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Abstract Cancer is the second leading cause of mortality globally which remains a continuing threat to

human health today. Drug insensitivity and resistance are critical hurdles in cancer treatment; therefore,

the development of new entities targeting malignant cells is considered a high priority. Targeted therapy is

the cornerstone of precision medicine. The synthesis of benzimidazole has garnered the attention of me-

dicinal chemists and biologists due to its remarkable medicinal and pharmacological properties. Benz-

imidazole has a heterocyclic pharmacophore, which is an essential scaffold in drug and

pharmaceutical development. Multiple studies have demonstrated the bioactivities of benzimidazole

and its derivatives as potential anticancer therapeutics, either through targeting specific molecules or

non-gene-specific strategies. This review provides an update on the mechanism of actions of various

benzimidazole derivatives and the structure‒activity relationship from conventional anticancer to preci-

sion healthcare and from bench to clinics.
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1. Benzimidazole derivatives as anticancer agents
The rapid escalation of cancer incidence and the incremental
mortality rate have made cancer a global burden. The develop-
ment of tumour resistance, drug toxicities, cancer recurrence, and
the low success rate of drug development reaching clinical trials
are limiting factors that aggravate the challenges in cancer treat-
ment. One of the focuses on improving treatment efficacy and
survival rate of cancer patients is the search for new classes of
anticancer drugs. The traditional ‘one-size-fits-all’ approach using
conventional non-targeting agents is toxic to healthy cells and may
not benefit all patients. As cancer is a significant focus of the
precision medicine initiative, personalized therapeutic approaches
aimed to maximize outcomes based on individual variability in
genetic profile, lifestyle, and environmental factors are widely
gaining acceptance1. Therefore, targeted therapy provides the
foundation of precision medicine to allow tailored treatment tar-
geting specific oncogenic markers in cancers.

Among the anticancer drugs discovered in recent years, various
benzimidazole derivatives have gained attention in anticancer
agent development due to their diverse biological activities and
clinical applications. The unique core structure of benzimidazole
and its minimal toxicity property has made it an excellent scaffold
in anticancer drug development. Benzimidazole (also known as
1H-benzimidazole, 1,3-benzodiazole, benzoglyoxaline, iminazole,
and imidazole) is an aromatic organic compound that contains a
benzene ring fused to an imidazole ring at 4,5-position to form a
bicyclic ring2,3. Historically, benzimidazole (i.e., 2,6-
dimethylbenzimidazole) was first synthesized by Hoebrecker,
followed by Ladenberg and Wundt in the 1870s2. Benzimidazole
has a molecular weight of 118.14 g/mol and appears as white
tabular crystals. Benzimidazole contains a hydrogen atom
attached to nitrogen in the 1-position and can form a tautomer
upon interaction with aprotic solvents, such as water or the exis-
tence of more than one benzimidazole molecule2. Nonetheless,
substitution at position N will prohibit the tautomerism process3.
Benzimidazole is a weak base with a pK value at 5.3 and 12.3 for
pKa1 and pKa2, respectively

4. Therefore, the benzimidazole ring is
highly stable and can withstand extreme conditions such as being
heated under pressure up to 270 �C in a concentrated sulphuric
acid solution or vigorous treatment with hot hydrochloric acid or
with alkalis4.

Benzimidazole is an important biologically active heterocyclic
compound that serves as one of the top ten most frequently
employed five-membered nitrogen heterocycles among the US
Food and Drug Administration (FDA) approved drugs5. The
electron-rich nitrogen heterocycles of benzimidazole could readily
accept or donate protons and easily allow the formation of diverse
weak interactions, offering an advantage for it to bind with a broad
spectrum of therapeutic targets, thereby exhibiting wide-ranging
pharmacological activities6. Mounting evidence has reported a
vast pharmacological profile of benzimidazole and its derivatives,
substitution at the 1, 2, 5 and/or 6-positions, in multiple categories
of therapeutic agents with unique properties, including anti-
microbial7e10, anti-tuberculosis11e13, anti-viral14e16, anti-
ulcer17,18, anti-inflammatory19e21, anti-diabetic, anti-convul-
sant22,23, anti-hypertensive24, and anti-malarial25e27. There is also
increasing evidence highlighting the prospect of benzimidazole
derivatives as anticancer agents, particularly in the advancement
of precision medicine, which will be discussed in this review.

Benzimidazoles have a structure that resembles naturally
occurring purine nucleotides, which allows them to easily contact
the biopolymers within the living system28. The benzimidazole
pharmacophore can form hydrogen bonds, amide-ring and aro-
matic-ring interactions, hydrophobic interactions, van der Waals
forces, polar contact and pi-bonds with the targets (Table 1,
Fig. 1). Benzimidazole and its derivatives are reported to play key
roles as topoisomerase inhibitors, DNA intercalation and alkylat-
ing agents, androgen receptor antagonists, poly(ADP-ribose) po-
lymerase (PARP) inhibitors, protein kinase inhibitors,
dihydrofolate reductase inhibitors, and microtubule inhibitors29,30.
Benzimidazole derivatives have also been reported to act as
epigenetic regulators with demonstrated promising anticancer
activities31e34. Examples of benzimidazole-based drugs that have
gained approval clinically encompass Binimetinib (NCT04965818
and NCT03170206), Bendamustine (NCT04217317 and
NCT04510636), Selumetinib (NCT02768766), Abemaciclib
(NCT04003896 and NCT0404-0205), Veliparib (NCT02723864
and NCT01434316), Dovitinib (NCT01635907), Pracinostat
(NCT03848754), Galeterone (NCT-04098081) and Nazartinib
(NCT02335944 and NCT02108964)35. This review article sum-
marises the recent literature on benzimidazole derivatives exhib-
iting anticancer properties based on different mechanisms.

Available X-ray crystal structures with root-mean-square de-
viation (RMSD) � 2.5 Å from each category were selected for
analysis. In addition, ligandereceptor interactions between the
benzimidazole moiety and target receptors are presented based on
analyses from Protein Data Bank in Europe (PDBe) database
(Table 1, Fig. 1).

1.1. Traditional non-oncogene targeting anticancer agents

1.1.1. Topoisomerase inhibitors
DNA topoisomerase is an important ubiquitous enzyme associated
with genomic integrity involving DNA replication, transcription,
recombination, and chromatin remodelling36. Type I topoisomer-
ase (Topo I) cleaves only one strand of the DNA molecule. In
contrast, type II topoisomerase (Topo II) functions by cutting both
strands of the double-stranded DNA molecule37. Cells mainly
utilize this enzyme to maintain the chromosome segregation and
topology of DNA. In general, these topoisomerase inhibitors work
as catalytic inhibitors to suppress topoisomerase activity, to acti-
vate enzyme activity towards bona fide or surrogate substrate; or
convert topoisomerase into a toxic enzyme in the cells38,39. Much
effort has been channelled into developing topoisomerase in-
hibitors or topoisomerase poisons using the benzimidazole scaf-
fold in cancer cells. Therefore, targeting DNA topoisomerases to
prevent cancer replicative immortality has been one of the
research interests in anticancer drug development for several de-
cades (Fig. 2).

The flexible nature of the bis-benzimidazole ring allows the
high-affinity binding of its derivatives to the DNA, which leads to
the change in DNA conformation and inhibits the formation of the
cleavable complex40. Bielawski and colleagues have reported the
use of bis-benzimidazole derivatives with chloroalkyl and bro-
moalkyl moieties in developing the Topo I and Topo II inhibitors,
compounds 1e4. These compounds inhibit DNA synthesis by
interacting with the GC base pair at the DNAminor groove, leading
to the irreversible inhibition of proliferation in the MDA-MB-231
estrogen receptor-negative human breast cancer cells. The four
compounds 1e4 have been found to hamper the incorporation of
[3H]thymidine into the DNA at 48 � 2, 38 � 2, 25 � 3 and
17� 3 mmol/L, respectively, resulting in the reduction of theMDA-
MB-231 cell viability40. Oksuzoglu et al.41 have cleverly



Table 1 The interaction between the benzimidazole pharmacophore of compounds and respective target receptors.

