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Abstract Acridine derivatives are capable of interacting
with double-stranded DNA. Some essential enzymes such
as DNA topoisomerase I, II and telomerase are the biolo-
gical targets of these compounds in cancer chemotherapy.
11-chloro-3-methyl-3H-imidazo[4,5-a]acridine is a novel
synthetic acridine derivative with antibacterial properties.
Selective induction of apoptosis in tumor cells is the char-
acteristic of some clinically effective anticancer drugs. In
this study, the cytotoxicity and apoptosis inducing effects of
11-chloro-3-methyl-3H-imidazo[4,5-a]acridine on 5637
cancerous and HFF3 (human foreskin fibroblast) normal
cells were investigated for the first time. The results of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide assay showed that the cytotoxic effects of 11-chloro-3-
methyl-3H-imidazo[4,5-a]acridine were more pronounced
on 5637 cells in comparison to HFF3 normal cells. 4′,6-
diamidino-2-phenylindole staining of 5637 cells demon-
strated the presence of condensed chromatin in majority of
cells (60 %) which is indicative of apoptosis induction.
Besides the results of comet assay revealed that 11-chloro-
3-methyl-3H-imidazo[4,5-a]acridine treatment resulted in
10 folds greater DNA damage in cancerous cells (62 %) as

compared to normal cells (6 %). Flow cytometry analysis of
5637 cells after propidium iodide staining revealed that
11-chloro-3-methyl-3H-imidazo[4,5-a]acridine causes apo-
ptosis by cell cycle arrest in sub-G1 peak in a time-dependent
manner. Moreover, evaluation of caspase 3 activity showed
that this compound significantly increased caspase 3 activity
in 5637 cells as compared with control cells. Therefore, it
can be concluded that 11-chloro-3-methyl-3H-imidazo[4,5-a]
acridine has selective cytotoxic and anticancer effects on 5637
cells and a high potential to induce apoptosis. This caspase-
dependent apoptotic induction was resulted from DNA
damage, which may arise from inhibition of DNA topoi-
somerase I and/or II activity. Although further studies are
required to determine its mechanism in vivo, 11-chloro-3-
methyl-3H-imidazo[4,5-a]acridine can be introduced as a
potential anticancer compound for further investigations.
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Introduction

Cancer characterized by unregulated cell proliferation is the
cause for about 15% of human deaths worldwide. The use of
chemotherapeutic drugs to eliminate cancer cells is one of the
main approaches in cancer treatment (Egusquiaguirre et al.,
2012; Gohulkumar et al., 2014; Ketabforoosh et al., 2014).
Mutations in the genome of cancer cells and/or epigenetic
changes may lead to resistance of these cells to conventional
chemotherapy and therapeutic failure. On the other hand, the
toxic effects of anticancer agents on normal cells leading to
various adverse side effects are unavoidable. Considering
these difficulties, there is an urgent need for safer and more
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effective anticancer drugs inducing apoptosis specifically in
cancerous cells (Gohulkumar et al., 2014; Kumar et al.,
2013). Apoptosis is a regulated molecular mechanism caus-
ing the cells to undergo programmed cell death through
either extrinsic or intrinsic pathways. Therefore, the best
strategy for chemotherapeutic agents is largely dependent on
their ability to trigger apoptosis in tumor cells (Degterev
et al., 2003; Ma et al., 2012; Ziegler and Kung, 2008).

A group of well-known probes for nucleic acids are
acridines and their derivatives are used in the field of drug
development, particularly establishing new chemother-
apeutic agents (da Rocha Pitta et al., 2013; Ghosh et al.,
2012). Acridine derivatives, such as acridone, pyr-
idoacridines, and imidazoacridines, are the oldest classes of
bioactive compounds. They are one of the most interesting
agents widely being used as antibacterial (Denny, 2002),
antiviral (Goodell et al., 2006), antiprion (Kukowska-Kas-
zuba and Dzierzbicka, 2007), antimalarial (Winter et al.,
2008), antitumor (Demeunynck, 2004), anticancer, and
multi-drug resistance modulating agents (Belmont et al.,
2007). Due to the ability of acridine derivatives to insert
between DNA bases, most of them are considered as DNA
intercalatores interfering with DNA synthesis (da Rocha
Pitta et al., 2013). The interaction between base pairs of
double-stranded DNA through π–π interactions resulted
from tricyclic, planar acridine moiety causes alterations in
cellular machinery and changes in metabolic processes
resulting in cell cycle arrest and apoptosis (Bailly, 2012;
Kamal et al., 2004; Lerman, 1963).

