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Background: Cancer drug resistance significantly reduces the effectiveness of
current anticancer treatments. Multiple dysregulated signaling pathways drive
cancer initiation, progression, and related drug resistance. This highlights the
need for developing new multi-targeting drugs that are more cost-effective,
have fewer side effects, and remain effective against cancer. Drug repurposing
offers a promising solution to expensive targeted therapies and helps
overcome drug resistance. Mebendazole (MBZ), albendazole, flubendazole,
and oxfendazole are broad-spectrum anti-helminthic drugs from the
benzimidazole family.

Purpose: Therefore, MBZ demonstrated potential in suppressing the growth of
various cancer cells, both in vitro and in vivo. Consequently, we thoroughly
reviewed MBZ as a therapeutic option against cancer and related drug resistance.

Results and discussion: In this study, we identified MBZ as a promising cancer
treatment that works through multiple mechanisms such as regulating tumor
angiogenesis, autophagy, and apoptosis, modulating key signaling pathways,
boosting antitumor immune responses, and inhibiting matrix metalloproteinases
activity—all of which are major factors in cancer drug resistance. Additionally, the
development of new MBZ delivery systems aims to address its pharmacokinetic
limitations. While the anticancer effects of MBZ are encouraging, further researchis
needed before it can be used clinically.

Conclusion: Extensive data from in vitro, in vivo, and clinical trials support MBZ's
anticancer potential and highlight the need for innovative delivery methods,
including polymeric nanoparticles, nanostructured lipid formulations, micelles,
nanosuspensions, and beyond.

mebendazole, cancer drug resistance, drug repositioning, angiogenesis, apoptosis,
signaling pathways
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1 Introduction

Cancer is the uncontrolled development of unusual cells within
the body. Although cancer has long been identified, recent advances
paved the way for the treatment of cancer (Fakhri et al., 2022b). The
cancer treatment process is mainly based on developing methods for
elective surgery, radiation therapy, chemotherapy drugs, and
targeted therapies (Bold et al, 1997; Sawyers, 2004). Drug
resistance and cancer cell survival are critical issues in the
progression of cancer. So, overcoming this problem is one of the
major challenges in treating various cancers (Baghban et al., 2023).
This line reveals the detailed molecular mechanisms of cancer cell
survival, paving the way for the discovery of novel therapeutic
approaches in cancer treatment (Jacks and Weinberg, 2002).
Several molecular mechanisms, including microtubule disruption,
angiogenesis, apoptosis, autophagy, immune response, Hedgehog
signaling, matrix metalloproteinase (MMP), and other involved
signaling pathways, are essential for the survival of cancer cells
(Hein et al., 2014; Mutschelknaus et al., 2016; Das et al., 2018).

As a strategy for identifying novel therapeutic agents, drug
repositioning (finding new therapeutic uses for existing or old
drugs) has proven effective in discovering or developing new
therapeutic options (Pushpakom et al., 2019). Therefore, offering
a new approach with low toxicity, pre-clinical efficacy, and
pharmacokinetics that allow therapeutic concentrations at the
therapies,
affordability, and the potential to combat cancer drug resistance

tumor site, synergy with approved anticancer
makes it an ideal candidate for drug repurposing in cancer (Oprea
and Mestres, 2012; Sleire et al., 2017).

Benzimidazoles are heterocyclic and aromatic organic
compounds. They are bicyclic compounds formed by the fusion of
benzene and imidazole ring systems, which are essential
pharmacophores and privileged structures in medicinal chemistry.
Variations in the position of the benzimidazole ring (such as the
phenyl ring at positions 1 and 2) can be used to develop target-specific
derivatives. Mebendazole (MBZ, benzoyl + carbamate), albendazole
(thioether + carbamate), tiabendazole (thiazole ring), flubendazole,
and oxfendazole (phenylthio/sulfoxide chain) are broad-spectrum
anti-helminthic drugs in the benzimidazole family (Shrivastava
et al, 2017; Satija et al, 2022). Generally, benzimidazoles stop
parasitic cell growth by binding to tubulin subunits in the
parasite’s

polymerization (Pantziarka et al., 2014; Pinto et al., 2015). Among

intestinal  epithelium, which prevents tubulin
the benzimidazole family, MBZ is widely used worldwide to treat
helminthic diseases in humans. Additionally, several studies have
demonstrated that MBZ has a significant impact on the growth of
various cancer cells (Bai et al., 2011).

MBZ employs several mechanisms to target tumor cells in cancer
treatment. It inhibits the growth and proliferation of cancerous cells by
preventing microtubule formation (Mukhopadhyay et al., 2002; De
Witt et al, 2017). MBZ also suppresses tumor angiogenesis and
stimulates autophagy in cancer cells (Bai et al, 2015; Son et al,
2020). Additionally, MBZ triggers apoptosis in various cancer cell
lines by balancing apoptotic mediators such as B-cell leukemia/
lymphoma 2 (Bcl-2)/Bcl-2-associated X protein (Bax), tumor protein
p53 (p53), and X-linked apoptosis inhibitor (XIAP) (Son et al., 2020;
Chai et al., 2021). It also inhibits metastasis, reduces the formation and
size of primary tumors, and prevents liver and lung metastases
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(Choi et al,, 2021; Joe et al., 2022). MBZ induces the production of
reactive oxygen species and DNA damage in tumor cells (Petersen and
Baird, 2021). Moreover, MBZ, when combined with radiotherapy,
enhances the toxicity of natural killer cells and decreases cancer cell
transformation (Choi et al, 2022). It modulates several signaling
pathways critical to cancer progression, including Signal Transducer
and Activator of Transcription 1 and 2 (STAT1/2), E-26-like protein 1
(ELK1)/serum response factor (SRF), Activator protein-1 (AP1), and
c-myc proto-oncogene (MYC)/myc-associated factor X (MAX).
Additionally, MBZ boosts the efficacy of anticancer drugs such as
cisplatin (Zhang et al., 2017) and docetaxel (Rushworth et al., 2020).

