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heterocycles. These heterocycles have unique therapeutic potentials and are involved in various

clinical drugs. The reported results confirmed the extraordinary inhibitory potency of such

benzofurans against a panel of human cancer cell lines compared with a wide array of reference

anticancer drugs. Several publications about the anticancer potencies of benzofuran-based

heterocycles were encountered. The recent developments of anticancer activities of both natural and

synthetic benzofuran scaffolds during 2019–2022 are thoroughly covered. Many of the described
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Fig. 1 Structures of some natural b
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outstanding inhibitory potency against a panel of human cancer cells compared with reference

anticancer drugs. These findings encourage medicinal chemists to explore new areas to improve

human health and reduce suffering.
1. Introduction

Heterocyclic fragments widely exist in a broad array of natural
products. Many such versatile natural products have unique
pharmacological properties and constitute the main core of
several drugs in the market.1,2 In particular, the benzofuran
moiety is commonly available in a large number of promising
natural products and natural drugs.3,4 Thus, great interest has
been focused on the synthesis and extraction of benzofuran-
based heterocycles due to their pronounced importance in
pharmaceutical and agricultural elds.5,6 Natural benzofurans
are characterized by their distinctive wide range of biological
properties. For example, the naturally occurring benzofur-
anones (Aurones) (Fig. 1) showed promising anticancer
properties.7–10 Salvianolic acid B and Ganodone are two exam-
ples of naturally occurring benzofuran derivatives that are used
as potential natural sources of anticancer medicines (Fig. 1).11–14

The natural isobenzofuran derivative is found in edible mush-
room.15,16 Interestingly, some natural and synthetic approved
drugs contain a benzofuran unit, such as Griseofulvin (Antibi-
otics drug), Dronedarone and Amiodarone (Antiarrhythmic
drugs), Ramelteon (Sedative drug), Vilazodone and Citalopram
(Anti-depressive drugs), Saprisartan (anti-hypertension drug)
and Benzbromarone (for gut treatment) are depicted in Fig. 2.
Moracin (hydroxylated 2-arylbenzofuran derivatives) is another
class of highly bioactive natural products that contains
a benzofuran moiety (Fig. 1).17,18 Such benzofuran members are
lead structures in drug development and some of them have
enzofuran derivatives with anticance

the Royal Society of Chemistry
promising anticancer activities.19,20 In addition, among the
natural products that contain benzofuran moiety is rocagla-
mide and its analogues, which are of great interest as highly
potent anticancer agents.21,22 Moreover, many synthetic benzo-
furan compounds are reported to have signicant anticancer
activities.23,24

Recently, our research interest was focused on the biological
applications of benzofuran derivatives and other heterocycles of
potent anticancer activities.25–29 Herein, we report an updated
comprehensive outlines of the recent developments (2019–
2022) of the anticancer potentiality of both natural and
synthetic bioactive benzofuran-based compounds as a highly
signicant source for drug development and discovery.
2. Anticancer activity of benzofuran
derivatives
2.1. Anticancer activity of benzofuran-3-carboxaldehyde
derivatives

Chen et al. reported the two benzofuran derivatives 1 and 2,
naturally isolated from mangrove endophytic fungus Fusarium
sp. 2ST2, and tested their cytotoxicity against ve human cancer
cell lines; A549 (lung), HeLa (cervical), KYSE150 (esophageal
squamous), PC-3 (pancreatic), and MDA-MB-435 (breast)
cancers. Unfortunately, the reported compounds showed non-
promising activity against all of the studied cancer cell lines
at 50 mM concentration.30
r activities.
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Fig. 2 Some clinical drugs containing benzofuran scaffolds.
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Lang et al. isolated ve derivatives of 3-formylbenzofuran 3a-
d from the 95% EtOH extract of Itea yunnanensis, and screened
their anti-hepatocellular carcinoma (HCC) activity by MTT assay
[MTT is 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium
bromide]. The derivatives 3b and 3c displayed promising
growth inhibition potency on SK-Hep-1 cells (with IC50 = 5.365
and 6.013 mM, respectively) compared with the standard control
sorafenib (IC50 = 9.452 mM). The mechanistic study proved that
compound 3b signicantly reduced the phosphorylation level of
ERK (extracellular signal-related kinase), which suggested that
3b stopped cell growth and promoted apoptosis of SK-Hep-1
cells by blocking RAS/RAF/MEK/ERK signaling pathway. Thus,
the 3-formylbenzofuran derivatives 3b and 3c had the potential
to be lead structures as anti-hepatocellular carcinoma agents.31
11098 | RSC Adv., 2023, 13, 11096–11120
2.2. Anticancer activity of 2(3)-phenylbenzofuran derivatives

Some benzofuran scaffolds 4–6 were found to be good inhibi-
tors of Pin1 (peptidyl-prolyl cis–trans isomerase NIMA-
interacting 1); Pin1 had an oncogenic role in multiple human
cancers particularly hepatocellular carcinoma (HCC). Particu-
larly, 4,6-di(benzyloxy)-3-phenylbenzofuran 5a revealed an
excellent selectivity towards Pin1 (with IC50 = 0.874 mM) with
75.38% inhibition. This was a stronger activity compared to
juglone. A cell-based biological study proved that 5a appreciably
suppressed cell proliferation of HCC cells via restoring the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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nucleus-to-cytoplasm export of XPO5 and upregulating mature
miRNAs expression. The Pin1 inhibitor 5a increased the
biogenesis of tumor suppressor miRNAs (miR-122 and miR-
29b) and reduced the HCC cell proliferation. Thus, 5a was
considered as a promising guide structure for Pin1 inhibition
with the therapeutic potential of miRNA-based treatment for
human cancers.32
The anticancer activity of the naturally isolated benzofuran
derivative (ailanthoidol) 7 (isolated from the barks of Zanthox-
ylum ailanthoides) was discussed by Tseng et al. Compound 7
displayed more potent cytotoxicity in Huh7 (mutant p53)
hepatoma cells than in liver carcinoma (HepG2) cells (wild-type
p53). The benzofuran derivative 7 decreased the cell viability in
Huh7 cells, with IC50 of 45 mM and 22 mM at 24 h and 48 h,
respectively, while for HepG2 it had IC50 > 80 mM. This
compound induced G1 arrest and reduced the expression of
cyclin D1 and CDK2 (Cyclin Dependent Kinase 2). This
compound induced signicant apoptosis in Huh7 cells as
examined by ow cytometry analysis with annexin-V/PI staining.
Compound 7 also increased the expression of cleaved PARP
(poly-ADP ribose polymerase) and Bax (Bcl-2-associated X
protein) and decreased the expression of procaspase 3/8 and
Bcl-xL/Bcl-2. Thus, the mechanism of action revealed that
compound 7 exhibited amore potent antiproliferation potential
on mutp53 HCC than on wtp53 HCC cells due to the down-
regulation of mutp53 and inactivation of the STAT3.33

The biological activities of the natural compound 8a and its
synthetic derivatives 8b and 8c against ve human cancer cell
lines; HepG2, MCF-7, A549, PC3 (prostate carcinoma), and
Hep3B (hepatocellular carcinoma) and various protein levels
were reported. The experiments were conducted at 6 mM which
was close to the IC50 values of the tested compounds. The
derivatives 8a–c induced apoptotic cell death related PARP
cleavage in HepG2, A549, MCF74, PC3, and Hep3B cancer cell
© 2023 The Author(s). Published by the Royal Society of Chemistry
lines. In addition, the tumor inhibitor protein p53 was also
induced in p53 wild-type cancer cells.34

The naturally isolated benzofuran derivative 9, isolated from
the leaves of Morus alba L., was described as an inhibitor of cell
proliferation that induced cell apoptosis in human non-small-
cell lung carcinoma (NSCLC) cells, PC9 and A549 using MTT
bioassay. Compound 9 treatment resulted in mitochondrial
apoptosis in PC9 and A549 cells and also increased autophagy
ux by the increase of autophagosome formation. Interestingly,
the molecular mechanism of compound 9 against lung cancer
through apoptosis and autophagy conrmed its importance as
a therapeutic agent for NSCLC treatment. Compound 9 inhibi-
ted the growth of A549 and PC9 cells in a dose-dependent
manner with IC50 values of 48.4 mM and 6.6 mM, respectively.
The great perspective of compound 9 as an anti-lung cancer
agent, made it possible to be developed as a novel therapeutic
agent for NSCLC treatment in the future.35

Selenium-containing compounds exhibit a wide range of
biological potencies including anticancer activity.36,37 In partic-
ular, 1,2,3-selenadiazole-based benzofuran derivatives 10a–f
were prepared by Olomola et al. and screened for anti-
proliferation activity against the breast cancer (MCF-7) and the
human embryonic kidney derived (HEK-293-T) cell lines using
the MTT assay. Most of the derivatives 10a–f exhibited low to
moderate inhibition except compound 10f which showed
promising antigrowth action against MCF-7 cells with IC50= 2.6
RSC Adv., 2023, 13, 11096–11120 | 11099
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mM compared to doxorubicin (IC50 = 0.8 mM). Compound 10f
was relatively less cytotoxic against the normal cell line (IC50 =