Category PDB ID RMSD (Å) Compd. Receptor Interaction

DNA intercalation and

alkylating agents

2B3E 1.36 DBN DNA Hydrogen, polar, carbon‒pi, aromatic

453D 1.80 E96 DNA Van der Waals, hydrogen, polar, carbon‒pi,
piepi

1VZK 1.77 D1B DNA Van der Waals, hydrogen, polar, carbon‒pi,
piepi, aromatic

442D 1.60 IB DNA Van der Waals, hydrogen bond, polar,

carbon‒pi
PARP inhibitors 3KJD 1.95 78P PARP-2 Hydrogen, polar, carbon‒pi, piepi, donor‒

pi, amide-ring, hydrophobic

7AAC 1.59 78P PARP-1 Van der Waals, hydrogen, polar, carbon‒pi,
piepi, donor‒pi, amide-ring, aromatic,

hydrophobic

5WS1 1.90 7U9 PARP-1 Van der Waals, hydrogen, polar, carbon‒pi,
piepi, donor‒pi, amide ring, aromatic,

hydrophobic

6NRJ 1.65 KYJ PARP-1 Hydrogen, polar, carbon‒pi, donor‒pi,
aromatic, hydrophobic

Kinase inhibitors 1ZOH 1.81 K44 CK2 Van der Waals, hydrogen, polar, carbon‒pi,
methionine‒sulfur‒pi, hydrophobic

4KWP 1.25 EXX CK2 Van der Waals, hydrogen, polar, carbon‒pi,
methionine‒sulfur‒pi, hydrophobic

3H30 1.56 RFZ CK2 Van der Waals, hydrogen, polar, carbon‒pi,
methionine‒sulfur‒pi

4DSU 1.70 BZI GTPase KRas Hydrogen, polar, carbon‒pi
3DA6 2.00 BZ9 MAPK10 Van der Waals, hydrogen, polar, carbon‒pi,

methionine‒sulfur‒pi
3EWH 1.60 K11 VEGFR2 Polar, carbon‒pi
5KGD 1.98 6SL Ser/Thr protein

kinase Pim 1

Hydrogen, polar, carbon‒pi

Androgen receptor inhibitors 2YLO 2.5 YLO Androgen receptor Van der Waals, polar, carbon‒pi, piepi
4HLW 2.5 17W Androgen receptor Polar, piepi

Epigenetic modulators 7KBG 1.26 WBD HDAC2 Van der Waals, hydrogen, polar, piepi,
hydrophobic

6DQF 1.68 H61 KDM5A Van der Waals, hydrogen, polar, donor‒pi,
hydrophobic

5PHK 1.25 BZI KDM4D Van der Waals, hydrogen, polar, covalent,

hydrophobic

6G5X 1.78 MY7 KDM4A Van der Waals, hydrogen, carbon‒pi, piepi,
donor‒pi, cation‒pi, aromatic, covalent,

metal complex
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synthesized eighteen derivatives of 2,5-disubstituted-benzoxazole
and benzimidazolewith demonstrated Topo I and Topo II enzymatic
activities. Among the eighteen compounds, 2-phenoxymethylbe-
nzimidazole (compound 17) contained the benzimidazole moiety
and exhibited the most potency in inhibiting DNATopo I enzymatic
activities, with IC50 values at 14.1 mmol/L. MH1 is another potent
topoisomerase inhibitor, synthesis of 2,5-disubstituted benzimid-
azoles, that binds to DNA at the minor groove in leukemia cells
(Molt4 cells), inhibiting the conversion of supercoiled DNA to
circular DNA, leading to G2/M arrest and apoptosis42. Gao et al.43

synthesized a benzimidazole-acridine derivative, compound 8I,
with reported strong cytotoxic effects against K562 leukaemia and
HepG-2 hepatocellular carcinoma cells at 2.68 and 8.11 mmol/L,
respectively. This compound functions as Topo I inhibitor and
promotes cell death in K562 cells through the intrinsic apoptotic
pathway. In another study, Li et al.44 demonstrated a panel of
benzimidazole-rhodanine conjugates to possess strong anti-
proliferative activity against human lymphoma, acute leukaemia,
human cervical, breast, lung, and prostate cancer cells. Among the
35 synthesized benzimidazoleerhodanine conjugates, compounds
8g and 8j exhibited the best Topo II inhibitory activity at 10 mmol/L.
Compounds 8g and 8j act as non-intercalative Topo II inhibitors that
bind to the ATP-binding site of the Topo II enzyme to block the
enzymatic activity. The presence of the benzyl and electron donor
groups on the compound revealed a significant impact on Topo II
inhibitory activity.

1.1.2. DNA intercalation and alkylating agents
Protein-DNA binding interactions are implicated in various cancer
pathways and often require the direct or indirect contact of protein
at the major and/or minor grooves of DNA45,46. The interactions
play a significant role in DNA replication, gene transcription,
chromosomal packaging, and DNA repair47,48. However, the
interruption of protein-DNA interactions by the DNA intercalator
could alter the DNA conformation and the biological functions of
DNA-binding proteins such as transcription factors, topoisomer-
ase, polymerase and DNA repair proteins49. Therefore, DNA
intercalators are widely accepted in cancer chemotherapy50. Drugs
targeting protein-DNA interaction work either through covalent or
non-covalent binding51. The former involves metallointercalators
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Figure 1 Key interactions between the benzimidazole pharmacophore of benzimidazole derivatives and target receptors. Representative

structures illustrating key interactions between the benzimidazole moiety of various compounds with (a) kinases (PDB ID: 3DA6), (b) PARP

proteins (PDB ID: 7AAC), (c) androgen receptors (PDB ID: 2YLO), (d) epigenetic regulators (PDB ID: 7KBG) and (e) DNA (PDB ID: 1VZK).

Structures and interactions were obtained from the PDBe database and visualized using PyMOL 2.0 software. Receptors are presented as cartoons,

and residue side chains are presented as licorice according to the elements: oxygen is red, nitrogen is blue, and sulfur is yellow. Crystal waters are

presented as red spheres. Benzimidazole compounds are presented as green licorice.
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(e.g., cisplatin) which form a dual-inhibition mode (i.e., interca-
lation and metal coordination) that leads to irreversible binding
and ultimately induces cancer cell death. On the contrary, non-
covalent binding is reversible in which intercalation, groove
binding or electrostatic interactions take place between two
adjacent base pairs of duplex DNA, resulting in the inhibition of
nucleic acid synthesis and consequently impair cancer cell repli-
cation. The mechanism involved either intercalation, grooves
binding or electrostatic interactions47,50,52,53. Most benzimidazole
derivatives act as DNA minor groove binders (MGBs), particularly
at the AT-rich sequences (Fig. 3).

Yamori et al.52 have synthesized a compound known as MS-
247, (2-[[N-[1-methyl-2-[5-[N-[4-[N,N-bis(2-chloroethyl) amino]
phenyl]] carbamoyl]-1H-benzimidazol-2-yl] pyrrol-4-yl] carba-
moyl] ethyldimethylsulfonium di-p-toluenesulfonate) that exhibi-
ted antitumour activity in 39 cancer cell lines and 17 tumour
xenografts of the lung, colon, stomach, breast, and ovarian can-
cers. MS-247 consists of a netropsin-like moiety and an alkylating
residue in the structure to facilitate the DNA minor groove binding
and DNA alkylation properties, respectively. MS-247 attaches to
the AT-rich sites of the DNA minor groove to inhibit DNA syn-
thesis via the formation of DNAeDNA interstrand crosslinks
(ICL). This ultimately leads to cell cycle blockage at the G2/M
phase and apoptosis induction52,54.

Bisbenzimodazole compound 5, another widely studied DNA
MGB, is a symmetrical bis-benzimidazole, 2,20-di-[[(3,5-dimethyl-
4-methoxy)pyrid-2-yl]methylenethio]-5,50-bis-1H,10H-benzimid-
azole synthesized by Joubert et al.55 as a dimeric bis-benzimidazole
molecule that recognises ten base pair ([A‘T]4-[G‘C]-[A‘T]4 mo-
tifs) in the DNA sequence. Interestingly, it is less sensitive on the
human ovarian carcinoma cells (IC50 > 10 mmol/L range) as
compared to two other benzimidazole derivatives (IC50<<1 mmol/
L), which, however, displayed no known role as minor groove
binders and quick uptake by the tumour cell. The central nitrogen in
the eNþH(Me)‒ linker of compound 5 was predicted to have the
highest binding affinity towards the DNA B-helix. Compound 8 is
another bis-benzimidazole derivative with an omeprazole thioether
group connected to the 2-position benzimidazole, demonstrating
MGB function. Compound 8 exhibited cytotoxic effects on ovarian
cancer cells at IC50 Z 2.95 mmol/L but was least effective on cer-
vical and gastric cancer cells (IC50Z or> 50 mmol/L)56. Similarly,
Compound 16 with pyrid-4yl substitute that Yang and colleagues56

synthesized is another MGB also demonstrated a potent antitumour
effect at IC50 Z 2.81, 32.4 and 11.0 mmol/L on SKOV-3 ovarian,
HeLa cervical and BGC-823 gastric cancer cells respectively.

Bendamustine hydrochloride comprises a benzimidazole het-
erocyclic ring, mechlorethamine, N-substituted methyl group and
butyric acid substitution. The bendamustine compound can form
intra- and interstrand crosslinks between DNA bases, impede
DNA replication, deter transcription and repair, and disrupt the
DNA matrix function during DNA replication57. Bendamustine is
an alkylating agent which causes DNA breakage. It is more potent
than other DNA-alkylating agents such as cisplatin, cyclophos-
phamide, or carmustine, highlighting the role of the benzimid-
azole ring in enhancing the anticancer properties of bendamustine
compared to other conventional 2-chloroethylamine alkylators58.
In 2008, the US Food and Drug Administration (FDA) has
approved bendamustine hydrochloride (TREANDA�) as a DNA
alkylating agent targeting chronic lymphocytic leukaemia (CLL)
and B-cell non-Hodgkin’s lymphoma (NHL)57. The molecular



Figure 2 Benzimidazole derivatives as topoisomerase inhibitors.
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mechanism of Bendamustine in cancer includes the induction of
S-phase mitotic arrest, mitotic catastrophe and the activation of
p53-mediated apoptosis58. However, this drug may cause pyrexia,
nausea, and vomiting in CLL patients. In addition, headache, fa-
tigue, weight loss, vomiting, diarrhoea, pyrexia, rash, constipation,
anorexia, cough, dyspnea, and stomatitis were also commonly
observed in patients diagnosed with non-Hodgkin’s
lymphoma59,60.

