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Abstract

A series of ruthenium azopyridine complexes have recently been investigated
due to their potential cytotoxic activities against renal cancer (A498), lung
cancer (H226), ovarian cancer (IGROV), breast cancer (MCF-7) and colon
cancer (WIDR). Thus, in order to predict the cytotoxic potentials of these
compounds, quantitative structure-activity relationship studies were carried
out using the methods of quantum chemistry. Five Quantitative Structure Ac-
tivity Relationship (QSAR) models were obtained from the determined quan-
tum descriptors and the different activities. The models present the following
statistical indicators: regression correlation coefficient & = 0.986 - 0.905,
standard deviation $= 0.516 - 0.153, Fischer test = 106.718 - 14.220, correla-

tion coefficient of cross-validation Q7 = 0.985-0.895and R*-Q2Z =0.010
- 0.001. The statistical characteristics of the established QSAR models satisfy
the acceptance and external validation criteria, thereby accrediting their good
performance. The models developed show that the variation of the free en-
thalpy of reaction AG", the dipole moment p and the charge of the ligand in
the complex Q, are the explanatory and predictive quantum descriptors cor-
related with the values of the anti-cancer activity of the studied complexes.
Moreover, the charge of the ligand is the priority descriptor for the prediction
of the cytotoxicity of the compounds studied. Furthermore, QSAR models
developed are statistically significant and predictive, and could be used for the
design and synthesis of new anti-cancer molecules.
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1. Introduction

The satisfaction obtained in the use of cisplatin for the treatment of tumours
stimulated research on transition metal complexes. Many organometallic com-
pounds have been synthesized and tested [1] [2]. The results obtained were
promising for different metals. Especially, only ruthenium seems to be an alter-
native to platinum since its compounds are found to be more active and less
toxic than those of platinum [3]. Thus, interest in the anticancer activity of ru-
thenium complexes has increased. The biological activities of ruthenium com-
plexes are strongly influenced by the ligand structure. Indeed, several studies
have shown that changing the aromatic ligand or the conformation of the com-
plexes can have a significant influence on their anticancer activities [4]. The
azopyridine ligand shown in Figure 1 and Table 1 are actually formed from the
combination of a pyridine ring with an azo group. These bidentate ligands can
bind to Ru ion through RuCl;, 3H,O reactive by only the lone electron pairs of
the nitrogen atoms of the pyridine ring and the azo group, thereby forming a
5-membered stable ring of chelation. Thus, this reaction provides metal with ex-
cellent stability. In addition, the complexation of ruthenium (Reaction 1) by the
asymmetric bidentate ligands leads to five isomers named a-Cl, -Cl, y-Cl, &-Cl
and &-Cl [5]. The difference between them comes mainly from the position of
both chlorine atoms (Cis or Zrans configuration) and both azopyridine ligands

as shown in Figure 2.

(RuCl,,3H,0)+2(L) — RuCl, (L)2 +CI+3H,0  (Reaction 1)

The recent discovery of anticancer activity azopyridine complex ruthenium
[6] [7] has increased interest of researchers to find out the origin of their cyto-
toxicity and mechanism of their reactivity on cancer cells so as to enhance it. Thus,
a-, B, y- [RuClL,L,] where L stands for 2-phenylazopyridine, o-tolylazopyridine
and 4-methyl-2-phenylazopyridine isomers were synthesized and tested in a se-

ries of cells line of renal cancer (A498), lung cancer (H226), ovarian cancer

R1
| X
_~Npy
N1\
\T2
R
R,=H or CH,
R= or
H,C
phenyl toluene

Figure 1. Skeleton of the azopyridine ligands with different substituents R and R,. The
bidentate state of the ligand consists of the ligand binding to ruthenium or central metal
by N,, and N,.
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Table 1. Various ligands and substituents.

code Ligand R Substituent R1 Substituent
1 2-phenylazopyridine @ -H
2 o-tolylazopyridine )@ -H
H3C

N N
SEN NS
NS | ™~ NF’Y/ | \CI 2/ |
o . Cl Cl
Cl
ctc (« - CI) ccc (§ - Cl) cct (: -Cl)
Cl
< R| — > < 2~ | / Py
/ | \N
tcc (7— Cl) ttt (6 - CI)

Figure 2. The five isomers of RuClL,L, complexes. L stands for all azopyridine ligands. The
arc represents azopyridine ligands highlighting their bidentate state. All these isomers
have the C, symmetry except for the 5-Cl isomer. t and ¢ represent respectively transand
cis geometries. Therefore, the three letters codes show the geometry in order of the chlo-
rides (Cl), the pyridine ring (N,,) and the azo nitrogen N,.

