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Abstract: Triple-negative breast cancer (TNBC) is a subtype of breast cancer with poor clinical out-
come, and currently no effective targeted therapies are available. Indole compounds have been shown
to have potential antitumor activity against various cancer cells. In the present study, we found that
new four benzo[f ]indole-4,9-dione derivatives reduce TNBC cell viability by reactive oxygen species
(ROS) accumulation stress in vitro. Further analyses showed that LACBio1, LACBio2, LACBio3 and
LACBio4 exert cytotoxic effects on MDA-MB 231 cancer cell line by inducing the intrinsic apoptosis
pathway, activating caspase 9 and Bax/Bcl-2 pathway in vitro. These results provide evidence that
these new four benzo[f ]indole-4,9-dione derivatives could be potential therapeutic agents against
TNBC by promoting ROS stress-mediated apoptosis through intrinsic-pathway caspase activation.

Keywords: benzo[f ]indole-4,9-dione; cancer; breast cancer; triple-negative breast cancer; apoptosis;
cell cycle

1. Introduction

Breast cancer is a heterogeneous disease with varied biological features and histology,
and it is the second most common cause of cancer mortality in women worldwide [1,2].
Triple-negative breast cancer (TNBC) is an aggressive subtype that frequently develops
resistance to chemotherapy. In this subtype, estrogen and progesterone receptors are not
expressed and human epidermal growth factor receptor 2 is not overexpressed [3,4]. TNBC
is correlated with poor prognosis, metastases, recurrence and high mortality rates despite
systemic therapy [5]. Treating patients with TNBC remains clinically challenging.

Quinones represent a class of natural and synthetic compounds that have many bene-
ficial effects, including antifungal, antiprotozoal, antibacterial and anticancer activities [6,7].
Some naturally occurring quinones also have anticancer properties and are widely used
as frontline chemotherapeutic agents. Indolequinones are also potent inhibitors of the
growth of human pancreatic cancer cells, suggesting a potential role for such compounds
as therapeutic agents [8]. The cytotoxicity of quinone compounds has been described by
two general mechanisms. One of these mechanisms mediated via effects on biomolecules
(DNA, RNA, lipids and proteins), and the other is mediated through the production of
reactive oxygen species (ROS), particularly hydrogen peroxide and hydroxyl radicals [9,10].

ROS are known physiological effectors of cell signaling and mitogenic pathways and
increase cytotoxic activity in cancer cells by inducing apoptosis [11,12]. ROS can interact
with lipids, proteins, RNA and DNA and cause irreversible damage to these molecules [13].
However, the oxidative stress induced by indole derivatives is not well understood.

We have previously synthesized three series of carbohydrate-based benzo[f ]índole-4,9-
diones and amino-1,4-naphthoquinone derivatives and evaluated their cytotoxic activity by

Molecules 2021, 26, 4414. https://doi.org/10.3390/molecules26154414 https://www.mdpi.com/journal/molecules

https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-7069-9887
https://orcid.org/0000-0002-1336-5928
https://orcid.org/0000-0001-6870-6745
https://doi.org/10.3390/molecules26154414
https://doi.org/10.3390/molecules26154414
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26154414
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules26154414?type=check_update&version=1


Molecules 2021, 26, 4414 2 of 13

MTT assay against eight human cancer cell lines and nontumor human erythrocytes [14].
From this study, we choose four benzo[f ]indole-4,9-dione derivatives, LACBio1, LACBio2,
LACBio3 and LACBio4, and evaluated their action against the TNBC cells MDA-MB 231.
We found that the four compounds studied were able to induce apoptosis in MDA-MB 231
cells through the activation of proapoptotic proteins and induce G2/M cell cycle arrest.
We also found that the compounds LACBio1, LACBio2 and LACBio3 increased the total
ROS level, and this increase led to the activation of proapoptotic pathways. Furthermore,
our studies suggest that these four benzo[f ]indole-4,9-dione derivatives are potential
prototypes for the development of drugs for the treatment of TNBC.