The benzimidazole ring in synthesized compounds has been
shown to increase anticancer potency selectively in leukaemia61,62.
Compound 4f (NSC: 761982/1) uses bendamustine and chlor-
ambucil as templates. Compound 4f consists of a methylene linker
which joins the benzimidazole and oxadiazole. Compound 4f is
cytotoxic on leukaemia, melanoma, ovarian, prostate, breast, colon,
central nervous system, and non-small cell lung cancer cells63. The
presence of oxadiazole conjugate was found to enhance the anti-
proliferative effects compared to thiadiazole, triazolo-thiadiazines
and triazolo-thiadiazoles63. Compound 4c is a pyrrolobenzodiaze-
pine (PBD)-conjugated benzimidazole derivative that has demon-
strated remarkable DNA-binding affinity at GI50 value and potent
inhibition of cancer cell growth with concentration less than
10 nmol/L in the 60 cancer cell lines screen of NCI, comprising of
leukaemia, melanoma, lung, ovarian, colon, renal, breast, prostate,
and CNS cancers64. In 2013, Al-Mudaris and colleagues65 suc-
cessfully synthesized the benzyl vanillin (2-(benzyloxy)-3-
methoxybenzaldehyde) analogues, 2MP, 2-(2-benzyloxy-3-
methoxyphenyl)-1H-benzimidazole) and 2XP (N-1-(2-benzyloxy-
3-methoxybenzyl)-2-(2-benzyloxy-3-methoxyphenyl)-1H-benz-
imidazole), and screened them for anticancer potentials. The addi-
tion of benzimidazole moiety to the side chain has improved the
DNAbinding affinity, and enhanced the cytotoxic effect of 2MP and
2XP compared to their parent structure. However, the anticancer
activity was not shown in 2MP but in 2XP. In addition, 2XP
exhibited anti-proliferative capabilities towards HL60 leukaemia
cancer cells and induced G2/M phase cell cycle arrest and apoptosis
in these cells.

1.1.3. Microtubule inhibitors
Microtubules are major cytoskeleton components composed of a-
and b-tubulin subunits66. Microtubules help maintain cellular
shape development, motility, and facilitate cellecell communi-
cation, mitosis and cell division66. Hence, the dynamic instability
of microtubules would inevitably result in a continuous rapid
turnover, which is critical for mitosis67. Microtubule inhibitors,
also known as antimitotic drugs, function by suppressing the
spindle-microtubule dynamics, leading to the partial attachment of
microtubules to chromosomes at their kinetochores, and the
incomplete formation of metaphase spindles68. Treatment with
such inhibitors would arrest mitosis at the metaphaseeanaphase
transition and induce apoptotic cell death66,67,69. This strategy
has been successful with the employment of clinical drugs such as
paclitaxel and Vinca alkaloids in cancers such as Hodgkin and
non-Hodgkin lymphomas, breast, colon, cervical, ovarian and
testicular carcinoma69e71. However, toxicity and multidrug resis-
tance are limiting factors in the development of microtubule tar-
geting agents (MTAs)72. The paclitaxel site, Vinca and Colchicine
domains are the three main binding sites targeted by MTAs
through microtubule stabilization and destabilization66,72. The
benzimidazole derivatives function as a microtubule inhibitor are
summarized in Fig. 4.



Figure 3 Benzimidazole derivatives as DNA intercalation and alkylating agents.
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Methyl 2-(5-fluoro-2-hydroxyphenyl)-1H-benzo[d]imidazole-
5-carboxylate (MBIC) is a microtubule inhibitor that consists of 2-
hydroxyl and 5-fluoro substitution in the aryl ring, and a methyl
ester group giving a strong cytotoxic effect against breast cancer
cells73,74. The MBIC was reported to induce mitosis and stimu-
lates mitochondria-dependent intrinsic apoptotic cell death in
cervical cancer75. Cervical cancer cells treated with MBIC
exhibited G2-M phase arrest followed by cancer cell death. MBIC
Figure 4 Benzimidazole derivative
was also reported to inhibit microtubule polymerisation, through
the up-regulation of cyclin B1, cyclin-dependent kinase 1
(CDK1), and budding uninhibited by benzimidazole-related 1
(BubR1) proteins and down-regulation of the Aurora B protein,
indicating the occurrence of mitotic arrest. Besides, MBIC also
demonstrated cytotoxicity against a panel of hepatocellular car-
cinoma cells via reactive oxygen species (ROS)-mediated activa-
tion of the JNK signalling cascade76.
s used as microtubule inhibitors.
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Nocodazole (methyl [5-(2-thienylcarbonyl)-1H-benzimidazol-
2-yl]carbamate) functions as a tubulin destabiliser that disrupts the
microtubule formation in prometaphase cells and hampers the
ability of the microtubules to attach to the chromosome kineto-
chores, leading to cell cycle arrest, and eventually cell death77e79.
The benzimidazole core is substituted at position 2 by a
(methoxycarbonyl) amino group and position 5 by a 2-thienoyl
group. A study conducted by Blajeski and co-workers demon-
strated that selected breast cancer cells (i.e., MCF-7, MDA-MB-
231, MDA-MB-436, MDA-MB-453, HS0578T, SKBr3, and ZR-
75-10) to be susceptible to mitotic arrest when treated with
nocodazole. These breast cancer cells undergo p21-associated cell
cycle arrest at G1 and G2 phases post-treatment with 1 mmol/L
Nocodazole78.

Compound 5l is an imidazo[1,5-a]pyridine-benzimidazole
hybrid that showed significant cytotoxic activity against the 60
human cancer cell lines with GI50 values ranging from 0.43 to
7.73 mmol/L while displaying no cytotoxicity in normal human
embryonic kidney (HEK-293) cells80. The cytotoxic effects of
compound 5l on cancer cells are attributed to its binding pattern to
the colchicine binding site of the tubulin. The presence of the
methoxy phenyl group improved the binding affinity to the
colchicine binding site and further enhanced its antiproliferative
activity. Compound 5l binds to the colchicine binding site to
suppress tubulin polymerisation by 71.27% at the IC50 value of
1.71 mmol/L. This treatment concentration eventually resulted in
ROS production and mitochondrial-dependent cell death of MCF-
7 breast cancer cells. In addition, compound 5l also inhibits
tubulin polymerisation and the p13/AKT pathway to retard breast
tumour growth.

1.2. Target-specific modalities as the basis of precision
medicine

1.2.1. Kinase inhibitors
Kinases are enzymes that are imperative in mediating the execu-
tion of the signalling cascade in regulating molecular functions
and biological processes, including growth, proliferation, differ-
entiation, and apoptosis. The human kinome comprises approxi-
mately 535 protein kinases, which can be classified into tyrosine
kinases, serine/threonine kinases, and tyrosine kinase-like en-
zymes81. Tyrosine kinases (TKs) encompassed receptor tyrosine
kinases (RTKs) (e.g., EGFR, FGFR, PDGFR) and non-receptor
tyrosine kinases (NRTKs) (e.g., ABL, FBK, SRC). BRAF/MEK/
ERK, CDKs, PI3K/AKT/mTOR are serine/threonine kinases. In
living cells, a defect in cellular kinase phosphorylation can
eventually lead to the constitutive activation of kinases to promote
the development of malignancy and tumour progression81,82. The
benzimidazole scaffold has been widely employed as a template
for synthesizing kinase inhibitors (Fig. 5).

TIBI or 4,5,6,7-tetraiodobenzimidazole is an example of an
ATP-competitive inhibitor targeting protein kinase CK2 inhibitor
derived from 5,6-dichlorobenzimidazole 1-b-D-ribofuranoside
(DRB) scaffold83,84. The substitution of four iodine groups on the
benzene ring demonstrated a better binding affinity to the CK2
ATP-binding pocket than tetrabromo and tetrachloro substitutions,
which possess an IC50 value of 0.023 mmol/L83. Koronkiewicz and
colleagues85 have previously reported that TIBI exerted proapo-
ptotic and cytostatic effects on promyelocytic leukaemia cell line
through inhibition of CK2 activity. Inhibition of CK2 by TIBI was
then found to interfere with another protein kinase, Rio1, which is
highly expressed in glioblastoma cells84. The inhibition of CK2
has been reported to negatively affect the Rio1 atypical serine
kinase, resulting in the perturbation of ribosome biogenesis, cell
cycle progression, and chromosome maintenance84. The specific
interaction between Rio1 and CK2 resulted in the similar sus-
ceptibility of the two protein kinases to TIBI, creating another
cross-link between the enzymes.