1.2 mM). Compound 10a exhibited, however, moderate effect
against the MCF-7 cell line (IC50 = 7.1 mM), but it was relatively
more cytotoxic towards the Hek293-T cell line (IC50 = 3.5 mM)
compared to doxorubicin (IC50 = 1.2 mM).38
2.3. Anticancer activity of 2-benzoylbenzofuran derivatives

A series of 2-benzoylbenzofuran derivatives 11a–i were synthe-
sized and screened for in vitro anticancer activity against human
breast cancer (MCF-7, MDA-MB-231), human embryonic kidney
cancer (HEK-293), and human epidermal cancer (HaCaT) cell
lines employing MTT bioassay. The benzofuran derivative 11e
demonstrated an excellent potency against anti-oestrogen
receptor-dependent breast cancer cells with low toxicity,
compared with the positive controls tamoxifen and raloxifene.
Compound 11e might be an interesting lead for further devel-
opment as a potential inhibitor of oestrogen-receptor.
Compound 11e also signicantly inhibited the growth of ER-
dependent MCF-7 breast cancer cells, but had a minor effect
on normal cells (HaCaT), leading to a remarkable selectivity in
the treatment of breast cancer. The increased inhibitory and
selectivity potency of compound 11e were referred to its high
hydrogen-bond interactions with ARG394 with a distance of
2.9 Å.39
The benzofuran derivative 12 was described as a potent
inhibitor against cervical cancer cells, SiHa and HeLa. Treat-
ment with 12 enhanced the growth inhibitory rate in a concen-
tration-dependent manner, (with IC50 values 1.10 and 1.06 mM)
against SiHa and HeLa cells, respectively, which were higher
than the positive reference combretastatin (CA-4) (with IC50

values 1.76 and 1.86 mM), respectively. The mechanistic studies
showed that benzofuran derivative 12 induced G2/M phase
arrest and apoptosis in SiHa and HeLa cells.40
11100 | RSC Adv., 2023, 13, 11096–11120
The in vitro antiproliferative activity of the benzofuran hybrids
13a–h was reported by Dharavath et al. against two cell lines; C-6
(nerve cells) and MCF-7 (human breast adenocarcinoma cells)
using the MTT method. The bioassay data of the in vitro anti-
proliferative activity disclosed that the benzofuran derivatives 13b
and 13g demonstrated superior inhibition against MCF-7 cell line
(with IC50 1.875 and 1.287 mM, respectively), much better than the
cisplatin drug (IC50 2.184 mM). Compounds 13b and 13g showed
also excellent inhibitory activity against C-6 cell line (with IC50 =

1.980 and 1.622 mM, respectively) with more potency than the
standard drug cisplatin (IC50 = 2.258 mM). The other compounds
showed moderate antiproliferative activity with IC50 ranging
between 2.207–5.278 mM and 2.635–4.826 mM against MCF-7 and
C-6 cell lines, respectively. All compounds showed strong binding
interactions with calf thymus DNA (CT-DNA) through an interca-
lation mode when measured by UV-vis spectroscopy and uores-
cence. Thus, compounds 13b and 13g were considered as
promising candidates for further exploration of new
therapeutics.41

2.4. Anticancer activity of 3-oxadiazolylbenzofuran
derivatives

A set of benzofuran-based oxadiazole conjugates 14a–c were re-
ported to have promising anticancer activities. Evaluation of the in
vitro cytotoxic activity of compounds 14a–c against the pancreatic
cancer cells (MIA PaCa2) and human colon cancer cells (HCT116)
was discussed, where the IC50 values ranged between 3.27–11.27
© 2023 The Author(s). Published by the Royal Society of Chemistry
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mM. The bromo derivative 14c was the most efficient one against
HCT116 with IC50 value 3.27 mM. The decrease of glycogen syn-
thase kinase-3b (GSK3b) induced apoptosis via suppression of
basal NF-kB activity in MIA-PaCa2 and HCT116.42
2.5. Anticancer activity of benzofuran-2-carbohydrazide
derivatives

Synthesis of 3-methylbenzofuran derivatives 16a–h and 17a–c
and 3-(morpholinomethyl)-benzofuran derivatives 18a–e and
19a–b as anticancer agents towards the cell lines NCI-H23 and
A549, with VEGFR-2 inhibitory potency was reported. All the
benzofuran compounds greatly inhibited both the cancer cell
lines NCI-H23 and A549. The 3-methylbenzofuran derivative
16b, having p-methoxy group, exerted the most antiproliferative
activity against A549 cell line (IC50 = 1.48 mM) closer to the
reference drug staurosporine (IC50 = 1.52 mM). Furthermore,
the benzofurans 16b, 18a and 18d displayed good VEGFR-2
inhibitory activity with IC50 equal 77.97, 132.5 and 45.4 nM,
respectively. Moreover, the three benzofurans 16b, 18a and 18d
had high cytotoxic impact towards normal lung WI-38 cells
showing mean tumor selectivities equal 5.3, 8.4 and 12.9,
respectively. A molecular docking study showed that the deriv-
atives 16b, 18a and 18d had different types of hydrophobic and
hydrogen bonding interactions through their carbonyl oxygen
© 2023 The Author(s). Published by the Royal Society of Chemistry
(C]O) and NH functions with the key ASP-1046 and GLU-885
amino acids residues.43

A library of benzofuran acylhydrazone scaffolds 20a–t were
reported as potent inhibitors of LSD1 (histone lysine specic
demethylase 1); a therapeutic target in oncology with over-
expression in several human tumors. Among the reported
benzofurans, een compounds demonstrated excellent
inhibitory activity against LSD1 with IC50 varying between 3.5–
RSC Adv., 2023, 13, 11096–11120 | 11101
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89 nM when carried at a concentration 5 mM. The SAR results
conrmed that the compounds having two hydroxyl functions
played a vital role in enhancing the inhibitory activity against
LSD1 enzyme where compounds 20q, 20r, 20s and 20t had IC50

values in the order of 14, 15, 27 and 24 nM, respectively.44

A series of benzofuran-based hydrazide derivatives 21 were
synthesized and patented by Kim et al. for evaluation of their
antiproliferative activity using MTT method. Most of the re-
ported hydrazides exhibited an excellent anticancer potency in
a nanomolar scale (IC50 values ranged between 82–600 nM) with
low toxicity and excellent solubility. The most potent derivative,
among the reported series, against human cervical HeLa cancer
cell line was the derivative 21 (where R1 = CH2CH2CO2Et; R

2 =

Cl; R3 = 5-OMe; R4 = 5-Me) (with IC50 = 82 nM).45

Some oxindole-based benzofuran hybrids 22a–f were
designed and synthesized as dual CDK2/GSK-3b inhibitors tar-
geting breast cancer. All derivatives showed moderate to potent
activity on both MCF-7 (IC50 = 2.27–12.9 mM) and T-47D (IC50 =

3.82–9.7 mM) breast cancer cell lines. Compounds 22d, f were
the most potent inhibitors with IC50 values (3.41, and 2.27 mM)
and (3.82 and 7.80 mM) against MCF-7 and T-47D cell lines,
compared with the reference drug staurosporine (IC50 = 4.81
and 4.34 mM), respectively. Compounds 22d, f also exhibited
potent dual CDK2/GSK-3b inhibitory activity with IC50 values
11102 | RSC Adv., 2023, 13, 11096–11120
(37.77 and 52.75 nM) and (32.09 and 40.13 nM) on CDK2 and
GSK-3b, respectively. The derivatives with the highest activity
led to cell cycle arrest in the G2/M phase due to their dual CDK2/
GSK-3b inhibition.46

The anticancer activity of two sets of benzofuran-isatin car-
bohydrazide hybrids 23a–e and 24a–f were screened against 55
human cancer cell lines with single dose assay (10−5M
concentration). All derivatives 23a–e and 24a–i demonstrated
a good anti-proliferative activity against colorectal cancer SW-
620 and HT-29 cell lines. The highest the most inhibitory
activity was noticed for compounds 23a and 23d (compound 23a
had IC50 values 8.7 and 9.4 mM, and that of compound 23d were
6.5 and 9.8 mM, respectively). Compounds 23a and 23d exhibi-
ted selective cytotoxicity with a good safety study. In addition,
compounds 23a and 23d greatly decreased the expression of the
anti-apoptotic Bcl2 protein, and increased the level of the
cleaved PARP and resulted in SW-620 cells apoptosis.
Compounds 23a and 23d with such signicant potency and
high selective cytotoxicity suggested that they might serve as
potential anticancer agents and apoptotic inducers.47
2.6. Anticancer activity of 2-acetylbenzofuran molecular
hybrids