The interactions of acridine derivatives with DNA can
inhibit processes of replication, transcription, and transla-
tion by interfering with some key enzymes, including
topoisomerases, polymerases, and telomerases (Ghosh
et al., 2012; Kohn, 1996; Wesierska-Gadek et al., 2004).
One of the acridine-based drugs is amsacrine, which was the
first synthetic drug approved for clinical use in 1976 for the
treatment of leukemia. Amsacrine acts as a DNA inter-
calating agent and inhibits DNA topoisomerase II activity
(Denny, 2004; Finlay et al., 1999; Kumar et al., 2013).

Transitional cell carcinomas (TCCs) of the bladder
account for 90 % of urinary bladder cancers and are
observed as both superficial lesions or invasive tumors.

A primary lesion can be treated successfully, whereas
the muscle-invasive cancers finally lead to metastases
(Kaufman et al., 2009). As TCC cells are resistant to a broad
range of chemotherapeutic agents (Gottesman, 1993), the
attempt to synthesize compounds capable of apoptosis
induction in these cells could be a significant achievement
in chemotherapy of bladder cancer (Fulda and Debatin,
2004; Fulda and Debatin, 2006; Kaufmann and Earnshaw,
2000).

A novel acridine derivative called 11-chloro-3-methyl-
3H-imidazo[4,5-a]acridine (CMIA) has been synthesized and

recently reported as an antibacterial agent against some of the
standard strains of gram-positive and gram-negative bacteria,
and especially as a potent bactericide against Acienebacter
baumami, which is multi-drug resistant. Among the tested
antibiotics, fluoroquinolones possessed the best potency
against Acineteobacter strains similar to CMIA. It is inter-
esting that the fluoroquinolones belong to topoisomerase
inhibitors similar to some acridines (Sadeghian et al., 2012).

Considering the potential antitumor activity of acridine
derivatives, in this study the cytotoxicity and apoptosis-
inducing effects of CMIA were investigated on 5637 can-
cerous cells, a TCC sub-line, in comparison with HFF3
(human foreskin fibroblast) normal cells for the first time.

Materials and methods

Preparing different concentrations of CMIA

CMIA was synthesized according to the procedure reported by
Sadeghian et al. (2012) (Fig. 1) and was dissolved in dimethyl
sulfoxide (DMSO) (Merck, Germany). Various concentrations
(0.5, 1, 2, 4, 8, 16, 32, 64, 128, and 256 μg/ml) of CMIA were
prepared by diluting the stock solution in culture medium.
Since DMSO is a toxic substance, solutions containing an
equivalent amount of DMSO were used as controls.

Culture of cells

5637 cells were purchased from Pasteur Institute (Tehran,
Iran) and HFF3 cells were generously provided by Royan
Institute (Tehran, Iran). Both groups of cells were cultured
in Dulbecco’s Modified Eagle’s Medium (Gibco, Scotland)
supplemented with 10 % fetal bovine serum and incubated
at 37 °C in the presence of 5 % CO2. To subculture the
cells, they were incubated with 0.25 % trypsin (Gibco,
Scotland) and 1 mM ethylenediaminetetraacetic acid
(EDTA) (Gibco, Scotland) for 3–5 min.

Cell viability assay

Cells were seeded at the density of 1–1.3 × 104 cells/well in
96-well tissue culture plates (Falcon Becton-Dickinson,
USA). 5637 and HFF3 cells were then treated with various
concentrations of CMIA compound (0.5, 1, 2, 4, 8, 16, 32,
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Fig. 1 Chemical structure of CMIA (Sadeghian et al., 2012)
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64, 128, and 256 μg/ml) for 24, 48, and 72 h to determine
half maximal inhibitory concentration (IC50) values. All
tests were performed in triplicate. After treating the cells,
20 μl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) solution (5 mg/ml) was added to each well,
and incubated for 4 h. After adding 150 μl DMSO to each
well, the optical density values were determined at 495 nm
with an enzyme-linked immunosorbent assay reader
(Awareness, USA) and cell viability was calculated using
the following formula:

Cell viability% ¼ mean absorbance of the treated cells
mean absorbance of the control cells