Dovitinib ((3E)-4-amino-5-fluoro-3-[5-(4-methylpiperazine-1-
yl)-1,3-dihydrobenzimidazol-2-ylidene]quinolin-2-one), initially
known as CHIR-258 or TKI258, is an orally bioavailable lactate
salt of a benzimidazole-quinolinone compound which function as
a multitargeted growth factor receptor kinase inhibitor86. Dovo-
tinib binds to class III (FLT3/c-Kit) with IC50 of 1e2 nmol/L,
class IV (fibroblast growth factor receptor 3, FGFR1/3) and class
V (vascular endothelial growth factor receptor, VEGFR1‒4) re-
ceptor tyrosine kinases (RTKs) with IC50 of 8e13 nmol/L86,87.
Treatment of hepatocellular carcinoma (SK-HEP1) cells with
dovitinib resulted in G2/M phase arrest, inhibition of cell prolif-
eration, blockage of bFGF-induced cell motility, and promoted
apoptosis88. Furthermore, dovitinib potently suppressed lung
tumour growth, metastasis and significantly prolonged mouse
survival88. Besides, dovotinib was also found to hamper the
leukaemia K562 cancer cells growth by functioning as Topo I and
II inhibitors89. The FDA has recently approved Dovitinib in a
premarket approval application for a companion test in renal cell
carcinoma (RCC) patients90.

Selumetinib (ARRY-142886 or AZD6244) [6-(4-bromo-2-
chloro-phenylamino)-7-fluoro-3-methyl-3H-benzimidazole-5-
carboxylic acid (2-hydroxy-ethoxy)-amide], is a non-ATP-
competitive, mitogen-activated protein kinase (MEK) inhibitor
targeting MEK1 and MEK2 (IC₅₀ Z 14 nmol/L). The binding of
Selumetinib at the MEK1/2 allosteric inhibitor binding site dis-
rupts the interaction of both ATP and substrate and the assessment
of the ERK activation loop91,92. Selumetinib can inhibit oncogenic
downstream effects of the Raf-MEK-ERK signalling pathway,
demonstrating potent anticancer effects in vitro and in vivo, and is
currently under phase I and II trials for pancreatic cancer, mela-
noma, non-small cell lung cancer and differentiated thyroid can-
cer93e95. Although selumetinib has been investigated for the
treatment of several types of cancer, it is currently approved only
for the treatment of neurofibromatosis type 1 (NF1) in paediatric
patients �2 years who have symptomatic, inoperable plexiform
neurofibromas96.

Binimetinib [5-((4-bromo-2-fluorophenyl)amino)-4-fluoro-N-
(2-hydroxyethoxy)-1-methyl-1H-benzimidazole-6-carboxamide]
is another non-ATP-competitive, high selectivity inhibitor toward
MEK1/2 with IC50 at 12 nmol/L97,98. Remarkably, Binimetinib
was highly selective, thus no off-target inhibition was detected
across 220 other serine/threonine and tyrosine kinases97,98. Inhi-
bition of the MEK1/2 led to the suppression of ERK activity
which ultimately promoted cancer cell apoptosis and hampered
tumour growth in tumour xenograft97,99. Binimetinib gained
approval by the FDA in 2018 to be used in combination with
Encorafenib to treat metastatic cutaneous melanoma with the
BRAF V600E or V600K mutation98,100.

Abemaciclib [N-[5-[(4-ethylpiperazin-1-yl)methyl]-pyridin-2-
yl]-N0-[5-fluoro-4-(7-fluoro-2-methyl-3-methylethyl-3H-benzimi-
dazol-5-yl)-pyrimidin-2-yl]-amine] is a cyclin-dependent kinase
(CDK) inhibitor that has gained the FDA approval to be used as an
adjuvant with endocrine therapy to treat breast cancers101. Abe-
maciclib selectively targets CDK4 (IC50: 2 nmol/L) and CDK6
(IC50:10 nmol/L) and is competitively bound to the ATP binding
site of the enzymes102. Inhibition of CDK4/6 suppressed Rb
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phosphorylation, led to G1 arrest, and impeded cancer cell
proliferation103.

Nazartinib [EGF816; (R,E )-N-(7-chloro-1-(1-[4-(dimethyla-
mino)but-2-enoyl]azepan-3-yl)-1H-benzo[d]imidazole-2-yl)-2-
methylisonicotinamide] is a third-generation, irreversible, mutant-
selective EGFR TKI that potently targets EGFR-activating muta-
tions104. Nazartinib comprises dimethylamino crotonamide, which
is known as the optimal group for a number of covalent pan-EGFR
inhibitors, a racemic 3-substituted azepane linker, and a chloro
substituent at the benzene ring of the benzimidazole nucleus
contribute to the better solubility, oral bioavailability, selectivity
and high affinity towards EFGR105. Nazartinib suppresses the
EGFR signalling and MAPK pathway, promoting cell cycle arrest
and apoptosis and tumour regression in xenograft models106.
Nazartinib is currently under phase I/II clinical trial in patients
with EGFR-mutant non-small-cell lung carcinoma104.

Compound 56q (CPL304110) was identified as a selective and
potent pan-FGFR inhibitor for FGFR1, 2, 3 with IC50 of 0.75,
0.50, 3.05 nmol/L respectively, whereas IC50 of 87.90 nmol/L for
FGFR4. Due to its favourable pharmacokinetic profile, low
toxicity and potent antitumour activity in vivo, compound 56q is
currently under evaluation in phase I clinical trial for the treatment
of bladder, gastric and squamous cell lung cancers (01FGFR2018;
NCT04149691)107. Compound 12n is a 6,7-dimethoxy-N-(2-
phenyl-1H-benzo[d]imidazole-6-yl)quinolin-4-amine derivatives
with para-tert-butyl substituent to the phenyl ring, targeting the c-
Met tyrosine kinase with an IC50 value of 0.030 � 0.008 mmol/L.
Their findings suggested the substituent with lipophilic properties
favours the inhibitory activity due to the ability to form a hy-
drophobic interaction with c-Met kinase. The anticancer potential
of compound 12n is also well demonstrated in A549 non-small
cell lung, MCF-7 breast, and MKN-45 stomach cancer cells at
IC50 concentrations of 7.3 � 1.0, 6.1 � 0.6, and 13.4 � 0.5 mmol/
L respectively108. Compounds 18 and 27 are rapidly accelerated
fibrosarcoma (RAF) kinase inhibitors, with the reported IC50

values of 0.002 and 0.014 mmol/L against the B-RAFV600Eonco-
genic protein is strikingly elevated in skin and colon cancers109.
The RAF oncogene positively correlates with cancer cellular
processes, including proliferation, invasion, metastasis and cell
survival. Both compounds can inhibit the proliferation of the
SK-MEL-28 melanoma cells harbouring the B-RAFV600E pro-
teins (half-maximal effective concentration, EC50 Z 4.6 and
2.3 mmol/L) to consequently inhibit the phosphorylation of
extracellular-signal-regulated kinase (ERK). Both compounds 18
and 27 possess a methyl group at the benzimidazole NH but varied
in the substituent at the R2 position (4-bromo substituent in
compound 18, whereas 3-(4-pyridyl) in compound 27)109.
Ramurthy and colleagues demonstrated the presence of methyl
group at benzimidazole NH to enhance the binding affinity to-
wards RAF kinase compared to the unmethylated analogous. In
this study, compound 27 demonstrated significant impediment of
the ERK pathway, particularly in B-RAFV600E in HT29 colon
mouse tumour xenograft model with an oral administration of 30
and 100 (mg/kg)/day for 28 days. However, significant body
weight loss was observed as a notable side effect at a high dosage
(100 mg/kg/day)109.

Compound 5a (2-chloro-N-(2-p-tolyl-1H-benzo[d]imidazole-
5-yl)acetamide) is a 2-aryl benzimidazole which is known as a
multi-target RTK inhibitor against EGFR, VEGFR-2 and
PDGFR110. The presence of Part II: new candidates of pyrazole‒
benzimidazole conjugates as checkpoint kinase 2 (CHK2) in-
hibitors. In a separate study by Chu and colleagues111, compound
5a was reported to block the erythroblastic leukaemia viral
oncogene homologue (ErbB) full family of transmembrane re-
ceptor tyrosine kinases (RTKs). These RTKs include the
epidermal growth factor receptor (EGFR) and human epidermal
growth factor receptor 2 (HER2), which are markedly over-
expressed in breast cancer. In addition, compound 5a also upre-
gulates the death receptor 5 (DR5) through the activation of the c-
Jun N-terminal kinase (JNK) signalling pathway in EGFR-
positive, HER2-positive and EGFR/HER2-double-negative breast
cancer cells (i.e., MDA-MB-468, BT-549, MDA-MB-231,
HCC1937, T-47D, BT-474, MDA-MB-453, ZR-75-1 and MCF-
7 cells). Inhibition of the EFGR and HER2 expression may sub-
sequently obstruct the downstream activation of PI3K/AKT and
MEK/ERK pathways. Conversely, the activation of DR5 protein
expression resulted in breast cancer cell death111. Compound 8d
with carbamoylhydrazone substituent was another candidate from
the library of benzimidazole derivatives synthesized by Galal
et al.112, acting as a checkpoint kinase 2 (CHK2) inhibitor to
inhibit the cell cycle progression in ER þ MCF7 breast, HeLa
cervical, HepG2 hepatocellular cancer cell lines. In addition, the
compound 8d significantly shifted the cell cycle distribution from
8% in the S phase to 51% in the G2/M phase when used in
combination with doxorubicin in a breast cancer model, indicating
its potency as a cytostatic agent. However, compound 8d dis-
played toxicity in vitro and in vivo and showed a median lethal
dose (MD50) at 500 mg/kg body weight in mice.