2. Results
2.1. Benzo[f]indole-4,9-dione Derivatives Induced Apoptosis in MDA-MB 231 Cells

To understand the mechanisms involved in cell death, we carried out annexin V–PI
double staining. The annexin V-FITC/PI binding assay detects live cells (Q2-LL; AV−/PI−),
early apoptotic cells (Q2-LR; AV+/PI−), late apoptotic cells (Q2-UR; AV+/PI+) and necrotic
cells (Q2-UL; AV−/PI+). MDA-MB 231 cells were treated with 10 and 30 µM of LACBio1,
LACBio2, LACBio3 and LACBio4 for 24 h or untreated (control) and stained with annexin
V-FITC and propidium iodide. At all concentrations tested, LACBio1, LACBio2, LACBio3
and LACBio4 caused 22–25% early apoptosis and up to 17–21% late apoptosis of MDA-MB
231 cells within 24 h of treatment (Figure 1a,b). In contrast, nontreated cells (control) showed
about 90% live cells, 8.6% early apoptosis and 0.93% late apoptosis. These results suggest that
LACBio1, LACBio2, LACBio3 and LACBio4 induced apoptosis in MDA-MB 231 cells.

2.2. Benzo[f]indole-4,9-dione Derivatives Caused DNA Fragmentation in MDA-MB 231 Cells

DNA fragmentation represents a characteristic hallmark of apoptosis, and the TUNEL
assay is a well-known method for detecting such DNA fragments. Apoptosis can be
initiated by extrinsic and intrinsic pathways, which both lead to a final common pathway
and DNA fragmentation [15]. To understand the mechanisms involved in cell apoptosis,
we carried out ApopTag TUNEL assay–PI double staining. Figure 2 shows that nontreated
cells (control) presented normal DNA without significant DNA damage. In contrast, all
the concentrations tested for quinone derivatives induced DNA fragmentation (at 80–90%
levels) within 24 h of treatment.

2.3. Effects of Benzo[f]indole-4,9-dione Derivatives on Cell Cycle Distribution

Next, we studied the effects of LACBio1, LACBio2, LACBio3 and LACBio4 in their
capacity to induce alterations in cell cycle progression. As shown in Table 1, preincubation
of MDA-MB 231 cells with the compounds induced cell cycle arrest at the G2/M phase.

Table 1. Effects of LACBio1, LACBio2, LACBio3 and LACBio4 on MDA-MB 231 cell cycle phases.
Samples of cells were stained with propidium iodide, and the cellular DNA content was determined
by flow cytometry.

Cell Cycle Phase

Concentration (µM) G0/G1 S G2/M

Control - 73.2 ± 8.7 4.3 ± 2.4 11.5 ± 9.6

LACBio1
10 44.6 ± 0.4 * 7.8 ± 0.5 * 33.4 ± 0.3 *

30 44.0 ± 0.7 * 4.6 ± 0.4 37.4 ± 1.1 *

LACBio2
10 48.1 ± 0.9 * 4.0 ± 0.8 33.9 ± 3.1 *

30 36.5 ± 1.5 * 6.4 ± 1.0 38.9 ± 1.4 *

LACBio3
10 40.9 ± 2.8 * 5.1 ± 1.4 38.3 ± 0.7 *

30 46.9 ± 1.3 * 4.1 ± 0.3 34.1 ± 2.6 *

LACBio4
10 41.9 ± 1.3 * 7.5 ± 1.3 * 38.1 ± 0.5 *

30 40.5 ± 2.6 * 4.7 ± 0.8 40.9 ± 2.1 *

* All the values are presented as the mean ± standard error of three independent experiments. Statistical analyses
were performed with GraphPad Prism 8.02 software and included one-way ANOVA with Dunnett´s post-test.
Statistical significance was defined as * p < 0.05 when compared to the control group.
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Figure 1. LACBio1, LACBio2, LACBio3 and LACBio4 triggered apoptosis in MDA-MB 231 cells. Cells were treated with 
compounds for 24 h. Representative data from the fluorescence-activated cell sorting (FACS) analysis are shown in (a), 
and the cell count (in %) of the data obtained from the FACS analysis is shown in (b). All the values are presented as the 
mean ± standard error of three independent experiments. Statistical analyses were performed using GraphPad Prism 8.02 
and included one-way ANOVA with Dunnett’s post hoc test, and statistical significance was defined as * p < 0.05 when 
compared with the control group. 
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Figure 1. LACBio1, LACBio2, LACBio3 and LACBio4 triggered apoptosis in MDA-MB 231 cells. Cells were treated with
compounds for 24 h. Representative data from the fluorescence-activated cell sorting (FACS) analysis are shown in (a),
and the cell count (in %) of the data obtained from the FACS analysis is shown in (b). All the values are presented as the
mean ± standard error of three independent experiments. Statistical analyses were performed using GraphPad Prism 8.02
and included one-way ANOVA with Dunnett’s post hoc test, and statistical significance was defined as * p < 0.05 when
compared with the control group.
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Figure 2. LACBio1, LACBio2, LACBio3 and LACBio4 caused DNA fragmentation in MDA-MB 231 cells. Cells were treated 
with compounds for 24 h. Representative data obtained by cytometric analysis are shown in (a), and cell counts are shown 
in (b) (in %). All the values are presented as the mean ± standard error of three independent experiments. Statistical 
analyses were performed in GraphPad Prism 8.02 and included one-way ANOVA with Dunnett’s post hoc test, and 
statistical significance was defined as * p < 0.05. 
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Figure 2. LACBio1, LACBio2, LACBio3 and LACBio4 caused DNA fragmentation in MDA-MB 231 cells. Cells were treated
with compounds for 24 h. Representative data obtained by cytometric analysis are shown in (a), and cell counts are shown in
(b) (in %). All the values are presented as the mean ± standard error of three independent experiments. Statistical analyses
were performed in GraphPad Prism 8.02 and included one-way ANOVA with Dunnett’s post hoc test, and statistical
significance was defined as * p < 0.05.

