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Abstract: A set of nine derivatives, including five brominated compounds, was synthesized and
the structures of these novel compounds were confirmed using 1H and 13C NMR as well as ESI
MS spectra. These compounds were tested on four different cancer cell lines, chronic myelogenous
leukemia (K562), prostate cancer (PC3), colon cancer (SW620), human kidney cancer (Caki 1), and on
healthy human keratocytes (HaCaT). MTT results reveal that two newly developed derivatives (6 and
8) exhibit selective action towards K562 cells and no toxic effect in HaCat cells. The biological activity
of these two most promising compounds was evaluated by trypan blue assay, reactive oxygen species
generation, and IL-6 secretion. To investigate the proapoptotic activity of selected compounds, the
two following types of tests were performed: Annexin V Apoptosis Detection Kit I and Caspase-Glo
3/7 assay. The studies of the mechanism showed that both compounds have pro-oxidative effects
and increase reactive oxygen species in cancer cells, especially at 12 h incubation. Through the
Caspase-Glo 3/7 assay, the proapoptotic properties of both compounds were confirmed. The Annexin
V-FITC test revealed that compounds 6 and 8 induce apoptosis in K562 cells. Both compounds inhibit
the release of proinflammatory interleukin 6 (IL-6) in K562 cells. Additionally, all compounds were
screened for their antibacterial activities using standard and clinical strains. Within the studied group,
compound 7 showed moderate activity towards Gram-positive strains in antimicrobial studies, with
MIC values ranging from 16 to 64 µg/mL.
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1. Introduction

Leukemias remain an unsolved problem in the clinical medicine and pharmacology
of the 21st century. Although many clinically useful anticancer compounds are available
on the pharmaceutical market, there are still obstacles in providing optimal therapies for
patients. The main challenge in leukemia therapies is the shortage of drugs that specifically
target cancer cells but that do not damage normal cells. In addition, a major problem
is the development of multidrug resistance and the shortage of drugs effective against
cancer-initiating stem cells, which may be the source of cancer recurrence [1,2].

Drugs used in the treatment of chronic myeloid leukemia (CML) and other leukemias
include Imatinib (IM), bortezomib, and doxorubicin [3–9]. While therapies based on
Imatinib effectively treat many patients, they still fall short in terms of eliminating the
root cause of cancer—the cancerous stem cells. Moreover, during Imatinib therapy, the
development of resistance to IM is observed, especially in the advanced stage of the
disease [10–13].
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The therapeutic value of bortezomib and doxorubicin is diminished due to a lack
of selectivity towards cancer cells and these treatments induce strong side effects [8,9].
Fraczkowska et al. have proved that doxorubicin affects the mechanical properties of cellu-
lar structures via the reduction of cell stiffness. They have also showed that doxorubicin
interacts with both proliferating cancer cells and normal healthy cells and that this can
be further linked to the high toxicity of doxorubicin at its therapeutic concentrations [9].
Bortezomib has been successfully applied to the treatment of multiple myeloma and mantle
cell non-Hodgkin’s lymphoma (NHL). However, it should be highlighted that, despite
the successful use of bortezomib in myeloma and mantle cell lymphoma treatment, re-
sistance to this drug remains a clinically significant problem. Results of clinical studies
have revealed that resistance to bortezomib can be inherent or acquired [14]. Additionally
gathered clinical observations indicate that bortezomib therapy is linked with some side
effects, including peripheral neuropathy, orthostatic hypotension, pyrexia, cardiac and
pulmonary disorders, gastrointestinal adverse events, myelosuppression, thrombocytope-
nia, asthenia, and pain [15,16]. Therefore, there is a great need to search for more effective
chemotherapeutic compounds with high selectivity and minimal side effects on patients.

In the field of medicinal chemistry, natural and synthetic benzofuran derivatives are
well known for their wide therapeutic properties. These properties span various areas,
including antiviral, antitumor, antihyperglycemic, analgesic, anti-inflammatory, antibac-
terial, and antifungal effects [17–23]. The multifaceted actions of benzofuran derivatives
have positioned them as a subject of significant research, particularly in the realm of anti-
cancer activity. Numerous active compounds with diverse structures have been identified,
demonstrating cytotoxic activity against various cancer cell lines [24–31]. It has been shown
that the anticancer effect of the abovementioned compounds results from, among other
factors, the induction of apoptosis by caspase-dependent pathways in cancer cells or by the
effective induction of cell death mediated by autophagy or by inhibition of tubulin polymer-
ization. The other proposed mechanisms are the inhibition of angiogenesis, DNA synthesis,
the induction of cell cycle arrest or the manipulation of ROS levels or IL-6 concentration
levels [29–31].

Our team has dedicated several years to researching benzofuran derivatives, leading to
the identification of bromo derivatives with potent anticancer activity. Through evaluation
of the relationship between the structure of selected compounds and their activity, we have
discovered that bromoalkyl and bromoacetyl derivatives of benzofurans exhibit the highest
cytotoxicity. Our studies on the molecular mechanism of action have revealed that the most
active benzofurans induce apoptosis in K562 and MOLT-4 leukemia cells [32–35]. Moreover,
we have identified tubulin as the molecular target for the mentioned derivatives.

Among the compounds studied, 1,1′-[3-(bromomethyl)-5,6-dimethoxy-1-benzofuran-
2,7-diyl]diethanone (Figure 1) emerged as the most promising anticancer agent. This
derivative demonstrates selective toxicity against leukemic cell lines (K562, HL-60) with
IC50 values of 5.0 and 0.1 mM, respectively, while exhibiting toxicity toward neither HeLa
cancer cells nor non-cancer lines (HUVEC).

Building on these promising results, we used the mentioned derivative as the lead
compound and synthesized nine new derivatives of benzofurans, including five bromo
derivatives. The chemical modifications involved introducing substituents, –OCH3 and
–OCH2CH3, at selected positions on the benzene ring. The type and position of these sub-
stituents influence the volume, lipophilicity, and activity of the new derivatives, providing
valuable insights into the relationships between their structures and biological activity.
Next, we evaluated their cytotoxicity against four cancer cell lines and studied the ability
of the most active derivatives to induce apoptosis, ROS generation, and inhibit interleukin-
6 release. Finally, the obtained results allowed us to analyze how modifications in the
derivatives and the position of substituents on the benzene ring impact their cytotoxic and
biological activity compared with the lead compound.
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Figure 1. 1,1′-[3-(bromomethyl)-5,6-dimethoxy-1-benzofuran-2,7-diyl]diethanone. 

2. Results and Discussion 
2.1. Chemistry 

The main goal of our synthetic studies was to obtain a small library of novel deriva-
tives of selected benzofurans. The route of preparation of described compounds is pre-
sented in Scheme 1. The starting benzofurans were obtained in the reaction between an 
appropriate substituted or unsubstituted o-hydroxyacetophenone and chloroacetone. 
Next, obtained compounds were brominated by using NBS (N-bromosuccinimide) in CCl4 
(carbon tetrachloride). As a result, the bromomethyl derivatives were obtained for all 
starting benzofurans. An additional product containing two bromine atoms, in the methyl 
group and in the benzene ring, was isolated in the case of 1-(4,6-dimethoxy-3-methyl-1-
benzofuran-2-yl)ethanone. We assumed that the presence of the –OCH3 groups of the ben-
zene rings assisted in the electrophilic substitution in the ortho position of the benzene 
ring.  

All of the obtained derivatives were purified by silica gel column chromatography 
and their structures were confirmed by 1H nuclear magnetic resonance (NMR), 13C NMR, 
and mass spectrometry (MS). The obtained compounds were tested for their cytotoxic 
properties on human cancer cells and healthy cells, and they were screened for antibacte-
rial activities using standard and clinical strains. The NMR spectra of the investigated 
compounds are provided as Supplementary Materials. 
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Figure 1. 1,1′-[3-(bromomethyl)-5,6-dimethoxy-1-benzofuran-2,7-diyl]diethanone.