The 1,2,3-triazolyl linked 2-aryl benzimidazole derivatives,
compounds 10c (p-chlorophenyl-substituted 1,2,3-triazolyl
N-isopropylamidine) and 11f (benzyl-substituted 1,2,3-triazolyl
imidazoline) demonstrated remarkable anti-proliferative activ-
ity and induced apoptosis and primary necrosis in non-small cell
lung cancer (A549) cells at IC50 concentrations: 0.05 and
0.07 mmol/L113. The 1,2,3-triazolyl demonstrated a high binding
affinity towards different kinases and its combination with
benzimidazole increased the cytostatic selectivity against non-
small cell lung cancer cells. The substituent of imidazoline in
compound 11f demonstrated better proliferative activity than the
amidine substituent in compound 10c. The presence of PhOCH2

linker contributes to the high selectivity towards A549 cells and
increased activity on CFPAC-1 and HeLa cells. Moreover, the
p-substitution with ClPh further enhanced the potency of com-
pound 10c towards A549 cells. Nevertheless, both compounds
showed a remarkable reduction of sphingosine kinase 1 (SK1)
and p38 mitogen-activated protein kinase (p38 MAPK) proteins
expressed in abundance in lung carcinoma. Besides, compound
11f also downregulated the cyclin-dependent kinase 9 (CDK9)
protein expression, delineating its function in cell cycle arrest. In
silico study further confirmed their inhibition activity against
p38 MAPK activities113.

1.2.2. Poly(ADP-ribose) polymerase-1 (PARP-1) inhibitors
Poly(ADP-ribose) polymerase-1 (PARP-1), also known as
poly(ADP-ribose) synthetase or poly(ADP-ribose) transferase, is a
nuclear enzyme with a crucial role in executing an immediate
DNA damage response (DDR) to DNA damage and promoting
DNA repair. DNA damage is classified as single-strand breaks or
double-strand breaks. If these damages are not repaired, chronic
DDR signalling may trigger cancer cell death or cellular senes-
cence114. Cancers of the liver, breast, skin, lung, and ovary have
been reported to rely on PARP-mediated DNA repair for sur-
vival115. PARP-mediated DDR includes base excision repair
(BER), mismatch repair (MMR), nucleotide excision repair
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(NER), non-homologous end joining (NHEJ) or homologous
recombination (HR)116e118. PARP maintains genome integrity and
facilitates cell survival119. Inhibition of PARP-1 results in
genomic instability and accumulation of damaged cells in cell
cycle arrest, eventually leading to apoptosis119. Synthetic lethality
(SL) refers to cell death due to simultaneous deficiencies in
expressing two or more genes120. SL has been detected in HR-
deficient cancer cells bearing defective DDR upon inhibition of
PARP115. SL can also transpire as a consequence of gene pertur-
bation using small molecule inhibitors. For instance, PARP in-
hibitor has been shown to induce synthetic lethality in HR-
deficient breast cancer cells harbouring the BRCA1 and BRCA2
gene mutations by exploiting the defect in DNA repair machinery
in these cells. The PARP inhibitors with benzimidazole moiety are
illustrated in Fig. 6.

Many commercially available PARP inhibitors, including Ola-
parib, Rucaparib, Niraparib, Veliparib, and Talazoparib, are being
studied in various cancer clinical trials121,122. Among them, Rucu-
parib and Veliparib are benzimidazole carboxamide-derived PARP
inhibitors. The benzimidazole-carboxamide scaffold provides an
advantage with its low molecular weight and high intrinsic potency
towards the active binding site of PARP by forming hydrogen bonds
and p-stacking interactions with the nicotinamide binding site of
PARP-1121,123. Rucaparib (Rubraca™) is a tricyclic benzimidazole
carboxamide derivative targeting PARP-1, -2, and -3 with IC50 of
0.8, 0.5 and 28 nmol/L respectively124,125. Rucaparib is the first
PARP inhibitor tested in clinical trials, having entered phase III trial
on solid tumour124,126e128. The FDA has approved it129 and the
European Medicine Agency (EMA)130 to be used as a therapeutic
agent to treat ovarian, fallopian tube, and peritoneal cancers, as well
as advanced solid tumours with evidence of germline or somatic
BRCA mutation. Veliparib (2-[(R)-2-methylpyrrolidin-2-yl]-1H-
benzimidazole-4-carboxamide) has an inhibitory constant of 5.2
and 2.9 nmol/L against PARP-1 and PARP-2 respectively131.
Figure 6 Benzimidazole deriva
Veliparib has been tested preclinically in combination with temo-
zolomide in a panel of tumours, including lymphoma, glioma,
melanoma, colon, breast, ovarian, lung, prostate and pancreatic
cancers132. Remarkably, the study revealed significant inhibition of
PARP in all xenograft tumours. Veliparib is currently in phase II and
phase III clinical trials for breast, lung, prostate, glioma, pancreatic,
colorectal and ovarian cancers131. The relatively low molecular
weight and high intrinsic potency of Veliparib have made it attrac-
tive in cancer therapy121. However, Veliparib exhibits the least po-
tency to trap PARP-1 on DNA with relatively low cytotoxic and
reduced stability of PARP‒DNA complexes in cancer cells as
compared to other PARP-1 inhibitors used in the clinics
(Talazoparib >> Olaparib Z Rucaparib >> Veliparib)133,134.

Compounds 5cj and 5cp, also known as 2-(1-(3-
(4-chloroxyphenyl)-3-oxo-propyl)pyrrolidine-3-yl)-1H-benzo[d]
imidazole-4-carboxamide, are PARP inhibitor synthesized using
Veliparib as a template with substitution of alkyl side chain with
an aromatic ring attached to the nitrogen atom in the five-member
cyclic amine, and a phenyl group attached to the terminal of the
side chain with the purpose to improve membrane permeability.
Both compounds 5cj and 5cp displayed an inhibition potency with
IC50 values at 3.9 and 3.6 nmol/L for PARP-1 as well as 4.2 and
3.2 nmol/L for PARP-2, respectively. These two compounds have
demonstrated better cytotoxicity against breast and pancreatic
cancer cells as compared to Veliparib and Olaparib121. The IC50 of
compound 5cj towards MDA-MB-436 breast and CAPAN-1
pancreatic cancer cells are at 17.4 and 11.4 mmol/L, respec-
tively. On the other hand, compound 5cj displayed an IC50 of 19.8
and 15.5 mmol/L against the breast and pancreatic cancer cell
lines121. In an elegant study, Lee et al.123, reported compound 24,
with an oxadiazole moiety at the 2-phenyl group of benzimidazole
scaffold, inhibits H2O2-induced poly(ADP-ribosyl)ation in C-41
cervical carcinoma cells (EC50 Z 3.7 nmol/L) and exhibits an
excellent in vivo oral efficacy in the B16F10 murine melanoma
tives used as PARP inhibitor.
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model. Compound 27 (6-fluoro-2-(4,5,6,7-tetrahydrothieno[2,3-c]
pyridin-2-yl)-1H-benzo[d]imidazole-4-carboxamide) which con-
tains a 4,5,6,7-tetrahydrothienopyridin-2-yl moiety and a methyl
group at N1 of benzimidazole core, revealed better potency
against PARP-1 and PARP-2 with the IC50 of 18 and 42 nmol/L
respectively compared to other analogues135. Compound 27 was
cytotoxic towards cells harbouring BRCA2 mutants with an IC50

of 0.92 mmol/L, and significantly impeded tumour growth in the
BRCA-1-mutated MDA-MB-436 breast xenograft tumour model.

1.2.3. Androgen receptor (AR) antagonists
Androgen receptor (AR) is also known as nuclear receptor sub-
family 3, group C, member 4 (NR3C4). It belongs to the steroid
receptor family that plays an essential role in regulating gene
transcription in response to testosterone and dihydrotestosterone
(DHT) binding136. AR is a critical prognostic marker used
commonly for diagnosing breast and prostate cancers. Approxi-
mately 53%e99% of breast cancer137 and 80%e90% of prostate
cancer138 have been reported to depend on AR for tumour initi-
ation and progression. Increased expression of AR proteins is also
associated with poor response to endocrine treatment139. AR has
many vital functions, including the stimulation of prostate-specific
antigen (PSA) secretion, regulation of lipid metabolism, and
growth promotion of castration-resistant prostate cancer
(CRPC)140. AR antagonists that disrupt the AR/SRC association
can activate the human epidermal growth factor receptor (i.e.,
HER2, HER3) or phosphoinositide 3-kinase (PI3K), to inhibit
androgen-induced cell proliferation in breast cancer141. ARs pro-
vide excellent therapeutic targets in managing estrogen receptor-
positive breast cancer to prevent recurrence and spread141. How-
ever, very little is known about the use of benzimidazole-derived
AR antagonists to treat cancer; hence this opens a new avenue for
further investigation. Below are some benzimidazole derivatives
employed in cancer research (Fig. 7).

