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Abstract
The anticancer activity of rhinacanthins and related naphthoquinone esters is quantitatively analyzed through Fujita-Ban and
Hansch approaches. The analyses have helped to ascertain the role of different substituents in explaining the observed
inhibitory actions of these compounds. From both approaches it appeared that naphthalene ring instead of benzene ring,
dimethyl substitution at R1 and R2, and hydrogen-bond acceptor substituents at R3 (Figure 1) are advantageous to improve
the activity of a compound against KB cell lines. This in turn leads to the suggestion that the rhinacanthin-N scaffold is the
structural entity that needs exploration for new potential compounds. Further, in the Fujita-Ban analysis, it is observed that
the compounds bearing a OMe substitution, relative to H, at R4 have a slight positive contribution to pIC50 (KB) whereas the
substituents H or OMe at R5, relative to OH, have negative contributions. In conformity with these findings, the Hansch
approach revealed that a more hydrophobic group at R4 and a more hydrophilic group at R5 positions are beneficial in raising
the activity. The two quantitative structure-activity relationship (QSAR) analyses, differing in parametric approach, therefore,
provided the grounds for rationalizing the substituent selection to design more potent compounds of the series.

Keywords: Rhinacanthins and Naphthoquinone Esters, QSAR analysis, Fujita-Ban and Hansch approaches,
Physicochemical properties, anticancer agents

Introduction

Rhinacanthins [1–3] are naphthoquinone ester

derivatives isolated from the methanolic extract of

the roots of the medicinal plant Rhinacanthus nasutus

(Acanthaceae). In Thailand, the roots and leaves of

this plant are used for the treatment of cancer [4].

A few extracted compounds have also been reported

[4] to reveal cytotoxicity against P388, A-549, HT-29

and HL-60 cell lines. There was no reported synthesis

of rhinacanthins till the recent work carried out by

Kongkathip et al. [5]. These authors have reported the

synthesis of rhinacanthin-M, -N, -Q and 39 related

naphthoquinone esters together with their cytotoxi-

cities against human carcinoma cell lines, KB (oral

human epidermoid carcinoma), HeLa (human cervi-

cal carcinoma), and HepG2 (human hepatocellular

carcinoma). Apart from a preliminary emphasis on the

mode of action of some of these derivatives, the study

was mainly concerned with the alteration of sub-

stituents at different positions of the rhinacanthin

moiety and provided no rationale to reduce the

trial-and-error factors. To the best of our knowledge

no quantitative relationship study, explaining the

cytotoxicity against the above cell lines pertaining to

any family of rhinacanthins, has been reported so far.

The present quantitative structure-activity relation-

ship (QSAR) study on the reported analogues,

therefore, represents the novelty of the work. It also

provides grounds for rationalization of substituent

selection and helps in exploring the possible mechan-

ism of their action.

Material and methods

The reported compounds, reproduced in Table I,

consists of the analogues of both rhinacanthin-M (1)

and rhinacanthin-N (14)/–Q (15) and are represented
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by the general structure, shown in Figure 1. The

biological effects, against KB, HeLa and HepG2 cell

lines, of these compounds are included in Table I

while appropriate quantifying parameters of the

substituents, present at different positions of the

parent structure, are given in Table II. The biological

effect, measured as IC50, represents the concentration

of a compound required to exhibit 50% cytotoxicitiy

against KB, HeLa and HepG2 cell lines. For a given

compound, these are expressed as –logIC50 or simply

pIC50 on a molar basis in the present study.

Table I. Observed, calculated and predicted cytotoxicities of rhinacanthins and naphthoquinone esters (Figure 1) against human carcinoma

cell lines (KB, HeLa and HepG2).