2. Results and Discussion
2.1. Chemistry

The main goal of our synthetic studies was to obtain a small library of novel derivatives
of selected benzofurans. The route of preparation of described compounds is presented in
Scheme 1. The starting benzofurans were obtained in the reaction between an appropriate
substituted or unsubstituted o-hydroxyacetophenone and chloroacetone. Next, obtained
compounds were brominated by using NBS (N-bromosuccinimide) in CCl4 (carbon tetra-
chloride). As a result, the bromomethyl derivatives were obtained for all starting benzo-
furans. An additional product containing two bromine atoms, in the methyl group and
in the benzene ring, was isolated in the case of 1-(4,6-dimethoxy-3-methyl-1-benzofuran-
2-yl)ethanone. We assumed that the presence of the –OCH3 groups of the benzene rings
assisted in the electrophilic substitution in the ortho position of the benzene ring.

All of the obtained derivatives were purified by silica gel column chromatography and
their structures were confirmed by 1H nuclear magnetic resonance (NMR), 13C NMR, and
mass spectrometry (MS). The obtained compounds were tested for their cytotoxic properties
on human cancer cells and healthy cells, and they were screened for antibacterial activities
using standard and clinical strains. The NMR spectra of the investigated compounds are
provided as Supplementary Materials.

2.2. Biological Evaluation
2.2.1. MTT Cytotoxicity Studies

The results of the following MTT screening study of nine novel benzofurans deriva-
tives presents cytotoxic activity in the four following cancer cell lines: chronic myelogenous
leukemia cell (K562), human prostate cancer cell (PC3), colorectal cancer cell (SW620),
and human renal cell carcinoma cell (Caki-1). Activity was also present in normal human
keratinocytes (HaCaT). The cell viability was analyzed at the following six concentrations
of compounds: 5, 10, 20, 40, 60 and 100 µM after 72 h incubation.
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Scheme 1. Synthesis of selected 1-(3-methyl-1-benzofuran-2-yl)ethanone derivatives 1–9.

Based on the obtained results we calculated IC50 (µM) values (the concentration of the
compound that corresponds to a 50% growth inhibition of cell lines as compared with the
control) and present them in Table 1. Additionally, to determine the safety profile of the
tested compounds, the therapeutic index (TI) (the ratio of IC50 value in HaCaT to cancer
cells K562) was calculated. Firstly, the obtained results clearly show that all examined
benzofuran derivatives were not toxic towards kidney cancer cells, Cacki-1 (IC50 > 100 µM).
However, the derivatives exhibited different cytotoxic potentials in other cell lines used in
our study. It should be stressed that the introduction of bromine into benzofuran molecules
increases their cytotoxic potential in both normal and cancer cells (except for the previously
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mentioned Cacki-1 cells). Analysis of the obtained results allowed us to select compounds
with low harmful effects on normal cells. Compounds 1–4 exhibited lower cytotoxic po-
tential in HaCat cells compared with the brominated derivatives 5–9, with IC50 values
that ranged from 50–100 µM. Unfortunately, there were no cytotoxicity activities induced
towards K562, PC3 or SW620 cells (IC50 > 30 µM; Table 1). Thus, we decided to exclude
these from our further studies. Compounds 5–9, which belong to brominated molecules,
exhibit stronger cytotoxic effects both in normal and cancer cells. Compound 5 unveiled
similar harmful effects to both healthy and cancer cells (IC50 = 14.6 ± 3.5 µM) and hence
further analysis was not conducted. Compound 6 showed selective strong toxic effects in
K562 (IC50 = 3.83 ± 0.6 µM) and moderate toxic effects in HaCaT (12.44 ± 1.27 µM), with
TI = 3.248. Because compound 7 was extremely toxic towards HaCaT cells it was also ex-
cluded from our study (Table 1). Compound 8 acts the same as compound 6, demonstrating
a high selective toxic potential in K562 cells (IC50 = 2.59 ± 0.88 µM) and a moderate toxic
effect in HaCaT cells (23.57 ± 10.7 µM), with TI = 9.100. Compound 9, in a similar fashion
to compound 5, failed to expose selective toxicity against cancer cells (Table 1). The goal
of conducting the MTT assay in this research was to select benzofuran derivatives, which
manage to reduce viability of cancer cells while exposing mild effects on normal healthy
cells. Among all nine of the examined benzofurans, we decided to select two compounds, 6
and 8. It should be stressed that both compounds exhibit moderate values of therapeutic
index (TI), 3.248 for 6 and 9.100 for 8, but they are still significantly less toxic compared
with commonly used chemotherapeutics, including bortezomib or doxorubicin.

Table 1. Cytotoxic activity (IC50, µM) of the studied compounds estimated by the MTT assay.

Compound K562 a PC3 b SW620 c Cacki-1 d HaCaT e TI f

1 57.00 ± 3.50 80 ± 20.0 >100 >100 >100 >100

2 36.32 ± 4.5 >100 >100 >100 67.30 ± 29.68 1.853

3 58.00 ± 21.12 66.41 ± 28.72 52.33 ± 22.5 >100 >100 1.724

4 60.00 ± 9.0 >100 >100 >100 55.29 ± 33.44 0.925

5 10.30 ± 0.55 17.50 ± 3.5 15.60 ± 4.1 >100 15.00 ± 0.80 1.450

6 3.83 ± 0.60 7.02 ± 2.22 >100 >100 12.44 ± 1.27 3.248

7 50.00 ± 10.0 40.00 ± 15.0 47.15 ± 22.25 >100 5.69 ± 5.67 0.114

8 2.59 ± 0.88 7.86 ± 2.62 >100 >100 23.57 ± 10.7 0 9.100

9 14.40 ± 3.70 40.00 ± 20.0 >100 >100 22.80 ± 1.51 1.583

Bortezomib 0.04 ± 0.01 nd nd nd nd nd

Doxorubicin 0.21 ± 0.10 nd nd nd nd nd

Data are expressed as mean ± SD from three independent experiments. IC50 (µM)—the concentration of the
compound that corresponds to a 50% growth inhibition of cell lines (as compared with the control) after cells are
incubated with tested compounds. f—Therapeutic index (TIf)—the ratio of IC50 values in HaCat to cancer cells
(K562). a—Human chronic myelogenous leukemia (K562), b—human metastatic prostate cancer (PC3),c—human
metastatic colon cancer, d—human clear cell renal cell carcinoma, e—human immortal keratinocytes cell line from
adult human skin (HaCaT). nd: not determined.

2.2.2. Antiproliferative Activity

The MTT assay assesses the viable cell number based on mitochondrial enzyme
activity. Thus, the results of an MTT analysis do not allow us to estimate the total cell
number. In the next step of our studies, we analyzed the total cell number and viability
after exposure to the selected compounds at IC50 concentration using trypan blue exclusion
assay. K562 cells were incubated with tested compounds over 72 h. Compounds 6 and 8 did
not significantly affect the cell viability compared with the untreated K562 cells (Table 2).
To assess the antiproliferative properties of newly synthesized derivatives, we analyzed
the total cell number. Incubation with compound 8 did not affect the total cell number
compared to the control. On the other hand, compound 6 exhibited slight antiproliferative
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property and reduced cell number by 13%. The observed difference in activity of both
tested compounds might result from different patterns of substituents in the benzene
ring (Table 2). Compound 8 possesses –OCH2CH3 attached to carbon 4 in the benzene
ring whereas compound 6 has two substituents but both consist of one carbon atom. It
seems that both the size and pattern of substituents in the benzene ring influence the
polarity of tested derivatives. We can thus conclude that the structure of compound 6
facilitates its transport through phospholipid cellular membrane and other intracellular
membranes. Based on these findings we suppose that biological action, including the
antiproliferative effect of compound 6, might be observed faster and evidently. The parallel
experiment was conducted with HaCaT cells. The obtained results reveal that both tested
derivatives exhibit mild cytotoxic activity in normal cells, but observed changes were not
significantly important. However, it should be highlighted that HaCaT cells viability in
both examples were higher than 80%. The trypan blue test rapidly assesses cell viability
indirectly from cell membrane integrity, but some publications have indicated weaknesses
of this viability test [36–38]. Strober [38] suggests that it is possible that a cell’s viability
might be affected (as estimated by capacity to grow or function) even when its membrane
integrity is (at least transiently) maintained. On the other hand, cell membrane integrity
may be affected even while the cell might still be able to repair itself and become fully
viable. The observed slightly higher cytotoxic effect in HaCaT cells compared with K562
seems to be a normal cellular response to potential toxic factors. Cancer cells are equipped
with perfectly developed defense mechanisms which allow them to survive in different
environments, including in the presence of potential anticancer compounds, whereas
normal cells have to create, adapt and activate the molecular mechanisms which allow
them to survive in the presence of unfavorable environmental conditions.

