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Abstract: A new series of 2-amino-benzo[de]isoquinoline-1,3-diones was synthesized and
fully characterized in our previous paper. Here, their cytotoxic effects have been evaluated
in vitro in relation to colon HCT-116, hepatocellular Hep-G2 and breast MCF-7 cancer
cell lines, using a crystal violet viability assay. The ICso-values of the target compounds
are reported in pg/mL, using doxorubicin as a reference drug. The findings revealed that
compounds 14, 15, 16, 21 and 22 had significant cytotoxic effects against HCT-116, MCF-7
and Hep-G2 cell lines. Their 1Cso values ranged between 1.3 and 8.3 pg/mL in relation to
doxorubicin (ICso = 0.45-0.89 pg/mL). Therefore, these compounds could be used as
templates for furthering the development and design of more potent antitumor agents
through structural modification.
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1. Introduction

Despite intensive efforts, and much progress being made to understand the biology of cancer,
as well as the development of more effective anticancer chemotherapeutics, the disease still poses a
serious threat to human health around the globe and the rates of response to existing antitumor drugs in
clinical trials have remained largely unimproved. Consequently, the design of new lead structures to be
employed as antitumor agents is always a fascinating challenge in the field of cancer chemotherapy
and is a most urgently needed area of research in organic medicinal chemistry. Although a number of
biologically active compounds have been investigated, many of them have been found to be unsuitable
for therapeutic application due to their toxic, carcinogenic and mutagenic properties. Nowadays, it is
possible to make structural modifications to newly synthesized active compounds in order to improve
their therapeutic indices and reduce their toxicity.

Within the existing literature, several studies have reported that some naphthalimide derivatives play
an essential role in the construction of many bioactive compounds, such as antitumor agents and histone
deacetylase inhibitors (HDAC) [1-12]. In addition, a number of 1H-benzo[de]isoquinolin-1,3-diones
have been shown to exhibit antimicrobial activity and have a high binding affinity towards the
5-HTia receptor that is expressed in CHO cells, as determined by fluorescence microscopy [11,12].
Furthermore, 1H-benzo[de]isoquinolin-1,3-dione-based anticancer drugs and potent HDAC inhibitors
have formed an indispensable part in the development of antitumor agents [2,5]. For example,
substituted naphthalimides containing the N-(2,2-dimethylaminoethyl) chain, best represented by
mitonafide, amonafide and the dimer einafide, have been shown to possess significant anticancer
properties [2,5,10]. Although promising findings have been obtained in this regard, many of these
compounds were poorly studied, because of their sophisticated synthetic pathways [2]. Based on these
points, the present work is an extension of our ongoing efforts towards designing and developing new
active naphthalimide molecules. Therefore, in this study, we aimed to investigate a new series of
2-amino-benzo[de]isoquinolin-1,3-dione derivatives as antitumor agents.

2. Results

Previously, our work has reported on the synthetic methodology for the preparation of the target
compounds 1-24, as indicated in Table 1 and Figure 1 [13—15]. The in vitro cytotoxicity of target
molecules 1-24 was evaluated against HCT-116, MCF-7 and Hep-G2 cells, using the crystal violet
viability assay [16-21]. The 1Cso-values are summarized in Table 2 as common parameters for the
cytotoxicity of the investigated compounds. Cytotoxicity of the target compounds to HCT-116,
Hep-G2, and MCF-7 cells (ICso values of 1.3-45.0 pug/mL) was comparable to that of doxorubicin
(Table 2). Compounds 14-16, 21 and 22 showed the highest cytotoxicity among all the compounds
tested against HCT-116, MCF-7 and Hep-G2 cells (ICso = 1.3-8.3 pg/mL) in comparison with their
inactive parent compound (2-amino-benzo[de]isoquinolin-1,3-dione; ICso > 50 pg/mL) and the reference
drug doxorubicin (ICso = 0.469, 0.892 and 0.426 pg/mL, respectively). However, compound 21
demonstrated less activity against Hep-G2 (ICso = 19.8 pg/mL).
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Table 1. Synthesized 2-amino-benzo[de]isoquinolin-1,3-dione derivatives (1-24).
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Figure 1. Main routes for synthesis of the target compounds 1-24.

