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a b s t r a c t

A series of 2-substituted amino-3-chloro-1,4-naphthoquinone derivatives (3e12) were synthesized as
anticancer agents and tested against four cancer cell lines including HepG2, HuCCA-1, A549 and MOLT-3.
The most potent cytotoxic activity against the HepG2, HuCCA-1 and A549 cell lines was found to be m-
acetylphenylamino-1,4-naphthoquinone (8) affording IC50 values of 4.758, 2.364 and 12.279 mM,
respectively. On the other hand, p-acetylphenylamino-1,4-naphthoquinone (9) exhibited the most potent
cytotoxic activity against the MOLT-3 cell line with an IC50 of 2.118 mM. Quantitative structureeactivity
relationship (QSAR) investigations provided good predictive performance as observed from cross-
validated R of 0.9177e0.9753 and RMSE of 0.0614e0.1881. The effects of substituents at the 2-amino
position on the naphthoquinone core structure and its corresponding influence on the cytotoxic activ-
ity were investigated by virtually constructing additional 1,4-naphthoquinone compounds (13e36) for
which cytotoxic activities were predicted using equations obtained from the previously constructed
QSAR models. Interpretation of informative descriptors from QSAR models revealed pertinent knowledge
on physicochemical properties governing the cytotoxic activities of tested cancer cell lines. It is antici-
pated that the QSAR models developed herein could provide guidelines for further development of novel
and potent anticancer agents.

© 2014 Published by Elsevier Masson SAS.
1. Introduction

There is a continual increase on the incidence of cancer and it is
considered to be the leading cause of morbidity and mortality [1].
Recently, considerable attention has been drawn on the search for
novel anticancer drugs in order to improve survival rates and well-
being.

The quinone scaffold is presented in many currently used anti-
cancer drugs [2,3]. Particularly, 1,4-naphthoquinones are active
quinone derivatives that are widely used as raw materials in
pharmaceuticals and agrochemicals industries. A diverse array of
hayasittikul), virapong.pra@

.

bioactivities has been reported for 1,4-naphthoquinone derivatives
to exert anticancer [2,4e8], antimicrobial [9e12], antifungal
[10,13e15], antiviral [11,16e18], radical scavenging [19], antiplatelet
[20e22] and trypanocidal [23] activities.

1,4-Naphthoquinone contains two ketone groups as a crucial
chromophore that accounts for its bioactivities owing to their
ability to accept electrons [24]. Structureeactivity relationship
study indicated that cytotoxic activity of 1,4-naphthoquinones are
closely related with their electron accepting capability [25], which
gives rise to reactive oxygen species (ROS) production leading to
DNA damage and cell death [2,25,26]. Furthermore, enhanced
antimicrobial activity was reported in amino derivatives of 1,4-
naphthoquinone [13,27]. The findings indicated that the nitrogen
atom of the amino substituent could improve the redox potential of
the quinone system [25,28]. In addition, insertion of a chlorine
substituent into the amino derivative of 1,4-naphthoquinone
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nucleus was found to improve the redox potential of compounds
while not significantly affecting their hydrophobicities [25].

Besides the mechanism of ROS production, cytotoxic effect of
clinically used quinone-based anticancer drugs are closely related
to an inhibition of DNA topoisomerase II enzyme [3,29]. The DNA
topoisomerase II is an essential enzyme required for DNA replica-
tion, chromosome condensation and chromosome segregation
[3,30]. DNA unwinding process is a crucial step inwhich the coils of
double stranded DNA needs to be uncoiled thereby allowing further
processes of DNA replication [3].

In silico approaches play an important role in drug design and
development. Quantitative structureeactivity relationship (QSAR)
is a computational method for correlating chemical structures of
compounds with their respective biological activities [31e35].
Furthermore, QSAR studies could provide crucial pharmacokinetic
information such as absorption, distribution, metabolism and
excretion [36] which are important parameters in drug design and
development.

Herein, a series of 2-amino-1,4-naphthoquinone derivatives
(3e12, Fig. 1) were synthesized using the nucleophilic displace-
ment reaction of 2,3-dichloro-1,4-naphthoquinone (1) by amines
(2) as shown in Scheme 1 and subsequently investigated for their
cytotoxic activity against four human cancer cell lines i.e. HepG2,
HuCCA-1, A549 and MOLT-3. The resulting experimental data were
consequently used for QSAR analysis. In order to elucidate the effect
of 2-substituted amino group on the 1,4-naphthoquinone scaffold,
an additional set of 24 structurally modified compounds with
alkylamino, phenylamino and quinolinylamino substituents
(13e36, Fig. 2) were virtually constructed and their pIC50 values
were predicted from the QSAR models.

2. Results and discussion

2.1. Chemistry

A series of 2-amino-3-chloro-1,4-naphthoquinones (3e12) were
synthesized via the nucleophilic substitution reaction of 2,3-
dichloro-1,4-naphthoquinone (1) by appropriate primary and sec-
ondary amines (2) in refluxing ethanol (Scheme 1).
Fig. 1. Chemical structures of compounds 1 and 3e12.
The aminoquinones (3e12) were obtained in 26e65% yields as
dark orange, crimson and dark green solid. Structures of the
quinone derivatives were confirmed by spectroscopic methods
comprising of 1H and 13C NMR, IR and HRMS. For example, spectral
data of compound 3 are given. In the HRMSeTOF, the molecular ion
[MþH]þ peak of compound 3 was observed at 264.0783 corre-
sponding to its molecular formula of C14H15ClNO2. The IR spectra of
compound 3 revealed absorption bands of NeH group at 3304 cm�1

and of C]O moiety at 1683 cm�1. The 1H NMR spectra exhibited a
triplet of methyl proton at d 0.90 ppm with J value of 7.3 Hz. Three
methylene protons of amino side chain appeared at d 1.33 ppm as a
sextet (J ¼ 7.3 Hz), d 1.59 ppm as a quintet (J ¼ 7.3 Hz) and
d 3.72 ppm as a triplet (J ¼ 7.3 Hz). The broad singlet at d 7.51 ppm
was assigned to the NH proton. In addition, four aromatic protons of
naphthoquinone ring displayed at 7.73 (t, J ¼ 7.4 Hz, 1H), 7.82 (t,
J ¼ 7.5 Hz, 1H), 7.97 (d, J ¼ 7.7 Hz, 2H). In the 13C NMR spectra,
characteristic signals of two carbonyl carbons of naphthoquinone
were visible at chemical shift 175.8 and 180.7 ppm.

2.2. Cytotoxic activity

Cytotoxic activities of the synthesized aminoquinone com-
pounds (3e12) and parent compound (1) were tested against four
human cancer cell lines and normal embryonic lung cells (MRC-5)
using etoposide and doxorubicin as reference drugs (Table 1).
Compounds at 50 mg/mL exhibiting less than 50% inhibition were
considered to be inactive whereas ones exhibiting greater than 50%
inhibition were considered to be active and their IC50 values were
calculated. Compounds 1 and 3e12 were categorized by their
cytotoxic activities as highly active (IC50 < 1 mM), moderately active
(1 mM < IC50 < 10 mM), weakly active (IC50 > 10 mM) [37] and
inactive (IC50 > 50 mg/mL) as shown in Table 1.

Among all the tested compounds, acetylphenylaminoquinone
compounds (8 and 9) were shown to be themost active compounds
against all cancer cell lines. Compounds 1, 3, 7, 10 and 11 were
inactive to weakly active compounds against all of the tested cell
lines. In addition, compounds 4, 5, 6 and 12 displayed cytotoxic
activity against HuCCA-1 and MOLT-3 cell lines with lower IC50
values as compared to HepG2 and A549 cell lines.

The results demonstrated that substitution of the 2-Cl group of
compound 1 with various amino groups afforded compounds with
active and inactive cytotoxic activity. Substitution with alkylamino
(3) and phenylalkylamino (10 and 11) substituents contributed to
reduced cytotoxic activity while quinolinylamino (5) and phenyl-
amino (6, 8 and 9) substituents led to improved cytotoxic activity as
compared to that of the 2,3-dichloroquinone compound (1).
However, these active compounds were found to be less potent
than that of the reference drug (doxorubicin) as deduced by IC50
values. It was noted that compounds 5, 6, 8 and 9 exhibited better
cytotoxic activity against HepG2 cell than the reference drug, eto-
poside. Significantly improved cytotoxic activities were found in
compounds bearing acetylphenylamino substitutions (8 and 9). The
enhanced effect of amino substituents is the following order: ace-
tylphenylamino > quinolinylamino > alkylamino >
phenylalkylamino.

Cytotoxicity of compounds 1 and 3e12 (Table 1) toward normal
cell (MRC-5) revealed that quinones 3, 10 and 11 were shown to be
non-cytotoxic. Selectivity index (SI) of these compounds repre-
sented by the ratio of cytotoxicities between normal cell and
different cancer cell lines is summarized in Table 2.

The results revealed that the most active cytotoxic compounds
(8 and 9), particularly, compound 8 had higher SI on HepG2,
HuCCA-1, and A549with the respective values of 3.26, 6.58 and 1.26
as compared to compound 9 (SI¼ 1.26, 3.73 and 0.62, respectively).
Inversely, compound 9 had higher SI value (5.79) on MOLT-3 as



Scheme 1. Synthesis of aminonaphthoquinones derivatives 3e12 by nucleophilic substitution reaction of 2,3-dichloronaphthoquinone (1).

Fig. 2. Chemical structures of compounds 13e36.
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compared to compound 8 (SI ¼ 4.87). It should be noted that
compound 8 showed the highest SI value (6.58) on HuCCA-1 while
the highest SI (5.79) of compound 9 was observed on MOLT-3 cell.
Interestingly, the highest SI (11.46) among the investigated com-
pounds was found to be compound 7 toward MOLT-3 cell.

Cytotoxic activities of the investigated 1,4-quinone analogs (1
and 3e12) against HepG2, HuCCA-1, A549, MOLT-3 andMRC-5 cells
have not been previously reported before. So far, N-phenylamino
(4) and N-methyl-N-phenylamino (6) 1,4-quinone analogs showed
inhibitory effects against cancer cell lines (MCF-7, DU145 and T24)
[25] whereas 2,3-dichloroquinone (1) displayed antiproliferative
effect on cervical cancer (Hela) cells [5].