´ 100

Demonstration of apoptotic morphology

Treated cells were stained with 4′,6-diamidino-2-pheny-
lindole (DAPI) to evaluate the apoptotic effects of CMIA,
morphologically. Untreated 5637 cells, cells treated with
30 μg/ml CMIA, and cells treated with an equivalent
amount of DMSO (0.15 %) after 24 h were trypsinized and
centrifuged at 1100 × g for 10 min. Cell pellets were fixed
with 4 % paraformaldehyde (Sigma, Germany) for 10 min
and washed with phosphate-buffered saline (PBS) for three
times. Cells were then permeabilized with 0.1 % Triton
X-100 and stained with 2 μg/ml DAPI (Merck, Germany) at
37 °C for 10 min. About 700 cells were counted using a
fluorescent microscope (Olympus, Japan) and the percen-
tage of intact cells and cells with chromatin condensation or
nuclear fragmentation were then calculated.

Alkaline comet assay

To evaluate DNA damage by alkaline comet assay, cell
pellets of different groups were resuspended in 150 μl PBS
and 150 μl of low-melting point agarose (LMA; 1 % w/v;
37 °C) and sandwiched between a lower layer of 1 % w/v
normal melting agarose (Helicon, Russia) and an upper
layer of 100 μl LMA (0.75 % w/v) on microscope slides and
incubated for 20 min at 4 °C. Four slides were prepared for
each treatment. Following immersion (4 h at 4 °C) in cold
lysing buffer [2.5 M NaCl, 100 mM Na2EDTA, 10 mM
Tris, 2 % (v/v) Triton X-100, pH 10], DNA was unwound
by placing the slides in alkaline electrophoresis buffer for
30 min at 4 °C. Electrophoresis was then carried out at 4 °C
for 20 min at 25 V and 300 mA. After washing, dehydra-
tion, and staining, slides were analyzed using a fluorescent
microscope (Olympus, Japan) attached to a CCD camera.
Images of randomly selected cells (100 from each slide)
were subjected to analysis using TriTek Comet score ver-
sion 1.5 software and the percentage of DNA damage was
determined.

Propidium iodide (PI) staining analysis of cellular DNA
content

Effects of CMIA on cell cycle and apoptosis induction were
analyzed using PI staining. Cells under experiments were
washed twice with PBS and centrifuged at 1500 × g for 7 min.
Cells were then incubated with 100 μl PI (50 μg/ml), 500 μl
0.1% sodium citrate, and 1500 μl 0.1% Triton X-100.
Apoptosis induction percentage and DNA content in cell cycle
were detected by a BD FACS Calibur flow cytometer (BD
Biosciences) and were evaluated using WinMDI software.

Caspase 3 activity assay

CMIA ability in apoptosis induction was evaluated by
assessing caspase 3 activity using a caspase 3 colorimetric
assay kit [(ab39401), Abcam]. The three groups of cells
were treated at 37 °C for 10 h and both floating and attached
cells were collected in falcon tubes. Then cells were lysed
with chilled lysis buffer and incubated for 10 min on ice,
followed by centrifugation at 10,000 × g for 1 min to extract
protein contents. Protein concentrations were determined by
Bradford method, using different standard protein con-
centrations of bovine serum albumin. The concentration of
extracted proteins after each treatment was measured using
the standard curve. Caspase 3 activity was then assayed,
using DEVD-pNA as a substrate in 96-well tissue culture
plates, according to manufacturer’s instructions.

Statistical analysis

The collected data were analyzed using SPSS software,
version 16.0 (SPSS software Inc., Chicago, IL, USA).
The normal distribution was verified by performing
Kolmogorov–Smirnov test. The one-way analysis of
variance followed by Tukey multiple comparison test,
nonparametric Mann–Whitney test, and independent sample
T-test were used to ascertain the significant levels, wherever
appropriate (P< 0.001 and P < 0.05).

Results

CMIA has anticancer effects on 5637 cell line

In this study, the cytotoxic and anticancer activities of CMIA
were investigated on 5637 and HFF3 cells by MTT assay
in vitro. The MTT results on 5637 cells indicated that IC50
values were 30 (112 μM), 14 (52.4 μM), and 12 μg/ml (44.9
μM) after 24, 48, and 72 h, respectively (Fig. 2a). Cytotoxic
effects of CMIA were also verified on normal HFF3 cells.
The IC50 values of CMIA on HHF3 cells were determined
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as 100 (373.3 μM), 60 (224 μM), and 24 μg/ml (89.6 μM) at
24, 48, and 72 h, respectively (Fig. 2b) (Table 1).