16-18 19-24

a: aldehydes, DMF, refluxing for 5.5 h, b: isothiocyanides, DMF, refluxing for 6 h,
c: acid anhydrides, glacial acetic acid, refluxing for 6 h.

3. Discussion

Using the crystal violet assay [16-21], we found that compounds 4, 7, 10 and 17 exhibited good
cytotoxicity against the HCT-116 cell line, with ICso values of 16.3, 16.9, 18.2 and 16.7 pg/mL
respectively, in relation to the most active compounds (14-16, 21 and 22). Compounds 3, 4, 10 and 20
(ICso = 14.8, 19.7, 12.2 and 19.0 pg/mL, respectively) showed good cytotoxicity against Hep-G2, as
did compounds 4, 9, 10, 17 and 13 (ICso = 17.9, 11.2, 19.1, 16.3 and 19.7 pg/mL) against the MCF-7
cell line.

Compounds 1, 2, 5, 11, 13 and 24 were found to be less active against all investigated cell lines,
except for compound 13 (ICso = 19.7 pg/mL), which demonstrated moderate activity against MCF-7.
Our results show that compounds 14-16, 21 and 22 had the lowest ICso values against the three cancer
cells employed in relation to doxorubicin.

Based on the results in Table 2, it can be concluded that the type of substituent attached to the
2-amino group is a major determinant of the pharmacological properties of the parent structure
(2-amino-benzo[de]isoquinolin-1,3-dione). Accordingly, in the case of compounds 14 and 22,
the cytotoxicity increased in the order of MCF-7 > Hep-G2 > HCT-116. Similarly, 15 and 16
demonstrated the order of Hep-G2 > HCT-116 > MCF-7 and MCF-7 > HCT-116 > Hep-G2
respectively in the cytotoxicity profile. This could be attributed to the magnitude and conformation of
the hetero aldehyde, isothiocyanide and acid anhydride substituents, which may play a substantial role
in the cytotoxic effects and the selectivity of these compounds. Throughout this study, we noticed that
the chemical structures of the aldehyde substituents were varied in terms of cytotoxicity. Therefore,
elongation of the aliphatic C-chain in aldehyde 2 could be considered to be the factor responsible for the
slight increase in activity against Hep-G2 and MCF-7 cells. In the case of the aromatic aldehydes,
variations in the positions of substitution on the benzyl ring affected their cytotoxicity, and compounds
4, 7 and 10 showed the highest activity among all the aromatic aldehyde derivatives examined.
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Additionally, compound 11 displayed the lowest activity against all cell lines, and compound 13 had
lower activity against HCT-116 and Hep-G2 compared to the former group of aldehyde derivatives.
Concerning isothiocyanide derivatives, 16 was more active than 17; however, compound 18 exerted
the lowest activity against all examined cell lines. Moreover, acid anhydride derivatives demonstrated
cytotoxic effects in the order of 22 > 21 > 23 > 20 > 19 > 24, which could be due to the structural
variation of the acid anhydride moiety. These results provide evidence that the characteristic chemical
features of aldehyde, isothiocyanide and acid anhydrides are key factors for their cytotoxicity and
could, therefore, play a useful role in elucidating the mechanisms of action in relation to the target
products in future research programs. Regarding sensitivity of cell lines, HCT-116 appeared to be the
most sensitive cell line to the antiproliferative activity of the tested compounds, since it responded to
eight compounds, followed by MCF-7 and Hep-G2 which responded to seven and six compounds,
respectively. It is noteworthy to point out that the higher sensitivity of all cell lines noticed towards
compounds 14, 15, 16 and 22 followed by 7, 17 and 21.

Table 2. Cytotoxicity of the target compounds 1-24 (ICso, pg/mL).