Cytotoxic effect of 1,4-quinone derivatives acts mainly by
inhibiting the DNA topoisomerase II enzyme [38]. Furthermore, the
quinone moiety can also produce ROS that causes DNA damage
thereby leading to cell death [39,40]. Moreover, cytotoxic activity
could also be explained by the electron accepting capability of
compounds [24] in which the electrophilic center is prone to be
attacked by cellular nucleophiles. On the basis of these principles,
highly potent cytotoxic compounds are likely to require important
molecular properties such as lipophilicity in reaching intracellular
target sites, appropriate size, conformation or geometry for inter-
acting with enzyme binding sites as well as good electron accepting
capability to serve as target sites for cancer cells.

It can be deduced from the experimental results that the elec-
tron accepting capability of the 1,4-quinone compound is increased
when one chlorine atom of the parent compound (1) was
substituted with the phenylamino group as observed in com-
pounds 6, 8 and 9, and with the quinolinylamino group as in
compound 5. Apparently, such substitutions enhanced the elec-
trophilicity of the 1,4-quinone moiety in interacting with cellular
nucleophiles by delocalizing nitrogen lone pair electrons to the
phenyl ring which is directly connected to the amino group. In
strike contrast, substitutions with alkylamino (3) and phenyl-
alkylamino (10 and 11) groups afforded compounds with decreased
cytotoxic activity as well as with non-cytotoxicity toward normal
cell. This may be attributed to the fact that electron-donating ef-
fects of the alkyl group on the N-atom of amino groups could
deactivate the reactivity of 1,4-quinone toward cellular nucleophilic
attack.

2.3. QSAR study of cytotoxic activity

Quantum chemical and molecular descriptors of the 35 com-
pounds (1 and 3e36) were calculated using Gaussian [41] and



Table 1
Cytotoxic activity of compounds 1 and 3e12 against four cancer cell lines and normal cell (MRC-5).

Compound IC50 (mM) MRC-5

HepG2 HuCCA-1 A549 MOLT-3

1 65.187 ± 4.38a 19.204 ± 0.51a 45.366 ± 0.56a 13.037 ± 0.50a 22.99 ± 0.42
3 64.462 ± 1.73a 61.163 ± 4.20a 81.829 ± 1.87a 46.337 ± 2.30a non-cytotoxic
4 88.118 ± 5.00a 8.636 ± 0.35b 63.798 ± 5.83a 3.489 ± 0.08b 16.39 ± 1.28
5 12.935 ± 1.15a 7.916 ± 0.64b 53.769 ± 12a 3.824 ± 0.34b 13.59 ± 1.33
6 12.528 ± 0.55a 5.206 ± 0.07b 36.945 ± 5.66a 3.157 ± 0.16b 8.60 ± 0.77
7 81.38 ± 2.89a 50.134 ± 0.66a inactivec 7.506 ± 1.07b 86.05 ± 3.04
8 4.758 ± 0.78b 2.364 ± 0.53b 12.279 ± 1.41a 3.193 ± 0.28b 15.53 ± 0.75
9 9.731 ± 0.29b 3.285 ± 1.03b 19.647 ± 1.98a 2.118 ± 0.03b 12.28 ± 1.08
10 inactivec inactivec inactivec 29.061 ± 0.91a non-cytotoxic
11 71.730 ± 7.64a inactivec inactivec inactivec non-cytotoxic
12 inactivec 10.672 ± 0.42a inactivec 9.178 ± 0.25b 20.78 ± 0.68
Etoposide 20.389 ± 0.00 ed ed 0.051 ± 0.01 ed

Doxorubicin 0.570 ± 0.13 0.239 ± 0.02 0.258 ± 0.03 ed non-cytotoxic

a Weakly active compound.
b Moderately active compound.
c Inactive compound.
d Not tested.

Table 3
Definition of descriptors using for development of QSAR models.

Descriptor Type Definition

Mor04m 3D-MoRSE descriptors 3D-MoRSEesignal 04/weighted by atomic
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Dragon [42] to obtain 13 and 3224 descriptors, respectively.
Redundant and highly correlated descriptors were removed using
an in-house developed Monte CarloeMultiple Linear Regression
(MCeMLR) method or correlation-based. The remaining set of 10
significant descriptors was comprised of Mor04m, RDF050m,
RDF060m, RDF065m, EEig03d, ESpm13d, R8vþ, R5m, HATS4p and
De. Definitions of these descriptors and the calculated values of
significant descriptors are shown in Tables 3 and 4, respectively.

2.4. Evaluation of predictive performance of QSAR models

Details of the predictive performance of constructed QSAR
models are shown in Table 5 inwhich the HuCCA-1model provided
the best performance as observed from RCV and RMSECV values of
0.9753 and 0.1146, respectively. Experimental and predicted pIC50
values of cytotoxic activity of compounds 1 and 3e12 as tested
against four cancer cell lines are summarized in Table 6 and Fig. 3.

2.5. Prediction of structurally modified compounds (13e36) using
QSAR models

Predicted pIC50 values of 24modified compounds 13e36 (Fig. 2)
were calculated according to the QSAR equations (Table 5) as a
function of significant descriptor values (Table 4). Compounds
13e36 were categorized by their predicted cytotoxic activities as
highly active (pIC50 > 0), moderately active (�1 < pIC50 < 0) and
weakly active to inactive (pIC50 < �1) [37]. The predicted pIC50
Table 2
Selectivity index (SI) of compounds 1 and 3e12.

Compound SIa

HepG2 HuCCA-1 A549 MOLT-3

1 0.35 1.20 0.51 1.76
3 ND ND ND ND
4 0.19 1.90 0.26 4.70
5 1.05 1.72 0.25 3.56
6 0.69 1.65 0.23 2.72
7 1.06 1.72 ND 11.46
8 3.26 6.58 1.26 4.87
9 1.26 3.73 0.62 5.79
10 ND ND ND ND
11 ND ND ND ND
12 ND 1.95 ND 2.26

a SI ¼ IC50 normal cell/IC50 cancer cell. ND ¼ not determine.
values of structurally modified compounds (13e36) against the
four tested cell lines are shown in Table 7.

2.6. QSAR analysis and molecular descriptor interpretations

QSARmodeling utilizing the MLR method had successfully been
demonstrated on a wide range of chemical and biological proper-
ties [33e35]. Therefore, experimental IC50 values of eleven tested
compounds (1 and 3e12) were employed for constructing QSAR
models against four data sets corresponding to the four tested cell
lines i.e. HepG2, HuCCA-1, A549 and MOLT-3. For each data set,
compounds with inactive cytotoxic activity were excluded from the
analysis. In order to improve the statistical quality of the model,
outlying compounds were identified using Eq. (2) as described in
the experimental section. Herein, compound 4 was identified as an
outlier for the HuCCA-1 model and was subjected to removal
whereas none of the outliers were identified in HepG2, A549 and
MOLT-3 models.

Interpretation of molecular descriptors was performed by
analyzing the relationship between the identified significant de-
scriptors and their respective pIC50 values obtained by two data
masses
RDF050m RDF descriptors Radial distribution function-5.0/weighted

by atomic masses
RDF060m RDF descriptors Radial distribution function-6.0/weighted

by atomic masses
RDF065m RDF descriptors Radial distribution function-6.5/weighted

by atomic masses
EEig03d Edge adjacency indices Eigenvalue 03 from edge adjacency matrix

weighted by dipole moments
ESpm13d Edge adjacency indices Spectral moment 13 from edge adjacency

matrix weighted by
dipole moments

R8vþ GETAWAY descriptors R maximal autocorrelation of lag 8/
weighted by van der Waals volume

R5m GETAWAY descriptors R autocorrelation of lag 5/weighted by
atomic masses

HATS4p GETAWAY descriptors Leverage-weighted autocorrelation of lag 4/
weighted by atomic polarizabilities

De WHIM descriptors D total accessibility index/weighted by
Sanderson electronegativities



Table 4
Values of significant molecular descriptors for predicting the cytotoxic activity of four cell lines.

Compound Mor04m R8vþ RDF065m RDF050m RDF060m EEig03d ESpm13d R5m HATS4p De

1 1.23 0 5.89 8.77 5.842 2.82 17.829 0.427 0.194 0.380
3 0.819 0.008 4.217 8.205 5.049 2.734 17.699 0.348 0.143 0.404
4 0.611 0.012 7.003 13.899 8.1 2.805 17.712 0.653 0.202 0.476
5 0.861 0.026 8.381 20.974 7.182 3.079 17.752 0.625 0.208 0.447
6 1.103 0.015 11.549 11.461 9.176 3.061 17.827 0.647 0.205 0.491
7 0.248 0.012 7.334 16.143 12.538 3.398 18.018 0.685 0.185 0.505
8 1.634 0.024 9.284 18.243 12.134 3.399 17.964 0.623 0.193 0.500
9 1.108 0.02 11.011 15.136 8.449 3.399 17.961 0.593 0.205 0.512
10 0.441 0.016 5.763 7.867 7.332 2.761 17.708 0.339 0.170 0.385
11 0.095 0.01 7.633 10.577 9.135 3.208 17.779 0.393 0.144 0.491
12 0.708 0.008 9.37 15.387 11.233 2.885 17.73 0.554 0.165 0.490
13 0.492 0.008 3.786 6.317 2.937 2.725 17.695 0.400 0.164 0.369
14 0.908 0.009 3.787 6.551 3.647 2.732 17.698 0.446 0.125 0.383
15 0.51 0.008 4.245 7.008 5.091 2.733 17.699 0.394 0.140 0.391
16 0.598 0.012 4.431 8.564 5.082 2.734 17.699 0.321 0.14 0.410
17 0.513 0.01 5.291 8.796 5.055 2.734 17.699 0.305 0.134 0.420
18 0.563 0.008 6.251 9.095 5.236 2.734 17.699 0.321 0.135 0.425
19 0.251 0.006 7.18 9.197 5.113 2.734 17.699 0.290 0.125 0.433
20 0.144 0.009 7.187 7.526 9.394 2.805 17.712 0.499 0.169 0.442
21 �0.134 0.008 7.822 12.114 10.71 3.383 17.967 0.480 0.185 0.435
22 0.818 0.028 11.963 16.037 9.194 2.958 17.733 0.619 0.216 0.474
23 0.336 0.024 9.203 16.047 8.056 3.079 17.752 0.619 0.205 0.465
24 1.47 0.018 8.325 22.359 8.878 3.079 17.752 0.587 0.187 0.525
25 1.179 0.013 10.123 11.192 9.031 3.097 17.844 0.689 0.149 0.488
26 0.833 0.013 11.354 13.387 9.664 3.102 17.846 0.693 0.143 0.421
27 0.75 0.012 11.804 14.038 8.27 3.102 17.846 0.651 0.145 0.382
28 1.273 0.014 8.969 17.264 9.72 3.399 17.991 0.612 0.182 0.505
29 1.016 0.023 13.419 14.337 8.44 3.399 17.988 0.642 0.216 0.522
30 1.909 0.011 6.348 11.652 4.969 2.963 17.801 0.654 0.203 0.431
31 1.387 0.01 7.417 10.857 5.705 2.955 17.799 0.601 0.199 0.430
32 2.486 0.024 10.87 18.273 16.471 3.399 19.888 0.780 0.188 0.513
33 1.353 0.02 12.992 14.278 8.729 3.399 19.888 0.732 0.199 0.536
34 1.04 0.014 5.17 7.626 5.172 2.81 17.711 0.380 0.174 0.394
35 0.764 0.01 7.758 12.165 6.101 3.21 17.782 0.471 0.155 0.475
36 0.871 0.011 9.329 15.627 9.658 2.914 17.731 0.533 0.137 0.438
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sets comprising of tested compounds (1 and 3e12) and virtually
constructed compounds (13e36). As to afford a more uniform
distribution of data values, IC50 were converted to pIC50 by taking
the negative logarithm to the base of 10. Therefore, high pIC50
values represented low IC50 values indicating potent cytotoxic ac-
tivity whereas low pIC50 values represented high IC50 value indi-
cating less potent activity.
2.6.1. HepG2 and HuCCA-1 models
Similar results were found in both HepG2 and HuCCA-1 models