Table 2. The effect of compounds 6 and 8 on the total cell number and viability (%) in K562, and
HaCaT measured by trypan blue assay.

Compound Cell Number (×106)
Percentage of
Viability (%)

HaCaT a

Control 2.70 ± 0.10 93.0 ± 0.27

6 2.45 ± 1.63 80.5 ± 19.09

8 2.00 ± 0.42 87.0 ± 8.70

K562 b

Control 0.75 ± 0.09 91.5 ± 3.50

6 0.62 ± 0.12 94.0 ± 1.00

8 0.83 ± 0.12 96.0 ± 1.41
Data are expressed as mean ± SD; a—human immortal keratinocytes cell line from adult human skin (HaCaT ),
b—human chronic myelogenous leukemia (K562).

2.2.3. Reactive Oxygen Species (ROS) Generation

Literature dates indicate that active benzofurans and their derivatives exhibit both
oxidant and antioxidant properties [31,39–41]. In the present study ROS generation exami-
nation was performed after 6 and 12 h exposure to tested derivatives at IC50 concentration.
The analysis is based on ROS-dependent oxidation of the compounds to fluorescent rho-
damine 123 and dichlorofluorescein (DCF), respectively. In K562 cells incubated with either
dihydrorhodamine (123 DHR123) or 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA),
a statistically significant increase of fluorescence intensity was observed after 12 h incu-
bation with compound 6 and 8 (Figure 2). Observed changes in fluorescence intensity
indicate that both compounds increase the concentration of H2O2, which is responsible for
the oxidation of DHR123 and DCF–DA. However, both compounds differ in their oxidative
potential. We noticed that compound 6 exhibits the stronger pro-oxidative effect in K562
cells as compared with compound 8. It induces a two-fold increase in fluorescence inten-
sity compared with untreated cells. Observed changes in the oxidant properties of tested
benzofurans confirmed our previous findings that even small differences in the pattern
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and types of substituents in aromatic rings might affect biological activity. In our research
we used two dyes, which allowed us to detect H2O2. Hydrogen peroxide is the product
of reaction catalyzed by superoxide dismutase (SOD). In this reaction, superoxide O2

− is
converted into O2 and H2O2. An observed higher concentration of hydrogen peroxide
after benzofurans exposure indicate that their oxidative action in leukemia cells might be
associated with superoxide generation. Our results are in agreement with studies presented
by Zhou et al., who have revealed that chronic lymphocytic leukemia cells (CLL) obtained
from patients exhibit higher ROS production compared with normal lymphocytes [42]. Ad-
ditionally, the work of Jitschin et al. indicates that CLL patients have displayed a metabolic
condition known as oxidative stress and that this is linked to alterations in their lymphoid
compartment [43]. Additionally, their research showed that mitochondrial metabolism is a
main source of ROS. It must be highlighted that ROS exhibit activity is a “double-edged
sword” in cancer cells. When ROS are present at low-to-moderate concentrations, they
act as signaling transducers to activate cancer cell proliferation, migration, invasion, an-
giogenesis, and drug resistance [44–47]. Simultaneously the high level of ROS might be
harmful to cancer cells and ultimately lead to cell death [48]. Thus, it seems reasonable that
modulation of ROS levels and the antioxidant barrier in cancer cells might be key points
for the development of effective anticancer therapy.
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* p < 0.05 as compared to the control cells.
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2.2.4. Inhibition of IL-6 Release

Among many soluble factors present in the plasma and tissue microenvironment
in patients with chronic lymphatic leukemia recent studies confirmed a presence of few
types of interleukin (IL) including 4, 6 and 10. Additionally, research indicates that they
may play an important function in supporting cell survival [49–52]. IL-6 is a member
of a big family of cytokines and is predominantly excreted by T cells and macrophages
to stimulate immune response during infection [53]. Studies have shown that elevated
levels of serum IL-6 is positively correlated with worse clinical outcomes in patients with
different types of cancer, including leukemia [54,55]. IL-6 also plays a key role in the
chemoresistance of malignancies [56–58]. Based on these findings we checked the effect
of our new benzofuran derivatives on IL-6 secretion by K562 cells. We analyzed the
concentrations of IL-6 in cell culture medium after 72 h exposure to compound 6 or 8. The
obtained results show that both compounds significantly reduced the concentration of IL6
in the tested medium. The stronger effect was observed after treatment with compound 6.
This reduced the level of IL-6 by 50%, whereas compound 8 reduced it by 40% (Table 3).
These results confirm our earlier observations regarding the biological properties of the
tested compounds. We showed that compound 6 has a stronger pro-oxidative effect in K562
cells. Therefore, based on the obtained results we might hypothesize that the observed
increase in the concentration of free radicals might affect the level of released interleukin 6.
This hypothesis is surprising, because studies clearly indicate that synthesis and release
of IL-6 occurs in response to the stimulation of different factors including ROS, TNF or
LPS. On the other hand, K562 cells like other erythroid and megakaryocytic cells release
IL-6 in a constitutive way [59]. Additionally, studies conducted by Schuringa et al. have
revealed that 25% AML patients exhibit constitutive Stat3 activation and secret high levels
of IL-6. Blocking the action of secreted IL-6 by treatment with anti-IL-6 leads to a loss
of constitutive Stat3 phosphorylation and normal IL-6-induced Stat3 activation patterns.
These suggest that the autocrine and paracrine secretion of IL-6 by AML cells causes the
constitutive activation of Stat3, which may have important consequences for the growth
and survival characteristics of AML cells [60]. Interesting results were obtained also by
Liang et al. They demonstrated that STAT3 activation inhibited ROS overload. Furthermore,
decreased concentration of ROS may influence transcription factor activation and promote
cell proliferation and differentiation [61]. Based on these findings we suppose that observed
decreased IL-6 secretion might be the result of pro-oxidative activity of both compounds,
as a consequence of the modulation of the STAT3/ROS axis in K562 cells.

Table 3. The effect of derivatives 6 and 8 on IL-6 concentration (mean ± SD), measured by ELISA kit.
K562 cells were incubated with studied compounds for 72 h at their IC50 concentrations. *** p ≤ 0.001
as compared with the control cells.