A number of benzofuran-based hybrids 25-26 were synthesized
and their in vitro antiproliferative activity was evaluated
against HePG2, HCT-116, MCF-7, PC3, and HeLa cancer cell
lines. Compounds 25 and 26 exhibited promising
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antiproliferative activities of compounds 28a–z against
human cancer cell lines

In vitro cytotoxicity (IC50, mM)a

Comp. R1 R2 HCT-116 HT-29 HeLa MDA-MB-231

28a H Ph >30 >30 >30 >30
28b H 4-MeC6H4 3.70 13.21 >30 26.10
28c H 4-BrC6H4 6.02 19.61 >30 >30
28d H 4-ClC6H4 11.22 9.71 25.16 9.70
28e H 4-MeOC6H4 9.01 11.64 19.70 12.15
28f H Me >30 14.60 >30 >30
28g H 4-FC6H4 5.20 9.13 11.09 3.01
28h Cl 4-BrC6H4 18.20 >30 >30 29.17
28i Cl 4-MeOC6H4 10.98 14.09 >30 15.06
28j Cl 4-MeC6H4 20.96 19.70 >30 27.04
28k Cl 4-ClC6H4 21.98 20.18 >30 >30
28l Cl Ph >30 >30 >30 >30
28m Cl 4-FC6H4 20.10 26.80 >30 24.07
28n Cl 4-BrC6H4 >30 24.12 >30 >30
28o Me 4-FC6H4 26.01 >30 >30 >30
28p Me 4-ClC6H4 22.36 >30 >30 >30
28q Me 4-BrC6H4 >30 29.02 >30 16.41
28r Me Ph >30 >30 >30 >30
28s Me 4-MeC6H4 >30 11.02 >30 12.88
28t Me 4-MeOC6H4 >30 17.90 >30 20.75
28u Me 4-BrC6H4 >30 10.29 >30 7.80
28v MeO 4-ClC6H4 >30 17.63 >30 22.14
28w MeO 4-MeOC6H4 >30 8.28 >30 16.58
28x MeO 4-MeC6H4 >30 >30 >30 >30
28y MeO 4-BrC6H4 >30 26.01 >30 >30
28z MeO Ph >30 7.02 >30 >30

a IC50 values are presented as mean values of three independent
experiments done in quadruplicates. Coefficients of variation were
<10%.
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antiproliferative activity. The most active derivative 26 was
then examined for its inhibition potency against EGFR kinase
and the results showed that it had a remarkable EGFR TK
inhibitory activity with IC50 value 0.93 mM, very close to the
reference drug getinib (IC50 = 0.9 mM). The apoptosis results
showed that compound 26 induced apoptosis of cancer cells
and increased caspase-3 by 5.7-folds. Molecular docking
results of 26 showed good tting and suitable interactions
with the key amino residues in the binding site of the EGFR
kinase, where the cyano group enabled the hydrogen bonding
interactions with the Met769 amino acid and benzofuran
moiety showed van der Waals interactions with the EGFR
binding site.48

The 2-acetyl-7-phenylaminobenzofuran hybrid 27 was re-
ported as a promising STAT3 inhibitor (signal transducer and
activator of transcription 3). Interestingly, compound 27 dis-
played very potent antiproliferation activity against MDA-MB-
468 cells with IC50 value of 0.16 mM. On the other hand,
compound 27 exhibited moderate to good anti-proliferation
activities against HepG2, MDA-MB-231 and A549 cancer cell
lines with IC50 = 1.63–5.80 mM. The results proved that
compound 27 caused a notable G2/M cycle-arresting and early
apoptosis in a concentration-dependent manner in MDA-MB-
468 cells.49

3-Amidobenzofuran derivatives 28a–z were synthesized and
their antiproliferative activity against four cancer cell lines;
HCT-116 (human colon carcinoma cells), HeLa (human cervical
cancer cell), HT-29 (human colon cancer cell lines), and MDA-
MB-231 (human breast cancer cell) were tested by MTT assay.
Most of the benzofurans showed promising antiproliferative
activity against the tested cancer cell lines. Compound 28g was
the most active inhibitor and showed signicant anti-
proliferative efficacy toward MDA-MB-231, HCT-116, and HT-29
with IC50 values of 3.01, 5.20, and 9.13 mM, respectively (Table
1). The ow cytometric analysis of the cell cycle showed that 28g
© 2023 The Author(s). Published by the Royal Society of Chemistry
could induce cell cycle arrest at G2/M phase in a dose-
dependent manner.50

El-Sayed et al. discussed the synthesis and anticancer activity
of the benzofuran derivatives 29, 30 and 31. The biological
activity was assessed by evaluating their antiproliferative activ-
ities against two human cancer cell lines: MCF-7 and HepG2
cells. The benzofuran molecules 29b, 30a, and 31c demon-
strated the best antiproliferative potency against the two cell
lines compared to the reference drug doxorubicin. The mech-
anism of action study revealed that derivative 30a displayed
promising inhibition of tubulin polymerization which resulted
in cell cycle arrest in the G2/M phase, mitotic spindle formation
disruption, and apoptosis of HepG2 cells. The benzofuran
derivatives 30a, 31c, and 29b, were also found to inhibit tubulin
polymerization in both cell lines. Docking study established the
RSC Adv., 2023, 13, 11096–11120 | 11103
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in vitro results conrming that compound 30a was a promising
anticancer agent.51

El-Khouly et al. reported the anticancer activity of the
benzofuran derivatives 32a–c against four cancer cell lines;
HePG2, HeLa, MCF-7 and PC3. The bioassay results conrmed
that most of the derivatives had promising inhibitory potency
against the dened cell lines with IC50 values ranging between
8.49–16.72 mM, 6.55–13.14 mM and 4.0–8.99 mM, respectively,
when compared with doxorubicin reference drug (4.17–8.87
mM). SAR study revealed that compound 32a, having methyl
group at thiazole scaffold, showed higher inhibition compared
to all other derivatives.52

Bukhari et al. reported the synthesis of some benzofuran-
chalcone derivatives 33 and 34 and screened for their in vitro
anticancer activity against A-375, MCF-7, A-549, HT-29 and H-
460 human cancer cell lines. All of the synthesized
benzofuran-chalcone derivatives showed good to moderate
activity against all of the tested cell lines compared with
cisplatin as a positive control. Compound 33d showed the
highest inhibition activity with IC50 values 4.15, 3.22, 2.74,
7.29, 3.81 mM against four different cell lines; A-375, MCF-7,
A-549, HT-29 and H-460, respectively, compared with
cisplatin (IC50 values 9.46, 12.25, 5.12, 25.4, 6.84 mM,
respectively).53
11104 | RSC Adv., 2023, 13, 11096–11120
The sulfonamide-arylhydrazones of benzofuran derivatives
35a–c were tested for their inhibitory actions toward the target
tumor-associated hCA-I, hCA-II, hCA-IX and XII isoforms. The
reported compounds were effective inhibitors of hCA-IX and XII
isoforms with Ki spanning values 10.0–97.5 and 10.1–71.8 nM,
respectively. They demonstrated the highest selectivity toward
hCA IX and XII over hCA I (SIs: 39.4–250.3 and 26.0–149.9,
respectively), and over hCA II (SIs: 19.6–57.1 and 13.0–34.2,
respectively).54
2.7. Anticancer activity of piperazine-based benzofuran
derivatives

The benzofuran scaffolds 36 were synthesized and their inhib-
itory activities against LSD1 (lysine-specic demethylase-1) were
examined. Compound 36b was the most potent inhibitor of
LSD1 with an IC50 value 0.065 mM. Compound 36c with meth-
ylpiperazine moiety was less potent (IC50 = 0.420 mM) than 36a
(unsubstituted piperazine), showing that hydrogen-bond donor
groups at R2 moiety were favorable. The in vivo inhibitory
potency of compound 36b was evaluated at a dose of 10 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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20 mg kg−1 day−1, where aer 15 days of treatment at a dose of
20 mg kg−1 day−1, compound 36b remarkably inhibited the
tumor growth and decreased the average tumor weight and
volume by 64% and 68%, respectively, in comparison with the
control. All tumor studies revealed that compound 36b was
a promising lead structure, where it effectively inhibited H460
cell growth in vivo without signicant side effects.55