in which important descriptors concerning atomic masses were
governing the cytotoxic activity. The most potent compound
against each cell line is represented as the highest pIC50 values. In
both models, the highest cytotoxic activity among those investi-
gated was compound 8 while that of the virtual constructs was
observed in compound 32.
Table 5
Summary of QSAR equations and their predictive performances in predicting cytotoxic a

Cell line Equation

HepG2 pIC50 ¼ 0.5509 (Mor04m) þ 38.3151 (R8vþ) � 2.4803
HuCCA-1 pIC50 ¼ 0.1159 (RDF065m) þ 0.739 (Mor04m) þ 0.029 (RDF050m) �
A549 pIC50 ¼ 0.0386 (RDF060m) þ 0.0599 (EEig03d) þ 1.8865 (ESpm13d)
MOLT-3 pIC50 ¼ �0.699 (R5m) þ 15.5389 (HATS4p) þ 5.6347 (De) � 5.9617

pIC50 is the concentration of compound required for 50% inhibition of cell growth.
N is a number of data set.
RTr is a correlation coefficient of the training set.
RMSETr is a root mean square error of the training set.
RCV is a correlation coefficient of leave-one-out cross validation (LOO-CV) of the testing
RMSECV is a root mean square error LOO-CV of the testing set.
The QSAR equation of the HepG2 model is shown below:

pIC50 ¼ 0:5509ðMor04mÞ þ 38:3151ðR8vþÞ � 2:4803

R8vþ representing the van der Waals volume seems to be the
most important descriptor as deduced from its highest regression
coefficient value of 38.3151. The highest R8vþ (0.024) and high
Mor04m (1.634) values among the tested compounds were both
found in compound 8 (Table 4). Compound 32 (a trifluoroacetyl
analog of compound 8) exhibited the most potent predicted cyto-
toxic activity among the series of modified compounds as shown in
Table 7. Particularly, structural modification of compound 8 by
replacing the hydrogen atom of acetyl group with a fluorine atom
bearing higher atomic number to obtain compound 32 could
significantly improve the Mor04m (2.486) value by 1.52 folds as
compared to its parent compound 8 (Mor04m ¼ 1.634). The results
showed that the predicted pIC50 values of compound 8 (Table 6)
ctivity of naphthoquinone derivatives against four cell lines.

N RTr RMSETr RCV RMSECV

9 0.9532 0.1400 0.9177 0.1881
3.1356 8 0.9941 0.0526 0.9753 0.1146
� 35.6888 7 0.9952 0.0266 0.9745 0.0614

10 0.9860 0.0708 0.9624 0.1187

set.



Table 6
Experimental and predicted cytotoxic activities (pIC50) of compounds 1 and 3e12 against four cancer cell lines.

Compound HepG2 HuCCA-1 A549 MOLT-3

Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

1 �1.814 �1.775 �1.283 �1.217 �1.657 �1.669 �1.115 �1.094
3 �1.809 �1.703 �1.786 �1.597 �1.913 �1.961 �1.666 �1.762
4 �1.945 �1.64 outlier outlier �1.805 �1.783 �0.543 �0.614
5 �1.112 �0.942 �0.899 �0.802 �1.731 �1.751 �0.583 �0.688
6 �1.098 �1.332 �0.717 �0.523 �1.568 �1.506 �0.499 �0.453
7 �1.911 �1.872 �1.700 �1.286 ea ea �0.875 �0.608
8 �0.677 �0.643 �0.374 �0.305 �1.089 �1.214 �0.504 �0.598
9 �0.988 �1.13 �0.517 �0.619 �1.293 �1.232 �0.326 �0.247
10 ea ea ea ea ea ea �1.463 �1.333
11 �1.856 �2.182 ea ea ea ea ea ea

12 ea ea �1.028 �1.001 ea ea �0.963 �1.059

a e ¼ the compound was experimentally inactive and was excluded from the data set of QSAR analysis.
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and compound 32 (Table 7) towards HepG2 were �0.643
and �0.191, respectively. This led to marked improvements (3.39
folds) in the cytotoxic activity of compound 32 when compared to
compound 8 as represented by the higher pIC50 value of the analog
32.

The worst predicted cytotoxic activity against HepG2 cell line
was found in compound 21 in which the negative Mor04m value
of �0.134 (Table 4) was found in concomitant with low pIC50 value
of �2.248 (Table 7). Chemical structure of compound 21 was
modified from compound 4 by replacing the phenylamino moiety
with the 1-adamantyl amino group. The loss of cytotoxic activity is
plausibly due to steric hindrance of the bulky 1-adamantyl group
that affects its binding to the active site of DNA topoisomerase II.

The QSAR equation of the HuCCA-1 model is shown below:

pIC50 ¼ 0:1159ðRDF065mÞ þ 0:739ðMor04mÞ
þ 0:029ðRDF050mÞ � 3:1356
Fig. 3. Plots of experimental versus predicted pIC50 values of cytotoxic activities against fo
(training set: compounds are represented by closed hex and regression line is shown as a
diamond and regression line is shown as a dotted line).
It can be seen that the Mor04m descriptor is primarily respon-
sible for prediction of the cytotoxic activity of HuCCA-1 cell line as
deduced from its high regression coefficient value of 0.739. Simi-
larly, the trifluoroacetyl analog 32 (Mor04m ¼ 2.486) could
significantly increase the value of the atomic mass descriptor
Mor04m by 1.52 folds when compared to the acetyl compound 8
(Mor04m¼ 1.634) thereby leading to markedly improved cytotoxic
activity. However, the cytotoxic activity of compound 32
(pIC50 ¼ 0.491) against HuCCA-1 was 1.26 folds less potent than the
reference drug, doxorubicin, showing pIC50 value of 0.621 (Table 7).
On the other hand, the worst predicted cytotoxic activity against
HuCCA-1 cell line (Table 7) was found to be compound 13
(pIC50 ¼ �2.150) which also had the lowest atomic masses
weighted descriptor values of 3.786 for RDF065m and 6.317 for
RDF050m as shown in Table 4. It could be explained that compound
13 has the methylamino group on the 1,4-quinone core structure in
whichmethyl is the smallest group on the aminomoiety among the
investigated series.
ur cell lines (A: HepG2, B: HuCCA-1, C: A549, D: MOLT-3) generated by QSAR models
solid line, leave-one-out validated testing set: compounds are represented by open



Table 7
Predicted cytotoxic activity (pIC50) of modified compounds (13e36) and experi-
mental cytotoxic activity of reference drugs.

Compound pIC50

HepG2 HuCCA-1 A549 MOLT-3

13 �1.903a �2.150a �2.031a �1.614a

14 �1.635a �1.836a �1.997a �2.173a

15 �1.893a �2.063a �1.939a �1.858a

16 �1.691a �1.932a �1.940a �1.700a

17 �1.815a �1.888a �1.941a �1.726a

18 �1.864a �1.731a �1.934a �1.694a

19 �2.112a �1.851a �1.939a �1.782a

20 �2.056a �1.978a �1.744a �1.194a

21 �2.248a �1.977a �1.178a �0.971b

22 �0.957b �0.680b �1.703a �0.367b

23 �1.376a �1.355a �1.704a �0.589b

24 �0.981b �0.436b �1.673a �0.508b

25 �1.333a �0.767b �1.492a �1.378a

26 �1.523a �0.816b �1.463a �1.852a

27 �1.607a �0.806b �1.517a �2.011a

28 �1.243a �0.655b �1.170a �0.716b

29 �1.039a �0.414b �1.225a �0.113b,c

30 �1.007a �0.651b �1.738a �0.836b

31 �1.333a �0.936b �1.714a �0.867b

32 �0.191b,c 0.491c,d 2.669c,d,e �0.695b

33 �0.969b �0.216b 2.370d,e �0.361b

34 �1.371a �1.545a �1.909a �1.303a

35 �1.676a �1.319a �1.715a �1.206a

36 �1.579a �0.958b �1.692a �1.737a

Etoposidef �1.309 eg eg 1.292
Doxorubicinf 0.244 0.621 0.588 eg

a Weakly active to inactive compound.
b Moderately active compound.
c The most potent compound against each cancer cell line.
d Highly active compound.
e Compound with more potent cytotoxic activity compared to reference drugs.
f Experimental pIC50 values.
g Not tested.
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2.6.2. A549 model
Besides atomic masses, dipole moment properties of com-

pounds are highly involved in cytotoxic activity against the
A549 cell line as shown by the QSAR equation below:

pIC50 ¼ 0:0386ðRDF060mÞ þ 0:0599ðEEig03dÞ
þ 1:8865ðESpm13dÞ � 35:6888

It is noted that high regression coefficients were observed for
dipole moment weighted descriptors, particularly ESpm13d, which
is shown to be more important in predicting the cytotoxic activity
as compared to atomic mass weighted descriptor, RDF060m.