Galeterone (3b-hydroxy-17-(1H-benzimidazole-1-yl)androsta-
5,16-diene) functions by blocking androgen binding to AR.
Galeterone, formerly known as VN/124-1, has shown that the
presence of benzimidazole moieties in the steroidal C-17 ben-
zoazoles structure enhanced the antagonist effect against
AR142,143. The anticancer effect is orchestrated through CYP17
lyase inhibition, AR antagonism, or induction of AR degradation
Figure 7 Benzimidazole derivatives used as androgen receptor

antagonist.
which in turn disrupts androgen signalling144,145. Galeterone
specifically targets two highly homologous deubiquitinating en-
zymes (i.e., USP12 and USP46). Both enzymes are implicated in
the positive regulation of the AR-AKT-MDM2-p53 signalling
pathway. Interestingly, treatment with Galeterone can effectively
inhibit cancer cell growth in androgen-sensitive,androgen-
independent anti-androgen resistant and androgen-negative pros-
tate cancer cell lines145. With an IC50 value of 384 nmol/L in
human prostate PC3AR cells, Galeterone significantly inhibited
the growth of androgen-dependent LAPC4 human prostate tumour
xenograft142. Galeterone was previously investigated in phase III
clinical trials to investigate its efficacy in cancer patients with
splice variant 7 (AR-V7) demonstrated resistance to AR treat-
ment146,147. Regrettably, the primary endpoint of radiographic
progression-free survival was not met, demonstrating a lack of
clinically meaningful benefits to the patients; hence the trial was
terminated by the Data Safety Monitoring Board148.

Munuganti et al.149 have synthesized a series of 2-((2-
phenoxyethyl)thio)-1H-benzimidazole and 2-((2-phenoxyethyl)
thio)-1H-indole, compound 32, that target the binding function 3
(BF3) protein in AR. Compound 32 is a BF3-specific inhibitor
with the corresponding IC50 of 4.2 mmol/L, which causes a
conformation change in the BF3 receptor. The sulphur atom in
compound 32 is essential for the binding to AR receptor and
inhibitory activity. The replacement of sulphur atom with other
atoms such as nitrogen, carbon, sulfinyl, and sulfonyl has reduced
activity and binding affinity. Besides, the presence of a methyl
group at the meta-position of benzene rings enhances the ligand
binding by forming a hydrophobic interaction with BF3. Com-
pound 32 decreased prostate-specific antigen (PSA) levels in
LNCaP and Enzalutamide-resistant pancreatic cancer cells and
Enzalutamide-resistant cell line with the reported IC50 of
4.3 mmol/L149. Compound 1 (5,6-dichloro-benzimidazole de-
rivatives) is a hydroxyl analogue with trifluoromethyl group
having demonstrated antagonistic effect in rat prostate xenograft
model with ID50 Z 0.15 mg/day. The 2-(2,2,2-trifluoro-ethyl)-
benzimidazole 4 has shown a potent efficacy towards AR and the
substitution of the OH group in compound 1 further improves the
oral bioavailability (PO). The compound has a high PO (132%)
and a half-life of 14.7 h150. Ng et al.151 further extended the study
by synthesizing the N-substituted 2-(2,2,2-trifluoroethyl)-5,6-
dichloro-benzimidazoles with benzyl, N-aceto, and ethylene aryl
ether group, using the 5,6-dichloro-benzimidazole scaffold.
Benzyl substitution with bromine at the 4th position gave rise to
the 4-bromobenzyl analogue, compound 17, which has an ID50 of
0.13 mg/day in the rat and is more potent than another known anti-
androgen drug, bicalutamide. Conversely, the N-aceto and
ethylene aryl ether derivatives exhibited no improvement in the
antagonistic activity in prostate cancer cells.

1.2.4. Aromatase inhibitors
Aromatase is a cytochrome P450 (CYP19A1) enzyme that syn-
thesises estrogen from either androstenedione or testos-
terone152,153. Aromatase was overexpressed in breast cancer and
fuel the tumour progression and metastasis in estrogen receptor-a
(ERa) positive breast cancers153. Aromatase inhibitors lower es-
trogen levels by halting the enzyme activity of aromatase in es-
trogen biosynthesis154. Therefore, aromatase inhibition is one of
the effective current therapeutic strategies for controlling
estrogen-dependent breast cancer (Fig. 8i).

A library of benzimidazole-triazolothiadiazine derivatives has
been synthesized and exhibited aromatase inhibition activities155.
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Among the compounds, compound 5e revealed the potent inhib-
itory effect of aromatase with an IC50 of 0.032 mmol/L in breast
cancer cells155. Compound 5e carries a 4-cyanophenyl substituent
at the fourth position of the phenyl ring, which contributes to its
inhibitory activity155. Another potent aromatase inhibitor, a 4-
benzylpiperidine derivative: compound 2g inhibits aromatase
and exhibits cytotoxic effects against breast and lung cancer cells
with an IC50 of 0.024 and 0.071 mmol/L, respectively156. The
presence of chlorine substituent on the benzene ring enhanced the
interaction with the aromatase active site by forming a halogen
bond with the Gln215 amino group within the enzyme156.

1.2.5. Dihydrofolate reductase (DHFR) inhibitors
Dihydrofolate reductase (DHFR) is a metabolic enzyme that
regulates cell proliferation by catalysing the reduction of dihy-
drofolate to tetrahydrofolate by NADPH to produce active folate
required for the de novo synthesis of purines, amino acids, and
thymidylate (TMP)157. The up-regulation of DHFR has been
described in different cancers, for example, human glioma158,
ovarian159, and acute lymphoblastic leukaemia (ALL)160. High
DHFR expression is also associated with poor survival and drug
resistance159,160. Inhibition of DHFR debilitates tetrahydrofolate
production, which subsequently affects cell growth and prolifer-
ation, and ultimately drives cell death in various cancers including
leukaemia, osteosarcoma, hepatocellular carcinoma and lung
cancer157.

Compound 6b from Singla et al.161 is the most active DHFR
inhibitor with an IC50 of 1.05 mmol/L (Fig. 8ii). It is a regioiso-
meric hybrid of s-triazine and benzimidazole moieties, substitut-
ing primary and secondary amines. Compound 6b harbours
nucleophilic displacement at the primary and secondary amines.
This attribute enhances its anticancer effects with a median growth
inhibition (GI50) in the range of 3.31e5.61 mmol/L in melanoma,
colon, breast, and ovarian cancer cells. Besides performing as a
DHFR inhibitor, compound 6b has also displayed a strong DNA
interaction, showing its potential to act as a DNA intercalator161.

1.3. Epigenetic modulators

Cancer is a consequence of accumulative genetic mutations in
concert with epigenetic alterations that lead to alteration in various
cellular events, including cell proliferation, invasion, senescence,
and apoptosis162,163. Epigenetic heterogeneity in the tumour could
Figure 8 Benzimidazole derivatives as (i) aromatase inhi
also lead to various diagnostic and treatment outcomes even in
cancer patients with the same tumour stage and grade. However,
the application of benzimidazole moiety in the development of
epigenetic regulators, is scarce. Here we report the reported
application of benzimidazole moiety as histone deacetylases
(HDACs) and demethylase inhibitors (Fig. 9).

HDACs describe a group of histone-silencing enzymes that
remove the acetyl group from histones, and maintain the steady-
state level of lysine acetylation level of histone and non-histone
proteins164. HDACs are implicated in gene silencing transcription
repression, in which the aberrant expression may lead to malig-
nancy165,166. HDAC can be divided into four classes comprising
class I HDACs (yeast Rpd3-like proteins: HDAC1‒3, and
HDAC8), class II HDACs with a single deacetylase domain at the
C-terminus (yeast Hda1-like proteins: HDAC4‒7, and HDAC9‒
10), class 3 HDACs (yeast silent information regulator 2 (Sir2)-
like proteins: Sirtuin 1‒7), and class IV (HDAC11)162. Given the
potent antitumour effects of HDAC inhibitors (HDACi) to reverse
the epigenetic changes in cancer by restoring the balance of his-
tone acetylation164. HDACi, thus, is a potent inducer of growth
arrest and apoptosis and inhibit the differentiation of malignant
cells167.

Compound 5x is an HDAC2 inhibitor, one of the N-hydroxy-3-
[3-(1-substituted-1H-benzoimidazol-2-yl)-phenyl]-acrylamide an-
alogues, which displayed effective anticancer activities in vitro
and in vivo in nanomolar range31. Compound 5x induced the
hyperacetylation of histone H3 and H4 as well as p21 activity,
which led to tumour suppression in HCT116 colorectal cancer and
PC3 prostate xenograft models31. Pracinostat (SB939) dialkyl
benzimidazole competitive histone deacetylase inhibitor targeting
Class I, II and IV HDACs168. Combination treatment of Praci-
nostat with azacytidine has shown synergistic effects against acute
myeloid leukaemia (AML) in phase II clinical trial, with reported
tolerable safety and efficacy. However, common adverse effects
such as infection, thrombocytopenia and febrile neutropenia were
present in patients169. Regrettably, the phase III clinical trial of
Pracinostat with azacytidine in AML was discontinued because
the treatment outcome was unlikely to meet the primary endpoint
of overall survival170.