(IGROV), breast cancer (MCF-7) and colon cancer (WIDR) [8]. These mole-
cules have shown promising anticancer activity. Besides, it is admitted that two
modes of binding of the complex to the cell lines were up today supposed to
characterize the process: While the first trend indicates that the binding was due
to the hydrolysis of both chloride atoms, thereby allowing covalent bonding be-
tween ruthenium ion and the DNA, the second indicates however that the
bonding is performed between the azopyridine ligand and the DNA base-pairs
of the cell lines through a n-7 stacking interaction [9]. Here, the improvement of
the cytotoxicity of the azopyirdine complexes requires one to know of the phys-
icochemical properties that govern it. This would help to efficiently orient the
synthesis of the ruthenium azopyridine complexes.

The Quantitative Structure Activity Relationship (QSAR) study is one of the
most widely used methods to design new therapeutic agents [10] [11] [12]. It al-
lows quantitative correlation with a mathematical model of the structure or
properties of the compounds with their biological activities. It is increasingly

used to reduce the excessive number of experiments, sometimes long, expensive
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and harmful for environment protection [13] [14]. In this work, the objective is
to carry out a descriptive and predictive study of the anticancer activity of a se-
ries of nine (9) isomers of ruthenium complexes. Using the methods of quantum
chemistry, this work aims to modelize the observed anticancer activities. The
molecular descriptors have been calculated only from the molecular structure of

the compounds and predicting the anticancer activities of analogous molecules.

2. Experimental Section
2.1. Material and Method

The six molecules of the training set and the three other external validation set
molecules used in this study have IC;, ranging from 0.045 to 74 uM. Here, the
term IC,, means the median concentration of molecules determined experimen-
tally to inhibit 50% of cancer cells in a population of cancer cells. This range of
concentrations makes it possible to define a quantitative relationship between
the anticancer activity and the theoretical descriptors. According to Aldrik et al
the experimentation of the cytotoxicity of the aforementioned human tumor cell
lines was made in vitro using the microculture sulforhodamine B test (SRB) for
the estimation of the cell viability [15]. Biological data are generally expressed as
the opposite of the log 10 base of activity (—log,,(C)) in order to obtain high-
er mathematical values when the structures are biologically very efficient [16]
[17]. The anticancer activity is expressed by the anticancer potential pIC,, that is

defined in Equation (1):
pCls, =_|0910(pC|50 *1076) (1)

2.1.1. Calculation Level

DFT methods are generally known to generate a variety of molecular properties
[18] [19] in QSAR studies that increase predictability, reduce computation time
and the cost of the design of new drugs [20] [21]. Thus, all calculations were
performed with the DFT methods using Becke’s three-parameter hybrid func-
tional B3LYP [22] and the double-zeta pseudo-potential LanL2DZ [23]. All ge-
ometry optimizations of the molecules were carried out beforehand in order to
obtain the structure in its ground state. Then this stable configuration was con-
firmed by the frequency analysis which has to reveal the absence of imaginary
frequency. Furthermore, the analysis of the natural orbital population NPA was
carried out at the same theoretical level. All these calculations were carried out
using the software Gaussian 03 [24]. The modelling was done using the
multi-linear regression method implemented in Excel [25] and XLSTAT
spreadsheets [26].

2.1.2. Quantum Descriptors Used

For the development of QSAR models, some theoretical descriptors related to
the conceptual DFT were determined. In particular, the variation of the forma-
tion free enthalpy AG", the natural ligand charge in the complex Q, and the di-

pole moment . These descriptors are all determined from the optimized mole-
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cules. Here, the variation of free enthalpy of the reaction indicates the spontane-

ity of the reaction. It was calculated according to Equation (2).