Interestingly, isomeric trifluoroacetyl compounds 32
(pIC50 ¼ 2.669) and 33 (pIC50 ¼ 2.370), which are derivatives of the
corresponding acetyl compounds 8 and 9, exhibited significantly
more potent cytotoxic effect against A549 cell line when compared
to doxorubicin (pIC50 ¼ 0.588). This indicated that the respective
pIC50 values ofm- (32) and p- (33) compounds were approximately
4.5 folds and 4 folds higher than that of the reference drug. These
results showed that the fluorine atom may improve the lip-
ophilicity of such compounds thereby allowing them to reach
intracellular target sites. As shown in Table 4, both compounds (32
and 33) possessed exactly the same values for dipole moment
weighted descriptors, EEig03d (3.399) and ESpm13d (19.888),
while bearing different values for the atomic mass weighted
descriptor, RDF060m (16.471 and 8.729, respectively). Moreover,
compound 32 had RDF060m value of 2 folds greater than that of
compound 33. Such high RDF060m value of compound 32 could
plausibly be attributed to the effect of substituent on the m-posi-
tion that makes the compound with more appropriate shape in
interacting with the target site as compared to p-compound 33.
Similar findings were found for m-acetyl compound 8 in which its
higher RDF060m value (12.134) afforded better cytotoxic activity
when compared to p-acetyl compound 9 with RDF060m value of
8.449. Apparently, compounds with m-acetylphenylamino (8) or
m-trifluoroacetylphenylamino (32) substituents exhibited more
potent cytotoxic activity than the corresponding para-substituents
(9 and 33). Similar effects of m- and p-acetyl substituents on the
phenyl ring (8, 9, 32 and 33) were noted for the prediction of
cytotoxic activity against HepG2 and HuCCA-1 cell lines.

It could be assumed from these findings that the ortho, meta
and para position of substituents could affect the cytotoxic activity
in which only particular isomers can act as potent anticancer
agents.

2.6.3. MOLT-3 model
Distinct from other cell lines, the cytotoxic activity of com-

pounds against the MOLT-3 cell line is dependent on atomic
polarizability, electronegativity and atomic mass as shown in the
equation below:

pIC50 ¼ �0:699ðR5mÞ þ 15:5389ðHATS4pÞ þ 5:6347ðDeÞ
� 5:9617

It can be noted that the atomic polarizability-weighted
descriptor (HATS4p) was the most influential descriptor for pre-
dicting the cytotoxic activity owing to the fact that it afforded the
highest regression coefficient value (15.5389). The
electronegativity-weighted descriptor (De) ranked the secondmost
important one affording regression coefficient of 5.6347 while
atomicmass-weighted descriptor (R5m) plays its minimal rolewith
negative regression coefficient of �0.699. According to the QSAR
equation, high HATS4p and high De values together with low R5m
value are likely required for potent cytotoxic activity. It was found
that p-amino benzoic acid analog 29 was predicted as the most
potent anticancer agent against MOLT-3 cell line as represented by
the highest predicted pIC50 value of�0.113 (Table 7). However, such
compound exhibited approximately 11.4 folds less potent activity
than the reference drug, etoposide (pIC50 ¼ 1.292, Table 7). The
potent cytotoxic activity of compound 29 could possibly be gov-
erned by its high HATS4p and De values resulting from high elec-
tronegativity O-atom of CO2H group that can be polarized and
withdraw lone pair electron on N-atom of amino group, giving rise
to a significantly improved redox potential of the compound.
Within the same series of isomeric amino benzoic acid analogs (7,
28 and 29), the p-amino benzoic acid analog (29) provided the
highest HAPS4p value (0.216, Table 4) as compared to ortho (7) and
meta (28) analogs with HAPS4p values of 0.185 and 0.182, respec-
tively (Table 4). The analog 29 had approximately 5 and 6 folds
greater activity than ortho (7) and meta (28) analogs in which their
predicted pIC50 values were �0.608 (Table 6) and �0.716 (Table 7),
respectively. In addition, isomeric effects of COCH3 group atm- and
p-positions can significantly affect polarizability of the compounds
by decreasing HATS4p values from p- to m-analogs as found in
compounds 9 and 8with the values of 0.205 and 0.193, respectively
(Table 4). In case of COCF3 analogs 32 and 33, their HATS4p values
were decreased as compared to acetyl analogs 8 and 9, and shown
to be 0.188 and 0.199, respectively. Apparently, the reduced polar-
izabilities values of 32 and 33 could be due to the lipophilic effect of
trifluoroacetyl group. These results revealed that substitution of
acetyl (9), trifluoroacetyl (33) and carboxyl (29) groups at para
position on phenylamino moiety enhances cytotoxic activity of
compounds against MOLT-3 cell line while substitution atmeta and
ortho positions aggravates the activity. In contrast, substitution of
these functional groups at meta position seems to be the
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appropriate strategy for developing anticancer agents against
HepG2, HuCCA-1 and A549 cell lines.

Previously, QSAR study of antiproliferative and cytotoxic activ-
ities of 1,4-naphthoquinone derivatives against the L1210 cell line
demonstrated that the hydrophobic effect is an important param-
eter for defining the bioactivities [43]. Herein, the trifluoroacetyl
compound 33 exhibited the second most potent activity against
MOLT-3 cell line among all of structural modified compounds
affording the predicted pIC50 value of �0.361 (Table 7). However,
compound 33 is less potent than its parent compound (9). This
could be due to the fact that replacement of acetyl group in com-
pounds 8 and 9with trifluoroacetyl group can significantly increase
atomic mass-weighted descriptor (R5m) value leading to higher
lipophilicity (or lower polarizabilities) that decreased cytotoxic
activity as demonstrated in compounds 32 and 33. The R5m values
of compounds 8, 9, 32 and 33 are 0.623, 0.593, 0.780 and 0.732,
respectively (Table 4). Such results indicate HAPS4p as the most
influential descriptor governing the cytotoxic activity toward
MOLT-3 cell line. Interestingly, these findings are different from
those of HepG2, HuCCA-1 and A549 cell lines in which fluorine
analogs (32 and 33) exhibited more potent activity as compared to
their parents compounds (8 and 9) by improving lipophilicity of the
compounds thereby enhancing cell entry to reach their target sites.
Table 8
The effect of phenyl and cycloalkane rings on values of significant descriptors and cytoto

Effect of substituent HepG2 HuCCA

Most potent compound 32 32

Worst potent compound 21 13

YMor04mb

Yactivityb
YMor0
[RDF0
[RDF0
[activi

YMor04mb

Yactivityb
YMor0
Yactivi

YMor04mb

Yactivityb
YMor0
Yactivi

[Mor04mb

[activityb
[Mor0
[activi

[Mor04mb

[activityb
[Mor0
[activi

Fluorine substituents
(32 & 33)

[all descriptorsb

[activityb
[all de
[activi

a More potent than reference drug, doxorubicin.
b Comparison of descriptor values and cytotoxic activity of considered compound and
Regarding the effect of fluorine substitution deteriorating cytotoxic
activity against MOLT-3 cell line by increasing atomic mass-weight
descriptor value (R5m), it could be hypothesized that besides the
lipophilicity, the appropriate atomic polarizabilities and masses or
size of the molecules are crucial for exerting potent cytotoxic ac-
tivity against MOLT-3 cell line in terms of cell entry and interaction
at intracellular target sites.

The effect of modifications to chemical structures on descriptor
values and cytotoxic activity against the four investigated human
cancer cell lines are summarized in Tables 8e11. Particularly, the
experimental pIC50 of tested compounds 1 and 3e12 and the pre-
dicted pIC50 of virtual constructs 13e36 along with their significant
descriptor values were provided. It can be deduced that sub-
stituents (R) on the 2-amino position of 1,4-naphthoquinone core
structures (Figs. 1 and 2) may affect the cytotoxic activity of com-
pounds by improving or aggravating it, which depends on molec-
ular properties of compounds that are influenced by their
substituents. Apparently, compounds which R ¼ acetylphenyl
groups (8 and 9) were found to be the most potent anticancer
agents. Moreover, fluorine substituents (R ¼ trifluoroacetylphenyl)
of virtually constructed compounds (32 and 33) exhibitedmarkedly
improved cytotoxic activity against every cancer cell lines except
for MOLT-3 cell. Furthermore, some particular isomers seemed to
xic activity against four cell lines.

-1 A549 MOLT-3

32a 29

13 14

4mb

65mb

50mb

tyb

YESpm13db

Yactivityb
[all descriptorsb

[activityb

4mb

tyb
YESpm13db

Yactivityb
YHATS4pb

[R5mb

Yactivityb

4mb

tyb
[all descriptorsb

[activityb
YHATS4pb

[R5mb

[Deb

[activityb

4mb

tyb
YESpm13db

Yactivityb
[all descriptorsb

[activityb

4mb

tyb
YESpm13db

Yactivityb
[R5mb

[Deb

[activityb

scriptorsb

tyb
[ESpm13db

[RDF060mb

[activityb

[R5mb

[Deb

[[activityb

compound 1.



Table 9
The effect of substituted phenyl on values of significant descriptors and cytotoxic activity against four cell lines.

Effect of substituent HepG2 HuCCA-1 A549 MOLT-3

Mor04ma: 28 > 29 > 7
activitya: 29 > 28 > 7
activityb: 7Y, 28[, 29[
para > meta > ortho

Mor04ma: 28 > 29 > 7
activitya: 29 > 28 > 7
activityb: 7Y, 28[, 29[
para > meta > ortho

ESpm13da: 28 > 29 > 7
activitya: 28 > 29 > 7
activityb: 7Y, 28[, 29[
meta > para > ortho

HATS4pa: 29 > 7 > 28
activitya: 29 > 7 > 28
activityb: 7[, 28[, 29[[
para > ortho > meta

Mor04ma: 36 > 12
R8vþa: 36 > 12
activitya: 36 > 12
activityb: 12Y, 36[
meta > para

Mor04ma: 36 > 12
RDF050ma: 36 > 12
activitya: 36 > 12
activityb: 12[, 36[
meta > para

EEig03da: 36 > 12
RDF060ma: 12 > 36
activitya: 36 > 12
activityb: 12Y, 36Y
meta > para

HATS4pa: 12 > 36
Dea: 12 > 36
activitya: 12 > 36
activityb: 12[, 36Y
para > meta

Mor04ma: 8 > 9
activitya: 8 > 9
activityb: 8[, 9[
meta > para

Mor04ma: 8 > 9
activitya: 8 > 9
activityb: 8[, 9[
meta > para

RDF060ma: 8 > 9
activitya: 8 > 9
activityb: 8[, 9[
meta > para

HATS4pa: 9 > 8
R5ma: 8 > 9
activitya: 9 > 8
activityb: 8[, 9[
para > meta

Mor04ma: 32 > 33
activitya: 32 > 33
activityb: 32[, 33[
meta > para

Mor04ma: 32 > 33
activitya: 32 > 33
activityb: 32[, 33[
meta > para

RDF060ma: 32 > 33
activitya: 32c > 33c

activityb: 32[, 33[
meta > para

HATS4p & Dea: 33 > 32
R5ma: 32 > 33
activitya: 33 > 32
activityb: 32[, 33[
para >> meta

a Comparison within the same series.
b Comparison of descriptor values and cytotoxic activity of considered compound and compound 1.
c More potent than reference drug, doxorubicin.
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be more cytotoxic against particular cell lines as shown by the ef-
fects caused by variations of substituents at the ortho, meta and
para-positions as well as length of alkyl chain and position of qui-
nolinyl substituents.