Il-6 Concentration in K562 Cells in 72 h

Control 11.616 ± 1.730997

6 5.791 ± 2.047781 ***

8 6.958 ± 3.622508 ***

2.2.5. Activation of Apoptosis

ROS may play a different function in different stages of cancer. ROS might enhance
cell growth and proliferation through the induction of various cell signaling pathways
involving nuclear factor-kappa B (NF-κB) and STAT3, hypoxia-inducible factor 1α (HIF1α),
kinases, growth factors, cytokines and many other proteins. On the other hand, the ac-
cumulation of ROS can induce cell damage and promote apoptosis. It has also been
confirmed that elevated ROS concentration may cause mitochondrial membrane depo-
larization and facilitate increased cellular pro-apoptotic molecules releasing [62–64]. In
the present study we showed that compounds 6 and 8 increase the level of ROS in K562
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cells in a time-dependent manner. As has been previously reported, lead compound
1,1′-[3-(bromomethyl)-5,6-dimethoxy-1-benzofuran-2,7-diyl] induces apoptosis in human
leukemia cells [34,35]. Therefore, we can suppose that both new derivatives might possess
apoptotic potential. To confirm the ability of our tested benzofurans to induce apoptosis,
we analyzed phosphatidylserine (PS) distribution in K562 cells exposed to compound 6 or
8. We used the Annexin V-FITC test, which allows us to detect the early structural changes
in cellular membrane which occur during apoptosis. The results of flow cytometry analysis
showed that compounds 6 and 8 induced apoptosis (early and late stages) in 21.6% and
60.1% of K562 cells, respectively (Figures 3 and 4). In the control sample almost 94% of
cells were neither apoptotic nor necrotic. The observed stronger signal for Annexin in cells
exposed to compound 8 may indicate that the apoptosis process is more advanced than in
cells exposed to compound 6. Compound 8 also revealed the stronger cytotoxic potential in
MTT analysis. As has been previously written, the MTT test assesses the toxicity of tested
compounds based on the activity of mitochondrial enzymes. Based on these findings we
suppose that compound 8 might possess the stronger effect on mitochondrial metabolism.
Our results are in agreement with studies conducted by Liu et al. and Su et al. They report
that the benzofuran derivatives ACDB and BL-038 induce apoptosis of human chandrosar-
coma cells through ROS generation, mitochondria and endoplasmic reticulum dysfunction.
BL-038 increases ROS production and dysregulates mitochondria membrane potential. This
causes cytochrome C to be released from mitochondria and caspase activation. Similar
effects have been observed for 2-amino-3-(2-chlorophenyl)-6-(4-dimethylaminophenyl)
benzofuran-4-yl acetate (ACDB) [65,66]. It is well documented that disruption of the mi-
tochondrial membrane as a result of, for example, the action of free radicals causes the
release of cytochrome C. In the next step, cytochrome C binds to Apaf-1 (apoptotic pro-
tease activating factor 1) and it becomes the main component of apoptosome [67]. The
binding of cytochrome C with Apaf-1 is a critical step in apoptosome formation because
it is responsible for the induction of intrinsic cell death pathway triggered by caspase
activation. The observed increased concentration of hydrogen peroxide in cells exposed to
both tested compounds might be a key factor for the molecular mechanism of apoptosis.
Hydrogen peroxide can affect the redox state of cytochrome C. In addition to the effect
of hydrogen peroxide on the iron atom in the cytochrome, it can also affect the activation
of caspases. In order to estimate the effect of K562 exposure on the tested compounds
as well as to confirm apoptotic properties of new benzofurans, we analyzed the effect of
the compounds caspases 3 and 7 activities. We checked the activity of both caspases after
4, 12 and 48 h exposure to compound 6 or 8 (Figure 5). Obtained results show that 4 h
incubation did not affect the activity of caspases 3 and 7, after 12 h exposure we observed a
slight increase of the activities of both caspases. Compound 6 increased activity by 26%,
whereas compound 8 increased activity by 27%. We observed significant changes of activity
after 48 h exposure. Compound 6 exhibited very strong proapoptotic activity, we noted a
2.31-fold increase of activity of caspases 3 and 7. On the other hand, compound 8 increased
the activity of both caspases only by 13%. The results of both analyses reveal that the two
tested compounds exhibit different potentials in apoptosis induction in K562 cells. As has
been mentioned previously, we supposed that compound 8 might induce apoptosis via
mitochondrial pathway. On the other hand, we observed the stronger effect of compound
6 on both executive caspases 3 and 7. The caspase cascade responsible for executing cell
death following cytochrome C release is well documented. Available research indicates,
first of all, the key role of caspases 3 and 7 as mediators in the apoptosis through the
intrinsic (mitochondrial) cell death pathway. Furthermore, the work of Brentall et al. has
demonstrated that three executive caspases, 3, 7 and 9, have distinct roles during intrinsic
apoptosis. They have shown that caspase 9 is responsible for mitochondrial morphological
changes and ROS production by cleaving and activating Bid into tBid. Following caspase 9
activation, caspase 3 diminishes ROS generation and is essential for the efficient execution
of apoptosis, whereas effector caspase 7 is needed for apoptotic cell detachment [68,69].
The complicated intracellular apoptotic signals are finally transduced into a phospholipid
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pattern in cellular membrane and phosphatidylserine (PS) translocation. Based on these
data we might conclude that both tested derivatives induce apoptosis through intrinsic
pathways associated with mitochondria and ROS generation. However, the obtained results
also show that both the type and arrangement of substituents in the aromatic ring has an
impact on the rate of induction and the course of the apoptosis process.
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2.3. Antibacterial Studies

All of the obtained derivatives (1–9) were tested in vitro against a number of bacteria,
including representative standard Gram-positive and Gram-negative rods. Compounds
were screened for their minimal inhibitory concentrations (MICs) [70,71].

Of the compounds tested, only compound 7 showed moderate antimicrobial activity
with MIC values ranging from 16 to 64 µg/mL (Table 4). This compound exhibited growth-
inhibitory properties towards Gram-positive strains, with the exception of the S. aureus
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NCTC 4163 strain. It should be emphasized that the activity of this derivative seems to be
determined by the presence of bromine substituted in the aromatic ring. This is confirmed
by the comparison of the activity of this compound with compound 6, which differs only
in the substitution in the aromatic ring and which did not show antimicrobial properties
against the studied strains. The remaining tested compounds also do not have bromine in
the aromatic ring and have not shown antimicrobial activity against tested strains. Inactive
compounds were not included in the table.
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Table 4. The activity of compound 7 against standard bacteria strains, expressed by minimal inhibitory
concentrations (µg/mL).

Strain Compound 7 (µg/mL) Ciprofloxacine (µg/mL)

S.aureus NCTC 4163 >512 0.25

S.aureus ATCC 25923 16 0.5

S.aureus ATCC 6538 64 0.125

S.aureus NCTC 29213 32 0.5

S. epiderminis ATCC 122228 16 0.125

S. epidermidis ATCC 35984 16 0.125

E. coli ATCC 25922 >512 0.015

P. aeruginosa ATCC 15442 >512 0.06

Next, compound 7 was tested against clinical strains. Unfortunately, the tested
derivative did not show antimicrobial activity against the employed clinical strains
(MIC > 250 ug/mL). The results are not shown.
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3. Material and Methods
3.1. Chemistry

All commercial reagents, solvents and chemicals used in the present studies were
purchased from Aldrich Chemical Company (Saint Louis, MO, USA) and Alfa Aesar
(Haverhill, MA, USA) and used without purification. Melting points were measured on
an Elektrothermal 9100 (Elektrothermal, Kraków, Poland) capillary apparatus and were
uncorrected. The 1H NMR and 13C NMR spectra were recorded on a Bruker BioSpin GmbH
spectrometer (Bruker, Billerica, MA, USA) operating at 300 MHz (1H NMR) and 75.49 MHz
(13C NMR) in DMSO-d6 or CDCl3, respectively. Chemical shifts (δ) are expressed in parts
per million relative to tetramethylsilane (TMS), which was used as the internal reference.
Coupling constants (J) values are given in hertz (Hz) and spin multiples are given as s
(singlet), d (doublet), t (triplet), m (multiplet).