AI’GO (298 K) = Z:ProductsAf GO (298 K) _ZReactantsAfGO (298 K) (2)

The ligand charge, which corresponds to the sum of the ligand’s natural
atomic charges within the complex obtained by the NPA calculation, reflects the
electrophilic or nucleophilic character of this entity. The dipole moment () in-
dicates the stability of a molecule in water. Thus, a high dipole moment will re-
sult in poor solubility in organic solvents and high solubility in water. Moreover,
the interdependence of descriptors is evaluated by a linear correlation coefficient
R between the pairs of the set of descriptors. Here, two descriptors are said to be
independent when R < 0.95 [27] [28].

2.1.3. Estimation of the Predictive Ability of a QSAR Model

A QSAR model is developed on the basis of statistical indicators. The quality of a
model is determined on the basis of these various analysis statistical indicators,
including the correlation coefficient &, the standard deviation S, the correlation
coefficients of cross validation Q72 and Fischer £ R, Sand Frelate to the ad-
justment of the calculated and experimental values: they describe the predictive
capacity within the limits of the model and allow to estimate the precision of the
values calculated on the learning set [29] [30]. As for the correlation coefficient
of the cross-validation QZ,, it gives information on the predictive power of the
model. This predictive power is called “internal” because it is calculated from the
structures used to build this model.

The squared correlation coefficient &> gives an evaluation of the dispersion of
theoretical values around the experimental data. The quality of the modelling is
improved when the points are close to the fitting line [31]. The adjustment of the
points to this line can be evaluated by the correlation coefficient. The correlation

coefficient R was given by the following Equation (3):

Z(yi,exp - 9i,theo )2
Z(yi,exp - Vi,exp )2

R*=1-

(3)

where:
Yiexp : The experimental value of the anticancer activity;
)A/i,theo : The theoretical value of the anticancer activity;
Yi.exp : The average value of the experimental values of the anticancer activity.
More the R* value will be closer to 1 more the theoretical and experimental
values will be assumed to correlate. In addition, the variance ¢’ was deter-

mined by the relationship (4):

2
o?—s? = Z( yir,]ei) l(__)/ltheo) @)

where k is the number of independent descriptors, 11 is the number of molecules
of the training set and n—k -1 corresponds to the degree of freedom. The root

mean square error sis another statistical indicator used. It allows evaluating the
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reliability and accuracy of a model. It is obtained from Equation (5):

S = \/Z(yheXp ~ Vi theo )2

n-k-1

(5)

The Fisher test F was also used to measure the level of statistical significance
of the model, ie. quality of the choice of descriptors constituting the model. The
Fisher test Fis defined from Equation (6):

2
_ Z(yi,theo_yi,exp) >kl’\—|k(—1 6)

z( Yien = Yiteo )2

The correlation coefficient of cross-validation QZ to assess the accuracy of
the prediction on the training set was calculated by using the following relation-
ship:

2

Q2 _ Z( yi,theo - Vi,exp )2 - Z(yi,theo - yi,exp )
Z( yi,theo - yi,exp )2

The performance of a mathematical model, for Eriksson et al. [32], was cha-

(7)

racterized by a value of Q2 >0.5 for a satisfactory model and for an excellent
model when Q7 >0.9. According to them, for a given training set, a model will
be performant if the acceptance criterion R®-Q2 <0.3 is respected.

Moreover, the prediction power of a model can be obtained from five Trop-
sha’s criteria [12] [33] [34]. If at least three of the criteria were satisfied, then the
model will be considered efficient in predicting the activity studied. These crite-
ria are the following:

1) R:, >07,

Test

2) Qyres > 0.6,
3) |Rf —R3|<03,

2 2
4) |T“t2—°|<o.1 and 0.85<k <1.15,
Test
| 2 ,2|
5 L= 21201 and 0.85<k’'<115

2
Test

3. Results and Discussion

In this QSAR study, the training set consisting of six molecules and the three
other ruthenium azopyridine complexes forming the validation set are presented
in Table 2. Also, the values of the descriptor’s bivariate linear correlation coeffi-
cients R are presented in Table 3.

