 Albendazole-loaded liposomes
PEGylation	 Increases circulation time, reduces clearance	 PEGylated mebendazole
Prodrug Design	 Improves drug uptake and bioavailability	 Ester derivatives of benzimidazole
Cyclodextrin Complexation	 Enhances aqueous solubility	 β-Cyclodextrin inclusion complexes
Efflux Transporter Inhibitors	 Prevents drug efflux from cancer cells	 Co-administration with verapamil

Table 12. Nanocarrier Systems for Benzimidazole Delivery

Nanocarrier Type	 Advantages	 Example

Polymeric 	 Controlled drug release	 Albendazole-loaded PLGA nanoparticles
Nanoparticles
Liposomes	 Improved solubility and bioavailability	 Liposomal mebendazole
Dendrimers	 Precise drug targeting with minimal toxicity	 Polyamidoamine (PAMAM) dendrimer-
		  encapsulated benzimidazole
Gold 	 Enhanced tumor penetration and imaging	 Benzimidazole-functionalized 
Nanoparticles		  gold nanoparticles

suppression of angiogenesis; it is mostly used to treat 
parasitic infections. Similarly, the FDA-approved 
anthelmintic mebendazole alters microtubule 
dynamics, causing glioblastoma and other solid 
tumor cells to undergo mitotic arrest and apoptosis. 
This mechanism is being studied in clinical studies 
for these cancers and others. Nocodazole has been 
extensively utilized in laboratory studies for cell 
cycle research and cancer investigations due to 
its strong microtubule-disrupting activity. It is an 
experimental benzimidazole derivative.42,44

Synthetic Benzimidazole Derivatives with 
Anticancer Potential
	 Researchers have developed new 
benzimidazole compounds that are more selective 
and effective in their fight against cancer. Among 
them, 5,6-dimethylbenzimidazole derivatives have 
shown increased anticancer efficacy by enhancing 
their lipophilicity and cellular absorption, leading 
to greater cytotoxicity against breast and lung 
cancer cells. Benzimidazole-quinazoline hybrids 

have demonstrated encouraging outcomes in the 
fight against leukemia and ovarian cancer as a result 
of their ability to inhibit tubulin polymerization 
and topoisomerase simultaneously. Furthermore, 
nitrobenzimidazole compounds with nitro-
substituents are very selective for pancreatic and 
cervical cancer cells, and they improve DNA 
intercalation and apoptosis induction. The promise 
of structurally modified benzimidazoles in creating 
more effective and selective anticancer drugs is 
demonstrated by these developments.44,46

Preclinical Studies and in-vitro/in-vivo Models
	 Thorough in vivo  (animal-based) 
and in vitro (cell-based) investigations have 
been conducted to assess the cytotoxic effects, 
mechanism of action, and therapeutic potential 
of benzimidazole derivatives as part of their 
preclinical study. On numerous cancer cell lines, 
including MCF-7 (breast cancer), HCT-116 (colon 
cancer), A549 (lung cancer), and HeLa (cervical 
cancer), benzimidazole derivatives have been 
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investigated in vitro. Research has shown that they 
can suppress vital oncogenic signaling pathways 
like PI3K/AKT and MAPK, which are involved 
in tumor growth, as well as trigger apoptosis and 
microtubule assembly disruption. Benzimidazole 
derivatives, such as albendazole and mebendazole, 
considerably decrease tumor size, according 
to in vivo investigations employing xenograft 
models in mice. Additionally, benzimidazole has 
demonstrated extended survival in glioblastoma 
and pancreatic cancer models, demonstrating 
its promise as candidates for additional clinical 
testing.47,49 
Clinical Trials and Therapeutic Prospects
	 The efficacy and safety of various 
benzimidazole-based drugs are being evaluated 
in cancer patients through ongoing clinical trials. 
Preliminary data from a Phase 1 clinical trial 
evaluating mebendazole in combination with 
temozolomide for newly diagnosed high-grade 
gliomas (NCT02644291) indicate potential to 
improve survival outcomes and tumor control 
[Gallia et al., 2020]. Albendazole has shown 
promise in improving chemosensitivity and 
reducing tumor burden in colorectal cancer patients 
when combined with chemotherapy, as reported in 
a separate study (NCT02255292).
	 Additionally, nocodazole, a benzimidazole 
derivative used in research settings for its 
microtubule-disrupting activity, is under preclinical 
investigation for its ability to target leukemia 
stem cells and induce mitotic arrest. Repurposing 
FDA-approved benzimidazole medications for 
oncology presents an opportunity for cost-effective 
and accelerated drug development. However, key 
limitations, including low bioavailability and poor 
solubility, remain significant barriers and highlight 
the need for innovative formulation strategies to 
enhance therapeutic delivery and efficacy.50,52