The piperazine-based benzofurans 37a–h were synthesized
and their in vitro anticancer activities were tested against ve
human cancer cell lines; MCF-7, A549, HeLa, HCT116 and
human gastric carcinoma (SGC7901) by MTT assay.
Compounds 37a–h showed highly selective cytotoxic activity
against the ve cancer cells (IC50 < 10 mM), better or equal to the
inhibitory activity of 5-uorouracil (5-FU). The SAR study
declared that electron-donor groups on the phenyl ring (such as
CH3, CH3O, Cl and F) resulted in more promising anticancer
activities, however, electron-withdrawing groups (such as CN
and CF3) minimized the activity. Compound 37e demonstrated
a promising anticancer activity against A549, HeLa, SGC7901,
HCT116 and MCF-7 cell lines. Apoptosis study revealed that
compound 37e signicantly induced apoptosis on A549 cell.56
© 2023 The Author(s). Published by the Royal Society of Chemistry
The piperazine-based benzofuran derivative 38 was
designed, synthesized and evaluated as antitumor agent using
MTT colorimetry method. Compound 38 was characterized by
its high in vitro inhibitory activity against A549 and K562 cancer
cells with IC50 values of 25.15 mM and 29.66 mM, respectively.
The experiment was conducted at ve concentrations (ranging
between 128–8 mM), and each concentration was six parallel
samples in triplicates. Thus, compound 38 was useful for
further development as an anticancer drug.57
RSC Adv., 2023, 13, 11096–11120 | 11105
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2.8. Anticancer activity of 2-aminobenzofuran derivatives

The 2-aminobenzofuran derivatives 39, 40 and benzodifurans
41, 42 were designed, synthesized and their anticancer poten-
tials against prostatic tumor cells (PC-3) were evaluated. The
bioassay results showed that the anticancer potential was
affected by lipophilicity, where the anticancer activity of 2-
aminobenzofuran derivatives was more promising when
compared to benzodifurans. The benzofuran 39 was the most
promising molecule. The benzofuran 39-treatment decreased
PC-3 cell viability in a dose-dependent manner with IC50 = 33
mM as determined by CCK-8 assay (cell counting kit-8).58
A series of biologically active 2-aminobenzofuran derivatives
43a–n were synthesized and evaluated in vivo and in vitro as
inhibitors of tubulin polymerization. The in vitro antiproliferative
activities against the six human cell lines; HT-29, HL-60, HeLa,
medulloblastoma (Daoy), B-cell leukemia (SEM) and T-cell
leukemia (Jurkat) was examined using combretastatin A-4 (CA-4)
phosphate as a reference standard. The SAR study showed that
the position of electron-donating or electron-withdrawing groups
at the benzene ring of benzofuran had a great effect on the
inhibitory potency. The presence of 6-methoxy group on benzo-
furan caused the maximum inhibitory activity while the presence
of 4-methoxy group caused the least inhibitory activity. A similar
effect was also noticed in the case of the presence of ethoxy, methyl
or bromo substituents at position-6 of benzofuran, particularly the
6-ethoxybenzofuran derivative 43f was the most potent compound
of the prepared series. The derivatives 43f and 43l were the most
potent compounds of the series (with IC50 values 0.005–2.8 and
0.3–3.5 nM, respectively) against the six cancer cell lines, as
compared with CA-4 (with IC50 = 0.8–3100 nM). More specically,
11106 | RSC Adv., 2023, 13, 11096–11120
compound 43f exhibited the most excellent antiproliferative
activity (IC50 = 0.005 nM) against the daoy medulloblastoma cell
line, compared with IC50 > 10 mM against normal human astro-
cytes, conrming low toxicity in normal cells compared to tumor
cells. The antitumor effect in vivo of compound 43f was studied in
a syngeneic mouse tumor model. Compound 43f was treated by
the intraperitoneal route at two different doses (5.0 or 15 mg kg−1)
every other day. The tumormass was reduced by 16.9% and 45.7%
with 43f at 5 and 15mg kg−1, respectively, and there was no sign of
toxicity and no decrease in the animal body weight at the higher
dose (15 mg kg−1). The in vivo activity of compound 43f showed
better activity at 15 mg kg−1 than the reference CA-4 phosphate at
30 mg kg−1 against a syngeneic murine mammary tumor, where
treatment with CA-4 reduced tumor growth by 26.5% only.59

Benzofuran-based carboxylic acids 44a–c were evaluated for
their anti-proliferative action against human breast cancer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(MCF-7 and MDA-MB-231) cell lines. The derivatives showed
variable inhibitions towards MCF-7 and MDA-MB-231 cell lines.
In particular, the benzofuran derivative 44b was the most
effective toward MDA-MB-231 (IC50 = 2.52 mM) with close
potency to the reference drug doxorubicin (IC50 = 2.36 mM). The
derivative 44b (which treated MDA-MB-231 cells) was remark-
ably arrested at the G2-M phase by increasing the cell pop-
ulation to 32.30% compared to 10.80% (for control). The
number of cells in the sub-G1 phase was altered to 25.53% (for
44b-treated MDA-MB-231 cells) compared with 1.43% (for the
control cells).60

Different series of benzofuran-based sulfonamides 45, 46, 47
and 48 were designed, synthesized, and were found to be potent
inhibitors against four tumor-related human-carbonic
© 2023 The Author(s). Published by the Royal Society of Chemistry
anhydrase (hCA) isoforms; hCA I, II, IX and XII. The bioassay
results showed that most of the derivatives showed moderate to
high inhibitory activity and in particular compounds 47b and
47d were the most effective hCA-IX inhibitors (with inhibition
constants KIs = 8.4 and 5.5 nM, respectively), and were signi-
cantly selective toward hCA-IX isoform over the off-target hCA II
isoform (S. I.= 26.4 and 58.9, respectively). The antiproliferative
activity of 47b and 47d towards two breast cancer cell lines;
MDA-MB-231 and MCF-7, was measured using MTT bioassay
and staurosporine as the reference drug. The biological results
proved that 47b had excellent antiproliferative activity against
both cancer cell lines; MDA-MB-231 and MCF-7 (with IC50 =

6.27 and 6.45 mM, respectively), very close to staurosporine (IC50

= 6.75 and 3.67 mM, respectively), however, compound 47d had
moderate anti-proliferation action against MDA-MB-231 and
MCF-7 cancer cell lines (with IC50 = 14.16 and 13.79 mM,
respectively). In addition, the up-regulation of the expression
levels of pro-apoptotic Bax and Caspase-3 proteins and down-
regulation of the expression level of anti-apoptotic Bcl-2
protein were reported upon treatment of both MDA-MB-231
and MCF-7 cells with compound 47b.61
2.9. Anticancer activity of benzofuran-2-carboxamide
derivatives

Two sets of the 1-(benzofuran-3-yl)-1H-1,2,3-triazole derivatives
49a–i and 50a–i were synthesized, and their antiproliferative
activities were screened against four cancer cell lines; HCT116,
HeLa, HepG2, and A549 cells. The benzofuran-2-carboxamide
derivative 50g showed the highest anti-proliferation potency
against HCT-116, HeLa, HepG2, and A549 cells (IC50 = 0.87,
RSC Adv., 2023, 13, 11096–11120 | 11107
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Table 2 Antiproliferative activities of compounds 49a–i and 50a–i

Comp. R1 R2

(IC50, mM)a,b

HCT-116 HeLa HepG2 A549

49a H OEt >100 >100 30.97 � 6.24 >100
49b H OCH(CH3)2 41.71 � 8.94 59.30 � 5.15 58.00 � 9.48 >100
49c H HN(CH2)2CH3 16.43 � 4.19 6.84 � 0.34 2.92 � 0.22 9.29 � 3.66

49d H >100 >100 >100 >100

49e H 6.07 � 0.38 43.37 � 7.55 36.82 � 5.43 22.52 � 2.65

49f H 8.59 � 5.47 24.99 � 7.71 51.12 � 9.75 94.74 � 8.93

49g H 1.02 � 0.31 1.83 � 0.52 8.34 � 2.53 0.83 � 0.34

49h H 73.52 � 17.17 >100 65.23 � 5.42 73.99 � 7.86

49i H >100 >100 64.85 � 2.98 >100

50a OMe OEt 36.64 � 7.30 >100 11.57 � 3.59 >100
50b OMe OCH(CH3)2 40.21 � 4.23 29.48 � 0.67 14.79 � 5.02 50.41 � 7.88
50c OMe HN(CH2)2CH3 52.46 � 8.74 2.84 � 0.95 6.29 � 2.93 >100

50d OMe >100 78.38 � 7.48 >100 >100

50e OMe 1.27 � 0.38 7.66 � 1.26 20.26 � 9.05 18.95 � 3.17

50f OMe 5.56 � 1.76 29.99 � 5.59 41.65 � 6.01 >100

50g OMe 0.87 � 0.79 0.73 � 0.67 5.74 � 1.21 0.57 � 0.31

50h OMe 47.79 � 7.56 >100 6.83 � 3.21 38.79 � 16.90

50i OMe 80.08 � 0.86 49.75 � 11.74 10.92 � 4.65 37.85 � 6.96

a IC50 values are presented as the means ± SD of triplicate experiments. b Drug treatment for 72 h.