The calculated linear correlation coefficients R of the series of descriptors are
less than 0.95 (R < 0.95). This demonstrates the non-dependence of the descrip-

tors used to develop the models.

3.1. QSAR Model and Contribution of Descriptors

The best QSAR models obtained for the various anti-cancer activities as well as
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Table 2. Quantum descriptors and experimental anti-cancer activities of the training set
and the validation set. AG", Q,and u are expressed respectively in kcal, a.u. and Debye.

Descriptors pIC50 exp
Code
AG* & U A498 H226 IGROV MCE-7 WIDR
Training Set
“2a -16.077 0.471 7.858 6.444 7.523 8.056 7.678 7.347
28 —14.336 0.428 8.612 4.131 4.538 4.523 4.495 4.284
b2y -11.267 0.486 2.547 5.921 7.081 7.114 7.032 6.638
3a —-13.142 0.466 7.513 5.959 6.337 6.658 6.377 6.097
34 -10.369 0.432 9.382 4.367 4.745 4.854 4.824 4.678
3y —6.086 0.486 2.845 6.301 6.770 6.854 7.102 6.699
Validation Set

la —-16.989 0.430 7.261 6.569 6.319 6.569 6.569 6.569
‘p —-13.796 0.420 8.835 5.056 4.886 5.469 5.208 4.959
1y -9.010 0.480 1.674 6.699 6.770 7.387 7.284 7.187

“la, 1B and 1y correspond respectively to a-, - and y-RuCl,(2-phenylazopyridine),; "2a, 28 and 2y corre-
spond respectively to a-, 5~ and p-RuCl,(o-tolylazopyridine),; “3a, 38 and 3y correspond respectively to a-,
f- and y-RuCl,(4-methyl-2-phenylazopyridine),.

Table 3. Values of the descriptor’s bivariate linear correlation coefficients.

AG Q H
AG 1.000
Q 0331 1.000
M 0.600 0.846 1.000

Table 4. The most significant QSAR models for the modelling of cytotoxic activities on
A498, H226, GROV, MCE-7 and WIDR cancer cells.

Cell line Regression equations R QZ Ky F R?-Q}
A498 pIC,, =—22.805+0.222 * 11 + 58.264 % Q, 0986 0.985 0.153 106.718 0.001
H226 pIC,, =—-18.394 - 0.122 +* AG"+50.088 * Q, 0.953 0.951 0.348 30.479 0.002

IGROV pIC,, =—20.477 —0.162 * AG"+53.937 * Q, 0915 0.907 0.516 16.205 0.008

MCE-7  pIC,, =-18.740-0.102* AG'+51.530+Q, 0.922 0.916 0470 17.763  0.007

WIDR pIC,, =-17.264—-0.101+* AG"+47.707*Q,  0.906 0.897 0.481 14.520 0.010

the statistical indicators are given in Table 4. It should be emphasized that these
models were established using the same test and validation sets in Table 2.

It should be noted that the negative or positive sign of the model descriptor’s
coefficient reflects the proportionality effect between the biological activity evo-
lution of interest and this parameter of the regression equation. Thus, the nega-
tive sign indicates that when the value of the descriptor is high, the biological ac-
tivity decreases while the positive sign translates the opposite effect.

The negative sign of the coefficient of the free enthalpy variation or the dipole
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moment indicates that the cytotoxic activity will be improved for a low value of
the free enthalpy variation or the dipole moment. On the other side, the positive
sign of the coefficient of the ligand charge means that the cytotoxic activity will
be improved for a high value of the ligand charge. Also, the significance of the
models is reflected by the Fisher coefficient F which is between 14.22 and
106.718 and the cross-validation correlation coefficient Q2 which goes from
0.895 to 0.985. These different models are acceptable because all the values of
R?-QZ are less than 0.3. External validation of these models was performed
with the 1a, 15 and 1y isomers. The different regression lines between the ex-
perimental and theoretical cytotoxic activities of the training set (blue dots) and

the validation set (red dots) for each cancer cell are illustrated in Figure 3.