Challenges  and Future Direct ions  in 
Benzimidazole-Based Drug Development
	 Poor bioavailability, drug resistance, 
structural constraints, and transport inefficiencies 
are some of the obstacles that have impeded the 
clinical success of benzoimidazole derivatives, 
despite their impressive potential as anticancer 
medicines.  Medicinal chemistry methods, drug 
delivery based on nanotechnology, and smart 
combination therapies can greatly increase 
the potential of benzimidazoles, even though 

some of them have already been tested in 
humans.  Improving cancer treatments based on 
benzimidazoles is a promising area for future 
research, especially in the areas of AI-driven drug 
discovery and new therapeutic targets 53,54.
	 The use of benzimidazole derivatives as 
an anticancer treatment has great promise, but there 
are still many obstacles to overcome.  An important 
concern is drug resistance, which occurs when 
cancer cells learn to evade therapy by modifying 
target proteins, increasing drug efflux, or activating 
alternate pathways.  This can only be solved by the 
use of combination therapies that attack numerous 
pathways at once and the creation of benzimidazole 
derivatives with new action mechanisms.  The 
overarching goal of these tactics is to increase the 
treatment’s effectiveness by reducing resistance55,56.
	 Managing toxicity and off-target effects 
is another major concern.  Improving safety 
profiles requires the development of benzimidazole 
compounds with enhanced cancer cell selectivity 
and reduced toxicity to healthy tissues.  New 
drug delivery technologies, like those based on 
nanoparticles and biomarker-driven targeting, 
can greatly improve treatment precision while 
decreasing side effects.  Improved treatment effects 
can be achieved through the clinical translation 
of benzimidazole-based anticancer medicines by 
tackling these difficulties through more selective 
drug design and enhanced delivery systems 57,58.
Issues of Bioavailability and Drug Resistance
	 A lack of water solubility, high lipophilicity, 
and restricted absorption in the gastrointestinal 
tract are common reasons why benzoimidazole 
derivatives have poor bioavailability.  Since the 
majority of benzimidazoles are taken orally, 
their low solubility means that they are not fully 
absorbed into the bloodstream, which means that 
greater doses are required to provide the same 
therapeutic effect.  Toxic and harmful effects are 
thus more likely to occur.  Drug efficacy is further 
diminished by fast metabolism and excretion 
from the body; so, novel approaches to enhancing 
pharmacokinetic characteristics are required.59, 60

	 The development of drug resistance 
diminishes the efficacy of benzimidazoles and 
other chemotherapeutic drugs in the long run 
when used to treat cancer.  Multiple pathways 
contribute to drug resistance in cancer cells, such 
as, a decrease in intracellular drug concentrations 
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occurs as a result of proteins like P-glycoprotein 
(P-gp) actively expelling the medication from the 
cancer cell.  Some benzimidazole derivatives work 
by disrupting microtubules; hence, changes in 
tubulin proteins can reduce drug binding and make 
these compounds useless.  Important pathways 
that aid cancer cells in avoiding cell death and 
decreasing the drug’s cytotoxic effect include 
PI3K/AKT/mTOR and NF-êB.  There have been 
various pharmacological strategies investigated 
for increasing bioavailability and overcoming drug 
resistance.61-63

Structure Optimization and Medicinal 
Chemistry Approaches
	 Developing prodrugs—chemically 
inactive compounds that are converted into active 
forms by the body’s metabolism—is a promising 
strategy for enhancing the bioavailability of 
benzimidazole. Prodrugs have the potential to 
improve gastrointestinal absorption, target cancer 
cells more efficiently, and overcome low water 
solubility. Benzimidazole prodrug derivatives, such 
as ester and phosphate, have recently attracted a 
lot of attention due to their better pharmacokinetic 
characteristics and continued anticancer efficacy. The 
production of hybrid compounds, which combine 
benzimidazole with different pharmacophores 
to increase anticancer effectiveness, is another 
novel approach to benzimidazole medication 
development. To combat leukemia and ovarian 
cancer, benzomidazole-quinazoline hybrids show 
dual suppression of topoisomerase and tubulin 
polymerization. Potentially useful for aggressive 
malignancies like glioblastoma and pancreatic 
cancer, benzomidazole-thiazole hybrids target 
critical kinases and cell cycle regulators.64, 65