11108 | RSC Adv., 2023, 13, 11096–11120 © 2023 The Author(s). Published by the Royal Society of Chemistry
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0.73, 5.74 and 0.57 mM, respectively) (Table 2). The SAR study
proved that the presence of 6-methoxy group (as in structures
50a–i) was essential for high antiproliferative activity compared
with the unsubstituted analogues 49a–i. The mechanistic
studies demonstrated that compound 50g diminished the
polymerization of tubulin, resulting in disruption of mitotic
spindle formation, cell cycle arrest in the G2/M phase, and
apoptosis of A549 cells. Thus, compound 50g was worthy to be
a lead compound of further development as an anticancer
agent.62

The benzofuran-carboxamide derivatives 51a–j and 52a–
d were synthesized and their antiproliferative activities were
conducted against four human cancer cell lines; HT-29, MCF-7,
Panc-1 and epithelial cancer (A-549) using MTT assay method
and doxorubicin as a reference drug. Some compounds
exhibited good antiproliferative activities against the cancer
cells and the 4-(morpholin-4-yl)phenethyl derivative 51d was the
most active one against all of the four cell lines (with IC50 values
ranging between 0.70–1.8 mM), with almost equal potency to
doxorubicin reference (with IC50 values ranging between 0.90–
1.41 mM). The most active caspase-3 enhancers were
compounds 51d and 51h which led to an increase in the levels
of caspase 8 and 9 declaring activation of both intrinsic and
extrinsic pathways. Both compounds 51d and 51h showed
marked induction of Bax, and down-regulation of Bcl-2 protein
levels in MCF-7 cell lines. Compound 51d also demonstrated
cell cycle arrest at the Pre-G1 and G2/M phases in the cell cycle
of MCF-7 cell line. The SAR analysis revealed that the presence
of the N-phenethyl carboxamide moiety considerably improved
the antiproliferative activity of compounds 51 and such activity
was further enhanced by the presence of a morpholinyl group at
the para-position of the N-phenethyl ring causing compound
51d to have antiproliferative activity similar to the reference
drug doxorubicin. In addition, the effect of para substitution at
the phenethyl moiety on the antiproliferative activity of
compounds 51 was in the order: morpholinyl > piperidinyl $
pyrrolidinyl > dimethylamino > H.63

The in vitro anticancer activity of the benzofuran-
carboxamides 53 and 54 were screened by Matiichuk et al.
© 2023 The Author(s). Published by the Royal Society of Chemistry
against sixty human tumor cell lines obtained from nine
neoplastic diseases. The results showed that all of the tested
compounds displayed different levels of activity. The mean
graph mid-points (MG-MID) were determined for GI50 and TGI
(TGI is the molar concentration of a compound leading to total
inhibition), to get an average activity factor over all cell lines for
the tested compound. Compound 54a disclosed high inhibition
potency (GI50 < 10 mM) against all of the 58 tested tumor cell
lines (with MG-MID = 2.03 mM), 54c showed high inhibition
potency against 56 cell lines (MG-MID = 3.26 mM) and 54d
exhibited high inhibition potency against 53 human tumor cell
lines (MG-MID = 3.26 mM). The colon cancer subpanel exhibi-
ted the best sensitivity to compounds 54a and 54c (with a mean
GI50 = 0.87 and 0.84 mM, respectively). The most sensitive cell
line was T-47D (Breast Cancer, GI50 = 0.088 mM). In contrast,
compounds 53a–e showed weak to moderate activity on the
tested cell lines.64
2.10. Anticancer activity of dihydrobenzofuran derivatives

The naturally isolated benzofuran derivatives 55a–c (isolated
from the ethyl acetate fraction of Polygonum barbatum weed)
were examined for their anticancer potency against lung cancer
RSC Adv., 2023, 13, 11096–11120 | 11109
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(NCI-H460) and oral cancer (CAL-27) cell lines, employing MTT
assay. Compound 55a had more anticancer potency with IC50 of
53.24 and 48.52 mM against NCI-H460 and CAL-27, respectively,
when compared with the standard drug 5-uorouracil (IC50 =

97.76 mM). Compound 55a induced apoptosis aer 24–48 h
treatment as conrmed by morphological and ow cytometry
analysis.65

Some benzofuran derivatives 56–62 were isolated from the
seeds of Psoralea corylifolia and were screened for in vitro
inhibitory activity against the human colon cancer (SW620) cell
line. Compounds 56–62 were found to have reasonable cyto-
toxicity against the SW620 cells with IC50 = 24.31–28.72 mM
compared with 5-uorouracil (IC50 = 3.19 mM). Among these
compounds, 56 was the most cytotoxic one but compounds 59–
62 did not exhibit cytotoxicity toward the SW620 cell line.66

The naturally extracted spiro[benzofuran-2,1′-cyclohexane]
scaffolds 63-64, were screened for their cytotoxicity against ve
cancer cell lines (A-549, SMMC-7721, HL-60, MCF-7, and SW-
480) and a noncancerous (BEAS-2B) cell lines. The bioassay
was measured using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
method, where compound 63 exhibited signicant cytotoxicity
against A-549, SMMC-7721, and MCF-7 cell lines (with IC50
11110 | RSC Adv., 2023, 13, 11096–11120
values 6.60, 7.13, and 11.50 mM) more potent than the reference
cisplatin (13.84, 7.82, 13.46 mM, respectively).67

The naturally benzofuran-glucoside derivative 65 was iso-
lated from Senecio glaucus L. by Zaher et al. and evaluated for its
cytotoxic activity. Compound 65 exhibited potent cytotoxic
activity against the pancreatic cancer cell line (PANC-1) under
glucose decient medium (IC50 = 7.5 mM) using antimycin as
anticancer reference compound.68

The natural product usnic acid (UA) 66was reported as a potent
anticancer agent against human gastric adenocarcinoma (AGS),
gastric carcinoma (SNU-1) and squamous carcinoma (A-431) cells.
The bioassay study was carried out by treatment of AGS cells with
10–50 mM of UA in DMSO for 12, 24 and 48 h using MTT tech-
nique. UA promoted cell death in A-431 cells with IC50 values 98
and 39 mM aer 48 and 72 h of UA treatment, respectively. UA
reduced the cell viability of AGS cells by 17–45%, 20–65%, and 52–
80% (P < 0.05–0.001) aer 12, 24, 48 h, respectively. On the other
hand, UA treatment had no remarkable effect on the cell viability
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of human HaCaT and HEK-293 cells aer 48 h. Thus, UA induced
cytotoxic effects on human gastric cancer cells but not on normal
gastric cells. Furthermore, UA 66 demonstrated selective apoptotic
effect (10–25 mM) through the generation of ROS and led to DNA
damage on human gastric cancer cells accompanied by upregu-
lation of gH2A.X (Ser139) phosphorylation, DNA-PKcs and p53.69,70

Usnic acid (UA) 66 encapsulated heparin-modied gellan
gum (HAG) nanoparticles (NPs) was synthesized and its in vitro
cytotoxicity screening against human lung cancer cell line A549
was performed using SRB bioassay. The IC50 values were 12 and
14 mM for the free and encapsulated forms of usnic acid,
respectively. The in vitro cytotoxicity study, apoptosis assay and
cell cycle assay determined that the developed nanoparticulate
formulation was safe and effective and that the HAG NPs were
more suitable for inhibition of cancer cell growth and as a drug
delivery carrier than the free form of the drug.71

Wang et al. reported the synthesis and anticancer activity of
some usnic acid (UA) derivatives 67a–g against leukemia cells
using (+)-UA parent compound as a positive control. The bio-
logical assay revealed that the UA-derivatives 67a–g inhibited
the proliferation of the leukemia cells; HL-60 and K562 with
IC50 ranging between 2.15–3.25 and 2.70–6.20 mM, respectively.
Particularly, the 4-uoro and 4-chloro substituted derivatives
67c and 67g exhibited the highest potency against both cells HL-
© 2023 The Author(s). Published by the Royal Society of Chemistry
60 and K562 with IC50 = 2.64–2.82 mM. The mechanism of the
study proved that compound 67g induced apoptosis in HL-60
and K562 cell lines, and affected the expression of MNK/eIF4E
axis-related proteins, such as Mcl-1, p-eIF4E, p-4E-BP1. The
bioassay results conrmed that 67g was a potent apoptosis
inducer in leukemia cells, where compound 67g caused signif-
icant apoptosis occurrence in HL-60 cells at 6 mM (63.5%) in
comparison with control cells (2.6%). In contrast, K562 cells
were less sensitive to 67g, and the apoptosis was observed at
a prolonged period at 48 h and higher concentrations.72

A new series of the usnic acid derivatives 68a–r having
hydrazonothiazole pharmacophores were described and tested
as Tdp1 inhibitors. Most of the prepared compounds were
found to have high inhibitory potency with IC50 values in
a nanomolar scale (IC50 = 20–200 nM). The SAR study
conrmed that the size of the heterocyclic moiety and the
nature of heteroatom had no signicant effect on the inhibitory
activity, however, the presence of a bromine atom or bulky
aromatic motif attached to the heterocyclic moiety 68f–h and
68r enhanced the inhibitory activity. The presence of pyrrole
moiety led to the most potent inhibition such as in compounds
68m and 68n.73