In various studies on tumor cells, MBZ has shown multiple
effects. These
disruption, inhibition of tumor angiogenesis,
regulation of autophagy, apoptosis, and
attenuation of key signaling pathways in cancer cells, as

mechanisms that exhibit anticancer include
microtubule

suppression  of

described in the following sections. Several recent reviews have
highlighted the signaling pathways involved in cancer drug
resistance (Ward et al, 2021; Xiong et al., 2022; Fakhri et al,
2023; Dong et al,, 2024; Nunes et al., 2024; Yaylim et al., 2024).
Additionally, recent reviews point to the anticancer potential of
benzimidazoles (Son et al., 2020; Chai et al., 2021). However, in this
review, we focus on the mechanistically based anticancer activity of
MBZ. Since MBZ addresses multiple mechanisms of anticancer drug
resistance and appears to possess all the properties of an effective
2019), we conducted a
comprehensive review of its potential as a candidate therapeutic

anticancer drug (Guerini et al,

agent for cancer treatment. This is a novel, in-depth review of the
mechanistic repositioning of MBZ in cancer drug resistance,
highlighting innovative delivery systems.

1.1 The anticancer activity of MBZ in
combating drug resistance: mechanistic
approaches

Multiple mechanisms contribute to cancer drug resistance,
including increased expression of adenosine triphosphate (ATP)-
binding cassette (ABC) transporter-mediated drug extrusion [e.g.,
P-glycoprotein (P-gp/ABCB1)], breast cancer resistance protein
(BCRP/ABCG2), multidrug resistance protein 1 (MRP1/ABCCl),
impaired DNA repair, growth factor receptor (GFR) dysregulation,
inhibition of downstream cell death pathways, activation of survival
signaling pathways, altered drug metabolism, gene amplification,
transfer and expression of miRNAs, pre-existing or acquired tumor
cell heterogeneity—especially cancer stem-like cells (CSCs)—
fibrotic responses, hypoxia, and immune activation, as well as
dysregulation of interconnected inflammation, apoptosis, and
oxidative stress pathways (Fakhri et al., 2023). MBZ utilizes
several mechanisms of action to counteract cancer initiation,
These
microtubule disruption, induction of apoptosis, inhibition of

progression, metastasis, and resistance. include
angiogenesis, induction of autophagy, stimulation of antitumor

immune responses, and regulation of multiple signaling pathways.
1.1.1 Microtubule-disrupting activity

Microtubules serve as intracellular scaffolds, and cellular
functions largely rely on their unique polymerization dynamics.
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Additionally, dysfunction of the cytoskeleton causes intracellular
stress. Moreover, the disruption in the balance between tubulin
monomers and dimers, as well as microtubule polymers, can activate
signaling stress (Chai et al., 2021). Microtubule-stabilizing agents,
such as paclitaxel and docetaxel, and microtubule-destabilizing
agents, including vinblastine, vincristine, nocodazole, and
colchicine, are known to interfere with normal microtubule
functions, leading to cell cycle arrest at the G2-M phase (Jordan
and Wilson, 1998; Zhou and Giannakakou, 2005).

Several microtubule-targeting drugs have demonstrated
significant preclinical and clinical activity against tumor cells.
However, due to the toxicity of such drugs, their administration
has been limited (Zhang et al, 2020). The effects of MBZ on
mammalian tubulin were first demonstrated in a series of
published reports, which showed that it inhibits mitosis in the
cell cycle (Foster et al, 1987; Kamal et al, 2015). Structure-
activity relationship-based reports indicated that, unlike other
anticancer drugs, even high doses of MBZ are significantly safe
in humans when administered in clinical settings (Mudduluru et al.,
2016; Huang et al, 2021). In this context, a 10 mg/kg oral
administration of MBZ, administered for 5 days to mice, showed
no toxicity to the liver and kidneys, and had no adverse effects on
animal weight. Additionally, MBZ significantly inhibited the
transformation of tumoral cells at low doses (Choi et al., 2021).
MBZ demonstrated anticancer effects against vincristine in a glioma
mouse model. It also increased the survival of mice (Skibinski et al.,
2018), unlike vincristine (De Witt et al., 2017). MBZ mitigated the
adverse effects of standard anticancer therapies by adjusting and
reducing their doses and enhancing their effectiveness (Son et al.,
2020). Additionally, MBZ can exhibit greater sensitivity in tumor
cells compared to normal cells and show less toxicity compared to
anticancer drugs (Son et al, 2020; Meco et al,, 2023). From the
mechanistic pathway, MBZ stops the cell cycle at the G2-M interval,
which eventually leads to the apoptosis of cancer cells
(Mukhopadhyay et al., 2002). Some clinical studies have also
been done on the safety of MBZ (NCT01173562).

The binding site of MBZ to tubulin is similar to that of
colchicine. A large pocket surrounded by two strands of f-
tubulin sheets and two a-helixes (H7 and HS8) forms the
colchicine-binding site. Also, this region is covered by two loops
(BT7 and aT5) (Dorléans et al., 2009). Colchicine targets the (-
tubulin subunit of the microtubule and prevents the formation of a
straight structure. This may inhibit the assembly of microtubules by
MBZ (Ravelli et al., 2004; Dorléans et al., 2009).