Nanotechnology and Drug Delivery Systems for 
Benzimidazoles
	 Benzimidazole-based anticancer drugs 
can be delivered more effectively and with 
greater efficiency through the application of 
nanotechnology, which offers a transformational 
approach. There are a number of disadvantages 
associated with benzimidazoles, including their 
limited solubility, poor absorption, quick clearance, 
and systemic toxicity. Nanocarriers help alleviate 
these issues.66

Combination Therapy Strategies
	 Combinations using benzomidazoles 
and other chemotherapeutics have shown 

encouraging results. Combination medicines based 
on benzimidazoles improve treatment efficacy 
by aiming at numerous cellular pathways. Here 
are a few examples: Increases DNA damage and 
apoptosis in lung and ovarian cancers when used 
in conjunction with platinum-based drugs (such 
as cisplatin). When used in conjunction with 
kinase inhibitors, such as sorafenib, it inhibits 
the growth of hepatocellular carcinoma tumors. It 
aids in the overcoming of breast cancer patients’ 
multidrug resistance when used in conjunction with 
doxorubicin.67

Future Perspectives and Emerging Trends
	 The discovery of novel benzimidazole 
derivatives is being accelerated by the use of 
artificial intelligence (AI) and machine learning, 
which is transforming the drug discovery process. 
Computational methods, including machine 
learning models, enable the prediction of anticancer 
potential in novel chemical compounds. These tools 
play a crucial role in identifying highly effective 
benzimidazole analogues by simulating their 
interactions with biological targets. Additionally, 
they support de novo drug design to develop 
more selective and potent benzimidazole-based 
therapeutics.68 Benzimidazoles are showing 
promise in a variety of new medical contexts, 
such as: Investigating benzimidazoles as immune 
checkpoint modulators. Getting rid of cancer 
stem cells to stop tumors from coming back. 
Analyzing their function in inhibiting histone 
deacetylase (HDAC) for anti-cancer benefits. Poor 
bioavailability, drug resistance, and formulation 
constraints are critical issues that must be addressed 
if benzimidazoles are to fulfill their potential as 
cancer treatments. More effective benzimidazole 
derivatives of the next generation are on the way, 
thanks to developments in medicinal chemistry, 
nanotechnology, and AI-driven medication 
creation.69,70 Their therapeutic impact is further 
amplified by combination therapy tactics, and 
benzimidazoles may soon be positioned as a 
cornerstone in modern oncology according to 
ongoing research.70,72

Conclusion

	 Anticancer medication research is 
promising with benzimidazole derivatives showing 
considerable cytotoxic effects against many 



859Wagh & Kankate, Biosci., Biotech. Res. Asia,  Vol. 22(3), 849-863 (2025)

cancer types. Through tubulin polymerization 
suppression, DNA intercalation, topoisomerase 
inhibition, apoptosis induction, and kinase 
regulation, they decrease tumor development 
and spread. Albendazole and mebendazole, 
benzimidazole-based drugs, have shown therapeutic 
potential beyond anthelmintics in preclinical and 
clinical settings. They are promising, but poor 
bioavailability, fast metabolism, and drug resistance 
have prevented broad clinical use. Polymeric 
nanoparticles, liposomes, and dendrimers can 
improve benzimidazole solubility, stability, and 
tumor tissue delivery. Combination therapy with 
established chemotherapeutic drugs have improved 
patient outcomes and overcome drug resistance. 
Integrating AI with computational drug design to 
identify novel compounds with improved efficacy 
and reduced toxicity is the future of benzimidazole-
based anticancer medication development. Further 
study into immuno-oncology, cancer stem cell 
elimination, and epigenetic regulation could open 
up new clinical applications for benzimidazoles. 
To effectively utilize benzimidazoles in oncology, 
more research and clinical trials are needed given 
their promising preclinical and clinical results. 
Benzimidazoles will need more research into 
their pharmacological mechanisms, optimized 
drug formulations, and large-scale clinical trials 
to become effective and affordable anticancer 
treatments.
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