2.4. Benzo[f]indole-4,9-dione Derivatives Increased Intracellular Reactive Oxygen Species (ROS) Levels

To investigate whether ROS were involved in benzo[f ]indole-4,9-dione derivative-
mediated cell death, we next measured ROS levels within the cells by using a ROS-sensitive
fluorometric probe, DCFH-DA. As shown in Figure 3, LACBio1, LACBio2 and LACBio3 (at
10 and 30 µM) induced a significant increase in the generation of ROS after 1 h of exposure
while LACBio4 caused significant increases in the generation of ROS only at 10 µM. It is
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interesting to note that compounds induced an increase in ROS production at levels similar
to the positive control group (H2O2).
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Figure 3. Effects of LACBio1, LACBio2, LACBio3 and LACBio4 on ROS generation by MDA-MB
231 cells. ROS were assayed through the 2′,7′-dichlorofluorescein diacetate (DCFH-DA) method. The
results are presented as the mean ± standard error of three independent experiments. Statistical
analyses were performed with GraphPad Prism 8.02 software and included one-way ANOVA
followed by Dunnett´s post-test. Statistical significance was defined as * p < 0.05 when compared
with the control group.

2.5. Benzo[f]indole-4,9-dione Derivatives Increased the Bax:Bcl-2 Ratio

Alterations in the expression of Bcl-2 family proteins regulate the commitment of cells
to apoptosis. We performed Western blotting to analyze the expression of Bax (proapoptotic)
and Bcl-2 (antiapoptotic) proteins and to determine an increase in the Bax:Bcl-2 ratio.
Figure 4 shows that cells treated with LACBio1, LACBio2 and LACBio4 showed an increase
in Bax and a decrease in Bcl-2 expression (Figure 4a). The Bax:Bcl-2 ratio was significantly
increased by almost 75% after treatment with 30 µM of LACBio1, LACBio2 and LACBio4
compared with the control group. The increase in the Bax:Bcl-2 ratio due to benzo[f ]indole-
4,9-dione derivative treatments indicated a commitment of the cells to apoptosis via the
mitochondrial release of proapoptotic molecules (Figure 4).

2.6. Benzo[f]indole-4,9-dione Derivatives Induced Activation of the Intrinsic Caspase Cascade

In the next step, we performed a Western blotting analysis to examine the possible
activation of caspases 3 and 9 in MDA-MB 231 cells following LACBio1, LACBio2, LACBio3
and LACBio4 treatment. Figure 5a shows representative data obtained after incubation
of cells with LACBio1, LACBio2, LACBio3 and LACBio4 in the expression of caspases 3
and 9 and their cleaved forms. When the data were expressed as arbitrary units obtained
from different experiments, it could be noted that LACBio1, LACBio2 and LACBio3 (at 10
or 30 µM) caused a significant increase in caspase 3 and 9 activity, which was observed as
an increase in the levels of cleaved caspase (Figure 5b,c, respectively). LACBio4 caused
significant increases in caspase 9 and caspase 3 only at a concentration of 10 µM. These
results suggest that the compound-mediated caspase 9 activation could in turn activate
effector caspase 3 for apoptosis in MDA-MB 231 cells.
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Figure 5. LACBio1, LACBio2, LACBio3 and LACBio4 activate the intrinsic caspase cascade. (a)
Representative Western blots showing levels of expression of caspase 9, caspase 3 and β-actin. (b)
Bar graph showing arbitrary unit changes in level of cleaved caspase 9 and 3. All the values are
represented as the mean ± standard error of three independent experiments. Statistical analyses
were performed using GraphPad Prism 8.02 and included one-way ANOVA with Dunnett´s post
-hoc test. Statistical significance was defined as * p < 0.05 when compared with the control group.