Pyrczak-Felczykowska et al. reported the synthesis of the
usnic acid-isoxazole derivative 69 and assessed its activity
RSC Adv., 2023, 13, 11096–11120 | 11111
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against cancer cells of different origins. The viability of breast
cancer or normal cells was evaluated by MTT method. The in
vivo anticancer activity was also examined using the mice
xenogra technique. Compound 69 inhibited tumor growth
upon injection to nude mice with xenograed breast cancer
cells and vacuolization was selectively noticed in tumor cells but
not in other organs. Thus, compound 69 induced Endoplasmic
Reticulum (ER) stress in breast cancer cells but not in healthy
cells. Compound 69 also effectively stopped tumor growth in
vivo.74

The anticancer activity of the amidino-rocaglates 70a–l
against MDA-MB-231 breast cancer cells was evaluated in a sul-
forhodamine B (SRB) assay. The benzofuran derivatives 70c,
70d, and 70l were the most inhibitory active compared with the
reference rocaglate-hydroxamate 71. Compound 70d was found
to have excellent cytotoxicity with IC50 = 0.97 nM, an almost a 2-
fold increase in potency over the lead compound 71 (IC50 = 1.9
nM). Furthermore, the dimethylamide 60c and methyl ester 70l
were found to have IC50 values 1.2 and 3.6 nM, respectively. The
bioassay results disclosed that amidino-rocaglates might be
valuable cancer chemotherapeutic agents.75,76
The natural benzofuran product (rocaglamide) 72 was re-
ported to signicantly promote the natural killer (NK) inltra-
tion of the non-small cell lung cancer (NSCLC) cells by
autophagy inhibition. Compound 72 specically damaged
mtDNA, then enhanced mtDNA leakage into the cytoplasm and
activated the cGAS-STING signaling, resulting in increased
inltration of NK cells and enhanced antitumor immunity in
NSCLC. Thus, compound 72 had signicant potential in cancer
immunotherapy.77
11112 | RSC Adv., 2023, 13, 11096–11120
A number of p-azidobenzoyl-tetrahydrobenzofuran-4(5H)-
one hybrids 73a–j were described by Pandit et al. for anticancer
activity against renal cancer panel UO-31 cell lines. The results
of the anticancer evaluation of the hybrids 73a–j showed
promising responses against UO-31 cell lines (<80%). The type
of substituents at the phenyl moiety had a crucial effect on the
activity of the compounds. Compounds 73a and 73e, having
electron-withdrawing functions (4-NO2 and 4-Br, respectively)
effectively reduced the viability percentage of UO-31 cells at 10
mM concentrations and resulted in the highest potency against
UO-31 cell lines in renal cancer panel. Compounds 73a and 73e
showed high anticancer activity and prominent selectivity
against UO-31 with growth inhibition of 69.36% and 80.66%,
respectively.78
2.11. Anticancer activity of indole-based benzofuran
derivatives

The anticancer activity of various indole-based benzofuran
scaffolds 74a–i were determined against two cervical cancer cell
© 2023 The Author(s). Published by the Royal Society of Chemistry
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lines; SiHa and C33a. Four of the prepared derivatives (74a, 74d,
74e and 74h) demonstrated IC50 values < 40 mM. Compounds
74e and 74h were found to be the most effective and induced
autophagy as established by the progressive conversion of LC3I
to LC3II and down-regulation of p62 in cervical cancer cells
C33a and SiHa.79
2.12. Anticancer activity of benzofuran-2-carboxylate
derivatives

The antiproliferative activities of a number of shikonin-
benzofuran substrates 75a–q against ve cancer cell lines;
MDA-MB-231, HepG2, HT29, HCT116 and A549 using the MTT
assay and shikonin and colchicine as the positive drugs were
evaluated by Shao et al. Many of the reported compounds
exhibited promising antiproliferation activities against the
cancer cell lines compared to that of shikonin and had low
cytotoxicity to non-cancer cells. Particularly, compounds 75c,
75f and 75i (IC50 = 0.18, 1.03 and 0.82 mM, respectively)
demonstrated much higher antiproliferation potency against
HT29 cells than the standard drugs, shikonin (IC50 = 2.80 mM)
and colchicine (IC50 = 1.81 mM). The most powerful inhibition
was observed for compound 75c (IC50 = 0.18 mM) against HT29
cells. Compound 75c induced cell apoptosis, regulated the
© 2023 The Author(s). Published by the Royal Society of Chemistry
expression of apoptosis-related proteins in HT29 cells and
stimulated the HT29 cell cycle arrest at G2/M phase.80

2.13. Anticancer activity of 4(5)-hetaryl-benzofuran
derivatives

Synthesis of a large number of benzofuran derivatives 76–79
and 80–83 and their in vitro anticancer activity against the
breast cancer cell lines; MCF-7 and MDA231 were reported.
Most of the reported compounds demonstrated very potent
antiproliferative activities (IC50 = 1.19–2.78 mM) against MCF-7
much better than lapatinib reference drug (IC50 = 4.69 mM).
Moreover, the derivatives 80a and 83 exhibited promising
cytotoxic activity against both MCF-7 and MDA231. The inhib-
itory potencies of the derivatives 80a and 83 against p38a MAP
kinase were also highly signicant with IC50 = 0.04 mM superior
to the reference standard SB203580 (IC50 = 0.50 mM). In addi-
tion, the behavior of the benzofuran derivative 83 on the
apoptotic induction and cell cycle progression of MCF-7 cell line
was found to induce preG1 apoptosis and cell growth arrest at
G2/M phase preventing the mitotic cycle. Compound 83 also
exhibited very good drug-like properties, good ADME (absorp-
tion, distribution, metabolism and excretion) properties with
moderate solubility, high GI permeation and very good
bioavailability scores.81
RSC Adv., 2023, 13, 11096–11120 | 11113
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A series of dihydrobenzofuran hybrids 84 and the benzo-
furan derivative 85 were invented and patented by Kuduk et al.
and then evaluated for in vitro inhibition of human leukemia
cell line MOLM-13. The reported compounds exhibited
11114 | RSC Adv., 2023, 13, 11096–11120
moderate to high inhibition effect against MOLM-13 in nano-
molar scale with IC50 values ranging from 0.3–700 nM. Among
them, four derivatives had the highest potency with IC50 = 0.3–
7 nM. The best anti-leukemia cancer substrate was found to be
compound 84 (R1 = C(OH)Me2, R

2 = Me, R3 = R4 = Me, R5 = F,
R6 = Cl) with IC50 = 0.3 nM, suggesting that this candidate
could be further developed as anti-leukemia cancer agent.82

Ahmed et al. reported the synthesis of a set of benzofuran
hybrids 87–90, from the chalcone derivative 86, and assessed
their antitumor activities against breast cancer. The in vitro and
in vivo bioassay results disclosed that the derivatives 86, 88a,
and 89 revealed the highest antiproliferative activities against
the MCF-7 cell line with IC50 values 0.07, 2.94, and 2.48 mM,
respectively, compared with the standard lapatinib (IC50 = 4.69
mM). Particularly, the benzofuran molecule 86 (IC50 = 0.07 mM),
presented the most cytotoxic potency against MCF-7 BC cell
line, caused inhibition of a panel of 22 kinases in the range of
−39% to −97%, and arrested cell cycle at G2/M phase. In
addition, for the in vivo experiments, where male swiss mice
were selected as the animal model to induce solid ehrlich
tumor, compound 86 reduced the tumor cells in sections of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ehrlich tumor, displayed a strong positive caspase-3 and nega-
tive EGFR immuno-reaction.83
2.14. Anticancer activity of thiazole-based benzofuran
derivatives