The mass spectra (MS) measurements were carried out on an LCT Micromass TOF
HiRes apparatus (SpectraLab Scientific Inc., Markham, ON, Canada) and were obtained
in the positive ion mode. Column chromatography was performed on Merck Kieselgel
(Darmstadt, Germany) 0.05–0.2 mm reinst (70–325 mesh ASTM) silica gel using hexane as
an eluent or eluent system with hexane: ethyl-acetate (100:5 v/v). Progress of the reactions
described in the experimental section was monitored by TLC on silica gel (plates with
fluorescent indicator 254 nm, layer thickness 0.2 mm, Kieselgel G. Merck), using chloroform:
methanol as an eluent system at the v/v ratio of 9.8:0.2 or 9.5:0.5.

3.2. Synthetic Procedures
3.2.1. Synthesis of Starting Benzofurans 1–4

The starting benzofurans were prepared according to the method described in the
literature [72].

Thus, to a solution of appropriately substituted or unsubstituted o-hydroxyacetophenone
(16.6 mmol) and chloroacetone (16.6 mmol, 1.32 mL) in acetonitrile (30 mL) was added
K2CO3 (33.2 mmol, 4.6 g). The obtained mixture was heated at 80 ◦C and stirred for
48–96 h. When the reaction was completed, the mixture was diluted with H2O (20 mL) and
extracted with Et2O (3 × 30 mL). The combined organic extracts were washed with NaOH
(0.5 mol/L in H2O 1 × 50 mL) and saturated NaCl (1 × 50 mL), dried with Na2SO4 and
concentrated under reduced pressure. The obtained residue was purified by a silica gel
column chromatography using hexane as an eluent or hexane: ethyl-acetate (100:5 v/v) as
an eluent system.

1-(5-Methoxy-3-Methyl-1-Benzofuran-2-yl)Ethanone [1]

M.W. = 204.2218; C12H12O3; yield: 60%; white powder, m.p. 93–96 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 2.57 (3H, s, -CH3), 2.59 (3H, s, -COCH3), 3.87 (3H, s, -OCH3),
7.00 (1H, m, Ar-H), 7.07 (1H, dd, J1 = J2 = 2.4 Hz, Ar-H), 7.40 (1H, m, Ar-H); 13C NMR
(75.49 MHz, CDCl3) δ: 9.56, 27.70, 55.87, 102.22, 112.83, 118.26, 124.10, 129.80, 148.98,
149.04, 156.23, 191.26; HRMS (m/z): calculated value for C12H12O3 [M + Na]: 227.0684;
found: 227.0674.

1-(4,6-Dimethoxy-3-Methyl-1-Benzofuran-2-yl)Ethanone [2]

M.W. = 234.2478; C13H14O4; yield: 30%; white powder, m.p. 115–118 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 1.79 (3H, s, -CH3), 2.35 (3H, s, -COCH3), 3.87 (3H, s, -OCH3),
4.00 (3H, s, -OCH3), 6.58 (1H, m, Ar-H), 6.94 (1H, m, Ar-H); 13C NMR (75.49 MHz, CDCl3) δ:
10.77, 28.04, 57.16, 61.18, 108.64, 114.82, 125.48, 128.83, 133.86, 147.25, 148.57, 151.38, 190.95;
HRMS (m/z): calculated value for C13H14O4 [M + Na]: 257.0790; found: 257.0779.

1-(4-Ethoxy-3-Methyl-1-Benzofuran-2-yl)Ethanone [3]

M.W. = 218.2484; C13H14O3; yield: 60%; white powder, m.p. 60–65 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 1.49 (3H, t, J = 7.05 Hz, -CH2-CH3), 2.57 (3H, s, -CH3), 2.76 (3H,
s, -COCH3), 4,14 (2H, q, J = 6.9 Hz, -CH2-CH3), 6.58 (1H, m, Ar-H), 7.04 (1H, m, Ar-H), 7.32
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(1H, m, Ar-H); 13C NMR (75.49 MHz, CDCl3) δ: 11.34, 14.71, 27.92, 63.86, 103.81, 104.61,
119.16, 125.60, 129.01, 147.15, 155.35, 156.33, 191.10; HRMS (m/z): calculated value for
C13H14O3 [M + Na]: 241.0841; found: 241.0836.

1-(6-Ethoxy-3-Methyl-1-Benzofuran-2-yl)Ethanone [4]

M.W. = 218.2484; C13H14O3; yield: 70%; white powder, m.p. 86–90 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 1.46 (3H, t, J = 7.05 Hz, -CH2-CH3), 2.56 (6H, m, -CH3, -
COCH3), 4,07 (2H, q, J = 6.9 Hz, -CH2-CH3), 6.93 (2H, m, Ar-H), 7.49 (1H, m, Ar-H); 13C
NMR (75.49 MHz, CDCl3) δ: 9.59, 14.67, 27.61, 63.95, 95.85, 113.86, 121.77, 122.65, 124.80,
148.05, 155.36, 160.37, 190.46; HRMS (m/z): calculated value for C13H14O3 [M + Na]:
241.0841; found: 241.0849.

3.2.2. Procedure for Bromination by Using N-Bromosuccinimide (NBS)

An appropriate benzofuran (10 mmol) was dissolved in dry carbon tetrachloride
(50 mL) before N-bromosuccinimide (NBS) (10 mmol, 1.78 g) and the catalytic amount
of benzoyl peroxide (1 mmol, 0.242 g) were added. The reaction mixture was refluxed
for 24–48 h. When the reaction was complete (TLC monitoring), the mixture was filtered
and the solvent was removed under reduced pressure. Silica gel column chromatography
purified the residue (eluent: hexane or hexane: ethyl-acetate; 100:5 v/v).

1-[3-(Bromomethyl)-5-Methoxy-1-Benzofuran-2-yl]Ethanone [5]

M.W. = 283.11794; C12H11BrO3; yield: 30%; white powder, m.p. 103–106 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 2.62 (3H, s, -COCH3), 3.89 (3H, s, -OCH3), 5.03 (2H, s, -CH2Br),
7.14 (2H, m, Ar-H), 7.44 (1H, m, Ar-H); 13C NMR (75.49 MHz, CDCl3) δ: 21.16, 27.62, 55.90,
102.18, 113.13, 118.97, 123.33, 127.56, 148.13, 149.05, 156.59, 191.27; HRMS (m/z): calculated
value for C12H11BrO3 [M + Na]: 306.9770; found: 306.9783.

1-[3-(Bromomethyl)-4,6-Dimethoxy-1-Benzofuran-2-yl]Ethanone [6]

M.W. = 313.1439; C13H13BrO4; yield: 30%; red powder, m.p. 132–136 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 2.58 (3H, s, -COCH3), 3.86 (3H, s, -OCH3), 3.94 (3H, s, -OCH3),
5.01 (2H, s, -CH2Br), 6.33 (1H, d, J = 1.8 Hz, Ar-H), 6.59 (1H, d, J = 1.8 Hz, Ar-H); 13C NMR
(75.49 MHz, CDCl3) δ: 22.59, 27.55, 55.80, 55.83, 87.75, 95.75, 110.93, 125.16, 146.68, 156.23,
156.30, 162.64, 190.12; HRMS (m/z): calculated value for C13H13BrO4 [M + Na]:336.9876;
found: 336.9860.

1-[5-Bromo-3-(Bromomethyl)-4,6-Dimethoxy-1-Benzofuran-2-yl]Ethanone [7]

M.W. = 392,03998; C13H12Br2O4; yield: 30%; red powder, m.p. 165–171 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 2.64 (3H, s, -COCH3), 4.00 (3H, s, -OCH3), 4.01 (3H, s, -OCH3),
5.08 (2H, s, -CH2Br), 6.43 (1H, s, Ar-H); 13C NMR (75.49 MHz, CDCl3) δ: 22.59, 27.65,
56.06, 57.19, 84.79, 92.35, 111.64, 125.39, 146.98, 153.00, 155.67, 157.94, 190.12; HRMS (m/z):
calculated value for C13H12Br2O4 [M + Na]: 414.8980; found: 414.9003.