3. Discussion

The clinical prognosis of triple-negative breast cancer (TNBC) is worse than that of
other types of breast cancer. It is a more aggressive high-grade breast cancer and has a
characteristic absence of sensitivity to current targeted drugs [16].

In the present study, we evaluated four benzo[f ]indole-4,9-dione derivatives against
TNBC cells. Our data demonstrate that LACBio1, LACBio2, LACBio3 and LACBio4 induce
apoptosis in MDA-MB 231 cells via activation of intrinsic caspase pathways by increasing
intracellular ROS levels.

Our current data demonstrate that all compounds significantly inhibited proliferation
and induced apoptosis in MDA-MB 231 cells. Consistent with our prior study [14], we
showed that benzo[f ]indole-4,9-dione derivatives are promising therapeutic agents for
the induction of apoptosis, specifically in highly proliferative and metabolically active
TNBC cells, without seriously affecting normal cells. We could see that the four structurally
related indoles showed similar biological patterns. The results demonstrate that indole
derivatives (at 10 and 30 µM) decreased cell viability and increased the number of cells
undergoing cell death from apoptosis (early or late apoptosis) compared to the control.
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Although benzo[f ]indole-4,9-dione derivatives have shown the capacity to activate the
apoptotic pathway, we examined their effects on DNA fragmentation. DNA fragmentation,
the end phase of apoptosis, is the ultimate step in cell death [17]. Our data demonstrate
that irrespective of the substitution pattern of the indole ring, the compounds were capable
of inducing apoptotic DNA fragmentation in human MDA-MB 231 cells. In addition, these
results corroborate those from Gach and colleagues [18], who showed the cytotoxic activity
of naphthofuran-4,9-diones and benzoindole-4,9-diones by demonstrating their ability to
inhibit cell proliferation and DNA damage and induce apoptosis in the leukemia cell line
HL-60 and the breast adenocarcinoma MCF-7 cell line.

The blockade of cell cycle progression by chemotherapeutic agents has always been
an ideal choice for developing anticancer therapeutics, and many cytotoxic compounds
exert their inhibitory effect by arresting the cell cycle at a specific checkpoint [19]. Noroozi
and colleagues [20] analyzed the effects of two indole compounds on the inhibition of
proliferating cells in acute promyelocytic leukemia (NB4 cell line) by examining the cell
cycle, and they demonstrated that both indoles induced apoptosis, thereby facilitating
cell cycle arrest. In our work, we found that the four benzo[f ]indole-4,9-dione derivatives
induced cell cycle arrest at the G2/M phase. The first checkpoint in the cell cycle is observed
at the G1/S boundary, and the second occurs at the G2/M transition. These checkpoints
control the mechanisms that ensure the proper timing of cell cycle events [21]. Entry to the
mitosis phase is blocked by the G2 checkpoint mechanism when DNA is damaged [22]. Our
results provide evidence that all benzo[f ]indole-4,9-dione derivatives, regardless of their
concentration, can cause DNA damage, thereby leading to cell cycle arrest and subsequent
cell death through apoptosis.

Reactive oxygen species (ROS) are well recognized as mediators of DNA damage [23].
Chemotherapeutics, such as doxorubicin and cisplatin, increase ROS levels, thus contribut-
ing to their genotoxicity [24,25]. Our data showed that all quinone benzo[f ]indole-4,9-dione
derivatives increased ROS production by MDA-MB 231 cells, suggesting that it could be
the cause of DNA fragmentation and consequently cell death. Indole compounds LACBio1,
LACBio2 and LACBio3 were more cytotoxic at the two concentrations under study, and
they increased ROS production in the dichlorodihydro fluorescein diacetate assay and
induced apoptosis in MDA-MB 231 cancer cells, while the derivative LACBio4 increased
reactive oxygen species levels in the cells upon treatment with 10 µM. The compounds
LACBio1 and LACBio2, which have an amino group at the C-2 position of the quinone
nucleus, were more effective at generating reactive oxygen species in MDA-MB 231 cells
than the other derivatives tested. This result is in agreement with the data reported in
the literature, which indicate that the introduction of oxidizable groups, such as amino
substituent, into the quinone ring, can exert an influence on its redox properties [26]. We
suggest that the solubility of LACBio4 at the highest concentration, 30 µM, in the ROS
generation assay could interfere with the results, requiring a treatment time longer than
1 h, as established in the assay, for this compound to reach its site of action in the cell.