A set of 2-(pyrazolyl)benzofuran derivatives 91a–s were
designed, synthesized and evaluated for antiproliferative action
against HeLa cell line of EGFR PK inhibitory potency. Seven
compounds 91c, 91d, 91h, 91j, 91k, 91m and 91n demonstrated
promising sensitivity against the cancer cells. They were more
potent or equipotent to the reference drug doxorubicin. For
example, the derivative 91m was the most potent anticancer
agent with IC50 value 0.60 mM, which was twice that of the
reference drug doxorubicin (IC50 = 1.10 mM). The EGFR protein
kinase inhibitory activity of the synthesized compounds showed
that compound 91k was the most active one and had higher
EGFR PK inhibitory activity (IC50 = 0.07 mM) than that of the
reference drug erlotinib (IC50 = 0.08 mM). In addition, cell cycle
analysis and apoptosis assay of compound 91k were performed
and it caused G1/S phase arrest and apoptosis in HeLa cancer
cells, in addition to its activation of the caspases-7 and -3. The
molecular docking study showed that compound 91k had
a good tting and proper interaction with the key amino resi-
dues in the binding site of EGFR kinase compared to erlotinib.
SAR study revealed that electron-withdrawing substituents at
the benzylidene moiety greatly affected the activity, where the
2,4-dichloro derivative 91m had twice the activity of doxoru-
bicin, the 4-bromo derivative 91n had similar activity to that of
doxorubicin. Thus, enhanced lipophilicity of the molecules, due
to the presence of the halogen atoms, led to substantial
improvement in the binding affinity and caused a marked
© 2023 The Author(s). Published by the Royal Society of Chemistry
increase in the anticancer activity of the compounds 91m and
91n. Similarly, 3- and 4-methoxybenzylidene derivatives 91c and
91d exhibited signicant cytotoxic activity (IC50 = 0.63, 0.82 mM,
respectively) much higher than that of doxorubicin, due to the
oxygen atom of the methoxy group that acted as H-bond
acceptor with the target protein kinase.84

Recently, we reported the synthesis of the bis-amide-based
bis-thiazole derivative having benzofuran moiety 92 and was
tested for its anticancer activity against colorectal (HCT-116),
and breast (MCF-7) cancer cell lines using the MTT assay. The
results disclosed that compound 92 had a promising cytotox-
icity against HCT-116 cells (with IC50 = 14.26 mM) and
a moderate activity against MCF-7 (with IC50 = 37.3 mM)
compared with 5-uorouracil (5-FU) reference drug (with IC50

values of 11.78 mM and 5.81 mM against HCT-116 and MCF-7),
respectively.85
RSC Adv., 2023, 13, 11096–11120 | 11115
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3. Molecular targeting for
benzofurans as anticancer agents

In medicinal chemistry, benzofuran scaffolds are central phar-
macophores and favored structures, where they have been
useful as active ingredients in several medications with proven
clinical efficacy. Recent studies have demonstrated that
benzofuran analogues can endure a wide range of pharmaco-
logical activities. The remarkable progress of benzofuran
derivatives in a variety of disorders in a very short amount of
time demonstrates the importance of this area of study to
medicinal chemistry. The high demand to explore new and
highly efficient anticancer medicines in the human ght
against cancers has not diminished. There is a high need for
both novel anticancer medications and improved approaches to
treating the disease. Recently, the powerful cytotoxic effects of
benzofurans against human breast and ovarian cancer cells
have been discovered.86,87 A panel of human tumor cell lines
were tested in vitro aer the researchers developed various new
benzofuran derivatives.88 It was discovered that the presence of
a 2-methylimidazole or 2-ethylimidazole ring, as well as the
substitution of the imidazolyl-3-position with a naphthylacyl or
methoxyphenacyl group, were necessary for adjusting the level
of cytotoxic activity. As benzofuran derivatives have pharmaco-
logical activities against cancer, their molecular targets for
anticancer activity are summarized in Fig. 3.89
3.1. Farnesyltransferase inhibitors

Membrane-bound GTP binding proteins (G-proteins) govern
cell development by cycling between an inactive GDP-bound
Fig. 3 Summarized molecular targets for benzofurans as anticancer com

11116 | RSC Adv., 2023, 13, 11096–11120
state and an active GTP-bound state, functioning as molecular
switches. Some G-proteins were activated constantly in tumor
cells, promoting their cancerous growth.90,91 A series of
benzofuran-based farnesyltransferase inhibitors have been
designed and synthesized as antitumor agents. One of these
derivatives showed the most potent enzyme inhibitory activity
with IC50 of 1.1 nM and antitumor activity in human cancer
xenogras in mice.92
3.2. Angiogenesis inhibitors

The formation of a new blood supply system, known as angio-
genesis, is a hallmark of newly developing tumors. To put it
simply, angiogenesis is the driving force behind not only the
initial development of a tumor but also its subsequent devel-
opment, spread, and recurrence.93 For these reasons, preventing
tumor angiogenesis can halt tumor development, growth, and
metastasis to other organs.94 A series of benzofuran derivatives
were synthesized and evaluated against cancer proliferation.
One of these derivatives, exhibited good inhibitory activity and
remarkable selectivity to HUVEC. Hence, it represented
a promising structural core to discover a new class of active and
selective angiogenesis inhibitors.95
3.3. PIM-1 inhibitors

Several carcinogenic processes have been linked to Pim-1, Pim-
2, and Pim-3, which are all members of the same family of
serine/threonine kinases.96 The Pim-1 proto-oncogene was rst
discovered to be a common integration site for slowly convert-
ing Maloney murine leukemia virus in murine T cell
lymphomas.97 Human lymphomas and acute leukemias with
pounds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Pim-1 overexpression are found throughout a broad spectrum
of disease types.98 A series of benzofuran derivatives were re-
ported to have potent inhibition against Pim-1 and Pim-2 in
enzyme assays. Xiang et al. 2011 designed new, structurally
diverse and more potent benzofuran-based derivatives for the
active treatment of prostate cancer and other related diseases
caused by deregulation of Pim-1 kinase.99

3.4. Anti-estrogen breast cancer agents

Breast cancer accounts for 23% of all cancer diagnoses in
women and 14% of all cancer deaths, making it the most
common cancer in women and the second largest cause of
cancer deaths among women (aer lung cancer). Treatments for
breast cancer oen focus on blocking the effects of estrogen by
inhibiting aromatase or blocking the ERa. Targeting the ERa
subtype, which is overrepresented in breast cancer cells, is
crucial. Antagonists for ERa work by blocking the receptor's
active site, preventing oestrogen from binding, and blocking the
hormone's effect. Estrogen binds to ER at its active site, causing
conformational changes that open the complex to attachment
of co-activators in breast cancer cells. Therefore, a number of
actions were activated, leading to an increase in breast cell
proliferation.100 Leow et al. 2013 identied important functional
groups present on 5,6-dihydroxybenzofuran, which could be
a promising scaffold for designing novel ER ligands chemo-
therapeutic anticancer.101

3.5. Tubulin polymerization inhibitors

Eukaryotic cells' microtubule system is crucial for controlling
cell structure. Due to their critical role in cell division, micro-
tubules are a crucial part of the mitotic spindle.102 Since
microtubules play a crucial role in mitosis and cell division,
they could be a good drug target for treating cancer. As inhibi-
tors of tubulin polymerization, small compounds like benzo-
furans are appealing. Dihydrobenzofuran ligands constitute
a new group of antimitotic and potential antitumor agents that
inhibit tubulin polymerization.103

3.6. Glycogen synthase kinase 3b inhibitors

Cell cycle regulation, proliferation, death, signaling, and tran-
scription are just some of the many cellular activities that GSK-3
(glycogen synthase kinase) can affect through phosphorylation
of a wide number of substrates. In mammals, GSK-3 consists of
two distinct isoforms, a and b.104 Research in recent years has
shown that glycogen synthase kinase 3 (GSK-3) is overexpressed
in human colon and pancreatic carcinomas, and that this
contributes to cancer cell proliferation and survival. Eldehna
et al. 2020 described and synthesized benzofuran hybrids as
dual CDK2/GSK-3b inhibitors targeting breast cancer.105

3.7. Multidrug resistance-reversing activity

Both in antimicrobial therapy and in the treatment of cancer,
the emergence of resistance to several drugs is a major concern.
Several mechanisms of pleiotropic drug resistance in tumour
cells have been uncovered in the past decade. P-glycoprotein is
© 2023 The Author(s). Published by the Royal Society of Chemistry
an energy-dependent, membrane-bound efflux pump impli-
cated as a mediator of multidrug resistance (MDR). PGP is an
ATP binding cassette 3 member with limited substrate speci-
city.106 A series of benzofuryl-ethanolamine analogs of prop-
afenone have been prepared and evaluated for multidrug
resistance-reversing activity in two in vitro assays.107
3.8. Inhibitors of human peptide deformylase (HsPDF)

Actinodin, actinodin analogues, or targeted siRNA suppression
of expression of human peptide deformylase (HsPDF) has been
linked to an antiproliferative effect in cancer cells.108 HsPDF
inhibitors are a promising new class of cancer drugs. Series of
benzofuran-4,5-diones derivatives were synthesized as selective
inhibitors of human peptide deformylase (HsPDF) as a new
class of antitumor agents.109
3.9. Inhibitors of mTOR signaling

Cell proliferation, metabolism, autophagy, and angiogenesis
are all regulated by the mammalian Target of Rapamycin
(mTOR).110 Therefore, mTOR is a signicant target in oncology
since its signaling is commonly changed in cancer cells. Salomé
et al. 2014 designed novel benzofuran derivatives as inhibitors
of mTOR pathway against a panel of human cancer cells.111,112
4. Conclusions