Overall, MBZ demonstrated

activity, even at high doses, making it a potential anticancer agent.

safe microtubule-disrupting

1.1.2 Tumor angiogenesis

Angiogenesis inhibitors that target the vascular endothelial
growth factor (VEGF) signaling pathway demonstrate acceptable
therapeutic efficacy; however, tumors have been observed to exhibit
inherent resistance to anti-angiogenic agents in clinical studies
(Pietras et al., 2008). Vascular endothelial growth factor receptor-
2 (VEGFR2) is a functional receptor that mediates the majority of
VEGEF cellular responses. After VEGF binding, VEGFR2 undergoes
thus
pathways. Recently, clinical studies have demonstrated that MBZ

auto-phosphorylation, activating downstream  signaling

can be an effective treatment for cancer by inhibiting tumor
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angiogenesis (Bai et al., 2015). Accordingly, some studies showed
that MBZ can inhibit the auto-phosphorylation of VEGFR2
(Y1175), which in turn provides a binding site for phospholipase
C gamma (PLCy) and leads to the phosphorylation of extracellular
signal-regulated kinase 1/2 (ERK1/2) (Bai et al., 2015). Accordingly,
and due to the MBZ’s multi-targeting anticancer effects, its co-
administration with anti-angiogenic drugs results in synergistic
effects, overcoming resistance, and enhancing immune responses.

1.1.3 Autophagy

Autophagy is a physiological process in which the cell destroys
waste materials in the cytoplasm, such as old organelles, bacteria,
called
autophagosomes and combining them with lysosomes (Zhang
et al,, 2020). Autophagosome formation is initiated by class III

and viruses, by forming membrane structures

phosphoinositide 3-kinase (PI3K) and the primary regulator of
autophagy initiation, Beclin 1. Additionally, autophagy genes 5
(ATG5) and 7 (ATG7) play a crucial role as major proteins in
this process. The primary role of autophagy is to coordinate the cell’s
response to cellular stress, preventing apoptosis under certain
conditions while inducing cell death in other cellular conditions
(Kumar et al.,, 2022). Some angiogenesis inhibitors promote cell
survival by inducing autophagy, while other drugs induce cell death
(Kardideh et al., 2019). Flubendazole and MBZ are drugs that have a
similar structure and induce autophagy. Magnolol derivatives might
repress angiogenesis by activating autophagy and leading to cell
death, independent of apoptosis, in human umbilical vein
endothelial cells and PC-3 cells (Sung et al., 2019). Studies have
shown that autophagy inhibition reverses the anti-angiogenic
property of magnolol derivatives (Kumar et al., 2013).

Several studies have demonstrated that anti-angiogenic
inhibitors can enhance cell survival by inducing autophagy,
which may be effective in combating cancer cell resistance to
anti-angiogenic treatments (Belloni et al, 2010). For example,
endostatin is an angiogenic inhibitor that causes autophagy by
increasing Beclinl (Nguyen et al., 2009). As a result, it is possible
that MBZ could also lead to an autophagy process, repress
angiogenesis, and cause cell death independent of apoptosis
(Kumar et al.,, 2013). Other studies have shown that flubendazole,
a benzimidazole derivative, is a potent stimulator of autophagy. This
compound affects autophagy
Transcription factor EB (TFEB), mammalian target of rapamycin
(mTOR), (ATAT) by
inducing microtubule acetylation and disrupting dynamic

regulators, including Beclinl,

and a-tubulin N-acetyltransferase

microtubules (Chauhan et al., 2015). Furthermore, Sung et al.
showed that MBZ induces autophagy to protect the endothelial
cells (ECs) against cell death and interferes with the autophagy
response. The observed effect is an augmentation of the
inhibitory activity of MBZ on the behavior of endothelial
cells (Sung et al., 2019).

1.1.4 Apoptosis

The paucity of reaction towards a broad spectrum of anticancer
treatments suggests the existence of intricate mechanisms
underlying drug resistance. Numerous lines of evidence indicate
that abnormalities in the signaling cascades that facilitate
programmed cell death, also known as apoptotic pathways, may

have significant implications for the progression of malignant
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neoplasms (Kardideh et al., 2019). Reports have shown that the
proapoptotic and apoptotic inhibitor mediators [e.g., myeloid cell
leukemia 1 (Mcl-1), B-cell lymphoma-extra large (Bcl-XL), and Bcl-
2] could be candidate therapies for the treatment of cancers. There is
substantial evidence to suggest that MBZ exerts inhibitory effects on
cancer cell growth, particularly in the case of melanoma, by
triggering an apoptotic response (Son et al., 2020). The intrinsic
apoptotic response, mediated by Bcl-2 phosphorylation, occurs
with MBZ.
Phosphorylation of Bcl-2 in melanoma cells prevents it from

rapidly in melanoma cells after treatment
interacting with Bax, a pro-apoptotic protein, thereby causing
apoptosis. Melanocytes that resist MBZ have the potential to
increase sensitivity by reducing Bcl-2 protein levels, indicating
their indispensable involvement in the cellular response to MBZ-
induced disruption of tubulin (Doudican et al., 2008). MBZ could
also lead to p53 accumulation and cell cycle arrest in the G2-M stage,
resulting in time- and dose-dependent apoptosis. Additionally,
MBZ-mediated apoptosis could involve XIAP. XIAP is a protein
that potently prevents apoptosis by inhibiting caspases 3, 7, and 9
(Chai et al., 2021). Studies have also shown that increased
expression of XIAP led to the development of melanoma. The
investigation conducted on the impact of MBZ on human
melanoma cell lines M-14 and A-375 demonstrated that the
administration of MBZ resulted in a reduction of XIAP levels
Moreover, this reduction exhibited an inverse
with apoptosis, caspase
9 activation, and cleaved ADP-ribose polymerase (PARP)
markers (Hiscutt et al, 2010; Doudican et al, 2013). The

of MBZ

over time.

correlation escalated rates of

overall antiapoptotic ~mechanisms showed its

anticancer potential.