Compound Number ICso (ng/mL)
HCT-116 Hep-G2 oy
1 37.3 37.0 1
2 419 354 3
3 27.9 14.8 ** 304
4 16.3 ** 19.7 * 17.9 %
5 36.1 30.9 30.1
6 312 24.4 % 7.9
/ 16.9 ** 12.2 258
8 45.0 47.1 435
9 20.3 * 212 % 112
10 18.2 % 17.0 * 19.1 *
1 402 47.6 35.0
12 411 44.1 182
13 40.0 ~50 19.7 *
14 3.5 #w 2.5 wwn 13w
15 3.1 #% 2.7 wwx 37wk
16 6.7 #* 8.3 wi 6.1+
17 16.7 ** 20.6 16.3 **
18 412 136 s
19 35.9 39.4 23.7 %
20 24.7% 19.0 * 237 %
21 11.0 ** 19.8 * -
22 5.3 ®** 4.4 *%% 3.5 %%k
23 233 % 247 214 %
24 >50 27.9 * >50
Parent >50 =50 50
Doxorubicin 0.469 0.892 0.426

*%% p < 0.005 highly significant; ** p < 0.01 significant; * p < 0.5 non significant relative to the reference

drug doxorubicin.
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4. Experimental Section
4.1. Cell Lines

Human colon (HCT-116), breast (MCF-7) and hepatocellular (Hep-G2) carcinoma cells were
obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were
grown in RPMI-1640 medium, supplemented with 10% inactivated foetal calf serum and 50 pg/mL
gentamycin. The cells were maintained at 37 °C in a humidified atmosphere with 5% CO2 and were
sub-cultured two to three times per week.

4.2. Evaluation of Antitumor Activity

Cytotoxicity of all compounds (1-24; Table 1) was tested in MCF-7, HCT-116 and Hep-G2 cells.
All the experiments and data concerning the cytotoxicity evaluation were performed and analyzed
by Mahmoud M. Elaasser (Regional Center for Mycology and Biotechnology RCMB, Al-Azhar
University, Cairo, Egypt). The cells were grown in growth medium (RPMI-1640) as monolayers and
supplemented with 10% inactivated foetal calf serum and 50 pg/mL gentamycin. The monolayers were
then washed with sterile, phosphate-buffered saline (0.01 M, pH 7.2) followed by treatment with 100 pL
aliquots of the test samples diluted in fresh maintenance medium and incubated at 37 °C. Untreated
cells served as controls. Three independent experiments were performed each containing six replicates
for each concentration from eight 2-fold serial concentrations of the tested samples (0.39, 0.78,
1.56, ..., 50 pg/mL). The cytotoxic effects of the tested compounds were then measured using crystal
violet staining viability assay [22,23]. Briefly, after 24 h incubation at 37 °C and 5% COz, the medium
was removed and replaced with 100 pL 0.5% crystal violet solution. After 20-min incubation at room
temperature, the plates were washed with phosphate buffered saline and viable crystal violet-stained
cells were lysed using 33% glacial acetic acid solution. Absorbance of the glacial acetic acid solution
in each well was then measured at 590 nm using a microplate reader (SunRise, TECAN, Inc,
Morrisville, NC, USA). Using this colorimetric procedure, tested compound-mediated cell lysis and
the cytotoxic effect of doxorubicin (used as a positive control) were measured and compared to the
viability of untreated cells according to the following calculation:

the percentage of cell viability = [1 — (ODt/ODc)] x 100% (1)

where ODt is the mean optical density of wells treated with the tested sample and ODc is the mean
optical density of untreated cells. The tested compounds were compared using the ICso value, i.e.,
the concentration of an individual compound leading to 50% cell death that was estimated from
graphical plots of surviving cells vs compound concentrations.

4.3. Statistical Analysis

The data were analysed statistically by using one-way analysis of variance (ANOVA) [24]. The
difference was considered significant where p < 0.005 or p < 0.01 and was considered non-significant
when p > 0.5.
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5. Conclusions

In conclusion, the data obtained clearly indicates that some of the compounds tested exhibited good
cytotoxic activity. This study has revealed that compounds 14, 15, 16 and 22 are the most active agents.
Detailed biological studies on the molecular mechanisms of action of these derivatives are in progress.