Sirtuins are a family of class III histone deacetylases which
rely on nicotinamide adenine dinucleotide (NADþ) to func-
tion171,172. Sirtuin 1‒7 perform mainly as lysine deacetylase and/
or mono-ADP-ribosyltransferase on both histone and non-histone
bitor and (ii) dihydrofolate reductase (DHFR) inhibitor.
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proteins173,174. Accumulating evidence has demonstrated the
crucial role of sirtuin in cancer initiation and progression, thereby
making sirtuins a target of interest in anticancer therapy173,175e178.
BZD9L1 is a newly discovered sirtuin inhibitor with auto-
fluorescence and anticancer properties (Fig. 7)179. BZD9L1 is a
diversified 1,2-disubstituted benzimidazole analogue targeting
both SIRT1 (IC50: 42.9 mmol/L) and SIRT2 (IC50: 9 mmol/L)
proteins but showed higher inhibitory potency towards SIRT2
protein179. The substitution of the piperidinyl group, which is a
fundamental and strong electron-donating side chain, at the phenyl
ring builds the foundation for SIRT inhibitory activity. This
piperidinyl side-chain stabilises the benzimidazole moiety and
allows a stronger interaction with the active site of SIRT pro-
tein179. BZD9L1 has demonstrated comparable SIRT1 and/or
SIRT2 inhibitory effects to commercially available sirtuin in-
hibitors such as AGK-2, EX527, and Tenovin-6. A functional
study by Tan et al. has revealed its anticancer capabilities either as
stand-alone or in combination with 5-fluorouracil (5-FU), the first-
line chemotherapy for colorectal cancer, in vitro and in vivo32,33.
Tan and colleagues have also reported the ability of BZD9L1 to
impede colorectal cancer cell viability, proliferation, migration,
invasion, and induce apoptosis in vitro at the IC50 concentration of
16.82 and 20.11 mmol/L in HCT116 and HT-29 colorectal cancer
cell lines respectively32. Combining BZD9L1 with 5-FU further
enhanced the treatment efficiency by hindering colorectal tumour
growth through increased cell survival, cell cycle arrest, apoptosis,
senescence and micronucleated33. Furthermore, BZD9L1 was
predicted to modulate the p53-dependent signalling pathways to
exert cell death in CRC cells180.

DNA demethylation removes the methyl group from cytosine
by ten-eleven translocation methylcytosine dioxygenases (TET) to
produce 5-formylcytosine and 5-carboxylcytosine through the
oxidation process181. The histone lysine demethylase (KDM)
subfamily contains the catalytic Jumanji C domain and utilizes
Figure 9 Benzimidazole derivativ
Fe2þ as a cofactor and a-ketoglutarate [a-KG or 2-oxoglutarate
(2OG)] as a co-substrate to remove methyl groups from histone
lysine residues34,182. KDMs are overexpressed in various cancers,
including breast, prostate, pancreatic, lung, colorectal, liver, gli-
oma, gynaecological, oesophageal and lymphatic cancers, result-
ing unaggressive phenotypes34,183,184. Compound 15 is a
benzimidazole pyrazole-based inhibitor of recombinant lysine
demethylase 4E (KDM4E), modified from its parental structure
CBN209350 by introducing a non-polar aromatic ringside chain at
the scaffold R2 position, that resulted in 10-fold improved potency
relative to the original HTS hit34. Crystallography data showed
that compound 15 competes with the enzyme for Fe2þ binding
leading to the removal of active-site iron, thereby inhibiting
KDM4E activity. Treatment of LnCaP and DU145 prostate cancer
cells with compound 15 also revealed a significant reduction of the
H3K9me3 compared to untreated cells34.

2. Repurposing FDA-approved benzimidazole-derived drugs
for cancer treatment

Drug repositioning is a valuable alternative strategy in drug dis-
covery due to establishing well-documented pharmacokinetic,
pharmacodynamic, and safety profiles of drug candidates, which
may speed up the traditional process of approval and utilization in
clinics185. Intriguingly, many benzimidazole anthelmintic drugs
have been reprofiled as anticancer agents; these examples include
fenbendazole (FBZ), carbendazim (CBZ), oxibendazole, meben-
dazole (MBZ), albendazole (ABZ), and parbendazole
(Fig. 10)185,186. For instance, FBZ, and MBZ possess the ability to
bind with the colchicine binding site, which can lead to the
reduction of angiogenesis and multidrug-resistance in cancer
cells187,188. Moreover, parbendazole, oxibendazole, FBZ and
MBZ have also reduced pancreatic cancer cell viability in the
nanomolar range189. Furthermore, Parbendazole possesses a linear
es used as epigenetic modulator.
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alkylic side-chain that provides a strong antiproliferative benefit
and results in the drastic inhibition of pancreatic cancer cell
growth, survival, migration and induced DNA damage response,
cell cycle arrest, and apoptosis189. In addition, combination
treatment of parbendazole with gemcitabine also enhanced the
treatment effects in pancreatic cancer cell lines189.

An investigation of the anticancer activities of these com-
pounds on Kirsten rat sarcoma 2 viral oncogene homolog
(KRAS)-wildtype and KRAS-mutant lung cancer in vitro and
in vivo has revealed that lung cancer cells harbouring the KRAS
mutation showed increased sensitivity towards benzimidazole
derivatives. Methiazole and FBZ were used as TK inhibitors and
showed enhanced inhibitory effects on KRAS-mutant lung cancer
model in vitro and in vivo, inhibiting RAS signalling-related TK
and suppressing the PI3K/AKT and RAF/MEK/ERK pathway,
causing inhibition of proliferation and inhibition of apoptosis30.
From the study, methiazole was cytotoxic towards cancer cell lines
harbouring KRAS mutation with an IC50 of 1.9 and 0.6 mmol/L in
A549 and H23 lung cancer cells, respectively, while an
IC50 > 40 mmol/L was reported in KRAS wildtype cancer cells,
without affecting the normal lung epithelial cells. On the other
hand, FBZ exhibited higher sensitivity in KRAS mutant than
KRAS wildtype cells (i.e., IC50 in KRAS-mutant A-549:
1.5 mmol/L; H-23: 0.4 mmol/L, and KRAS-wildtype: H-1650:
6.2 mmol/L, H-2228: 7.8 mmol/L) but slightly cytotoxic towards
normal lung epithelial cells30.

Methyl 2-benzimidazolecarbamate (CBZ) is a well-known
fungicide with a high binding affinity toward mammalian
tubulin (Kd, 42.8 � 4.0 mmol/L) in the MCF7 human breast cancer
cells190. CBZ has also been highlighted to hamper cell
Figure 10 Repurposed benzimidazo
proliferation in B16 melanoma (IC50 Z 8.5 mmol/L) and HT-29
colon carcinoma (IC50 Z 9.5 mmol/L) cell lines191. The anti-
cancer potential of CBZ has also been shown to extend to the
human breast (MCF-7, MX-1), pancreas (Panc-1, MiaPaCa),
colon (ht-29), lung (A549, SK-MES), prostate (DU145), and
murine (B16, p388) tumour models191,192. CBZ functions by
interfering with the formation of microtubules to instigate cell
cycle arrest and apoptosis191,192. CBZ was reported to have no
interaction with the colchicine binding site but suppressed the
spindle microtubule dynamic at interphase, resulting in mitotic
arrest and cancer cell death190. Another popular benzimidazole-
derived veterinary drug, FBZ (methyl N-(6-phenylsulfanyl-1H-
benzimidazol-2-yl) carbamate) can induce microtubule depoly-
merising activity in non-small cell lung carcinoma cells, ensuing
in early G2/M arrest accompanied by p53-mediated cell death in
both in vitro and in vivo studies72. In addition, oral treatment of
FBZ in lung cancer xenografts demonstrated tumour vascularisa-
tion reduction and tumour growth inhibition72. Furthermore, FBZ
has been shown to interfere with cellular microtubule
polymerisation-impeded lymphoma tumour growth in vivo when
used in combination with supplemented vitamins193.

MBZ demonstrated a wide range of anticancer mechanisms by
inhibiting tubulin polymerization, angiogenesis, pro-survival
pathways, matrix metalloproteinases, and multi-drug resistance
protein transporters in various cancer cell lines and xenograft
models, which is extensively reviewed by Guerini and col-
leagues194. However, MBZ has demonstrated low toxicity but
possesses poor oral bioavailability (17%e20% of the dose ab-
sorption)194. There is no evidence of MBZ in a clinical trial for
cancer treatment, but many studies on MBZ alone or in
le derivatives as anticancer agents.
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combination treatments have been registered for anticancer clin-
ical trials194.