2.7. Molecular descriptor interpretations based on mechanisms of
action of the reference drugs

The steps of DNA unwinding is a crucial process for DNA syn-
thesis whereby it allows the separation of complementary DNA
strands to facilitate initiation and elongation processes of DNA
replication [3]. The DNA unwinding process is catalyzed by the
homodimeric enzyme known as topoisomerase II [3]. Topoisom-
erase II is the essential enzyme that regulates the DNAwinding and
unwinding processes. DNA topoisomerase II functions in a cyclic
fashion [3] and ATP is required as a cofactor for driving the catalytic
cycle as well as for enzyme recycling [44]. The catalytic cycle ini-
tiates when topoisomerase II binds double-stranded DNA to form
the enzymeeDNA cleavage complex [29]. Topoisomerase II then
cleaves one of the DNA strands creating a transient strand break
thereby allowing the passage of another intact DNA region [29].
After the DNA passage is completed, the transient DNA strand break
is religated and the enzyme is released from the cleavage complex
[29] to be reused in further catalytic cycles [44]. Thus far, topo-
isomerase II is one of the promising targets for the treatment of
cancers [3,30] owing to its potential to be genotoxic [3] as it creates
transient DNA damage each time it functions [3]. An appropriate
concentration of enzymeeDNA cleavage complex is essential for
normal cellular functions [45] and it can be altered by exogenous
compounds such as anticancer drugs [3]. As the concentration of
enzymeeDNA cleavage complex becomes too low, it gives rise to
mitotic failure, slow cell growth and cell death [46e49]. Whereas
when the concentration becomes too high, this induces the con-
version of transient DNA breaks to permanent DNA damages [48]
thereby leading to cell death [50]. In other words, the essential
topoisomerase II enzyme is converted to cellular toxin known as
topoisomerase poison [3]. The alteration of these steps in catalytic
cycle can increase the concentration of enzymeeDNA cleavage
complex. Such anticancer drugs exert their cytotoxic activity as
topoisomerase poison by inhibiting religation of transient DNA-
strand breaks thereby maintaining the enzymeeDNA cleavage
complexes. As a result, the high level of enzymeeDNA cleavage
complexes inhibits DNA synthesis subsequently leading to cell
death [3,29,30].

Topoisomerase II poison can be classified by its mechanism of
action as non-intercalative and intercalative types. Both mecha-
nisms of action increase the concentration of enzymeeDNA cleav-
age complex resulting in cell death. However, non-intercalative
type interacts at enzymeeDNA interfaces whereas the intercalative
type intercalates DNA strands to cause structural changes of DNA
[3].

Both reference drugs employed in this study are clinically used
topoisomerase II poison. Therefore, their mechanism of actions
could be reasonably applied for describing the structureeactivity
relationships through the utilization of identified significant de-
scriptors and predicted cytotoxic activities.



Table 10
The effect of quinolinyl ring on values of significant descriptors and cytotoxic activity against four cell lines.

Effect of substituent HepG2 HuCCA-1 A549 MOLT-3

Quinolinylamino position activitya

5 > 22 > 24 > 23

↑R8vþb, [activityb

activitya

24 > 22 > 5 > 23

↑RDF050mb

↑RDF065mb

[activityb

activitya

24 > 22 z 23 > 5

↑EEig03db

YESpm13db

Yactivityb

activitya

22 > 24 > 23 > 5

[all descriptorsb

[activityb

↑R8vþb, [activityb ↑RDF050mb

↑RDF065mb

[activityb

YESpm13db

Yactivityb
[all descriptorsb

[activityb

↑R8vþb, [activityb ↑RDF050mb

↑RDF065mb

Yactivityb

YESpm13db

Yactivityb
[all descriptorsb

[activityb

↑R8vþb, [activityb ↑all descriptorsb

[activityb
YESpm13db

Yactivityb
YHATS4pb

[R5mb

[Deb

[activityb

a Comparison within the same series.
b Comparison of descriptor values and cytotoxic activity of considered compound and compound 1.
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Doxorubicin is an intercalative topoisomerase II poison con-
taining the 1,4-quinone moiety as shown in Fig. 4. The cytotoxic
effect of doxorubicin arises from its dual action as topoisomerase II
catalytic inhibitor and topoisomerase II poison [3,29,30]. Firstly,
doxorubicin acts as a topoisomerase inhibitor as to inhibit the
topoisomerase II catalytic cycle. The planar structure of doxorubicin
enhances its intercalation between DNA base pairs [29] giving rise
to DNA structural changes [30] thereby prevents the binding of
topoisomerase II with DNA strands in the initial step of the catalytic
cycle [29] as well as creates permanent DNA damages [29]. Sec-
ondly, doxorubicin acts as a topoisomerase II poison by increasing
and stabilizing enzymeeDNA cleavage complexes [29]. Moreover,
the 1,4-quinone moiety of doxorubicin plays an important role in
Table 11
The effect of hydrocarbon chain length on values of significant descriptors and cytotoxic

Effect of substituent HepG2 HuCCA

Length of alkyl chain 14a

n ¼ 1 (2C length)
activityb: 14[
highest Mor04mc

3a

n ¼ 3
activit

6a

n ¼ 0 (1C length)
activityb: 6[

6a

n ¼ 0
activit

a The most appropriate chain length that gives the highest activity within the same se
b Comparison of descriptor values and cytotoxic activity of considered compound and
c Comparison of descriptor values within the same series.
the production of ROS leading to oxidative damages to the cells
[30].

Etoposide (Fig. 4) is a non-intercalative topoisomerase II poison
that acts by inhibiting the religation of transient DNA breaks
[29,30]. Etoposide metabolites such as semiquinone and phenoxyl
radical serve as ROS sources thereby leading to cellular damages
[30]. Moreover, semiquinone metabolite is a potent inhibitor of the
topoisomerase II-DNA cleavage complex [51,52] that directly binds
to the DNA content of topoisomerase IIeDNA cleavage complex [29]
and finally resulting in the inhibition of DNA religation. As a
consequence, the increasing level of topoisomerase IIeDNA cleav-
age complex eventually causes cell death [3,29,30]. Such ROS
including superoxide (O2

��) and hydroxyl radical (OH�), which can
activity against four cell lines.

-1 A549 MOLT-3

(4C length)
yb: 3Y

18a

n ¼ 6 (7C length)
activityb: 18Y

13a

n ¼ 0 (1C length)
activityb:13Y

(1C length)
yb: 6[

26a

n ¼ 2 (3C length)
activityb: 26[
highest RDF060mc

6a

n ¼ 0 (1C length)
activityb: 6[
lowest R5mc

highest HATS4p & Dec

ries.
compound 1.



Fig. 4. Chemical structures of reference drugs.
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be generated from quinone by enzymatic one-electron reduction,
and/or direct reduction (non-enzymatically) via NADPH or NADH
present in the cells (Fig. 5) [8,53,54].

QSAR results demonstrated that cytotoxic activities of com-
pounds 1 and 3e36 against the investigated cell lines were influ-
enced by distinct molecular descriptors. This indicates that such
distinct chemical properties are crucial for the cytotoxic activity
against particular cell lines. Particularly, atomic masses, van der
Waals volume and dipole moments seemed to be important de-
scriptors for the cytotoxic activity against cell lines that use doxo-
rubicin as the reference drug such as HepG2, HuCCA-1 and A549
whereas the atomic polarizability was shown to be crucial for
MOLT-3 that uses etoposide as the reference drug. Therefore, it
could be hypothesized that the mechanism of cytotoxic activity of
quinone compounds against HepG2, HuCCA-1 and A549 cells may
be similar whereas that of MOLT-3 cell may act through a different
mechanism of action.

Alkylation of biomolecules and ROS production have been pro-
posed to be the main mechanisms of quinones cytotoxicity
[24,56,57]. The ability of quinones to act as electrophiles contrib-
utes to alkylation mechanism whereas their ability to act as oxi-
dants gives rise to the ROS production [57]. Quinones are highly
redox active molecules and they are capable of generating ROS via
redox cycles (Fig. 5) [57,59]. The ease of reduction of such com-
pounds is expressed by their redox potentials [59]. The redox po-
tential of quinones is correlated to their ROS production ability as
well as biological activities [6,60,61] and can be modulated by
Fig. 5. Possible anticancer effect of 1,4-quinone (modified from Refs. [55e58]).
substituents on the quinone ring [59]. For example, electron-
donating substituents increase electron density but decrease elec-
trophilicity on the ring thereby impaired redox potential and ROS
producing ability. In contrast, electron-withdrawing substituents
affect vice versa [59]. In addition, it should be considered that the
cytotoxic activity of quinones is influenced by multiple mecha-
nisms and factors including alkylation, ROS production and phar-
macokinetic properties.

It could be deduced from the QSAR analysis that chemical
properties such as high atomic masses, high van der Waal volume,
high electronegativity, high dipole moments and high polarizabil-
ities are partially responsible for potent cytotoxic activity of com-
pounds as shown in Table 12.

These chemical properties are associated with pharmacokinetic
profiles, which affect the activities of compounds. Particularly, cell
entry is a crucial step that allows compounds to reach the intra-
cellular target sites of actions. Appropriate size, shape and lip-
ophilicity of compounds are also important factors facilitating cell
entry. In addition, particular conformations or isomers are required
for their interaction at target sites. The QSAR analysis demonstrated
that values of atomic masses-weighted, dipole moment-weighted
and polarizability-weighted descriptors related to the type, size,
shape, hydrocarbon chain length and position of substituents.