2 Regulation of effective signaling
pathways in cancer by MBZ

2.1 ERK signaling pathway

Mitogen-activated protein kinases (MAPKs) could be classified
into three prominent protein families, including the p38 proteins,
ERK, and stress-activated protein kinases/c-Jun N-terminal kinase
(SAPK/JNK). Furthermore, it should be noted that Ras, Raf, and
MAP-ERK kinase (MEK) are proteins with proximal positioning in
the ERK pathway (Fan and Chambers, 2001; Kim and Choi, 2010).
Studies have demonstrated that ERK plays a crucial role in cell
survival, activation, and differentiation. Andersson et al. have shown
that MBZ passed immune-modulating activity through the ERK
signaling pathway (Andersson et al., 2020). From the mechanistic
insight, MBZ makes a specific interaction with the tubulin structure.
It also generally binds to the colchicine-binding domain of tubulin;
however, such an effect has also been reported with other
inhibition of the dual
specificity ~ tyrosine-phosphorylation-regulated ~ kinase 1B
(DYRK1b) enzyme by marginal concentrations of MBZ may

benzimidazoles. Furthermore, the

trigger the activation of ERK. Consistently, MBZ strongly inhibits
BRAF8 in wild-type RAF cells, leading to inconsistent ERK
activation. Additionally, ataxia telangiectasia-mutated (ATM)
kinase inhibition effectively decreases the apoptosis induced by
MBZ in the zebrafish retina (Gao et al., 2013; Nygren et al., 2013).

Frontiers in Pharmacology

10.3389/fphar.2025.1631419

2.2 Hedgehog signaling pathway

The involvement of Hedgehog (Hh) signaling pathways in
several types of cancer renders them attractive targets for novel
anticancer agents. The Hh signaling pathway initiates through the
interaction between Hh ligands and the patched 1 (PTCHI)
receptor. In the absence of a bound ligand, PTCHI impedes the
initiation of Smoothened (SMO), a frizzled class receptor within the
primary cilium, which plays a crucial role in the transmission of
diverse chemical and mechanical signals. In the presence of a ligand,
PTCHI undergoes dissociation from the cilium. It instigates the
activation of downstream effectors, including the transcription
(GLI), in a
orchestrated by the activation of SMO. Genetic mutations in the
gene encoding PTCH1 or aberrations in the Hh signaling pathways

factor glioma-associated oncogene process

are frequently observed in numerous types of cancer (Yauch et al.,
2008; Guerini et al., 2019).

It has been demonstrated through empirical observation that the
activation of the Hh signaling pathway is evident in many gliomas,
melanomas, lung cancers, ovarian cancers, adrenal cancers, and
colon cancers, all of which respond to MBZ. Inhibition of primary
cilia formation, attenuation of downstream Hedgehog pathway
effectors’ expression, as well as reduction in the proliferation and
survival of human medulloblastoma cells, were accomplished
through the administration of MBZ. In addition, MBZ inhibited
the activation of SMO mutant proteins (Larsen et al., 2015; Jain et al.,
2020; Staedtke et al., 2020).

By regulating effective signaling pathways in cancer (e.g., ERK
and Hh), MBZ could potentially exhibit anticancer effects.

2.3 Inducing antitumor immune responses

Rapid innate immune responses to infection depend on pattern
recognition receptors produced by cells of the innate immune
system. These receptors identify molecules associated with
pathogenic agents. Because they are located in repetitive patterns
of pattern recognition receptors on the surface of professional
phagocytes such as dendritic cells, macrophages, and neutrophils,
they receive pathogens and deliver them to lysosomes for
destruction (Murray, 2017). Macrophages are divided into two
subtypes, M1 and M2. M1 macrophages exhibit anti-tumor
effects due to their phagocytic and antigen-presenting activity
and the production of Th-1 activating cytokines. On the other
hand, M2 macrophages promote cancer cell proliferation by
stimulating matrix remodeling, angiogenesis, and immune
tolerance (Aras and Zaidi, 2017). The regulatory function of
MBZ has been observed to regulate the transcription of specific
cytokine genes - notably tumor necrosis factor (TNF), interleukin 6
(IL-6), and 8 (IL-8) - that are associated with the M1 phenotype,
together with the expression of surface markers CD80 and CD86,
and T cell chemokines. In contrast, no alterations in the expression
of M2 markers were observed. Additionally, exposure to MBZ
resulted in the production of interleukin-1 (IL-1), while the
administration of other benzimidazoles had no discernible impact
on the release of IL-1. In line with this, it can be inferred that MBZ
can intensify the immune-stimulatory and anticancer properties of
anti-CD3/IL2-activated peripheral

blood mononuclear cells
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(PBMCs), thereby suggesting its potential contributions to the
anticancer mechanisms (Rubin et al., 2018).

Additionally, another effect of MBZ in inducing the antitumor
response is through the inhibition of DYRKIB, a mediator of
immune-modulating activity. Accordingly, DYRKI1B inhibition
could provide a limited role in the development of MBZ-induced
immune reactions. Therefore, the inhibitory effects of MBZ on
DYRKIB are implicated as a contributing aspect of the
that
M2 towards M1 macrophages, ultimately eliciting anticancer

mechanism of action prompts the polarization of

responses (Blom et al.,, 2019).

2.4 Suppressing matrix
metalloproteinase 2 activity

MMPs are the most critical gelatinases and are produced and
secreted by several cell lines, including fibroblasts, leukocytes, and
tumor cells. The expression of metalloproteinases is influenced by a
multitude of factors, including cytokines, growth factors, oncogenes,
intercellular interactions, and extracellular matrix components
(Mondal et al.,, 2020). MBZ significantly reduced the activity of
MMP-2 in different concentrations, while it was ineffective on the
activity of MMP-9 (Pinto et al., 2015).