Acknowledgments

The authors extend their appreciation to the Deanship of Scientific Research at King Saud
University for funding this work through research group no. RGP-VPP-291.

Author Contributions

Rashad Al-Salahi made a substantial contribution to experimental design, significant contribution to
acquisition of data, manuscript preparation (writing and revision) and approved the final manuscript.
Ibrahim Alswaidan participated in reading and the revision process and approved the final manuscript.
Mohamed Marzouk made a substantial contribution to experimental design, significant contribution to
acquisition of data, manuscript preparation (writing and revision) and approved the final manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

I. Xu, Y.; Qu, B.; Qian, X.; Li, Y. Five-member thio-heterocyclic fused naphthalimides with
aminoalkyl side chains: Intercalation and photocleavage to DNA. Bioorg. Med. Chem. Lett. 2005,
15,1139-1142.

2. Mukherjee, A.; Dutta, S.; Shanmugavel, M.; Mondhe, D.M.; Sharma, P.R.; Singh, S.K.; Saxena, A.K;
Sanyal, U. 6-Nitro-2-(3-hydroxypropyl)-1H-benz[de]isoquinoline-1,3-dione, a potent antitumor
agent, induces cell cycle arrest and apoptosis. J. Exp. Clin. Cancer Res. 2010, 29, 175-182.

3. Mukherjee, A.; Hazra, S.; Dutta, S.; Muthiah, S.; Mondhe, D.M.; Sharma, P.R.; Singh, S.K_;
Saxena, A.K.; Qazi, G.N.; Sanyal, U. Antitumor efficacy and apoptotic activity of substituted
chloroalkyl 1H-Benzo[de]lsoquinoline-1,3-diones: A new class of potential antineoplastic agents.
Investig. New Drugs 2011, 29, 434442,

4. Brana, M.F.; Castellano, J.M.; Moran, M.; Pérez de Vega, M.J.; Romerdahl, C.R.; Qian, X.D.;
Bousquet, P.; Emling, F.; Schlick, E.; Keilhauer, G. Bis-naphthalimides: A new class of antitumor
agents. Anti-Cancer Drug Des. 1993, 8, 257-268.

5. Aibin, W.; Jide, L.L; Shaoxiong, Q.; Ping, M. Derivatives of 5-nitro-1H benzo[de]isoquinolin-
1,3(2H)-dione: Design, synthesis, and biological activity. Monatsh. Chem. 2010, 141, 95-99.

6. Qazi, G.N.; Saxena, A.K.; Muthiah, S.; Mondhe, D.M.; Sharma, P.R.; Singh, S.K.; Sanyal, U.;
Mukherjee, A.; Hazra, S.; Dutta, S. Preparation of benzisoquinolinedione derivatives for us as
antitumor agents. WO 2008084496 A1, 17 July 2008.



Int. J. Mol. Sci. 2014, 15 22490

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cholody, W.M.; Kosakowska-Cholody, T.; Michejda, C.J. Preparation of 1,8-naphthalimido-linked
imidazo[4,5,1-de]acridones as bis-intercalating antitumor agents. WO 2001066545 A2,
13 September 2001.

Vaisburg, A.; Bernstein, N.; Frechette, S.; Allan, M.; Abou-Khalil, E.; Leit, S.; Moradei, O.;
Bouchain, G.; Wang, J.; Woo, S.H.; ef al. (2-amino-phenyl)-amides of omega-substituted alkanoic
acids as new histone deacetylase inhibitors. Bioorg. Med. Chem. Lett. 2004, 14, 283-287.
Llombart, M.; Poved, A.; Forner, E.; Fernandez-Martos, C.; Gaspar, C.; Mufioz, M.; Olmos, T.;
Ruiz, A.; Soriano, V.; Benavides, A. Phase I study of mitonafide in solid tumors. Investig. New Drugs
1992, 10, 177-181.