In summary, atomic masses, dipole moments and polarizabil-
ities play integral roles in determining cell entry capability of
compounds. That is the appropriate atomic mass refers to the
appropriate size and shape of compounds that are suitable for cell
entry. Dipole moments and polarizabilities may account for the
charge distribution and net charge of molecules pertaining to the
lipophilicity as well as the ROS production ability. Therefore, the
importance of chemical and pharmacokinetic properties (as
described by the selected significant descriptors) in concomitant
with the mechanism of actions of reference drugs could be used in
explaining the bioactivities of the investigated cell lines. Herein, the
mechanism of action of doxorubicin could be applied for the
explanation of QSAR analysis of HepG2, HuCCA-1 and A549 cell
lines while etoposide could be used for the MOLT-3 cell line.

Doxorubicin exerted its anticancer activity via intercalation be-
tween DNA base pairs [3], stabilization of the topoisomerase II-DNA
cleavage complex [29] as well as production of ROS [29,30]. Shape,
size and charge distribution of compounds are important factors
facilitating the two former mechanism of actions whereas the 1,4-
quinone moiety accounts for the latter mechanism that is the ROS
production. According to QSAR analysis, the shape and size of
compounds are likely to play predominant roles in the cytotoxic
activity against HepG2 and HuCCA-1 cell lines as represented by
atomic masses descriptors (Mor04m, RDF050m and RDF065m) and
atomic van der Waals volume (R8vþ) as shown in Table 5. The
highest value of atomic mass-weighted descriptor (Mor04m), ex-
erts the highest cytotoxic activity against HepG2 and HuCCA-1 cell
lines, as observed in trifluoroacetyl analog 32. In addition, the high
value of atomic van der Waals volume (R8vþ) was found in analog
32 exhibiting the highest cytotoxic activity against the HepG2 cell
line. It is notable that the lipophilic trifluoroacetylphenylamino
moiety and the planar quinone structure of analog 32 facilitated cell
entry and enhanced DNA intercalation thereby resulting in more
potent activity as compared to acetyl compound 8. It could be
explained that replacement of hydrogen atoms of acetyl group (8)
by fluorine atoms gives rise to high atomic masses and high atomic
van der Waals volume as well as increased redox potential of the
trifluoroacetyl analog 32. In contrast, 1-adamantyl amino com-
pound 21 exerted the lowest activity against the HepG2 cell line.
This may be ascribed to the effect of non-planar bulky structure of
the 1-adamantyl moiety that makes compound 21 unsuitable for
DNA intercalation.



Table 12
Summary of relationships between significant descriptors and possible mechanism of actions of compounds 1 and 3e36 based on mechanism of actions of reference drugs.

Cell line Reference drug and
mechanism of
action

Significant descriptors and their effects on
chemical properties of compounds

Significant effects
related with cytotoxic
activity of compounds

Requirements of significant
values of descriptor for
potent cytotoxic activity

HepG2
HuCCA-1

Doxorubicin : DNA
intercalation
ROS production

van der Waals volume (HepG2)
Atomic mass-weighted (HepG2 & HuCCA-1)
� Size & Shape

Cell entry
DNA intercalation

High values

A549 Doxorubicin : DNA
intercalation
ROS production

Dipole moment weighted
� Polarity/charge

Atomic mass-weighted
� Size & Shape

Cell entry
ROS production

DNA intercalation

High values

High values

MOLT-3 Etoposide:
Semiquinone and
ROS productions

Polarizability-weighted
Electronegativity-weighted
� Polarity/charge

Atomic mass-weighted
� Size & Shape

ROS production

Cell entry

High values

Low values
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Furthermore, dipole moment-weighted descriptors (EEig03d
and ESpm13d) play crucial roles in governing the cytotoxic effect
against the A549 cell line. Compounds with high dipole moment
could induce positive and negative charges on the molecule giving
rise to potent cytotoxic activity as seen in trifluoroacetyl com-
pounds 32 and 33 in which analog 32 was shown to be the most
potent compound. Such potent activity of compound 32 could be
attributed to the high electronegativity of fluorine atoms in the
trifluoroacetyl group thereby inducing high charge distribution on
the molecule as well as increasing the electrophilicity of the 1,4-
quinone core structure in interacting with nucleophilic target
cells. Moreover, the ROS production of 1,4-quinone compounds
arises from the generated semiquinone that ultimately produced
superoxide and/or hydroxyl radicals culminating in oxidative cell
damage and cell death.

On the other hand, etoposide is a non-intercalative topoisom-
erase II poison that interacts within the enzyme active site at the
DNAeenzyme interface [48,49,52]. The cytotoxic activity of eto-
poside is highly dependent on the redox reaction, which accounts
for the production of phenoxyl radical and the semiquinone toxic
metabolite [29,52]. All of the studied compounds contained the 1,4-
quinone moiety as the core structure (Figs. 1 and 2), which is the
key pharmacophore for topoisomerase II poison activity. Therefore,
it could be hypothesized that the tested compounds possibly have
the same capability of inhibiting DNAunwinding via the production
of semiquinone (Fig. 5). The QSAR analysis revealed that polariz-
ability and electronegativity of the compound are closely related
with potent cytotoxic activity against MOLT-3 cell line, as shown in
QSAR equation (Table 5), in which high polarizability and high
electronegativity give rise to high redox potential of the com-
pounds thereby enhance semiquinone radical production. Partic-
ularly, the most potent p-amino benzoic acid analog (29) possessed
the highest value of polarizability-weighted descriptor (HATS4p) as
well as high value of electronegativity-weighted descriptor (De) as
shown in Table 4. Similarly, the second most potent p-tri-
fluoroacetylphenylamino compound (33) possessed the highest
value of De and high value of HATS4p (Table 4). Furthermore,
fluorine substitution on compounds 32 and 33 significantly gives
rise to an increase of atomic masses-weighted descriptor (R5m) or
lipophilicity which in turn weakens the cytotoxic activity (MOLT-3)
as compared to their parents (8 and 9) as shown in Table 4. Owing
to higher polarized molecules afforded higher activity, therefore, it
is possible that the molecules with higher lipophilicity may impair
cell entry to reach their intracellular target sites. Of the series of p-
substituents (9, 12, 29 and 33) on phenylamino moiety, their
cytotoxic activity (MOLT-3) are governed by the polarized func-
tional groups as the following: 29 (p-CO2H) > 9 (p-COCH3) > 33 (p-
COCF3) > 12 (p-NH-C6H5).

At this point, the findings from QSAR analyses indicate the sig-
nificance of diverse substituents at specific positions that may
affect the overall chemical properties as well as the pharmacoki-
netic profiles of compounds. A summary of the relationships be-
tween the selected significant descriptors and the possible
underlying mechanisms of cytotoxic activity based on reference
drugs are presented in Table 12.

3. Conclusion

A series of 1,4-naphthoquinone derivatives (3e12) were syn-
thesized and investigated for their cytotoxic activity against
HepG2, HuCCA-1, A459 and MOLT-3 cell lines. Novel anticancer
agents such as compound 8 exhibited the most potent cytotoxic
activity against HepG2, HuCCA-1 and A549 cell lines whereas
compound 9 exerted the most potent activity against the MOLT-
3 cell line. Interestingly, quinones 5, 6, 8, and 9 displayed higher
cytotoxic activity against HepG2 cell than the reference drug,
etoposide. QSAR analysis demonstrated the significance of atomic
masses-weighted descriptors (Mor04m, RDF050m, RDF060m and
RDF065m) in the prediction of cytotoxic activity against HepG2,
HuCCA-1 and A549 cell lines. Moreover, the atomic van der Waals
volume (R8vþ) was also deduced to be involvedwith the cytotoxic
activity against the HepG2 cell line. In addition, dipole moments-
weighted descriptors (EEig03d and ESpm13d) were also shown to
be important in prediction of the cytotoxic activity against the
A549 cell line. In contrast, polarizabilities-weighted descriptor
(HATS4p) and electronegativities-weighted descriptor (De) in-
fluence the cytotoxic activity against the MOLT-3 cell line. The
results indicated that the cytotoxic activity of such compounds
against particular cell lines might arise from distinct mechanism
of actions. The selected significant descriptors indicated that
certain chemical properties might be relevant to pharmacokinetic
profiles (i.e. cell entry and interaction at the target sites). It could
be deduced that chemical properties such as size and shape, lip-
ophilicity, polarity and charge distribution are important factors
related to pharmacokinetic profiles that may enhance the cyto-
toxic activity. Significantly, the findings revealed the rational
design of trifluoroacetyl analog (32) as a promising potential
anticancer agent toward HepG2, HuCCA-1 and A549 cell lines
while the p-amino benzoic acid analog (29) was the most potent
compound against the MOLT-3 cell line.
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4. Experimental section

4.1. General

Column chromatography was carried out using silica gel 60
(70e230 mesh ASTM). Analytical thin-layer chromatography (TLC)
was performed with silica gel 60 F254 aluminum sheets. 1H and 13C
NMR spectra were recorded on a Bruker AVANCE 300 NMR spec-
trophotometer (operating at 300 MHz for 1H and 75 MHz for 13C).
FTIR spectra were obtained using a universal attenuated total
reflectance attached to a PerkineElmer Spectrum One spectro-
photometer. High-resolution mass spectra (HRMS) were recorded
on a Bruker Daltonics (microTOF). Melting points were determined
using a Griffinmelting point apparatus andwere uncorrected. HPLC
was carried out using Dionex, Ultimate 3000 equipped with
UVevisible detector at 254 nm, column (Acclaim TM120, C18, 3 mm,
120�A, 150 mm � 2.1 mm), mobile phases: 0.1% formic acid in H2O
(A) and acetonitrile (B), condition: isocratic at 95% B, flow rate
0.1 mL/min, running time 10 min, samples were prepared in
acetonitrile or methanol.

Chemicals purchased from commercial suppliers were used
without further purification. All biological tested compounds were
>95% purity (96e100%) as determined by HPLC, except for com-
pound 7 that showed 91% purity, 1 � 98.0% (Fluka).