2.5 MBZ combination with radiotherapy
against cancer

Several studies have provided evidence of the combined
application of MBZ and radiation in reducing cell growth and
angiogenesis, while increasing apoptosis in cancer cells (Guerini
et al,, 2019). A recent investigation has revealed that MBZ has the
potential to modify DNA damage response proteins, thereby
increasing the radiation sensitivity of cancer cells. In their study,
co-treatment with MBZ and radiation increased yH2AXI as a
marker of DNA damage in cancer cells. Overall, there is
suggestive that  the
administration of MBZ and radiation induces a synergistic

evidence to indicate simultaneous
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antagonism of the DNA damage response. Further investigations
are warranted to substantiate the assertion that MBZ and radiation
impede the development of microtubules, ultimately resulting in
DNA impairment within neoplastic cells (Skibinski et al., 2018).
Figure 1 presents the anticancer potential of MBZ.

3 MBZ against several cancer types:
preclinical evidence

3.1 Breast cancer

The management of triple-negative breast cancer (TNBC) poses
a challenge due to the lack of effective drugs. Accordingly, in an
in vitro study, Zhang et al. showed that 0.7 pM of MBZ effectively
increased the sensitivity of TNBC cells to radiation therapy. For this
purpose, cells of TNBC were administered a singular dose of MBZ
for 24 h before exposure to escalated levels of ionizing radiation. The
results showed that MBZ at all tested radiation doses on MDA-MB-
231 and SUMI159PT cells leads to a significant increase in radiation
sensitivity (Zhang et al., 2019).

In 2013, Coyne and colleagues evaluated the in vitro effectiveness
of MBZ on the cell line resistant to breast cancer (SKBr-3). Based on
the results, MBZ at a concentration of 0.5 uM decreased the survival of
cancer cells by 63.1% (Coyne et al, 2013). Additionally, the
combination of MBZ and methotrexate was evaluated to reduce
the survival of breast cancer cells. Their results showed that the
combination therapy of MBZ at doses of 1.5-100 uM and
methotrexate (0.5-100 uM) exhibited synergistic effects against
breast cancer cell lines (MDA-MB-231 and MCF-7) in an in vitro
study. Upon administering MBZ, the mean reduction in cell viability
for MCF-7 and MDA-MB-231 cells was found to be 81.3% and 66.8%,
respectively (Alam et al,, 2018).

3.2 Colon cancer

Chronic inflammation of the intestinal epithelium is a trigger
for colorectal cancer (CRC). Typically, the dysregulation of
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prostaglandin-endoperoxide synthase 2 (PTGS2 or COX2) and the
increased concentrations of prostaglandin E2 (PGE2) represent
that facilitate the
inflammation and tumorigenesis (Guerini et al., 2019). In addition,

pathophysiological —agents processes  of
VEGF/VEGFR2 pathways are activated during colon tumor
progression. Based on previous reports, an in vitro study on
platelets from people with colon cancer has shown that MBZ
exhibits anti-CRC clinical activity through tubulin disruption and
VEGFR2-mediated anti-angiogenic potential (Holler et al., 2012).
Williamson et al. confirmed that MBZ slowed down the growth of
colon cancer xenografts and might be used as a way to prevent cancer
in people who have a high chance of getting it. In a study conducted in
vivo, it was observed that administering 35 mg/kg MBZ in
combination with sulindac to ApcMin/+ mice resulted in a
significant reduction in the occurrence of polyps by 90% compared
to the group that received no treatment. Conversely, the use of
sulindac alone did not prove to be an efficacious measure in
preventing colon adenoma formation in ApcMin/+ mice. It may
even lead to tumor formation in the colon (Williamson et al., 2016). In
mice bearing colon cancer, MBZ significantly reduced the tumor
volume (1,177 + 1,109 mm?* P < 0.001) and tumor weight (2.30 +
1.97 g; P < 0.0001) compared to the negative control group (weight
1245 + 2.0 g volume 7,346 + 1077 mm®). Additionally, MBZ
increases mean survival time (MST) and the percentage of life
span (ILS) in the animal study (512% =+ 37% vs. 93%,
respectively). This study suggests that MBZ strongly and selectively
inhibits proliferation and induces apoptosis in colon cancer cells.

3.3 Gastric cancer

Gastric cancer ranks as the fourth most prevalent form of cancer
and the second principal cause of cancer-related mortality worldwide
(Jemal et al., 2011). Because gastric cancer is somewhat resistant to
current clinical treatments, there is still no proven evidence-based
treatment for such malignancy. The therapeutic approach for
individuals diagnosed with gastric cancer involves the utilization of
a treatment regimen consisting of 5-fluorouracil (5-FU)/cisplatin.;
however, the toxicity of 5-FU, which leads to myelosuppression and
gastrointestinal toxicity, may be a genuine and common issue for
numerous cancer patients (Al-Batran et al., 2004).

Accordingly, in an in vitro study, Pinto et al. detailed the impacts
of 5-FU combined with 0.15-20 uM of MBZ on a human ascites cell
line derived from a gastric cancer tumor. MBZ is orally available and
warrants further consideration as an anticancer agent due to its
favorable pharmacokinetics, potential to enhance efficacy, and the
significant safety profile of other drugs. Their finding demonstrated
that MBZ/5-FU inhibited the proliferation of the malignant ascites cell
line (i.e, AGP-01) derived from a primary intestinal-type gastric
cancer. Additionally, their study showed the disruption of
microtubule formation in AGP-01 cells treated with MBZ (Pinto
et al,, 2015).

3.4 Lung cancer
Non-small cell lung cancer (NSCLC) is the most frequent type of

lung cancer that, despite early diagnosis, has a poor chance of
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Due to
prescribed in more than 75% of patients with NSCLC. However,

treatment. systemic metastases, chemotherapy is
chemotherapy for such patients does not lead to improvement, even
with high-rate treatment (Sasaki et al., 2002). Therefore, targeting
molecular mediators sensitive to chemotherapy could be a
promising strategy for finding a cure for certain types of cancer.
Accordingly, tubulin, the major protein component of microtubules,
is of great importance.