Leaf, A.N.; Neuberg, D.; Schwartz, E.L.; Wadler, S.; Ritch, P.S.; Dutcher, J.P.; Adams, G.L.
An ECOG phase II study of amonafide in unresectable or recurrent carcinoma of the head and
neck (PB390). Eastern Cooperative Oncology Group. Investig. New Drugs 1997, 15, 165—172.
Kuran, B.; Krawiecka, M.; Kossakowski, J.; Szymanek, K.; Kierzkowska, M.; Mlynarczyk, G.
Synthesis and antimicrobial activity of derivatives of /H-benzo[de]isoquinoline-1,3(2H)-dione.
Heterocycl. Commun. 2012, 18, 275-278.

Lacivita, E.; Leopoldo, M.; Masotti, A.C.; Inglese, C.; Berardi, F.; Perrone, R.; Ganguly, S.;
Jafurulla, M.; Chattopadhyay, A. Synthesis and characterization of environment-sensitive
fluorescent ligands for human 5-HT1A receptors with 1-arylpiperazine structure. J. Med. Chem.
2009, 52, 7892—-7896.

Al-Salahi, R.; Marzouk, M. Synthesis of novel 2-aminobenzo[de]isoquinolin-1,3-dione derivatives.
Asian J. Chem. 2014, 26, 2166-2172.

Al-Salahi, R.; Geftken, D. Synthesis and reactivity of [1,2,4]triazolo-annelated quinazolines.
Molecules 2010, 15, 7016-7034.

Al-Salahi, R.; Marzouk, M.; Ashour, A.; Alswaidan, I. Synthesis and antitumor activity of
1,2,4-triazolo[1,5-a]quinazolines. 4Asian J. Chem. 2014, 26, 2173-2176.

Mothana, R.A.; Gruenert, R.; Lindequist, U.; Bednarski, P.J. Study of the anticancer potential of
Yemeni plants used in folk medicine. Pharmazie 2007, 62, 305-307.

Bajbouj, K.; Schulze-Luehrmann, J.; Diermeier, S.; Amin, A.; Schneider-Stock, R. The anticancer
effect of saffron in two p53 isogenic colorectal cancer cell lines. BMC Complement. Altern. Med.
2012, 712, 69.

Usaj, M.; Trontelj, K.; Hudej, R.; KandusSer, M.; Miklav¢i¢, D. Cell size dynamics and viability
of cells exposed to hypotonic treatment and electroporation for electrofusion optimization.
Radiol. Oncol. 2009, 43, 108—-119.

Bernhardt, G.; Reile, H.; Birnboeck, H.; Spruss, T.; Schoenenberger, H. Standardized kinetic
microassay to quantify differential chemosensitivity on the basis of proliferative activity.
J. Cancer Res. Clin. Oncol. 1992, 118, 35-43.

Ait Mbarek, L.; Ait Mouse, H.; Elabbadi, N.; Bensalah, M.; Gamouh, A.; Aboufatima, R.;
Benharref, A.; Chait, A.; Kamal, M.; Dalal, A.; et al. Anti-tumor properties of blackseed
(Nigella sativa L.) extracts. Braz. J. Med. Biol. Res. 2007, 40, 839-847.

Vega-Avilal, E.; Pugsley, M.K. An overview of colorimetric assay methods used to assess
survival or proliferation of mammalian cells. Proc. West. Pharmacol. Soc. 2011, 54, 10—14.



Int. J. Mol. Sci. 2014, 15 22491

22. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to
proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63.

23. Gangadevi, V.; Muthumary, J. Preliminary studies on cytotoxic effect of fungal taxol on cancer
cell lines. Afr. J. Biotechnol. 2007, 6, 1382—-1386.

24. Castilla-Serna, L.; Cravioto, J. Simply Statistic for Health Investigation; 1st ed.; Trillas: Mexico
City, Mexico, 1999.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