ROS have also been suggested to regulate the process involved in the initiation of
apoptotic signaling [27]. Quast and colleagues [28] demonstrated that abrogated ROS pro-
duction suppressed apoptosis and Bax activation. Bax is a member of the Bcl-2 family and
a regulator protein in mitochondrial proapoptotic pathways. Proteins of the Bcl-2 family
have been shown to play an important role in the regulation of mitochondrial-mediated
apoptosis [29]. It has also been reported that Bcl-2 suppresses ROS-induced apoptosis [30]
and that the overexpression of proapoptotic Bax enhances ROS generation [31]. The results
of our study showed that the treatment of cells with indole derivatives LACBio1, LACBio2
and LACBio4 altered the balance between proapoptotic Bax and antiapoptotic Bcl-2 pro-
teins at the mitochondrial membrane. This effect was not observed for the related indole
derivative LACBio3. For the compounds LACBio1, LACBio2 and LACBio4, these results
suggest that the increased expression of the two antiapoptotic proteins can be related to the
chemical structures (e.g., conformation and intermolecular interactions) of the pyranose
and furanose rings.
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Apoptosis is a genetically regulated biological process with two major pathways: the
extrinsic pathway, induced by the activation of the death receptor, and the intrinsic pathway,
mediated by mitochondrial apoptosomes [32]. The intrinsic mitochondrial pathway is
activated by a variety of exogenous and endogenous stimuli, including oxidative stress,
DNA damage and ischemia [33]. This pathway is influenced by members of the Bcl-2 family
bound to the mitochondrial membrane, including Bax and Bcl-2 [34]. Additionally, intrinsic
pathway activation ultimately triggers mitochondrial outer membrane permeabilization
and can facilitate the release of several proapoptotic factors, including cytochrome c, from
the mitochondrial intermembrane space into the cytoplasm. These proapoptotic factors can
activate caspase 9, activate the effector caspase 3 and induce cell death [35]. The compounds
LACBio1, LACBio2, and LACBio3 were capable of activating caspase 9 and caspase 3 at the
two concentrations tested, while for the derivative LACBio4, only the lowest concentration
(10 µM) showed this effect. These results confirm that indole derivatives caused an increase
in intracellular ROS, resulting in damage to DNA and mitochondria and consequently
inducing cells to undergo apoptosis, probably via the intrinsic route.

4. Materials and Methods
4.1. Synthesis of Benzo[f]indole-4,9-dione Derivatives

The compounds LACBio1, LACBio2, LACBio3 and LACBio4 investigated in this work
were synthesized as previously described by Dias and colleagues [14]. The synthesis of
the compounds LACBio1 and LACBio2 involved the reaction of halo-naphthoquinones
containing a carbonyl group with amino carbohydrates. The compounds LACBio3 and
LACBio4 (Scheme 1) were prepared by a cerium(IV)-mediated oxidative free radical cycliza-
tion reaction between 1,4-amino-naphthoquinones, which possess an aminocarbohydrate
chain at the C-2 position of the quinone ring, and ethyl acetoacetate [36].
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4.2. Cell Culture and Treatment

The human breast cancer cell line MDA-MB 231 was obtained from the American Type
Culture Collection (ATCC HTB-26). Cells were routinely grown in Roswell Park Memorial
Institute (RPMI) essential medium (Sigma Aldrich, St. Louis, MO, USA) containing 10%
fetal bovine serum (LGC Biotechnology, Cotia, SP, Brazil) and 1% penicillin–streptomycin
(Sigma Aldrich, St. Louis, MO, USA) in a humidified 5% CO2 atmosphere at 37 ◦C. Cells
were cultured up to 70–100% confluence. The compounds were dissolved in dimethyl
sulfoxide (DMSO) (Sigma Aldrich, St. Louis, MO, USA) in a 1 mM stock solution, and
the concentrations used were dissolved in RPMI at different concentrations. The DMSO
concentration did not exceed 0.1% in the final solution and had no effect per se.

4.3. Apoptosis Assay

Apoptosis was carried out by an annexin V staining kit (BD Biosciences, San Jose, CA,
USA) according to the manufacturer’s protocol. Briefly, cells (2.5 × 105 cells/mL) were
seeded into 12-well plates and incubated with the compounds (at 10 or 30 µM) for 24 h.
After the incubation period, the cells were harvested and washed with phosphate-buffered
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saline (PBS) and resuspended in the indicated binding buffer. Subsequently, annexin V-
FITC and propidium iodide (PI) were added to the cell suspension and incubated for 15 min
in the dark at room temperature. After incubation, 104 events/sample were analyzed by
flow cytometry (BD Accuri C6 Plus, BD Biosciences, San Jose, CA, USA), and the data were
analyzed by BD CFlow Plus software (BD Biosciences, San Jose, CA, USA).