1-[3-(Bromomethyl)-4-Ethoxy-1-Benzofuran-2-yl]Ethanone [8]

M.W. = 297.1445; C13H13BrO3; yield: 60%; white powder, m.p. 108–113 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 1.55 (3H, t, J = 7.05 Hz, -CH2-CH3), 2.62 (3H, s, -COCH3), 4,21
(2H, q, J = 6.9 Hz, -CH2-CH3), 5.17 (2H, s, -CH2Br), 6.66 (1H, m, Ar-H), 7.10 (1H, m, Ar-H),
7.38 (1H, m, Ar-H); 13C NMR (75.49 MHz, CDCl3) δ: 14.69, 22.59, 27.78, 64.22, 104.72, 104.81,
116.84, 124.75, 129.64, 146.90, 155.21, 155.61, 190.93; HRMS (m/z): calculated value for
C13H13BrO3 [M + Na]: 320.9926; found: 320.9920.

1-[3-(Bromomethyl)-6-Ethoxy-1-Benzofuran-2-yl]Ethanone [9]

M.W. = 297.1445; C13H13BrO3; yield: 60%; yellow powder, m.p. 98–105 ◦C; 1H NMR
(300 MHz, CDCl3, δ/ppm): 1.36 (3H, t, J = 7.05 Hz, -CH2-CH3), 2.56 (6H, m, -COCH3), 4,12
(2H, q, J = 6.9 Hz, -CH2-CH3), 7.03 (1H, dd, J1 = J2 = 2.1 Hz, Ar-H), 7.29 (1H, d, J = 2.1 Hz,
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Ar-H) 7.76 (1H, m, Ar-H); 13C NMR (75.49 MHz, CDCl3) δ: 14.43, 22.06, 27.58, 63.88, 96.28,
114.58, 119.52, 122.36, 123.68, 146.77, 154.85, 160.31, 190.04; HRMS (m/z): calculated value
for C13H13BrO3 [M + Na]: 320.9926; found: 320.9917.

3.3. Biological Studies
3.3.1. MTT Cytotoxicity Studies

The cytotoxicity was evaluated by MTT reduction assay, which measures mitochon-
drial respiratory function. The test was performed based on the method described by
Präbst et al. [73]. Cells (1 × 104/well), in logarithmic phase, were seeded into 96-well
plates in appropriate medium. After 24 h, cells were exposed to test compounds. The stock
solution for each tested compound (freshly prepared in DMSO) was added to the cells to
obtain final concentrations of 0.5, 1, 2, 6; 8 and 10 × 10−2 mM. The final concentration of
DMSO did not exceed 0.1%. After 72 h, the medium with the compounds was completely
removed and MTT solution (0.5 mg/mL) in fresh medium without serum was added to
each well. Plates with cells were incubated for 4 h at 37 ◦C in the dark. Then, MTT solution
was removed and replenished with 0.1 mL DMSO: isopropanol (1:1) mixture to dissolve the
generated formazan crystals. The optical density was measured with a MULTISKAN GO
(ThermoScientific) microplate reader at 570 nm. Replicates of three wells for each dosage,
including vehicle control, were analyzed for each experiment. The experiments were con-
ducted in triplicate. Control cells which were only treated with respective medium were
used as the 100% viability value. The IC50 values (the concentration of a test compound
required to reduce cell survival to 50% of the control) was estimated using GraphPad
Prism Version 8.0.1 based on MTT results. Additionally, to determine the safety profile of
the test compounds, therapeutic indexes (TI) (the ratio of IC50 values in HaCat to cancer
cells (K562, PC3, SW620, Cack-1)) were calculated. We have selected the most promising
benzofuran derivatives labeled 6 and 8 (Scheme 1) with the lowest IC50 (half-maximal
inhibitory concentration) and the highest TI (therapeutical index) and tested their effect on
ROS generation, IL 6 secretion and apoptosis induction.

3.3.2. Trypan Blue Exclusion Assay

To evaluate the antiproliferative effects of the novel benzofurans derivatives the trypan
blue exclusion assay was performed. Cells (HaCat, and K562) were seeded into 12-well
plates (2 × 104 cells/well). After 24 h, cells were exposed to the tested compounds at
concentrations of their respective IC50 and incubated for 72h. Then, cells were harvested
and centrifugated (500× g, 5min). After centrifugation supernatant was removed and cell
sediment was dissolved in 0.2 mL of PBS. Next, 10 µL of cells solution was mixed with
10 µL of trypan blue dye. Cells were counted by automatic cell counter (Countessa). Data
obtained were expressed as the mean ± SD and the mean percentage of viable cells was
calculated from three independent experiments performed in triplicate.

3.3.3. Annexin V-FITC Binding Apoptosis Determination Assay

In order to evaluate apoptosis through the presence of phosphatidylserine on the
extracellular side of the cellular membrane, FITC Annexin V Apoptosis Detection Kit I
(BD Pharmingen) was used as a method of analysis. K562 and HaCat cells (3 × 104/well)
were seeded into 6-well plates and left to set for 24 h. Next, cells were treated with IC50
concentration of the most promising test compounds (compound 6 and 8) and incubated
for 72 h. The effects of compounds towards cell lines were observed by dual staining
(Annexin V: FITC and PI. Annexin V: FITC) and for cellular DNA using PI according to the
manufacturer’s instruction. Fluorescence sample containing 1 × 103 cells were analyzed
using flow cytometry (Becton Dickinson). Analyzed cell samples were divided into the
following four populations: Q1, necrotic cells (Annexin V-FITC negative and PI positive);
Q2, cells in the late stage of apoptosis (Annexin V-FITC and PI positive); Q3, control (viable)
cells, not undergoing apoptosis or necrosis (Annexin V-FITC and PI negative); and Q4,
early apoptotic cells (Annexin V-FITC positive and PI negative).



Int. J. Mol. Sci. 2024, 25, 1999 15 of 19

3.3.4. Caspases 3 and 7 Activity Assay

The induction of cell apoptosis was also analyzed by luminescent assay with the
Caspases-Glo3/7 assay system (Promega). K562 and HaCaT cells (1 × 104/well) were
seeded onto a 96-well plate. After 24 h, cells were exposed to compounds 6 and 8 and their
respective IC50 concentrations. Cells were incubated for 4, 6, and 12 h. After incubation,
cells were treated with caspase 3/7 reagent (according to manufacturer’s instruction) and
incubated for a further 1.5 h at room temperature. Fluorescents of the wells (performed
three times for each well) were measured at the excitation wavelength of 485nm and
emission wavelength of 520nm using a Microplate Spectrofluorometer BioTek Synergy™
(BioTek Instruments, Santa Clara, CA, USA).

3.3.5. ROS Detection: DHR 123 and DCFH-DA

ROS generation was performed using the spectrofluorometric method using dihy-
drorhodamine 123 (DHR 123) and 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA).
The following analysis is based on ROS-dependent oxidation of the compounds to fluores-
cent rhodamine 123 and dichlorofluorescein (DCF), respectively. K562 cells were seeded
to a 96-well plate (1 × 104 cells) and the selected benzofuran compounds (6 and 8) were
added according to their respective IC50. The incubation times were 6 and 12 h, respectively.
Then, the medium was removed, and cells were rinsed with PBS and incubated with DHR
123 (5M) and DCFH-DA (5M) for 60 min at 37 ◦C in the dark. In order to obtain a positive
and negative control, a sample with H2O2 (0.25 mM) and a sample without any reagent
were prepared, respectively. The maximum excitation and emission spectra for rhodamine
123 were 500 nm and 536 nm, respectively, and for DCF were 492 nm and 527 nm, respec-
tively. The generation of H2O2 was measured by a Microplate Spectrofluorometer BioTek
Synergy™ (BioTek Instruments, USA) and expressed as DCF fluorescence intensity (FI) and
rhodamine fluorescence intensity (FI). The resulting data were expressed as mean ± SD
from three independent experiments performed in triplicate.