Sasaki et al. showed that MBZ exhibits a moderate level of
spindle inhibition activity, yet it showcases a robust ability to combat
tumors effectively. According to the results of their study, 0.1 uM of
MBZ prevented the growth of human NSCLC in vitro. In this way,
treatment of A549 and H460 human NSCLC cell lines with MBZ
significantly suppressed cell proliferation. Moreover, MBZ induced
depolymerization of tubulin and inhibited the formation of the
normal spindle in NSCLC cells, resulting in mitotic arrest and
subsequently apoptosis (Sasaki et al, 2002). Overall, another
in vitro study demonstrated that a 0.165 pM dose of MBZ
inhibited lung cancer cell growth 5-fold compared to control
groups (Mukhopadhyay et al., 2002).

3.5 Medulloblastoma and glioma

In vivo studies showed that MBZ in doses of 25-50 mg/kg
(oral) could suppress the Hh pathway in the DAOY human
medulloblastoma cell line (Larsen et al., 2015). Additionally, Bai
et al. demonstrated that MBZ could act as an angiogenesis
inhibitor (50 mg/kg/day, administered orally in food) in the
D425 human medulloblastoma cell line and murine parental or
SMO-D477G mutated medulloblastoma (Bai et al., 2011). Another
study showed that MBZ, as a single drug and even through
synergistic effects with cisplatin, could result in the induction of
apoptosis to increase CAL27 and inhibit SCC15 cells (ICs, values
of 1.28 and 2.64 uM, respectively) (Zhang et al., 2017). De Witt
et al. examined the viability suppression of GL261 murine glioma
cells exposed to MBZ. Based on the results of their in vitro study,
MBZ led to the depolymerization of microtubules (132 nM)
followed by the induction of cell division arrest (192 nM) (De
Witt et al., 2017). Additionally, Markowitz et al. showed that
radiosensitization with MBZ (ECsq value of 35 nM) in murine
GL261 glioma cells could lead to widespread anticancer effects
in vitro (Markowitz et al., 2017).

3.6 Melanoma

XIAP is one of the most critical regulatory proteins for
apoptosis, as it prevents cell death by inhibiting caspases 3, 7,
and 9. Several investigations have demonstrated that enhanced
expression of XIAP is associated with advanced disease
progression stages in the context of melanoma (Daoud et al,
2022). Doudican et al. assessed the impact of MBZ on human
melanoma cell lines, specifically M-14 and A-375. The research
findings indicate that the utilization of MBZ resulted in a reduction
of XIAP levels. This decrease in XIAP levels demonstrated a
reciprocal relationship with the elevation of apoptotic markers,

specifically PARP and caspase-9. They also established an M-14
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TABLE 1 In vitro and in vivo anticancer effects of MBZ against several cancer types.

Cancer type

In vitro studies

In vivo studies

10.3389/fphar.2025.1631419

Mechanism/outcome

Breast 0.5 pM-100 uM; SUM159PT and MDA-MB- | 10 or 20 mg/kg, i.p., 5 days/week for 3 weeks = Increased the sensitivity to radiation therapy
231 TNBC cells Zhang et al. (2019) in mice Markowitz et al. (2017)
Sensitizing triple-negative breast cancer Synergistic effects with methotrexate Alam et al.
(SUM159PT human TNBC) cells to ionizing = (2018)
radiation Zhang et al. (2019)
Colon Less than 5 _uM; HT29, HCT-8 Reducing the number and size of tumor Cyclooxygenases 2 (COX2) inhibition Guerini
SW626, HCT 116, and RKO human colon polyps alone and the synergistic effect with et al. (2019)
cancer cells Nygren et al. (2013) sulindac; SW480 or HT29 human colon VEGFR2 phosphorylation Williamson et al. (2016)
cancer cells and mouse Williamson et al. Inhibition of VEGF/VEGFR2 Guerini et al. (2019)
(2016) Disruption of microtubule structure Peterson et al.
(2012)
Induction of anticancer activity in THP-1
monocyte Blom et al. (2019)
BCR-ABL and BRAF kinases inhibition Nygren
et al. (2013)
Gastric 0.15-20 uM; AGP-01ACP-02, ACP-03 human = Not reported MMP2 inhibitor
malignant ascites cell line derived from a Disruption of microtubule structure
primary gastric cancer tumor Pinto et al. Inhibition of invasion and migration Pinto et al.
(2015) (2015)
Lung 0.1 uM -A549, H1299, H460 Human Non- 0.4, 0.8, and 1 mg/mouse/oral/day; dose- Induction of p53, p21 expression, and apoptosis

Medulloblastoma and
Glioma

Melanoma

Small Cell Lung Cancer (Mukhopadhyay et al.,
2002)

132-192 nM
A panel of 10 glioblastoma cell lines Bai et al.
(2011)

0.5 pM-Human melanoma M-14 and A-375
Doudican et al. (2008)

1 umol/L M-14 and SK-Mel-19 chemoresistant
melanoma cell lines Doudican et al. (2008)

dependent inhibition of tumor growth;
H460 and A549 human lung cancer
Mukhopadhyay et al. (2002)

25 and 50 mg/kg/day/oral in mice

Reducing the growth of medulloblastoma cells
Larsen et al. (2015)

Increase in median survival time Larsen et al.
(2015)

50 and 100 mg/kg/day/oral in mouse (glioma)
Increase in median survival time De Witt et al.
(2017)

Not reported

Sasaki et al. (2002)

Induced depolymerization of tubulin

Inhibited the formation of normal spindle Larsen
et al. (2015)

VEGF and vascular cell adhesion protein

1 reduction Rubin et al. (2018)

Radiosensitization induction Markowitz et al.
(2017)

Angiogenesis inhibitor Bai et al. (2011)
Hedgehog signaling inhibitor Larsen et al. (2015)
Synergistic effects of cisplatin Zhang et al. (2017)