pIC50 (M)b

KB

Cald Cald Prctd HeLa HepG2

S. No. R1 R2 R3 R4 R5 Xa Obsd F.B. Eq.(6) Obsd Obsd

1c Me Me H H OH – 5.82 5.51 5.59 5.55 5.52 5.31

2 Me Me OMe H OH – 5.73 5.83 5.90 5.93 5.39 5.33

3 Me Me OH H OH – 5.33 5.77 5.90 5.98 5.36 5.26

4 Me Me OMe OMe OH – 5.47 5.86 5.86 5.91 5.49 5.45

5 Me Me OH OMe OH – 5.93 5.81 5.86 5.86 5.48 5.79

6 Me Me OH OH OH – 4.19 4.56 4.57 5.01 4.34 4.32

7 Me H H H OH – 5.34 5.15 5.04 4.96 5.32 5.07

8 Me H OMe H OH – 5.79 5.46 5.34 5.29 5.39 5.39

9 Me H OH H OH – 5.33 5.41 5.34 5.35 4.99 4.93

10 Me H OMe OMe OH – 4.43d 5.50 4.82 – 4.38 4.28

11 Me H OH OMe OH – 5.39 5.45 5.30 5.29 5.34 5.30

12 Me Me H H OMe – 4.37 4.17 4.26 4.23 4.39 4.33

13 Me Me OMe OMe OMe – 4.83 4.52 4.53 4.46 4.41 4.39

14e Me Me OH OMe OH Ar 6.66 6.26 6.29 6.24 6.52 6.42

15f Me Me OMe OMe OH Ar 6.46 6.31 6.29 6.27 5.96 6.01

16 Me Me H H OH Ar 5.80 5.96 6.02 6.07 5.93 5.89

17 Me Me OMe H OH Ar 6.66 6.27 6.33 6.29 6.64 6.62

18 Me Me OH H OH Ar 6.64 6.22 6.33 6.29 6.64 6.49

19 Me Me OH OH OH Ar 5.37 5.01 5.00 4.57 4.91 4.89

20 Me H H H OH Ar 5.45 5.60 5.46 5.46 5.37 5.43

21 Me H OMe H OH Ar 6.18 5.91 5.77 5.74 6.42 5.98

22 Me H OH H OH Ar 5.97 5.86 5.77 5.76 5.40 6.00

23 Me H OMe OMe OH Ar 5.45 5.95 5.73 5.75 5.42 5.44

24 Me H OH OMe OH Ar 5.67 5.90 5.73 5.73 5.55 5.50

25 H H H H OH Ar 4.84 4.76 4.90 4.92 4.80 4.81

26 H H OMe H OH Ar 4.47 5.08 5.21 5.30 4.37 4.34

27 H H OH H OH Ar 4.91 5.03 5.21 5.25 4.82 4.79

28 H H OMe OMe OH Ar 4.89 5.12 5.17 5.20 4.49 4.45

29 H H OH OMe OH Ar 5.39 5.07 5.17 5.14 5.37 5.37

30 Me Me H H H Ar 4.49 4.64 4.64 4.68 4.38 4.34

31 Me Me OMe H H Ar 4.90 4.95 4.95 4.96 4.43 4.84

32 Me Me OH H H Ar 4.42 4.90 4.95 5.03 4.34 4.32

33 Me H H H H Ar 4.54 4.28 4.08 4.00 4.42 4.56

34 Me H OMe H H Ar 4.58 4.59 4.39 4.38 4.40 4.40

35 Me H OH H H Ar 4.41 4.54 4.39 4.39 4.33 4.38

36 H H H H H Ar 4.86d 3.45 3.04 – 4.89 4.99

37 H H OMe H H Ar 4.30 3.76 3.83 3.76 4.32 4.27

38 H H OH H H Ar 3.59 3.70 3.83 3.87 3.59 3.59

39 H H OMe OMe H Ar 3.63 3.80 3.79 3.82 3.63 3.63

40 H H OH OMe H Ar 4.03 3.74 3.79 3.75 4.34 4.19

41 Me Me H H OMe Ar 4.04 4.61 4.68 4.82 4.35 3.90

42 Me Me OMe H OMe Ar 5.00 4.93 4.99 4.99 5.02 4.94

aSubstituent X indicates either no ring or an aromatic ring fused with phenyl moiety; bIC50 represents the concentration of a compound

required to exhibit 50% cytotoxicitiy against KB, HeLa and HepG2 cell lines; cRhinacanthin–M; dThe ‘outlier’compound of present study;
eRhinacanthin–N; fRhinacanthin–Q.

Figure 1. Structures of rhinacanthin–M (1), –N (14), –Q (15)

and related naphthoquinone esters (2–13, 16–42).
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In order to obtain important QSAR on these

congeners, both, the parametric and the non-

parametric approaches employing the method of

multiple regression analysis (MRA), were carried

out. The parametric approach is analogues to the

Hansch type of analysis [6–8], which employs

physicochemical, theoretical and structural par-

ameters to explain the activity induced in the

biological system. The physicochemical model of the

biological activity assumes that the activity of a

compound is a function of three separable factors, viz,

electronic effects, steric effects and solvent-partition-

ing or hydrophobic effects, with provision to account

for the effect exhibited by certain structural binary

variations. This method is more formally expressed as

in Equation (1)

pIC50 ¼ a0 þ a1X1 þ a2X2 þ :::þ anXn ð1Þ

where the descriptors X1; X2 :::Xn are the physico-

chemical parameters. Step-wise regression was used to

develop the best QSAR from the relevant descriptors.