3.3.6. Interleukin-6

The level of IL-6 was measured by ELISA (Diaclon SAS, Besancon, France). K562 cells
were treated with IC50 concentrations of the tested compounds. After 72 h, medium was
collected and the IL-6 level was measured using an enzyme-linked immunosorbent assay,
in accordance with the manufacturer’s protocol. The resulting data were expressed as
mean ± SD from three independent experiments performed in triplicate.

3.4. Antimicrobial Activity

The antimicrobial studies for all of the obtained compounds were conducted using
reference strains of bacteria derived from international microbe collections—the American
Type Culture Collection (ATCC) and the National Collection of Type Culture (NCTC).
Among the reference strains there were two Gram-negative rods (P. aeruginosa ATCC 15442
and E. coli ATCC 25922) and six Gram-positive isolates (Staphylococcus aureus: NCTC 4163,
ATCC 25923, ATCC 6538, ATCC 29213, S. epidermidis ATCC 12228, ATCC 35984). These
strains are widely used to determine the activity of antimicrobials and check the drug
susceptibility of bacteria, and their use enables comparison of assay results obtained in
independent laboratories all over the world.

The antimicrobial activity of compounds was expressed by minimum inhibitory con-
centration values (MICs), according to CLCI reference procedures with some modifications.
MIC was tested by the two-fold serial microdilution method (in 96-well microtiter plates)
on MH II liquid medium. The final inoculum of all of the studied bacteria was 106 CFU/mL
(colony forming unit per mL). The stock solution of tested compounds was prepared in
DMSO and was diluted in sterile medium (to a maximum of 1% of solvent content). The
concentrations of compounds were from 16 to 512 µg/mL. The MIC value was the lowest
concentration of the compound at which bacterial growth was no longer observed after
18 h of incubation at 35 ◦C. Clinical microorganisms used in this study were obtained from
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the collection of the Department of Pharmaceutical Microbiology, Medical University of
Warsaw, Poland [70,71].

3.5. Statistical Analysis

The statistical calculation was performed using Statistica 13.1 (StatSoft, Inc., Tulsa, OK,
USA) program. The quantitative comparisons were made using Dunnett test. The IC50
values were estimated by GraphPad Prism 8.0.1. Results of all presented experiments were
expressed as the mean ± SD and considered statistically significant at p < 0.05.

4. Conclusions

In summary, we have identified two novel halogen derivatives of benzofurans (referred
to as 6 and 8) that exhibit selective cytotoxic effects against leukemia cancer cells (K562).
Significantly, both compounds displayed lower toxicity toward normal cells (HaCaT),
resulting in a favorable therapeutic index (TI). Our research has demonstrated that both of
these compounds induce apoptosis in the examined cancer cells by increasing the activity
of executioner caspases 3/7. Furthermore, our findings suggest that the antitumor potential
of these selected derivatives may be linked to an enhanced production of reactive oxygen
species (ROS) and the inhibition of interleukin-6 (IL-6) release.

In conclusion, it appears that bromo derivatives of benzofurans hold significant
promise as potential anticancer agents targeting leukemia cancer cells. These findings
are consistent with the results of our previously documented studies.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
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50. Antosz, H.; Wojciechowska, K.; Sajewicz, J.; Choroszyńska, D.; Marzec-Kotarska, B.; Osiak, M.; Pająk, N.; Tomczak, W.; Jargiełło-
Baszak, M.; Baszak, J. IL-6, IL-10, c-Jun and STAT3 expression in B-CLL. Blood Cells Mol. Dis. 2015, 54, 258–265. [CrossRef]
[PubMed]

51. Drennan, S.; D’Avola, A.; Gao, Y.; Weigel, C.; Chrysostomou, E.; Steele, A.J.; Zenz, T.; Plass, C.; Johnson, P.W.; Williams, A.P.; et al.
IL-10 production by CLL cells is enhanced in the anergic IGHV mutated subset and associates with reduced DNA methylation of
the IL10 locus. Leukemia 2017, 31, 1686–1694. [CrossRef] [PubMed]

52. Wang, H.Q.; Jia, L.; Li, Y.T.; Farren, T.; Agrawal, S.G.; Liu, F.T. Increased autocrine interleukin-6 production is significantly
associated with worse clinical outcome in patients with chronic lymphocytic leukemia. J. Cell. Physiol. 2019, 234, 13994–14006.
[CrossRef]

53. Grivennikov, S.I.; Karin, M. Dangerous liaisons: STAT3 and NF-κB collaboration and crosstalk in cancer. Cytokine Growth Factor
Rev. 2010, 21, 11–19. [CrossRef]

54. Nursal, A.F.; Pehlivan, M.; Sahin, H.H.; Pehlivan, S. The Associations of IL-6, IFN-γ, TNF-α, IL-10, and TGF-β1 Functional
Variants with Acute Myeloid Leukemia in Turkish Patients. Genet. Test. Mol. Biomark. 2016, 20, 544–551. [CrossRef] [PubMed]

55. Sanchez-Correa, B.; Bergua, J.M.; Campos, C.; Gayoso, I.; Arcos, M.J.; Bañas, H.; Morgado, S.; Casado, J.G.; Solana, R.; Tarazona,
R. Cytokine profiles in acute myeloid leukemia patients at diagnosis: Survival is inversely correlated with IL-6 and directly
correlated with IL-10 levels. Cytokine 2013, 61, 885–891. [CrossRef] [PubMed]

56. Stevens, A.M.; Miller, J.M.; Munoz, J.O.; Gaikwad, A.S.; Redell, M.S. Interleukin-6 levels predict event-free survival in pediatric
AML and suggest a mechanism of chemotherapy resistance. Blood Adv. 2017, 1, 1387–1397. [CrossRef] [PubMed]

57. Wu, J.; Zhang, L.; Feng, Y.; Khadka, B.; Fang, Z.; Liu, J. HDAC8 promotes daunorubicin resistance of human acute myeloid
leukemia cells via regulation of IL-6 and IL-8. Biol. Chem. 2021, 402, 461–468. [CrossRef] [PubMed]

58. Xu, X.; Ye, Y.; Wang, X.; Lu, B.; Guo, Z.; Wu, S. JMJD3-regulated expression of IL-6 is involved in the proliferation and
chemosensitivity of acute myeloid leukemia cells. Biol. Chem. 2021, 402, 815–824. [CrossRef] [PubMed]

59. Navarro, S.; Mitjavila, M.T.; Katz, A.; Doly, J.; Vainchenker, W. Expression of interleukin 6 and its specific receptor by untreated
and PMA-stimulated human erythroid and megakaryocytic cell lines. Exp. Hematol. 1991, 19, 11–17.