Comparing the impacts of various concentrations of
CMIA indicates that the cytotoxic effects of this compound
at 16–128, 8–64, and 4–32 μg/ml concentration ranges were
significantly more potent (P< 0.05) on 5637 cells than
HFF3 cells at 24, 48, and 72 h, respectively. Thus, CMIA
has selective cytotoxicity and anticancer effects causing a
significant decrease in cell viability of cancerous 5637 cells.

Morphological alterations

Morphological changes in 5637 cells were examined using
an invert microscope (HP, Japan). 5637 and HFF3 cells were
treated with IC50 values of CMIA at 24 h and the mor-
phological changes were compared with their DMSO
controls.

Microscopic observations indicated cell death and mor-
phological changes such as round and granular cell shapes
after treatment of both cell lines with their corresponding
IC50 values of CMIA (Fig. 3).

Apoptosis-inducing effects of CMIA as revealed by
DAPI staining

Chromatin condensation and nuclear fragmentation in
apoptotic 5637 cells, induced by CMIA were shown using
DAPI staining. Analyzing images from fluorescent micro-
scopy revealed that 60 % of 5637 cells treated with
30 μg/ml CMIA for 24 h showed chromatin condensation,
which was significantly (P< 0.001) higher than control
(7.5 %) and untreated cells (5.6 %) (Fig. 4).

CMIA induces DNA damage in 5637 cells

To determine DNA damage induced by CMIA, comet assay
was performed. Results demonstrated that the percentage of
DNA in tail induced in 5637 cells treated with 30 μg/ml
CMIA was 62 % which was significantly (P< 0.001) higher
than those in cells treated with 0.15 % DMSO (7.7 %) and
untreated cells (5.7 %) (Fig. 5a). To determine DNA
damage-inducing effects of this compound on normal cells,
comet assay was also performed in HFF3 cells treated with
the same amount of CMIA (30 μg/ml). Results indicated
that little DNA migration could be observed in these treated
cells (6.7 %) (Fig. 5b).

Statistical analysis revealed that CMIA has a significant
ability in inducing DNA damage in 5637 cells as compared
to normal HFF3 cells, suggesting a selective effect of this
concentration on cancerous cells (Fig. 5c).

CMIA causes apoptosis by arresting 5637 cells in sub-
G1 phase

Effects of CMIA on cell cycle and apoptosis induction were
determined using Pl staining and flow cytometry. In this
assay, cells treated with 30 μg/ml CMIA for 12 and 24 h were
compared with untreated 5637 cells and also cells treated
with 0.15% DMSO. Analyzing the cell cycle revealed that
treatment of 5637 cells with 30 μg/ml CMIA resulted in the

Fig. 2 Time-based dose response curves of 5637 (a) and HFF3 (b)
cells to CMIA during 24, 48, and 72 h of treatments. Data are
expressed as mean± SD

Table 1 IC50 values of 5637 and HFF3 cells after treatment with
CMIA after 24, 48, and 72 h

Treated cells
with CMIA

IC50 values (μg/ml)

24 h 48 h 72 h

5637 cells 30 14 12

HFF3 cells 100 60 24
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accumulation of cells in sub-G1 phase (Fig. 6). DNA content
analysis indicated that about 27 and 62% of cells treated with
CMIA were at sub-G1 at 12 and 24 h, respectively. Thus,
accumulation of DNA in sub-G1 peak indicates that CMIA
can induce apoptosis in 5637 cells, whereas no significant
differences were observed in the number of cells in sub-G1
peaks of control and untreated cells.

CMIA activates caspase 3

The caspase 3 enzyme has a significant role in apoptosis
and involves in both intrinsic and extrinsic apoptosis

pathways. Thus, this analysis can provide a better
understanding of the mechanistic role of CMIA compound
in the induction of programmed cell death. The activity of
caspase 3 enzyme was evaluated in cells treated with
30 μg/ml CMIA for 10 h, and compared with the cells
treated with equal amount of DMSO (as control) and
untreated cells. Results showed a 3.7-fold increase in
caspase 3 activity in CMIA-treated cells as compared
to DMSO and untreated cells. Statistical analysis re-
vealed a significant difference in caspase 3 activity
between treated, control, and untreated cells (P < 0.05)
(Fig. 7).