Induces apoptosis via Bcl-2 Inactivation and
decrease in XIAP levels Doudican et al. (2008)

Ovarian cancer

0.25 uM, human ovarian cancer
lines

OVCARSCR

SKOV3CR

SKOV3 and SKOV3CR

Not reported

Inhibited multiple cancer-related signal pathways,
including

ELK/SRF, MYC/MAX, E2F/DP1, and NF-kB;
induced cell apoptosis, suppressed cell
proliferation, and blunted tumor growth Huang
et al. (2021)

xenograft model to evaluate the anticancer effect of 1 and 2 mg/kg
doses of MBZ. MBZ inhibited tumor growth at the two doses tested
without toxicity (83% and 77% inhibition, respectively) (Hiscutt
et al., 2010; Doudican et al., 2013) (Table 1).

4 Clinical trials of MBZ in cancer

To date, various clinical trials have been conducted to investigate
the efficacy of MBZ as a potential treatment for cancer. In 2021, a
single-center dose-escalation study of MBZ was conducted in
24 patients (18 with glioblastomas and 6 with anaplastic gliomas)
in combination with temozolomide. The outcomes showed a mean
survival duration of 21 months, with 41.7% of patients remaining
alive at the end of 2 years, followed by 25% who survived at three and
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4 years. For seventeen patients taking more than 1 month of MBZ
from the date of diagnosis, median progression-free survival was
13.1 months (95% confidence interval [CI]: 8.8-14.6 months) but for
9.2 months (95% CI: 5.8-13.0 months) for seven patients received
less than 1 month of MBZ.

Finally, MBZ at doses up to 200 mg/kg showed long-term
safety and low toxicity (Gallia et al., 2021). During a Phase 2a
clinical study, MBZ (up to 4 g/day and a serum concentration of
300 ng/mL) was administered to patients with advanced
gastrointestinal cancer. In individuals with advanced cancer, the
personalized dosage of MBZ was characterized by a favorable
safety and tolerance profile (Mansoori et al, 2021). MBZ
(200 mg/day) was employed in individuals diagnosed with
high-grade glioma, who had recently begun undergoing
temozolomide treatment (NCT01729260). Other clinical studies
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have also demonstrated the safety of MBZ at doses of up to 500 mg/
day (NCT01173562). Other clinical trials are planned for recurrent
or progressive pediatric brain tumors, a dose of 500 mg/day
(NCT02644291), cirrhotic patients with advanced hepatocellular
carcinoma at the dose of 100 mg/twice a day (NCT04443049), and
the clinical safety and efficacy of MBZ in gastrointestinal cancer
(NCT03628079).

5 MBZ drug delivery systems

Since pharmacokinetic limitations are key determinants of
drug efficacy, new methods such as nanoformulation are being
applied to overcome these obstacles (Fakhri et al., 2022a). MBZ
has poor solubility and a disintegrating rate, thereby possessing
lower bioavailability, which limits its effectiveness. To address
these pharmacokinetic drawbacks, nanoformulations have
been provided (Gigliobianco et al., 2018; Patel et al., 2024;
Codina et al., 2025). In this way, MBZ conjugated with
N-(2-hydroxypropyl)methacrylamide (HPMA)-based polymer
carrier was shown to have anticancer impacts (Studenovsky
et al, 2021). In a study in 2022, MBZ-loaded folic acid-
targeted chitosan nanoparticles (CS-FA-MBZ) decreased the
number of hepatic cells that had been metastasized by murine
mammary carcinoma cells in female BALB/c mice. Folic acid is
used for the specific targeting of cancer cells due to their
overexpression of the folate receptor on their membranes
compared to normal cells. In addition, folic acid has the
potential to be directly attached to polymeric nanoparticles.
Additionally, CS-FA-MBZ showed the least adverse effect on
cells and demonstrated higher efficacy in treating 4T1 TNBC.
Also, CS-FA-MBZ exhibited suppressed impact on the growth of
breast tumor cells, preventing the generation of metastasis and
reducing the size of the tumor cells. This formulation also
reduced the adverse effects of MBZ, which causes a little
elevation in liver enzymes in TNBC BALB/c mice (Kefayat
et al., 2022).

In another study, MBZ in combination with 30% of squalene,
compritol 888 ATO, and pluronic F68 in sizes between 300 and
600 nm in the form of nanostructured lipid formulations (NLF)
particles, showed the best potential for loading MBZ in NLF and
have anticancer effects (Graves et al., 2015). In another study, the
electrochemical response of MBZ was evaluated using carbon
nanostructured modified glassy carbon electrodes, which had
It showed a better
voltammetric response of MBZ for the treatment of various
cancers (Ghalkhani et al., 2016).

MBZ nanosuspension demonstrated high

been modified with carbon nanotubes.

stability and
effectiveness in drug distribution via using the media milling
method in a well-plate setup and a glass-vial-based device in a
planetary mill (Van Eerdenbrugh et al., 2009). MBZ re-dispersible
microparticles (RDM) carried by low-substituted hydroxypropylcellulose
(L-HPC) showed improved solubility and a better distribution of the
drug in a murine model of infection with the nematode parasite
Trichinella spiralis.

MBZ-loaded mixed micelles (MBZ-loaded MMs) suppressed
the vascular endothelial growth factor, which plays a vital role in the
progression of endothelial cells in various cancers. They improved
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Major dysregulated signaling pathways involved in cancer drug
resistance.Akt, protein kinase B; ERK, extracellular signal-regulated
kinase; JAK, janus kinase; MAPKs, mitogen-activated protein kinases;
MEK, MAP-ERK kinase; mTOR, mammalian target of rapamycin;
MMPs, matrix metalloproteinases; PI3K, phosphoinositide 3-kinase;
RTK, receptor tyrosine kinase; STAT, signal transducer and activator of
transcription; TNF, tumor necrosis factor; VEGF, vascular endothelial
growth factor; VEGFR, vascular endothelial growth factor receptor.

the distribution of MBZ (Elmaaty et al., 2022). Overall, novel
delivery systems of MBZ could potentiate its therapeutic effects
against cancer.