https://doi.org/10.2174/1871520619666181122123552
https://doi.org/10.3390/molecules24081529
https://doi.org/10.1016/B978-0-323-98367-9.00006-8
https://doi.org/10.1002/0471142735.ima03bs21
https://doi.org/10.1002/0471142735.ima03bs111
https://www.ncbi.nlm.nih.gov/pubmed/26529666
https://doi.org/10.1016/j.bioorg.2020.104238
https://www.ncbi.nlm.nih.gov/pubmed/32911195
https://doi.org/10.1002/ardp.201800128
https://www.ncbi.nlm.nih.gov/pubmed/30370633
https://doi.org/10.1016/j.pharep.2016.11.007
https://doi.org/10.1182/blood-2002-08-2512
https://doi.org/10.1182/blood-2013-10-532200
https://doi.org/10.1111/cas.15068
https://doi.org/10.1016/j.phrs.2015.06.013
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1042/bj3130017
https://doi.org/10.1038/nrd4002
https://doi.org/10.1182/blood-2015-11-682906
https://www.ncbi.nlm.nih.gov/pubmed/27002119
https://doi.org/10.1016/j.bcmd.2014.11.006
https://www.ncbi.nlm.nih.gov/pubmed/25477266
https://doi.org/10.1038/leu.2016.356
https://www.ncbi.nlm.nih.gov/pubmed/27890932
https://doi.org/10.1002/jcp.28086
https://doi.org/10.1016/j.cytogfr.2009.11.005
https://doi.org/10.1089/gtmb.2016.0036
https://www.ncbi.nlm.nih.gov/pubmed/27486989
https://doi.org/10.1016/j.cyto.2012.12.023
https://www.ncbi.nlm.nih.gov/pubmed/23357299
https://doi.org/10.1182/bloodadvances.2017007856
https://www.ncbi.nlm.nih.gov/pubmed/29296780
https://doi.org/10.1515/hsz-2020-0196
https://www.ncbi.nlm.nih.gov/pubmed/33938176
https://doi.org/10.1515/hsz-2020-0345
https://www.ncbi.nlm.nih.gov/pubmed/33742970


Int. J. Mol. Sci. 2024, 25, 1999 19 of 19

60. Schuringa, J.-J.; Wierenga, A.T.J.; Kruijer, W.; Vellenga, E. Constitutive Stat3, Tyr705, and Ser727 phosphorylation in acute myeloid
leukemia cells caused by the autocrine secretion of interleukin-6. Blood 2000, 95, 3765–3770. [CrossRef]

61. Liang, X.; Wang, P.; Yang, C.; Huang, F.; Wu, H.; Shi, H.; Wu, X. Galangin Inhibits Gastric Cancer Growth through Enhancing
STAT3 Mediated ROS Production. Front. Pharmacol. 2021, 12, 646628. [CrossRef]

62. Leanza, L.; Romio, M.; Becker, K.A.; Azzolini, M.; Trentin, L.; Managò, A.; Venturini, E.; Zaccagnino, A.; Mattarei, A.; Carraretto,
L.; et al. Direct Pharmacological Targeting of a Mitochondrial Ion Channel Selectively Kills Tumor Cells In Vivo. Cancer Cell 2017,
31, 516–531. [CrossRef] [PubMed]

63. Prasad, S.; Gupta, S.C.; Tyagi, A.K. Reactive oxygen species (ROS) and cancer: Role of antioxidative nutraceuticals. Cancer Lett.
2017, 387, 95–105. [CrossRef] [PubMed]

64. Kudryavtseva, A.V.; Krasnov, G.S.; Dmitriev, A.A.; Alekseev, B.Y.; Kardymon, O.L.; Sadritdinova, A.F.; Fedorova, M.S.; Pokrovsky,
A.V.; Melnikova, N.V.; Kaprin, A.D.; et al. Mitochondrial dysfunction and oxidative stress in aging and cancer. Oncotarget 2016, 7,
44879–44905. [CrossRef] [PubMed]

65. Su, C.-M.; Chen, C.-Y.; Lu, T.; Sun, Y.; Li, W.; Huang, Y.-L.; Tsai, C.-H.; Chang, C.-S.; Tang, C.-H. A novel benzofuran derivative,
ACDB, induces apoptosis of human chondrosarcoma cells through mitochondrial dysfunction and endoplasmic reticulum stress.
Oncotarget 2016, 7, 83530–83543. [CrossRef] [PubMed]

66. Liu, J.-F.; Chen, C.-Y.; Chen, H.-T.; Chang, C.-S.; Tang, C.-H. BL-038, a Benzofuran Derivative, Induces Cell Apoptosis in Human
Chondrosarcoma Cells through Reactive Oxygen Species/Mitochondrial Dysfunction and the Caspases Dependent Pathway. Int.
J. Mol. Sci. 2016, 17, 1491. [CrossRef] [PubMed]

67. Brown, G.C.; Borutaite, V. Regulation of apoptosis by the redox state of cytochrome c. Biochim. Biophys. Acta (BBA)—Bioenerg.
2008, 1777, 877–881. [CrossRef] [PubMed]

68. Lakhani, S.A.; Masud, A.; Kuida, K.; Porter, G.A., Jr.; Booth, C.J.; Mehal, W.Z.; Inayat, I.; Flavell, R.A. Caspases 3 and 7: Key
mediators of mitochondrial events of apoptosis. Science 2006, 311, 847–851. [CrossRef]

69. Brentnall, M.; Rodriguez-Menocal, L.; De Guevara, R.L.; Cepero, E.; Boise, L.H. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biol. 2013, 14, 32. [CrossRef]

70. Chrzanowska, A.; Roszkowski, P.; Bielenica, A.; Olejarz, W.; Stepien, K.; Struga, M. Anticancer and antimicrobial effects of novel
ciprofloxacin fatty acids conjugates. Eur. J. Med. Chem. 2020, 185, 111810. [CrossRef]

71. M7-A7: Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically; Clinical and Laboratory Standards
Institute (CLSI): Wayne, PA, USA, 2018; Volume 13, pp. 965–975.

72. Opatrilova, R. Synthesis, Characterization and Physico-chemical Properties of New 2-(4-Arylpiperazine-1-yl)-1-(3-methylbenzofuran-
2-yl)ethanoles as Potential Antihypertensive Agents. Curr. Org. Chem. 2009, 13, 965–967. [CrossRef]

73. Prabst, K.; Engelhardt, H.; Ringgeler, S.; Hubner, H. Basic Colorimetric Proliferation Assays: MTT, WST, and Resazurin. Methods
Mol. Biol. 2017, 1601, 1–17. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1182/blood.V95.12.3765.012k50_3765_3770
https://doi.org/10.3389/fphar.2021.646628
https://doi.org/10.1016/j.ccell.2017.03.003
https://www.ncbi.nlm.nih.gov/pubmed/28399409
https://doi.org/10.1016/j.canlet.2016.03.042
https://www.ncbi.nlm.nih.gov/pubmed/27037062
https://doi.org/10.18632/oncotarget.9821
https://www.ncbi.nlm.nih.gov/pubmed/27270647
https://doi.org/10.18632/oncotarget.13171
https://www.ncbi.nlm.nih.gov/pubmed/27835579
https://doi.org/10.3390/ijms17091491
https://www.ncbi.nlm.nih.gov/pubmed/27618007
https://doi.org/10.1016/j.bbabio.2008.03.024
https://www.ncbi.nlm.nih.gov/pubmed/18439415
https://doi.org/10.1126/science.1115035
https://doi.org/10.1186/1471-2121-14-32
https://doi.org/10.1016/j.ejmech.2019.111810
https://doi.org/10.2174/138527209788680808
https://doi.org/10.1007/978-1-4939-6960-9_1
https://www.ncbi.nlm.nih.gov/pubmed/28470513

	Introduction 
	Results and Discussion 
	Chemistry 
	Biological Evaluation 
	MTT Cytotoxicity Studies 
	Antiproliferative Activity 
	Reactive Oxygen Species (ROS) Generation 
	Inhibition of IL-6 Release 
	Activation of Apoptosis 

	Antibacterial Studies 

	Material and Methods 
	Chemistry 
	Synthetic Procedures 
	Synthesis of Starting Benzofurans 1–4 
	Procedure for Bromination by Using N-Bromosuccinimide (NBS) 

	Biological Studies 
	MTT Cytotoxicity Studies 
	Trypan Blue Exclusion Assay 
	Annexin V-FITC Binding Apoptosis Determination Assay 
	Caspases 3 and 7 Activity Assay 
	ROS Detection: DHR 123 and DCFH-DA 
	Interleukin-6 

	Antimicrobial Activity 
	Statistical Analysis 

	Conclusions 
	References