4.4. DNA Fragmentation Analyses

To detect DNA fragmentation in MDA-MB 231 cells, a modified TUNEL method [37]
was used with the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Merck, KGaA,
Darmstadt, Germany). Briefly, MDA-MB 231 cells were grown in 12-well culture plates and
incubated with the compounds (10 or 30 µM) for 24 h. Following treatments, the cells were
washed with PBS and subsequently stained with ApopTag according to the manufacturer’s
instructions. Experiments were conducted in triplicate, 104 events/sample were analyzed
by flow cytometry (BD Accuri C6 Plus, BD Biosciences, San Jose, CA, USA), and data were
analyzed by BD CFlow Plus software (BD Biosciences, San Jose, CA, USA).

4.5. Cell Cycle Analysis

The cell cycle was assessed using a BD Biosciences flow cytometry kit according to
the manufacturer’s protocol (BD Biosciences, San Jose, CA, USA). Cells were seeded at
2.5 × 105 cells/well in 12-well plates and incubated with the compounds (10 or 30 µM) at
37 ◦C for 24 h in a humidified chamber containing 5% CO2. After staining the samples
with PI (500 µg/mL) for 15 min, 104 events were analyzed by flow cytometry (BD Bio-
sciences, San Jose, CA, USA), and the data were analyzed by BD CFlow Plus software (BD
Biosciences, San Jose, CA, USA).

4.6. ROS Generation Assay

The intracellular generation of ROS was assayed with the 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) method described by Eruslanov and Kusmartsev [38]. MDA-MB
231 cells were seeded at 5 × 104 cells/well in a 12-well plate and precultured overnight.
The next day, the cells were preincubated with DCFH-DA (5 µM) in RPMI for 30 min.
Then, the cells were incubated with compounds (10 or 30 µM) or with H2O2 (0.03%, as the
positive control) for 1 h. After incubation, the cells were washed with PBS, and the level of
DCFH-DA fluorescence was determined using a Flexstation 3 microplate reader at 485 nm
absorption and 535 nm transmission (Molecular Devices, San Jose, CA, USA).

4.7. Western Blotting Analysis

The protein content of the cell lysate was determined by a bicinchoninic acid (BCA)
protein assay reagent kit (Thermo Fisher Scientific, MA, USA) according to the manufac-
turer’s protocol. Before the Western blot analysis, protein samples (20 µg) were subjected
to SDS-PAGE and stained with Laemmli buffer to ensure equal loading of the proteins.
Proteins were transferred onto a nitrocellulose membrane (Amersham Hybond-C extra; GE
Healthcare, Chicago, IL, USA). The membranes were incubated overnight at 4 ◦C with pri-
mary antibodies and subsequently with secondary rabbit horseradish peroxidase antibodies
for 1 h at room temperature. The following primary and secondary antibody combinations
were used for the proteins: caspase 3, caspase 9, Bax, Bcl-2 and HRP-conjugated anti-rabbit
IgG were obtained from Cell Signaling Technology (Beverly, MA, USA) and β-actin was
purchased from Merck/Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

4.8. Statistical Analysis

All the values are presented as the mean ± standard error of three independent
experiments. Statistical analyses were performed via a one-way ANOVA with Dunnett´s
post hoc test, and statistical significance was defined as * p < 0.05. Statistical analyses were
performed with GraphPad Prism 8.02 (GraphPad Software Inc., San Diego, CA USA).
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5. Conclusions

In conclusion, in the present study, we showed that LACBio1, LACBio2, LACBio3
and LACBio4 can induce cell death by apoptosis through an increase in ROS, thus causing
DNA damage and inducing G2/M cell cycle arrest. Additionally, we show that the four
benzo[f ]indole-4,9-dione derivatives can induce cleavage of caspases (3 and 9), thereby
activating the intrinsic pathway of apoptosis (Scheme 2).
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18. Gach, K.; Modranka, J.; Szymański, J.; Pomorska, D.; Krajewska, D.; Mirowski, M.; Janecki, T.; Janecka, A. Anticancer properties

of new synthetic hybrid molecules combining naphtho[2,3-b]furan-4,9-dione or benzo[f ]indole-4,9-dione motif with phosphonate
subunit. Eur. J. Med. Chem. 2016, 120, 51–63. [CrossRef]