Reagents using in cell culture and assay were obtained from the
following sources. Ham's/F12 (nutrient mixture F-12), DMEM
(Dulbecco's Modified Eagle's Medium), RPMI-1640 (Rosewell Park
Memorial Institute medium), FBS (fetal bovine serum) from
Hyclone laboratories, USA; MTT (3(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide), XTT (2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide), PMS (5-
methylphenazin-5-ium methyl sulfate), L-glutamine, pen-
icillinestreptomycin, sodium pyruvate and glucose from Sigma,
DMSO (dimethyl sulfoxide) from Merck.

4.2. Chemistry: general procedure

A mixture of appropriate amine 2 (5 mmol) and 2,3-
dichloronaphthoquinone 1 (5 mmol) in absolute ethanol (20 mL)
was stirred under reflux with stirring until completion of the re-
action as monitored by TLC and then concentrated under reduced
pressure. Water (20 mL) was added and extracted with EtOAc
(3 � 20 mL). The organic layer was dried over anhydrous sodium
sulfate, filtered and concentrated. The crude product was purified
using silica gel column chromatography to afford the pure product.

4.2.1. 2-(n-Butylamino)-3-chloronaphthalene-1,4-dione (3)
Yield 51%. mp 108e110 �C (110e112 �C) [62]. IR (UATR) cm�1:

3304, 1683, 1598. 1H NMR (300 MHz, dmso-d6) d 0.90 (t, J ¼ 7.3 Hz,
3H, CH3),1.33 (sex, J¼ 7.3 Hz, 2H, CH2CH3), 1.59 (quin, J¼ 7.3 Hz, 2H,
CH2CH2CH2), 3.72 (t, J ¼ 7.3 Hz, 2H, NHCH2CH2), 7.51 (br s, 1H, NH),
7.73 (t, J ¼ 7.4 Hz, 1H, ArH), 7.82 (t, J ¼ 7.5 Hz, 1H, ArH), 7.97 (d,
J ¼ 7.7 Hz, 2H, ArH). 13C NMR (75 MHz, dmso-d6) d 14.2, 19.8, 33.4,
44.1, 126.3, 127.0, 130.3, 132.6, 133.1, 135.4, 145.7, 175.8, 180.7.
HRMSeTOF: m/z [MþH]þ calcd for C14H15ClNO2: 264.0786; found:
264.0783. Purity 98.11%.

4.2.2. 2-Chloro-3-(phenylamino)naphthalene-1,4-dione (4)
Yield 45%. mp 218e220�C (210 �C) [10]. IR (UATR) cm�1: 3243,

1674, 1591. 1H NMR (300 MHz, dmso-d6) d 7.10e7.35 (m, 5H, ArH),
7.81 (dt, J ¼ 7.6, 1.5 Hz, 1H, ArH), 7.87 (dt, J ¼ 7.6, 1.5 Hz, 1H, ArH),
8.03 (dd, J¼ 7.3, 0.9 Hz, 2H, ArH), 9.31 (s,1H, NH). 13C NMR (75MHz,
dmso-d6) d 124.4, 124.9,126.6, 127.0, 128.4, 130.7, 132.4, 133.7, 135.3,
139.3, 143.6, 177.2, 180.6. HRMSeTOF: m/z [MþH]þ calcd for
C16H11ClNO2: 284.0473; found: 284.0472. Purity 100.00%.
4.2.3. 2-Chloro-3-(quinolin-8-ylamino)naphthalene-1,4-dione (5)
Yield 43%. mp 301e303�C. IR (UATR) cm�1: 3299, 1670, 1593. 1H

NMR (300 MHz, dmso-d6) d 7.44e7.57 (m, 2H, ArH), 7.63 (t,
J ¼ 7.6 Hz, 1H, ArH), 7.72e7.90 (m, 4H, ArH), 8.16 (d, J ¼ 7.5 Hz, 1H,
ArH), 8.40 (d, J ¼ 8.3 Hz, 1H, ArH), 8.69 (d, J ¼ 4.1 Hz, 1H, ArH), 9.45
(s, 1H, NH). 13C NMR (75 MHz, dmso-d6) d 121.8, 122.3, 124.1, 126.5,
126.7, 127.0, 128.8, 131.2, 132.2, 133.8, 135.0, 136.4, 137.1, 140.8, 146.1,
149.7, 176.9, 180.2. HRMSeTOF: m/z [MþH]þ calcd for
C19H12ClN2O2: 335.0582; found: 335.0589. Purity 96.04%.

4.2.4. 2-(N-methyl-N-phenylamino)-3-chloronaphthalene-1,4-
dione (6)

Yield 56%. mp 100e102�C. IR (UATR) cm�1: 1671, 1590. 1H NMR
(300 MHz, dmso-d6) d 3.34 (s, 3H, NCH3), 6.89 (t, J ¼ 7.3 Hz, 1H,
ArH), 6.95 (d, J ¼ 7.8 Hz, 2H, ArH), 7.23 (t, J ¼ 7.3 Hz, 2H, ArH),
7.85e8.10 (m, 4H, ArH). 13C NMR (75 MHz, dmso-d6) d 39.7
(superimposed with dmso-d6 peaks), 117.1, 120.9, 126.8, 127.2,
129.3, 131.9, 132.0, 134.6, 134.7, 136.2, 146.7, 148.7, 178.4, 180.8.
HRMSeTOF: m/z [MþH]þ calcd for C17H13ClNO2: 298.0629; found:
298.0625. Purity 100.00%.

4.2.5. 2-(2-Chloro-1,4-dihydro-1,4-dioxonaphthalen-3-ylamino)
benzoic acid (7)

Yield 26%. mp 240e242 �C. IR (UATR) cm�1: 3302, 2925, 1677,
1653,1605,1567.1HNMR(300MHz, dmso-d6) d7.00 (d, J¼8.2Hz,1H,
ArH), 7.16 (t, J¼7.7Hz,1H,ArH), 7.55 (t, J¼ 7.2Hz,1H,ArH), 7.81e8.09
(m, 5H, ArH), 10.05 (s, 1H, NH). 13C NMR (75 MHz, dmso-d6) d 118.5,
120.0, 123.2,123.6, 126.8, 127.1, 130.8, 131.1, 132.3, 132.7, 134.0, 135.3,
140.0, 142.5, 169.3, 177.3, 180.5. HRMSeTOF: m/z [MþH]þ calcd for
C17H11ClNO4: 328.0371; found: 328.0384. Purity 91.07%.

4.2.6. 2-(3-Acetylphenylamino)-3-chloronaphthalene-1,4-dione (8)
Yield 60%. mp 205e206 �C (207e209 �C) [62]. IR (UATR) cm�1:

3283, 1673, 1593. 1H NMR (300 MHz, dmso-d6) d 2.56 (s, 3H,
COCH3), 7.38 (d, J¼ 7.9 Hz,1H, ArH), 7.46 (t, J¼ 7.6 Hz,1H, ArH), 7.69
(s, 1H, ArH), 7.71 (d, J ¼ 8.6 Hz, 1H, ArH), 7.82 (dt, J ¼ 7.4, 1.4 Hz, 1H,
ArH), 7.88 (dt, J ¼ 7.4, 1.4 Hz, 1H, ArH), 8.05 (dd, J ¼ 7.4, 1.4 Hz, 2H,
ArH), 9.44 (s, 1H, NH). 13C NMR (75 MHz, dmso-d6) d 27.2, 123.4,
124.5, 126.6, 127.0, 128.5, 128.7, 130.8, 132.4, 133.8, 135.2, 137.1,
139.8, 143.5, 177.3, 180.5, 198.1. HRMSeTOF: m/z [MþH]þ calcd for
C18H13ClNO3: 326.0578; found: 326.0571. Purity 97.38%.

4.2.7. 2-(4-Acetylphenylamino)-3-chloronaphthalene-1,4-dione (9)
Yield 61%. mp 237e238 �C. IR (UATR) cm�1: 3236, 1672, 1594. 1H

NMR (300 MHz, dmso-d6) d 2.59 (s, 3H, COCH3), 7.17 (d, J ¼ 8.5 Hz,
2H, ArH), 7.80e7.92 (m, 4H, ArH), 8.06 (d, J ¼ 7.4 Hz, 2H, ArH), 9.55
(s, 1H, NH). 13C NMR (75 MHz, dmso-d6) d 27.0, 122.3, 126.7, 127.1,
128.9, 131.0, 132.1, 132.2, 134.0, 135.2, 143.1, 144.2, 177.5, 180.4, 197.1.
HRMSeTOF: m/z [MþH]þ calcd for C18H13ClNO3: 326.0578; found:
326.0581. Purity 100.00%.

4.2.8. 2-Chloro-3-(phenethylamino)naphthalene-1,4-dione (10)
Yield 62%. mp 109e111 �C. IR (UATR) cm�1: 3326, 1674, 1599. 1H

NMR (300 MHz, dmso-d6) d 2.92 (t, J ¼ 7.3 Hz, 2H, CH2Ph), 3.96 (q,
J ¼ 7.1 Hz, 2H, NHCH2), 7.16e7.32 (m, 5H, ArH), 7.50 (br s, 1H, NH),
7.73 (t, J ¼ 7.5 Hz, 1H, ArH), 7.83 (t, J ¼ 7.5 Hz, 1H, ArH), 7.97 (d,
J ¼ 7.5 Hz, 2H, ArH). 13C NMR (75 MHz, dmso-d6) d 37.4, 45.9, 126.3,
126.8, 127.0, 128.9, 129.2, 130.4, 132.4, 133.1, 135.4, 139.0, 145.8,
175.8, 180.6. HRMSeTOF: m/z [MþH]þ calcd for C18H15ClNO2:
312.0786; found: 312.0785. Purity 98.79%.

4.2.9. 2-(3,4-Dimethoxyphenethylamino)-3-chloronaphthalene-
1,4-dione (11)

Yield 65%. mp 148e149 �C. IR (UATR) cm�1: 3327, 1676, 1601. 1H
NMR (300MHz, dmso-d6) d 2.84 (t, J¼ 7.1 Hz, 2H, CH2Ph), 3.65, 3.71
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(2s, 6H, 2 � OCH3), 3.95 (q, J ¼ 7.1 Hz, 2H, NHCH2), 6.72 (d,
J ¼ 8.5 Hz, 1H, ArH), 6.80 (s, 1H, ArH), 6.81 (d, J ¼ 7.6 Hz, 1H, ArH),
7.37 (br t, 1H, NH), 7.73 (t, J ¼ 7.4 Hz, 1H, ArH), 7.82 (t, J ¼ 7.4 Hz, 1H,
ArH), 7.93 (d, J ¼ 7.4 Hz, 1H, ArH), 7.96 (d, J ¼ 7.4 Hz, 1H, ArH). 13C
NMR (75 MHz, dmso-d6) d 36.9, 46.0, 55.8, 55.9, 112.5, 113.2, 121.3,
126.2, 126.9,130.4,131.4, 132.4, 133.1, 135.3, 147.9, 149.1, 175.9, 180.7.
HRMSeTOF: m/z [MþNa]þ calcd for C20H18ClNNaO4: 394.0817;
found: 394.0823. Purity 99.51%.