Both ABZ and FBZ work well as antimitotic agents and reg-
ulators of ATP production72,195e197, and have therefore been
repositioned as anticancer candidates. ABZ has been reported to
hinder cell proliferation in leukaemia, and breast, ovarian and liver
malignancies198e200. In addition, the role of ABZ in driving cells
towards intrinsic apoptosis in Epothilone-paclitaxel resistant
leukemic cells has been documented. The mechanism contributing
to this event was the upregulation of cleaved caspase-3 and cy-
tochrome C, and the downregulation of BCL-2 anti-apoptotic
proteins tightly controlled by the p53 cellular gatekeeper201. A
recent study by Castro et al.200, also reported that ABZ could
suppress breast cancer cell proliferation in vitro, and trigger p53-
dependent apoptosis in mouse Ehrlich mammary tumour cells
in vivo. Another study by Dogra and colleagues72 reported that
FBZ could disrupt microtubule dynamics through p53 activation
in vitro and in vivo in human NSCLC cells. These findings
corroborate the latest study by Mrkvová and colleagues202, in
which the inhibition of MDM2 and MDMX by ABZ and FBZ
eventually led to p53 activation. In this study, Mrkvová et al.203

highlighted the ability of ABZ and FBZ to inhibit MDM2 and
MDMX, through which a subsequent increase in p53 protein (by
2.5 and 1.3-folds respectively) was observed. MDM2 and MDMX
are known as p53 regulators, which negatively regulate and
abrogate p53 activities by promoting p53 proteasome-mediated
degradation. The inhibition of p53 prevents cancer cells from
cell cycle arrest and thus promotes cell survival.

3. Conclusions and future perspectives

Benzimidazole is a promising compound for anticancer either
through target-specific or non-oncogene-specific targeting.
Numerous benzimidazole-derived drugs have recently gained
approval by the FDA, delineating the remarkable potential of
benzimidazole scaffolds to be employed as anticancer agents. The
advancement of science and technology has revolutionized
healthcare and necessitated the development of more precise tar-
geted drugs. The emergence of benzimidazole-derived PARP in-
hibitor: Rucaparib was redefined and approved by the FDA as one
of the personalized medicines in 2020204. With the unique struc-
ture of benzimidazole core that exhibits a broad spectrum of
bioactivities, it could potentially mimic naturally occurring nu-
cleotides to interrupt biological processes in cancer and thereby
potentially hijack multiple cellular processes at any one time. The
enormous literature on the imperative roles of benzimidazole
derivatives in targeting cancers also supports the use of benz-
imidazole scaffold in the transition from conventional to precision
medicine.

Cancers are associated with multiple dysfunctions in genes or
proteins in whichmultitargeted drugsmay have an added advantage
over non-target-specific drugs. Some benzimidazole drugs have
been shown to target multiple biomarkers, which may improve the
treatment response and result in the synergistic impediment of
tumour growth. Although evidence has acknowledged the prom-
ising outcomes of multi-targeted therapies, the underlying possi-
bility of inducing antagonist effect on tumour progression and off-
target toxicity cannot be ruled out. Additional downstream analyses
need to be undertaken to investigate further the molecular mecha-
nism and pathway in vitro and in vivo. Inevitably, problems like
toxicity, drug-resistant and poor bioavailability have become the
limiting factors in the development of small molecules in general.
Thus, lead optimization is needed to generate drug candidates that
are highly specific, less toxic, and with improved bioavailability.
Due to the exorbitant costs in drug discovery and development, it
may be reasonable to repurpose the currently available benzimid-
azole drugs to be developed in the cancer field as increasing evi-
dence has demonstrated the therapeutic switching of benzimidazole
drugs used to treat other diseases to demonstrate anticancer effects.
This review could provide insight into the broad application of
benzimidazole in targeting cancer, whichmay open up new avenues
for benzimidazole anticancer drug development toward precision
medicine.
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155. Acar Çevik U, Kaya Çavus‚o�glu B, Sa�glık BN, Osmaniye D,

Levent S, Ilgın S, et al. Synthesis, docking studies and biological

activity of new benzimidazole-triazolothiadiazine derivatives as

aromatase inhibitor. Molecules 2020;25:1642.

156. Sa�glık BN, S‚en AM, Evren AE, Çevik UA, Osmaniye D,
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Hajji N, Garcı́a-Domı́nguez DJ. Synergistic enhancement of cancer

therapy using HDAC inhibitors: opportunity for clinical trials. Front

Genet 2020;11:578011.

165. West AC, Johnstone RW. New and emerging HDAC inhibitors for

cancer treatment. J Clin Invest 2014;124:30e9.

http://refhub.elsevier.com/S2211-3835(22)00399-9/sref126
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref126
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref126
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref127
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref127
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref127
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref127
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref127
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref128
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref128
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref128
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref128
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref128
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref128
http://www.accessdata.fda.gov/drugsatfda_docs/label/2018/209115s003lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2018/209115s003lbl.pdf
http://www.ema.europa.eu/documents/product-information/rubraca-epar-product-information_en.pdf
http://www.ema.europa.eu/documents/product-information/rubraca-epar-product-information_en.pdf
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref131
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref131
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref131
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref132
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref132
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref132
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref132
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref132
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref133
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref133
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref133
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref134
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref134
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref134
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref135
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref135
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref135
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref135
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref135
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref136
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref136
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref136
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref137
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref137
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref137
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref137
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref138
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref138
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref138
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref139
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref139
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref139
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref140
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref140
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref140
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref141
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref141
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref141
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref142
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref142
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref142
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref142
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref142
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref142
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref143
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref143
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref143
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref143
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref143
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref144
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref144
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref144
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref144
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref145
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref145
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref145
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref145
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref145
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref146
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref146
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref146
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref146
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref147
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref147
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref147
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref147
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref147
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref147
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref148
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref148
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref148
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref148
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref149
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref149
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref149
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref149
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref149
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref149
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref150
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref150
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref150
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref150
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref150
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref151
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref151
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref151
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref151
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref151
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref152
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref152
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref152
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref152
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref153
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref153
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref153
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref154
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref154
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref154
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref155
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref156
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref157
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref157
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref157
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref158
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref158
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref158
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref159
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref159
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref159
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref159
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref160
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref160
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref160
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref160
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref160
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref161
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref161
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref161
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref161
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref161
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref162
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref162
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref162
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref163
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref163
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref163
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref164
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref164
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref164
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref164
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref165
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref165
http://refhub.elsevier.com/S2211-3835(22)00399-9/sref165


Benzimidazole derivatives as cancer therapeutics: From bench to bedside 497
166. Karagiannis D, Rampias T. HDAC inhibitors: dissecting mechanisms

of action to counter tumor heterogeneity. Cancers 2021;13:3575.

167. Marks PA, Xu WS. Histone deacetylase inhibitors: potential in

cancer therapy. J Cell Biochem 2009;107:600e8.

168. Quintás-Cardama A, Kantarjian HM, Ravandi F, Foudray C,

Pemmaraju N, Kadia TM, et al. Very high rates of clinical and cy-

togenetic response with the combination of the histone deacetylase

inhibitor pracinostat (SB939) and 5-azacitidine in high-risk myelo-

dysplastic syndrome. Blood 2012;120:3821.

169. Garcia-Manero G, Abaza Y, Takahashi K, Medeiros BC, Arellano M,

Khaled SK, et al. Pracinostat plus azacitidine in older patients with

newly diagnosed acute myeloid leukemia: results of a phase 2 study.

Blood Adv 2019;3:508e18.

170. Terry M. Helsinn and mei discontinue phase III trial of pracinostat in

aml. BioSpace 2020. Available from: https://www.biospace.com/

article/helsinn-and-mei-abandon-pracinostat-in-aml/.

171. Alhazzazi T, Kamarajan P, Verdin E, Kapila Y. SIRT3 and cancer:

tumor promoter or suppressor?. Biochim Biophys Acta 2011;1816:

80e8.
172. Imai S, Armstrong CM, Kaeberlein M, Guarente L. Transcriptional

silencing and longevity protein SIR2 is an NAD-dependent histone

deacetylase. Nature 2000;403:795e800.

173. Saunders LR, Verdin E. Sirtuins: critical regulators at the crossroads

between cancer and aging. Oncogene 2007;26:5489e504.

174. Martı́nez-Redondo P, Vaquero A. The diversity of histone versus

nonhistone sirtuin substrates. Genes Cancer 2013;4:148e63.

175. Carafa V, Altucci L, Nebbioso A. Dual tumor suppressor and tumor

promoter action of sirtuins in determining malignant phenotype.

Front Pharmacol 2019;10:38.

176. Bosch-Presegue L, Vaquero A. Sirtuins in stress response: guardians

of the genome. Oncogene 2014;33:3764.

177. Carafa V, Nebbioso A, Altucci L. Sirtuins and disease: the road

ahead. Front Pharmacol 2012;3:4.
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