19. Chan, K.T.; Meng, F.Y.; Li, Q.; Ho, C.Y.; Lam, T.S.; To, Y.; Lee, W.H.; Li, M.; Chu, K.H.; Toh, M. Cucurbitacin B induces apoptosis
and S phase cell cycle arrest in BEL-7402 human hepatocellular carcinoma cells and is effective via oral administration. Cancer
Lett. 2010, 294, 118–124. [CrossRef]

20. Noroozi, M.K.; Mahmoodi, M.; Jafarzadeh, A.; Darehkordi, A.; Hajizadeh, M.R.; Khorramdelazad, H.; Sayadi, A.R.; Falahati-pour,
S.K.; Hassanshahi, G. Indole itself and its novel derivative affect PML cells proliferation via controlling the expression of cell
cycle genes. Cell Mol. Biol. 2019, 65, 41–47. [CrossRef]

21. Hartwell, L.H.; Weinert, T.A. Checkpoints: Controls that ensure the order of cell cycle events. Science 1989, 246, 629–634.
[CrossRef]

22. Taylor, W.R.; Sark, G.R. Regulation of the G2/M transition by p53. Oncogene 2001, 20, 1803–1815. [CrossRef]
23. Srinivas, U.S.; Tan, B.W.Q.; Vellayappan, B.A.; Jeyasekharan, A.D. ROS and the DNA damage response in câncer. Redox Biol. 2019,

25, 101084. [CrossRef] [PubMed]
24. Conklin, K.A. Chemotherapy-associated oxidative stress: Impact on chemotherapeutic effectiveness. Integr. Cancer Ther. 2004, 3,

294–300. [CrossRef] [PubMed]
25. Marullo, R.; Werner, E.; Degtyareva, N.; Moore, B.; Altavilla, G.; Ramalingam, S.S.; Doetsch, P.W. Cisplatin induces a

mitochondrial-ROS response that contributes to cytotoxicity depending on mitochondrial redox status and bioenergetic functions.
PLoS ONE 2013, 8, e81162.

26. Valderrama, J.A.; Ibacache, J.A.; Arancibia, V.; Rodriguez, J.; Theoduloz, C. Studies on quinones. Part 45: Novel 7-
aminoisoquinoline-5,8-quinone derivatives with antitumor properties on cancer cell lines. Bioorg. Med. Chem. 2009, 17, 2894–2901.
[CrossRef] [PubMed]

27. Vaux, D.L.; Korsmeyer, S.J. Cell death in development. Cell 1999, 96, 245–254. [CrossRef]
28. Quast, S.-A.; Berger, A.; Eberle, J. ROS-dependent phosphorylation of Bax by wortmannin sensitizes melanoma cells for TRAIL-

induced apoptosis. Cell Death Dis. 2013, 4, 3829. [CrossRef] [PubMed]
29. Desagher, S.; Martinou, J.C. Mitochondria as the central control point of apoptosis. Trends Cell Biol. 2000, 10, 369–377. [CrossRef]
30. Hochenbery, D.M.; Oltvai, Z.N.; Yin, X.M.; Milliman, C.L.; Korsmeyer, S.J. Bcl-2 function in an antioxidant pathway to prevent

apoptosis. Cell 1992, 75, 241–251. [CrossRef]
31. Jurgensmeier, J.M.; Xie, Z.H.; Deveraux, Q.; Ellerby, L.; Bredesen, D.; Reed, J.C. Bax directly induces release of cytochrome c from

isolated mitochondria. Proc. Nat. Acad. Sci. USA 1998, 95, 4997–5002. [CrossRef]