4.2.10. 2-Chloro-3-[[4-(phenylamino)phenyl]amino]-naphthalene-
1,4-dione (12)

Yield 37%. mp 196e198 �C. IR (UATR) cm�1: 3342, 3295, 1670,
1595. 1H NMR (300 MHz, dmso-d6) d 6.82 (t, J ¼ 7.3 Hz, 1H, ArH),
7.01e7.09 (m, 6H, ArH), 7.24 (t, J ¼ 7.5 Hz, 2H, ArH), 7.79 (t,
J ¼ 7.4 Hz, 1H, ArH), 7.86 (t, J ¼ 7.3 Hz, 1H, ArH), 8.03 (d, J ¼ 7.4 Hz,
2H, ArH), 8.21, 9.24 (2s, 2H, NH). 13C NMR (75 MHz, dmso-d6)
d 116.6, 117.1, 120.1, 126.2, 126.5, 127.0, 129.7, 130.6, 131.2, 132.6,
133.4, 135.3, 141.1, 143.7, 143.9, 176.8, 180.6. HRMSeTOF: m/z
[MþH]þ calcd for C22H16ClN2O2: 375.0895; found: 375.0895. Purity
99.92%.

4.3. Cytotoxic assay

The cytotoxic activity of compounds (1 and 3e12) against the
four tested types of human cancer cell lines was performed using
etoposide and doxorubicin as reference drugs. Lung carcinoma
(A549) and cholangiocarcinoma (HuCCA-1) cell lines were grown in
Hamm's/F12 containing 2 mM L-glutamine supplemented with
100 U/mL penicillinestreptomycin and 10% FBS. Lymphoblastic
leukemia (MOLT-3) cell line was cultured in RPMI-1640 medium
containing 2 mM L-glutamine, 100 U/mL penicillinestreptomycin,
sodium pyruvate, glucose and 10% FBS. Hepatocellular carcinoma
(HepG2) cell line was cultured in DMEMmedium containing 100 U/
mL penicillinestreptomycin and 10% FBS. Briefly, cell lines sus-
pended in RPMI-1640 containing 10% FBS were seeded at a density
of 5�103e2� 104 cells per well in a 96-well plate (Costar No. 3599,
USA) and then incubated at 37 �C under a humidified atmosphere
with 95% air and 5% CO2 for 24 h. An equal volume of additional
medium containing either the serial dilutions of the tested com-
pounds, positive control (etoposide and/or doxorubicin) or negative
control (DMSO) was added to the desired final concentrations. The
microtiter plates were further incubated for 48 h. Cell viability in
each well was determined by staining with MTT assay [63e65] (for
adherent cells: A549, HuCCA-1 and HepG2 cells) or XTT assay [66]
(for suspended cells: MOLT-3 cells). The plates were read on a
microplate reader (Molecular Devices, USA). The absorbance was
recorded at 550 nm. Finally, IC50 values were determined as the
required concentration in which tested compounds afforded 50%
inhibition of cell growth.

4.4. Cytotoxicity assay

Cytotoxicity was tested using normal embryonic lung cells
(MRC-5). The cells were grown in DMEM medium supplemented
with 100 U/mL penicillinestreptomycin and 10% FBS. The assay was
performed as previously described for human cancer cells (Section
4.3). The cell viability was determined by MTT assay [63e65]. The
MTT solution (10 mL/100 mL medium) was added to all wells of an
assay and plates were incubated as described above for 2e4 h.
Subsequently, DMSO was added to dissolve the resulting formazan
by sonication. The plates were read on a microplate reader (Mo-
lecular Devices, USA) using a test wavelength of 550 nm and a
reference wavelength of 650 nm. The IC50 value was determined as
the compound concentration that inhibited cell growth by 50%. The
compounds exhibited IC50 > 50 mg/mL were considered as non-
cytotoxic.

4.5. QSAR analysis

Conceptually, molecular structures of 35 compounds encom-
passing the tested compounds (1 and 3e12) and the virtually
constructed compounds (13e36) were drawn, geometrically opti-
mized and subjected to descriptor calculation in order to obtain
values of quantum chemical and molecular descriptors. The X
(descriptors) and Y (cytotoxic activity) block of data from the tested
compounds (1 and 3e12) were further used in the development of
QSAR models. Finally, the cytotoxic activities of virtual constructs
(13e36) were calculated from the QSAR equations.

4.5.1. Data set
Eleven compounds (1 and 3e12) and their experimental IC50

values were used in the development of QSAR models. IC50 values
were converted to pIC50 values by taking the negative logarithm to
the base of 10 (�log IC50) as to obtain distribution of data points.
Herein, four data sets were constructed pertaining to the cytotoxic
activity against four cancer cell lines (HepG2, HuCCA-1, A549 and
MOLT-3). QSAR models of the cytotoxic activity against each cell
line were developed separately.

4.5.2. Molecular structure optimization and descriptor calculation
Chemical structures of a set of 35 compounds were drawn

using the GaussView software [41] as shown in Figs. 1 and 2. All
molecular structures were initially subjected to geometrical
optimization using Gaussian 09 [67] at the semi-empirical Austin
Model 1 (AM1) level followed by a subsequent density functional
theory (DFT) calculation using the Becke's three-parameter hybrid
method with the LeeeYangeParr correlation functional (B3LYP)
together with the 6e31g(d) level. Geometrical optimization pro-
vided low-energy conformers in which their output files were
consequently used for extracting quantum chemical descriptors
using an in-house developed script. Quantum chemical de-
scriptors consisted of the mean absolute atomic charge (Qm), total
energy (Etotal), total dipole moment (m), highest occupied molec-
ular orbital energy (EHOMO), lowest unoccupied molecular orbital
energy (ELUMO), energy difference of HOMO and LUMO (HOMO-
eLUMOGap), electron affinity (EA), ionization potential (IP), Mul-
liken electronegativity (c), hardness (h), softness (S), electrophilic
index (ui) and electrophilicity (u). Dragon software (version 5.5)
[42] was used for further calculation of an additional set of 3224
molecular descriptors using the aforementioned low-energy mo-
lecular structures from B3LYP/6-31g(d) calculation as input data.
Dragon descriptors can be categorized into the following 22
classes as follows: Constitutional descriptors, Topological de-
scriptors, Walk and path counts, Connectivity indices, Information
indices, 2D autocorrelation, Edge adjacency indices, Burden ei-
genvalues, Topological charge indices, Eigenvalue-based indices,
Randic molecular profiles, Geometrical descriptors, RDF de-
scriptors, 3D-MoRSE descriptors, WHIM descriptors, GETAWAY
descriptors, Functional group counts, Atom-centered fragments,
Charge descriptors, Molecular properties, 2D binary fingerprints
and 2D frequency fingerprints.

4.5.3. Descriptor selection
All quantum chemical and molecular descriptors of the experi-

mentally tested compounds (1 and 3e12) were used as input data
for descriptor selection using Monte Carlo or correlation-based
approaches.

The starting set of descriptors consisted of 13 quantum chemical
descriptors and 3224 molecular descriptors and important
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descriptors were identified by a Monte Carlo approach [68] coupled
to Multiple Linear Regression (MCeMLR) using an in-house
developed script.

Prior to performing MCeMLR, constant and insignificant de-
scriptors were initially removed whose standard deviation is less
than 0.1. Remaining descriptors were standardized and correlation
coefficients between descriptor pairs were calculated. Any pair of
descriptor whose correlation coefficient is greater than 0.9 were
considered as highly correlated and was removed. The same pro-
cess was repeated until there were no redundant or highly corre-
lated descriptors.

Correlation-based feature selection was initially performed by
calculating the pair-correlation of each descriptor value and
bioactivity (pIC50). Threshold value of correlation coefficient (r) of
0.6 was used as the cut off. Descriptors representing jrj < 0.6 were
considered as low correlated descriptor and were discarded from
this study. The remaining descriptors along with the pIC50 value
were used as input data for further feature selection by stepwise
MLR regression as implemented in SPSS statistics 18.0 (SPSS Inc.,
USA).
4.5.4. Multivariate analysis using multiple linear regression
Selected descriptors were used as independent variables and

pIC50 values were used as the dependent variable for multivariate
analysis by Waikato Environment for Knowledge Analysis (WEKA)
version 3.4.5 [69] using MLR.

Constructed MLR models are summarized according to the
following equation:

Y ¼ B0 þ
X

BnXn (1)

where Y is the pIC50 values of compounds, B0 is the intercept and Bn
are the regression coefficient of descriptors Xn.
4.5.5. Data sampling
The data set was divided into 2 subsets comprising of the

training set and the testing set and such data divisions were per-
formed by means of leave-one-out cross validation (LOO-CV). In
brief, one sample was excluded and used as the testing set while
the remaining N � 1 samples were used as the training set. The
process was repeated until every sample in the data set was used as
the testing set to predict the Y variable.
4.5.6. Outlier detection
Outliers were detected when the standardized differences be-

tween actual and predicted values (i.e. the residual) are greater
than ±2. Standardization of residuals was calculated as following
equation:

Xstn
ij ¼ �

Xij � Xj
�,XN

i¼1

�
xij � Xj

�2,
N (2)

where Xstn
ij is the standardized value, is the value of each sample,

is the mean of each descriptors and N is the sample size of the
data set. Identified outliers were subjected to removal from the
model.
4.5.7. Evaluating the performance of QSAR models
The performance of QSAR models was evaluated by statistical

parameters comprising of correlation coefficient (R) and the root
mean square error (RMSE) which represented the predictive per-
formance and predictive error of the models, respectively.
4.5.8. Prediction of structurally modified compounds (13e36) using
QSAR models

Equations obtained from QSAR analysis in concomitant with
molecular descriptors obtained from Gaussian and Dragon calcu-
lated were used in computing the predicted pIC50 values of 24
virtually constructed compounds (13e36) against the four tested
cancer cell lines.
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