Once the significant equation is established, it may be

used to increase the understanding of the mechanisms

of actions of sets of congeners and to direct drug-

design in a congeneric series, as well as to attempt to

quantitatively predict biological activities of untested

compounds. This methodology has also been called

the extra-thermodynamic, linear free energy, multiple

parameter and physicochemical structure-activity

relations (PSAR) approach. In addition to physico-

chemical parameters the indicator variables, repre-

senting the presence or absence of certain structural

characteristics, are sometimes also used in this

approach. The derived QSAR equations were also

validated by the leave-one-out (LOO) method [10].

For the present work the most appropriate

parameters were found to be the hydrophobic

constant, p, the hydrogen-bond acceptor parameter,

HA, and the molecular weight, MW, for the

substituents at different positions. The physicochem-

ical parameters were taken from the literature [9] and

the MWs were calculated by adding the atomic

weights of different atoms in a substituent. For the

present work, the MW parameter is scaled to 0.01 to

make it comparable to other quantifying parameters.

In addition, the indicator variable, accounting for

certain structural attributes, is also employed to derive

parametric QSAR equations.

The Fujita-Ban methodology [11], being a

non-parametric approach, is based on an addit-

vity principle, wherein the biological activity is

expressed as

pIC50 ¼
X

aiXi þ m ð2Þ

The slope ai and the intercept m are, respectively, the

contribution of the ith substituent and the theoreti-

cal biological activity of the reference compound of

the series. For a given position, the variable Xi takes

a value of 1 if the ith substituent is present otherwise

the value is 0. The linear equations generated using

Equation (2) were solved by the MRA [12]

employing the method of least squares [13] for the

unknowns ai and m. The computer programs for

both of the above methods, have been developed in

our laboratory and validated from a number of

previously reported results, dealing with QSAR

studies.

The importance of the non-parametric method

along with the parametric, for ligands active at the

adenosine receptor [14,15], inhibitors of cyclooxy-

genase-2 [16–18], epidermal growth factor receptor

protein tyrosine kinase [19], adenosine kinase [20],

cytokine release [21], non-nucleoside reverse tran-

scriptase inhibitors of HIV-1 [22] and antiallergic

agents [23] has already been established.

Results and discussion

All the compounds in Table I were used in the

construction of the Fujita-Ban matrix with compound

7 as the reference congener. Tabulation of the

resulting matrix of 42 linear equations in 10 unknowns

including the contribution of the parent compound is

avoided here for the sake of brevity. These equations

were solved by the MRA for the unknowns ai and m.

The contributions of different substituents obtained

thereby are summarized in the third column of

Table III and the ^ data within parentheses,

associated with them, are the 90% confidence

intervals. The resulting statistical parameters of the

study are:

n ¼ 42; r ¼ 0:878; s ¼ 0:441; Fð10; 31Þ ¼ 10:475

where n, r, s and F are respectively the number of data

points, multiple regression coefficient, standard

deviation and F-ratio between the variances of

calculated and observed activities. Two compounds,

10 and 36 in Table I, appear to follow a different trend

from the remaining compounds of the series as

their calculated pIC50 values were largely deviating

from the observed ones. Compound 36 with R1 ¼

R2 ¼ R3 ¼ R4 ¼ R5 ¼ H may not able to interact

properly with receptor sites whereas compound

10 having R1 ¼ Me, R2 ¼ H, R3 ¼ R4 ¼ OMe,

Table II. QSAR parameters for the substituents of varying

positions of the title compounds.