Fig. 3 Morphological changes
of 5637 and HFF3 cells after 24
h treatments: a untreated 5637
cell; b 5637 cells treated with
0.15 % DMSO (control); c 5637
cells treated with 30 μg/ml
CMIA; d untreated HFF3 cell;
e HFF3 cells treated with 0.5 %
DMSO (control); f HFF3 cells
treated with 100 μg/ml CMIA

Fig. 4 a Chromatin condensation of 5637 cells after 24 h: A without
any treatment, B treated with 0.15 % DMSO, and C treated with
30 μg/ml CMIA. b The percentages of chromatin condensation are

shown as histograms. Data are expressed as mean± SD; *** indicates
significant (P< 0.001) difference between cells treated with 30 μg/ml
CMIA and other control cultures
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Discussion

Many studies are focused on synthesis of anticancer com-
pounds specifically targeting DNA molecules. Acridines are
a group of these compounds, which were initially used as
antibacterial and antiparasitic agents, but their chemother-
apeutic effects were revealed in later studies (Belmont et al.,
2007). Acridine derivatives can intercalate between DNA
base pairs, leading to cell cycle arrest and apoptosis induction
(Bailly, 2012; Kamal et al., 2004; Lerman, 1963). Apoptosis
mainly regulates the physiological growth and tissue home-
ostasis. One of the main advances in cancer research is
involvement of cell death mostly by apoptosis in the reg-
ulation of tumor formation and determination of the rate of
success in cancer therapy. Most of the current anticancer

approaches used in clinical oncology, including chemother-
apy, irradiation, suicide gene therapy, or immunotherapy, are
connected to activation of apoptosis signal transduction
pathways in tumor cells (Fulda and Debatin, 2006). Among
characteristic biological and morphological hallmarks of
apoptosis, including cell shrinkage, nuclear fragmentation,
and membrane blebbing, the initial event is the DNA damage
spread by the cellular stress response (Hengartner, 2000).
Apoptosis can be evaluated using various criteria, including
morphological changes, endonucleosomal DNA breakdown,
flow cytometric analysis of DNA content, and activation of
caspases in apoptotic cells (Huerta et al., 2007).

To date, many studies have investigated apoptosis
induction and anticancer effects of acridine derivatives, on
different cancerous cell lines. According to these data, some

Fig. 5 a DNA damage in 5637 cells after 24 h: A without any treat-
ment, B treated with 0.15 % DMSO, and C treated with 30 μg/ml
CMIA. b DNA damage observed in HFF3 cells after 24 h: A without
any treatment, B treated with 0.15 % DMSO, and C treated with
30 μg/ml CMIA. c Comparing the DNA damage-inducing effects of

CMIA in 5637 and HFF3 cells. Data are shown as %DNA in tail in
three groups of untreated cells, cells treated with 0.15 % DMSO, and
30 μg/ml CMIA after 24 h. Data are expressed as mean± SD.
*** indicates significant (P< 0.001) difference between 5637 cells
treated with 30 μg/ml CMIA and other treatments
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acridine derivatives have shown anticancer effects on dif-
ferent cancer cell lines by increasing apoptosis through cell
cycle arrest, DNA damage, nuclear fragmentation, and cas-
pase activation. Considering the anticancer effects of acri-
dine derivatives, in this study we investigated the cytotoxic
and apoptosis-inducing effects of CMIA, a synthetic acridine
derivative, on 5637 cells. The probable mechanism of action
of CMIA on 5637 cancerous cell line was also investigated
in this study, for the first time. CMIA is a potent and
selective antimicrobial agent against multi-drug resistant
Acienebacter baumanni (Sadeghian et al., 2012). The results
of MTT assay after 48 h of treatment revealed that CMIA
acts in a time and dose-dependent manner.