A498 H226
7.00 8.00
- =
6.50 = y=0.9861x + 0.0765 o° 7.50 y °F-§53:)"9+531-2892 .
R? = 0.9861 “ 7.00 ' - @
2 6.00 s
X £6.50 e
o o L
2 5.50 3 6.00
(&)
= [&]
25.00 ® 55.50
5.00 ‘
4.50 ..®
L 4.50 o
4.00 = 4.00
4.00 5.00 6.00 7.00 4.00 5.00 6.00 7.00 8.00
plC50 theo pIC50 theo
IGROV MCF-7
8.50 8.00
8.00 750 ..
* S
7.50 . 7.00 . 0
g 7.00 Py 2 6.50 oo
2650 3 oo
& 6.00 o .
S 550 . y= 0|.R921 5:(3)X9': 0:.;5373 3 5.50 < y = 0.9221x + 0.4867
: =0.915 a -
5.00 - 5.00 - R? = 0.9221
450 4.50 “
4.00 4.00
4.00 5.00 6.00 7.00 8.00 9.00 4.00 5.00 6.00 7.00 8.00
pIC50 theo pIC50 theo
WIDR
7.50
7.00 « ¥
®
a 6.50 . o
X -
© 6.00 ‘
3
o 5.50 y = 0.906x + 0.558
e 5.00 o R2=0.906
450  © » Training test
4.00 « Validation test
4.00 5.00 6.00 7.00 8.00 Linear (training test)
pIC50 theo

Figure 3. Regression lines of the different models.

26

K2
o5
“2:0

Scientific Research Publishing



K. N. N’guessan et al.

Table 5. Tropsha Criteria for different models.

. : : gl RuaRl O RL-RE koK
Cellline  R7, Qévren ‘Rm‘ R, ‘ RL R,
A498 1 1 0 0 0 1 1
H226 1 1 0 0 0 1 1
IGROV 1 1 0 0 0 1 1
MCE-7 1 1 0 0 0.002 1.001  0.999
WIDR 1 1 0 0 0.001 1 1
2 2
RZ, =1>07 Q2. >0.6 ‘Rfes‘ —ROZ‘SOS ‘RTT;%RULQI et 085<k<115;

est

2 _Re
Re-R7 01 and oss5<k<iis

2
est

3.2. Verification of Tropsha Criteria

The Tropsha criteria for the different models are presented in Table 5.

All values respect the Tropsha criteria, so these models are acceptable for pre-
dicting the ruthenium azopyridine complexes cytotoxic activity.

The study of the relative descriptors contribution in the prediction of the
compounds cytotoxicity was carried out for each type of cancer cells. The dif-
ferent contributions are shown in Figure 4.

The charge of the ligand has a large contribution than the free enthalpy varia-
tion or the dipole moment. Thus, the charge of the ligand is revealed to be the
priority descriptor in the prediction of the cytotoxic activity of the ruthenium

azopyridine complexes studied.

4. Conclusion

In this work, the cytotoxic activities of six ruthenium azopyridine complexes
on cancer cells that comprise renal cancer (A498), lung cancer (H226), ovarian
cancer (IGROV), breast cancer (MCF-7) and colon cancer (WIDR) were cor-
related with the theoretical descriptors calculated by the DFT methods. The
cytotoxic activities of three other ruthenium azopyridine complexes were se-
lected to form the external validation sets for the calculated models. Multiple
Linear Regression (MLR) was used to quantify the relationships between mo-
lecular descriptors and the properties of the azopyridine derivatives cytotoxic
activity. A strong correlation was observed between the experimental values
and the predicted values of the cytotoxic activity, indicating the validity and
quality of the QSAR models obtained. The quantum descriptors of the opti-
mized molecules, the free enthalpy variation of reaction, the dipole moment
and the ligand charge, made it possible to predict the cytotoxicity of the ruthe-
nium azopyridine complexes studied on cancer cells. Among all these descrip-

tors the ligand charge is the descriptor which influences the cytotoxicity activ-
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A498 pIC_ /Standardized Coefficients H226 pIC, /Standardized Coefficients
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-0.2
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Variable

Figure 4. Contribution of different descriptors in different models.

ity. The QSAR models present a robustness, with good internal and external
predictive capabilities.
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