R1 R2 MW1þ2 R3 HA3 R4 p4 R5 p5

H H 0.02 H 0 H 0.00 H 0.00

H Me 0.16 OH 1 OH –0.67 OH –0.67

Me Me 0.30 OMe 1 OMe –0.02 OMe –0.02
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R5 ¼ OH seems to undergo hydrolysis prior to

reaching the active sites of the receptor. These two

compounds were, therefore, ignored in the subsequent

study. In doing so, the corresponding rows were

removed from the Fujita-Ban matrix and MRA of

resulting matrix lead to the results summarized in the

last column of Table III. The much improved

statistical parameters of the study are:

n ¼ 40; r ¼ 0:928; s ¼ 0:352; Fð10; 29Þ ¼ 17:963

The r2-value now accounts for 86% in the variance

and the F-value obtained is significant at 99% level

[F10,29(0.01) ¼ 3.034]. The calculated values of

pIC50, listed in Table I, are also in close agreement

with the observed ones. The substituents to be

incorporated at various positions of the parent moiety,

that make positive contributions to activity may only

be used to design more active compounds of the series

in future. From Table III, the possible combinations of

various substituents, relative to parent compound 7,

have the following pattern:

The positive contribution obtained for –

(CH ¼ CH)2– shows that compounds possessing a

naphthalene ring make a higher contribution to

activity against KB cell lines compared to those having

simply a benzene ring. Thus, the congeners derived

from rhinacanthin-N/-Q are more active than the

derivatives of rhinacanthin-M. In the rhinacanthin-

N/-Q derivatives, the favorable conditions persist

when both R1 and R2 positions have Me substituents

there. In addition, the R3 position may have either OH

or OMe substituent while R4 position better remains

unsubstituted or may have only OMe.

It is to be noted that the Fujita-Ban approach

cannot extrapolate beyond the substituents used in the

training set whereas the parametric approach namely

the Hansch approach, given below, can do so. Initially,

the pIC50 values pertaining to HeLa and HepG2 cell

lines were correlated to pIC50 values corresponding to

KB cell lines for all 42 congeners to confer the

diversity amongst these cancerous cell lines. The

derived correlations are given in Equations (3) and (4)

pIC50ðKBÞ ¼ 1:021ð^0:13ÞpIC50ðHeLaÞ

þ 0:009

n ¼ 42; r ¼ 0:963; s ¼ 0:219; Fð1; 40Þ

¼ 511:148

ð3Þ

pIC50ðKBÞ ¼ 1:035ð^0:10ÞpIC50ðHepG2Þ

þ 0:040

n ¼ 42; r ¼ 0:976; s ¼ 0:177; Fð1; 40Þ

¼ 801:809

ð4Þ

Both these equations have divulged highly signifi-

cant statistical parameters. This ensures us that the

activity of compounds against KB cell lines is

dependent upon those of either HeLa or HepG2 cell

lines. We have, therefore, considered only the

pIC50(KB) as the dependent variable in the sub-

sequent parametric analysis. A number of physico-

chemical and structural parameters accounting for

hydrophobic, electronic and steric interactions were

examined for varying positions of the molecules in

various possible ways. A large number of regression

equations were derived and subjected to various

statistical tests. The most significant correlation that

was appeared is shown in Equation (5)

pIC50ðKBÞ ¼ 0:151ð^0:26ÞHA3

þ 1:825ð^0:80Þp4

2 1:931ð^0:36Þp5

þ 3:652ð^1:04ÞMW1þ2

þ 0:491ð^0:26ÞIAr þ 2:780 ð5Þ

n ¼ 42; r ¼ 0:875; s ¼ 0:414; Fð5; 36Þ

¼ 23:560; q2 ¼ 0:657

The subscripted numerals associated to indepen-

dent descriptors indicate the varying positions of the

R1, R2 R3 R4 R5 Ar

Me, Me OH OMe – –(CH ¼ CH)2–

OMe

Table III. Fujita-Ban contribution of substituents and parent

compound (7) to the cytotoxicity against human carcinoma KB cell

lines of the title compounds.

Contribution to pIC50(KB)

Position Substitution n ¼ 42 n ¼ 40

R1, R2 H, H –0.64( ^ 0.34) –0.83( ^ 0.28)

Me, Me 0.44( ^ 0.29) 0.36( ^ 0.24)

R3 OH 0.15( ^ 0.34) 0.26( ^ 0.28)

OMe 0.14( ^ 0.33) 0.31( ^ 0.27)

R4 OH –1.21( ^ 0.61) –1.21( ^ 0.49)

OMe –0.03( ^ 0.29) 0.04( ^ 0.23)

R5 H –1.23( ^ 0.30) –1.32( ^ 0.24)

OMe –1.35( ^ 0.45) –1.35( ^ 0.36)

Ar –(CH ¼ CH)2– 0.49( ^ 0.29) 0.45( ^ 0.23)