The effects of CMIA were more pronounced on 5637
cells in comparison to HFF3 normal cells, which indicates
its selective cytotoxicity. Thus, it can be considered as a
potential anticancer agent. These results are in agreement
with other reports for most of the acridine derivatives as

assayed by MTT. 5-substituted imidazo[4,5,1-de]acridine-
6-one had cytotoxic and antitumor activity on HeLa SB
cells in vitro and against P388 leukemia in mice in vivo
(Cholody et al., 1990). In 2005, selective cytotoxic effects
of a bisimidazoacridone derivative (WMC-26) were
shown on HCT-116 (colon cancer) and HL-60 leukemia
cells (Cholody et al., 2005). The cytotoxic effects of
5-diethylaminoethylamino-8-hydroxyimidazoacridinone
(C-1311) were also examined on 60 cancerous cell lines of
breast, colon, and leukemia (De Marco et al., 2007;
Mazerska et al., 2003). Small molecule quinacrine (a deri-
vative of 9-aminoacridine) had selective cytotoxic effects
on MCF-7 cells (Preet et al., 2012). Moreover, many of the
2-methyl-9-substituted acridines had cytotoxic effects on
A-549 (lung cancer) and MCF-7 (breast cancer) cancerous
cell lines (Kumar et al., 2013). Similarly 9-phenyl acridine
(ACPH) selective cytotoxic impacts on A375 (melanoma)
and HeLa cells have been reported (Ghosh et al., 2012).

Fig. 6 Effects of CMIA on cell cycle and apoptosis induction after 12 (a) and 24 h (b) in 5637 cells, without any treatment, treated with 0.15 %
DMSO, and treated with 30 μg/ml CMIA
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As mentioned earlier, chromatin condensation and
nuclear fragmentation indicate the presence of apoptotic
cells. Investigating the morphological changes with DAPI
staining and DNA damage with comet assay revealed a
significant increase (P< 0.001) in DNA damage in cells
treated with CMIA as compared to DMSO control and
untreated groups. Similar results are reported for other
acridine derivatives. For example, ACPH caused DNA
damage in both A375 and HeLa cell lines (Ghosh et al.,
2012) and WMC-26 increased nuclear fragmentation in
HCT-116 and HL-60 cells as a result of apoptosis induction
(Cholody et al., 2005).

The effects of quinacrine on induction of apoptosis in
MCF-7 cells were similarly shown by DAPI staining and
comet assay (Preet et al., 2012).

The effects of CMIA on cell cycle progression were also
investigated by flow cytometry. Apoptosis induction of
CMIA was evident by an increase in accumulation of cells
in sub-G1 peak in a time-dependent manner. Similar studies
have determined the ability of other acridine derivatives in
cell cycle arrest. For instance, ACPH, 9-aminoacridines,
and quinacrine showed anticancer effects by inducing cell
cycle arrest in several cancerous cell lines (Ghosh et al.,
2012; Goodell et al., 2007; Preet et al., 2012).

Investigating the caspase 3 activity, which is a common
enzyme involved in both intrinsic and extrinsic apoptosis
pathways, can be a good indication of the mechanism
involved in cell death. Activation of caspases caused by
chemotherapy is initiated through activation of either
intrinsic or extrinsic pathways (Degterev et al., 2003; Fulda
and Debatin, 2006). In this study, caspase 3 activity was a
significantly increased (P < 0.05) in 5637 cells treated with
CMIA, as compared to control groups. Similarly, WMC-26
and ACPH increased the activity of caspase 3, resulting in
apoptosis induction (Cholody et al., 2005; Ghosh et al.,
2012). Moreover, a novel acridine analog called 2-methoxy-
N-benzylacridine-9-amine, which is a DNA intercalator and

inhibits topoisomerase I activity, showed its anticancer
effects via activation of caspases in K562 (leukemia) and
HepG-2 (liver carcinoma) cells (Lang et al., 2013).

We conclude that CMIA has a selective cytotoxicity and
induces apoptosis in 5637 cells through induction of chro-
matin condensation, DNA damage, and activation of cas-
pase 3. Besides, CMIA treatment resulted in the
accumulation of cells in sub-G1 peak, which confirms the
apoptotic cell death. One proposed mechanism is that
CMIA inhibits DNA topoisomerase I and/or II activity,
which causes DNA damage and subsequently leads to
apoptosis via the caspase-dependent pathway. The DNA
topoisomerases content of tumor cells is greater than normal
cells, which results in more sensitivity of cancer cells to the
toxic effects of topoisomerase I inhibitors and explains the
selective cytotoxic effects of CMIA (Barros et al., 2013).
Further studies are required to explore the exact mechanism
involved in apoptosis, inducing effects of CMIA especially
by studying its potential topoisomerase inhibition effects.
The antitumor activity of CMIA can also be investigated in
animal models.
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