The occurrence of benzofuran scaffold in many highly bioactive
natural products and synthetic compounds is of a great value
for researchers working in the area of drug design, discovery
and development. The benzofuran nucleus is a key structural
motif for a wide number of approved anticancer drugs that are
currently in the market. The mechanistic study proved that
some benzofuran derivatives caused signicant apoptosis in
leukemia HL-60 cell line at 6 mM (63.5%) in comparison with
control cells (2.6%), without signicant side effects. The in vivo
anticancer activity of several benzofuran derivatives was tested
at different doses by the intraperitoneal route, where some
benzofurans signicantly inhibited lung tumor growth and
decreased the average weight and volume without signicant
side effects. Based on the aforementioned ndings; benzofuran
derivatives have better anticancer activity than several anti-
cancer reference drugs against panels of more than 40 human
cancer cell lines (with IC50 values in nanomolar scales at low
concentrations). Benzofuran scaffolds are highly promising
candidates for further development as anticancer agents.
Finally, the anticancer efficacies were affected by the electronic
nature of the substituents on the benzofuran skeleton where
studying the SAR of benzofuran derivatives was reported, in
several examples, to enable designing and developing novel,
potent and safe anticancer therapeutics. Therefore, much
research efforts are still required to be focused on studying the
substituents effects that highly enhance the drug-like properties
of the benzofuran scaffolds to reach the outmost challenges and
prominent benets to improve human health and reduce
suffering.
RSC Adv., 2023, 13, 11096–11120 | 11117
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and A. Herman-Antosiewicz, Internat. J. Mol. Sci., 2022, 23,
1802.

75 W. Zhang, J. Chu, A. M. Cyr, H. Yueh, L. E. Brown,
T. T. Wang, J. Pelletier and J. A. Porco Jr, J. Am. Chem.
Soc., 2019, 141, 12891–12900.

76 G. Schulz, C. Victoria, A. Kirschning and E. Steinmann, Nat.
Prod. Rep., 2021, 38, 18–23.

77 X. Yan, C. Yao, C. Fang, M. Han, C. Gong, D. Hu, W. Shen,
L. Wang, S. Li and S. Zhu, Internat. J. Biol. Sci., 2022, 18, 585.

78 C. Pandit and K.M. Kapadiya, Folia Med., 2019, 61, 551–558.
79 S. K. Siddiqui, V. J. SahayaSheela, S. Kolluru, G. N. Pandian,

T. R. Santhoshkumar, V. M. Dan and C. V. Ramana, Bioorg.
Med. Chem. Lett., 2020, 30, 127431.

80 Y. Y. Shao, Y. Yin, B. P. Lian, J. F. Leng, Y. Z. Xia and
L. Y. Kong, Eur. J. Med. Chem., 2020, 190, 112105.

81 O. M. Abdelhafez, E. Y. Ahmed, N. A. A. Latif, R. K. Arafa,
Z. Y. Abd Elmageed and H. I. Ali, Bioorg. Med. Chem.,
2019, 27, 1308–1319.

82 S. Kuduk and X. Zhang, PCT WO2021240429A1, 2021.
83 E. Y. Ahmed, O. M. Abdelhafez, D. Zaafar, A. M. Serry,

Y. H. Ahmed, R. F. A. El-Telbany, Z. Y. Abd Elmageed and
H. I. Ali, Arch. Pharm., 2022, 355, 2100327.

84 H. A. S. Abbas and S. S. Abd El-Karim, Bioorg. Chem., 2019,
89, 103035.

85 K. M. Dawood, M. A. Raslan, A. A. Abbas, B. E. Mohamed
and M. S. Nae, Anticancer Agents Med. Chem., 2023, 23,
328–345.
RSC Adv., 2023, 13, 11096–11120 | 11119

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01383a


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 4
:0

4:
24

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
86 G. N. Zhang, L. Y. Zhong, S. A. Bligh, Y. L. Guo, C. F. Zhang,
M. Zhang, Z. T. Wang and L. S. Xu, Phytochem, 2005, 66,
1113–1120.

87 S. Van Miert, S. Van Dyck, T. J. Schmidt, R. Brun,
A. Vlietinck, G. Lemière and L. Pieters, Bioorg. Med.
Chem., 2005, 13, 661–669.

88 W. C. Wan, W. Chen, L. X. Liu, Y. Li, L. J. Yang, X. Y. Deng,
H. B. Zhang and X. D. Yang, Med. Chem. Res., 2014, 23,
1599–1611.

89 H. Khanam, Eur. J. Med. Chem., 2015, 97, 483–504.
90 R. Bar-Shavit, M. Maoz, A. Kancharla, J. K. Nag,

D. Agranovich, S. Grisaru-Granovsky and B. Uziely, Int. J.
Mol. Sci., 2016, 17, 1320.

91 M. S. Nae, M. A. Tantawy and G. A. Elmgeed, Steroids,
2019, 152, 108485.

92 K. Asoh, M. Kohchi, I. Hyoudoh, T. Ohtsuka,
M. Masubuchi, K. Kawasaki, H. Ebiike, Y. Shiratori,
T. A. Fukami, O. Kondoh, T. Tsukaguchi, N. Ishii, Y. Aoki,
N. Shimma and M. Sakaitani, Bioorg. Med. Chem. Lett.,
2009, 19, 1753–1757.

93 P. Carmeliet and R. K. Jain, Nature, 2000, 407, 249–257.
94 D. T. Debela, S. G. Muzazu, K. D. Heraro, M. T. Ndalama,

B. W. Mesele, D. C. Haile, S. K. Kitui and T. Manyazewal,
SAGE Open Med., 2021, 9, 20503121211034366.

95 Y. Chen, S. Chen, X. Lu, H. Cheng, Y. Ou, H. Cheng and
G.-C. Zhou, Bioorg. Med. Chem. Lett., 2009, 19, 1851–1854.

96 N. S. Magnuson, Z. Wang, G. Ding and R. Reeves, Future
Oncol., 2010, 6, 1461–1478.

97 H. T. Cuypers, G. Selten, W. Quint, M. Zijlstra,
E. R. Maandag, W. Boelens, P. van Wezenbeek, C. Melief
and A. Berns, Cell, 1984, 37, 141–150.

98 R. Amson, F. Sigaux, S. Przedborski, G. Flandrin, D. Givol
and A. Telerman, Proceed. Nat. Acad. Sci., 1989, 86, 8857–
8861.

99 Y. Xiang, B. Hirth, G. Asmussen, H. P. Biemann,
K. A. Bishop, A. Good, M. Fitzgerald, T. Gladysheva,
A. Jain, K. Jancsics, J. Liu, M. Metz, A. Papoulis, R. Skerlj,
11120 | RSC Adv., 2023, 13, 11096–11120
J. D. Stepp and R. R. Wei, Bioorg. Med. Chem. Lett., 2011,
21, 3050–3056.

100 J. Russo and I. H. Russo, J. Steroid Biochem. Mol. Biol., 2006,
102, 89–96.

101 M. L. Leow, H. L. C. Chin, P. S. Yu, K. K. Pasunooti,
R. X. Z. Tay, D. Zhang, H. S. Yoon and X. W. Liu, Curr.
Med. Chem., 2013, 20, 2820–2837.

102 S. Honore, E. Pasquier and D. Braguer, Cell. Mol. Life Sci.,
2005, 62, 3039–3056.

103 L. Pieters, S. Van Dyck, M. Gao, R. Bai, E. Hamel,
A. Vlietinck and G. Lemière, J. Med. Chem., 1999, 42,
5475–5481.

104 J. R. Woodgett, EMBO J., 1990, 9, 2431–2438.
105 W. M. Eldehna, S. T. Al-Rashood, T. Al-Warhi,

R. O. Eskandrani, A. Alharbi and A. M. El Kerdawy, J.
Enzyme. Inhib. Med. Chem., 2021, 36, 271–286.

106 R. L. Juliano and V. Ling, Biochim. Biophys. Acta, Biomembr.,
1976, 455, 152–162.

107 G. Ecker, P. Chiba, M. Hitzler, D. Schmid, K. Visser,
H. P. Cordes, J. Csöllei, J. K. Seydel and K. J. Schaper, J.
Med. Chem., 1996, 39, 4767–4774.

108 M. D. Lee, Y. She, M. J. Soskis, C. P. Borella, J. R. Gardner,
P. A. Hayes, B. M. Dy, M. L. Heaney, M. R. Philips,
W. G. Bornmann and F. M. Sirotnak, J. Clin. Invest., 2004,
114, 1107–1116.

109 C. Antczak, D. Shum, B. Bassit, M. G. Frattini, Y. Li, E. de
Stanchina, D. A. Scheinberg and H. Djaballah, Bioorg.
Med. Chem. Lett., 2011, 21, 4528–4532.

110 M. E. Welker and G. Kulik, Bioorg. Med. Chem., 2013, 21,
4063–4091.
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