Parent m 5.16( ^ 0.35) 5.15( ^ 0.29)
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molecules. The indicator variable, IAr stands to

differentiate the rhinacanthin analogues possessing

either a benzene ring or a naphthalene ring. Thus, an

arbitrary value of 1 assigned to this variable indicates

the derivatives of rhinacanthin-N/ -Q while the value

of 0 designates the derivatives of rhinacanthin-M. The

derived parameters, r, s, F, and q2 obtained above

for Equation (5) denote statistically significant

results and the equation as such reflects upon the

parametric requirement of various substitutions at

different positions in the novel rhinacanthins and

related naththoquinone esters having cytotoxicities

against KB cell lines. Removal of previously identified

‘outliers’, 10 and 36, the MRA revealed the much

significant correlation shown in Equation (6)

pIC50ðKBÞ ¼ 0:309ð^0:23ÞHA3

þ 1:984ð^0:67Þp4

2 2:057ð^0:31Þp5

þ 3:992ð^0:91ÞMW1þ2

þ 0:426ð^0:22ÞIAr þ 2:539 ð6Þ

n ¼ 40; r ¼ 0:918; s ¼ 0:345; Fð5; 34Þ

¼ 36:589; q2 ¼ 0:756

Now both the r2- and the F-values are increased to

account respectively for 84% of variance in the

observed activities and 99% level of significance

[F5,34(0.01) ¼ 3.625]. The improved q2-index, over

that of Equation (5), conveys a satisfactory sound

model in statistical language. Further, the indepen-

dent variables used in deriving the above equation

showed poor intercorrelations among themselves

(Table IV). The equation was, therefore, used to

calculate the activity values of all 40 compounds of the

test data set. These values, listed in Table I, were

found to be in close agreement with the observed

values. The predicated pIC50(KB) values of all the

compounds, obtained through the LOO approach

were also listed in Table I for the sake of comparison.

From Equation (6), it appears that the compounds

derived only from rhinacanthin-N/–Q may lead to

better results. In addition, the R3-substituents that are

hydrogen-bond acceptors, the R4-substituents that are

more hydrophobic and the R1- and R2-substituents

that have a higher molecular bulk (weights) are

favorable in increasing the potency of a compound.

Similarly, the R5-substituents that are more hydro-

philic rather than hydrophobic are also helpful. This

strategy may, therefore, be followed for designing

more potent compounds for future synthesis. The plot

showing the variation of observed versus calculated

activities, obtained through the Fujita-Ban and the

Hansch type approaches for the compounds in Table I

is shown in Figure 2. Such a demonstration may

help to understand the goodness of fit and to identify

systematic variation of observed versus calculated

activities by the two models for the compounds under

the present study.

In conclusion, Equation (6) suggested that the

naphthalene ring (in compounds 14 – 42) instead of

the benzene ring (1 – 13) is advantageous to improve

the activity of a compound against KB cell lines. The

Fujita-Ban study, in conformity with this, assigned a

positive contribution to Ar. Thus, the scaffold of

rhinacanthin-N, instead of rhinacanthin-M, is import-

ant for further exploration to derive new potent

congeners. The dimethyl substitution, instead of one

methyl or no methyl group, at R1 and R2 conferred

(Equation 6) more potent cytotoxicity against the

cancer cell line. The positive contribution made by Me,

Me substitution (Table III) at these positions supports

the same. The R3-substituents having a hydrogen-

bond acceptor property, are predicted to be more

potent. The same was supported by the Fujita-Ban

Table IV. Intercorrelation matrixa amongst the predictor variables

of Equation (6).

HA3 p4 p5 MW1þ2 IAr

HA3 1.00 0.15 0.10 0.13 0.04

p4 1.00 0.18 0.21 0.10

p5 1.00 0.04 0.26

MW1þ 2 1.00 0.34

IAr 1.00

aMatrix elements are the r-values. Figure 2. Plot of observed versus calculated pIC50 values.
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analysis in which higher positive contributions were

obtained for the substituents such as OH or OMe. Only

the OMe substituent relative to H at R4 and none of

the substituents relative to OH at R5 is found, in the

Fujita-Ban analysis, to have the positive substituent

contribution that may additively improve the activity of

acompound. TheparametricQSAR study,on theother

hand, favors a more hydrophobic group at the R4

position and a more hydrophilic group at the R5

position. Thus the two studies, corroborating each

other, provide the ground for rationalizing substituent

selection to design more potential compounds of the

series.
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