6 Conclusion

In conclusion, in vitro, in vivo, and clinical trial data provided
ample evidence of the anticancer effect of MBZ treatment (Figure 1)
and its related role in preventing cancer drug resistance
mediators (Figure 2).

This low-cost drug, characterized by completely stable
pharmacokinetics and low toxicity (Son et al., 2020; Choi et al.,
2021; Meco et al., 2023), is a suitable and powerful option for drug
repositioning in cancer treatment, both alone and in combination
with existing standard therapies. However, other critical approaches
are also employed in oncology drug repositioning, including
molecular docking, genetic association, pathway mapping,
signature matching, retrospective clinical analysis, novel data
sources, phenotypic screening, and binding assays (Pushpakom
et al, 2019). In this study, we investigated MBZ in terms of its
cancer treatment mechanisms and its role in treating various cancers
through the regulation of tumor angiogenesis, autophagy, and
apoptosis, as well as the modulation of effective signaling
pathways, induction of antitumor immune responses, and
suppression of MMP2 activity. Such mechanisms are followed by
the main anticancer potential of MBZ on microtubule targeting.
Despite the similar mechanisms of MBZ and colchicine in targeting
microtubules, they exhibit distinct selectivity, cellular uptake, and
pharmacokinetics. Accordingly, possessing a higher volume of
distribution makes a multi-organ toxicity profile for colchicine

(Lu et al, 2012; Cai et al, 2025). Although we have now
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Anticancer mechanisms of MBZ and related therapeutic targets against cancer drug resistance. Akt, protein kinase B; Bax, Bcl-2-associated X
protein; Bcl-2, B-cell leukemia/lymphoma; ERK, extracellular signal-regulated kinase; HIF-1, hypoxia-inducible factor 1; ILs, interleukins, MAPKs,
mitogen-activated protein kinases; MMP, matrix metalloproteinase; mTOR, mammalian target of rapamycin; NF-«xB, nuclear factor kappa B; PI3K,
phosphoinositide 3-kinase; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth

factor receptor.

demonstrated diverse and interesting findings on the effects of MB
on various cancers, further research is needed in the future for its
clinical application (Figure 3).

The findings of the present review indicate that the practical
application of MBZ in anticancer treatments will expand. Further
understanding of the anticancer mechanisms of MBZ will pave the
way for identifying the novel clinical relevance of MBZ as an
anticancer agent. Prospective research avenues should encompass
comprehensive in vitro and in vivo investigations aimed at
elucidating the exact signaling pathways of MBZ, followed by
tightly regulated clinical trials. The proposed investigation seeks
to explore the potential anticancer properties of MBZ in the areas of
prophylaxis, mitigation, and therapeutic intervention for a diverse
range of malignancies. Despite the promising findings on MBZ
oncology repositioning, some challenges and limitations remained,
including poor solubility and a slow disintegrating rate, which
resulted in lower bioavailability. Furthermore, the variety of
resistance mechanisms and variability in response to different
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tumor types, due to differences in genetic profiles, tumor
microenvironments, and drug metabolism between patients,
about MBZ’s These
pharmacokinetic limitations urge the need to develop novel
formulations for MBZ, polymeric nanoparticles,
nanosuspensions, solid lipid nanoparticles, and micelles. To

raises concerns anticancer potential.

such as

address the limitations mentioned above, combination therapies
and patient-specific approaches will be critical for extrapolating
MBZ’s anticancer effects into clinical success.
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Glossary

Akt protein kinase B

AP1 activator protein-1

ATAT a-tubulin N-acetyl transferase
ATG5 autophagy gene 5

ATG?7 autophagy gene 7

ATM ataxia telangiectasia-mutated

Bax Bcl-2-associated X protein

Bdl-2 B-cell leukemia/lymphoma

Bd-XL B-cell lymphoma-extra large

CRC colorectal cancer

DYRKI1b  dual specificity tyrosine-phosphorylation-regulated kinase 1B
ECs endothelial cells

ELK1 E-26-like protein 1

ERK1/2 extracellular signal-regulated kinase 1/2
GLI glioma-associated oncogene

Hh Hedgehog

HIF-1 hypoxia-inducible factor 1

IL-6 interleukin 6

IL-8 interleukin 8

JAK Janus kinase

L-HPC low-substituted hydroxypropylcellulose
MAPKs mitogen-activated protein kinases
MAX myc-associated factor X

MBZ Mebendazole

MEK MAP-ERK kinase

MM mixed micelles

MMP matrix metalloproteinase

mTOR mammalian target of rapamycin
NF-kB nuclear factor kappa B

MYC c-myc proto-oncogene

NLF nanostructured lipid formulations
NSCLC Non-small cell lung cancer

p53 tumor protein p53

PARP ADP-ribose polymerase

PBMCs peripheral blood mononuclear cells
PGE2 prostaglandin E2

PI3K phosphoinositide 3-kinase

PLCy phospholipase C gamma

PTCH1 patched 1

PTGS2 prostaglandin-Endoperoxide Synthase 2
RDM re-dispersible microparticles

SMO smoothened
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STAT1/2

SRF

TFEB

TNBC

TNF

VEGF

VEGFR2

XIAP

10.3389/fphar.2025.1631419

signal transducer and activator of transcription 1 and 2
serum response factor

transcription factor EB

triple-negative breast cancer

tumor necrosis factor

vascular endothelial growth factor

vascular endothelial growth factor receptor-2

X-linked apoptosis inhibitor.
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