http://doi.org/10.1016/j.ajpath.2017.05.018
http://www.ncbi.nlm.nih.gov/pubmed/28734944
http://doi.org/10.2147/OTT.S67673
http://www.ncbi.nlm.nih.gov/pubmed/25653541
http://doi.org/10.1016/j.bmc.2007.10.028
http://www.ncbi.nlm.nih.gov/pubmed/17964791
http://doi.org/10.3390/ijms21124378
http://doi.org/10.1039/B715270A
http://doi.org/10.1006/abbi.1997.0323
http://doi.org/10.1016/j.microc.2019.104104
http://doi.org/10.1016/S0928-4680(00)00053-5
http://doi.org/10.1023/A:1015913229650
http://doi.org/10.1002/cmdc.202000660
http://www.ncbi.nlm.nih.gov/pubmed/33085980
http://doi.org/10.21577/0103-5053.20200202
http://doi.org/10.1007/s00404-015-3859-y
http://doi.org/10.1016/j.ejmech.2016.05.002
http://doi.org/10.1016/j.canlet.2010.01.029
http://doi.org/10.14715/cmb/2019.65.3.6
http://doi.org/10.1126/science.2683079
http://doi.org/10.1038/sj.onc.1204252
http://doi.org/10.1016/j.redox.2018.101084
http://www.ncbi.nlm.nih.gov/pubmed/30612957
http://doi.org/10.1177/1534735404270335
http://www.ncbi.nlm.nih.gov/pubmed/15523100
http://doi.org/10.1016/j.bmc.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19269832
http://doi.org/10.1016/S0092-8674(00)80564-4
http://doi.org/10.1038/cddis.2013.344
http://www.ncbi.nlm.nih.gov/pubmed/24113173
http://doi.org/10.1016/S0962-8924(00)01803-1
http://doi.org/10.1016/0092-8674(93)80066-N
http://doi.org/10.1073/pnas.95.9.4997


Molecules 2021, 26, 4414 13 of 13

32. Hu, H.; Kavanagh, J.J. Anticancer therapy targeting the apoptotic pathway. Lancet Oncol. 2003, 4, 721–729. [CrossRef]
33. Muñoz-Pinedo, C.; El Mjiyad, N.; Ricci, J.-E. Cancer metabolism: Current perspectives and future directions. Cell Death. Dis. 2012,

3, e248. [CrossRef]
34. Caltabiano, R.; Leonardi, R.; Musumeci, G.; Bartoloni, G.; Rusu, M.C.; Almeida, L.E.; Loreto, C. Apoptosis in temporomandibular

joint disc with internal derangement involves mitochondrial-dependent pathways. An in vivo study. Acta Odontol. Scand. 2013,
71, 577–583. [CrossRef]

35. Bratton, S.B.; Salvesen, G.S. Regulation of the Apaf-1-caspase-9 apoptosome. J. Cell Sci. 2010, 123, 3209–3214. [CrossRef] [PubMed]
36. Franco, C.F.J.; Jordão, A.K.; Ferreira, V.F.; Pinto, A.C.; de Souza, M.C.B.V.; Resende, J.A.L.C.; Cunha, A.C. Synthesis of new

2-aminocarbohydrate-1,4-naphthoquinone derivatives promoted by ultrasonic irradiation. J. Braz. Chem. Soc. 2011, 22, 187–193.
[CrossRef]

37. Mohan, C.; Long, K.; Mutneja, M.; Ma, J. Detection of end-stage apoptosis by ApopTag® TUNEL technique. In Apoptosis and
Cancer; Humana Press: New York, NY, USA, 2015; pp. 43–56.

38. Eruslanov, E.; Kusmartsev, S. Identification of ROS using oxidized DCFDA and flow-cytometry. Methods Mol. Biol. 2010, 594,
57–72. [PubMed]

http://doi.org/10.1016/S1470-2045(03)01277-4
http://doi.org/10.1038/cddis.2011.123
http://doi.org/10.3109/00016357.2012.700060
http://doi.org/10.1242/jcs.073643
http://www.ncbi.nlm.nih.gov/pubmed/20844150
http://doi.org/10.1590/S0103-50532011000100026
http://www.ncbi.nlm.nih.gov/pubmed/20072909

	Introduction 
	Results 
	Benzo[f]indole-4,9-dione Derivatives Induced Apoptosis in MDA-MB 231 Cells 
	Benzo[f]indole-4,9-dione Derivatives Caused DNA Fragmentation in MDA-MB 231 Cells 
	Effects of Benzo[f]indole-4,9-dione Derivatives on Cell Cycle Distribution 
	Benzo[f]indole-4,9-dione Derivatives Increased Intracellular Reactive Oxygen Species (ROS) Levels 
	Benzo[f]indole-4,9-dione Derivatives Increased the Bax:Bcl-2 Ratio 
	Benzo[f]indole-4,9-dione Derivatives Induced Activation of the Intrinsic Caspase Cascade 

	Discussion 
	Materials and Methods 
	Synthesis of Benzo[f]indole-4,9-dione Derivatives 
	Cell Culture and Treatment 
	Apoptosis Assay 
	DNA Fragmentation Analyses 
	Cell Cycle Analysis 
	ROS Generation Assay 
	Western Blotting Analysis 
	Statistical Analysis 

	Conclusions 
	References

