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Abstract

In the present study, a Quantitative Structure Activity Relationship (QSAR) against breast cancer of the MCF-7 strain
was carried out using a series of twenty-five (25) molecules derived from Thio-ureas. The molecular descriptors were
obtained after optimization of all these molecules at the B3LYP/6-31+ G (d, p) calculation level. The multiple linear
regression (MLR) method was used to carry out this study. The use of this method thus made it possible to obtain a
model from the molecular descriptors which are lipophilicity LogP, the bond lengths d(C=N1) and d(N2-Cphen1), the
bond angle A(O-C - Cphen2) and the number of fluorine atoms F in the molecule. Furthermore, the stability, exploratory
and predictive power of the model obtained was achieved by internal and external validation methods and their area of
applicability was verified by the levers approach. All compounds had their leverage value lower than the critical value
(h*=1.06), so all belong to the applicability domain. The results from the statistical indicators obtained from the model
(R2=0.976; RMCE=0.073; F= 89.502), made it possible to affirm that this model is acceptable, robust with good
predictive power. Lipophilicity (LogP) turned out to be the priority descriptor in predicting the breast anticancer
activity of the MCF-7 strain of our QSAR model.

Keywords: QSAR; MLR; Thiourea Derivatives; Lipophilicity; Area of applicability

1. Introduction

Breast cancer results from an uncontrolled proliferation of cells in the breast. In 2020, there were 2.3 million women
worldwide with breast cancer, including 685,000 cases of death and 0.5 to 1% of these breast cancers affecting men [1].
Chemotherapy remains the treatment of choice for patients diagnosed with locally advanced or metastatic cancer. The
challenge is to administer an amount of medication that will maximize the effectiveness and minimize the toxicity of the
treatment [2]. To face these numerous difficulties, of the discovery of a real drug molecule [3], new areas of research
based on predictive methods of the activities and properties of molecules have emerged, in particular QSAR
(Quantitative Structure Activity Relationship) methods. QSAR methods are widely used in modern medical chemistry,
and make it possible to establish, if possible, a quantitative correlation between biological activity and molecular
descriptors using a mathematical model. They make it possible to reduce the number of clinical trials and the margins
of error between experimental and theoretical results [4]. Thiourea derivatives are one of the most the antitumor
compounds have exhibited potent anticancer properties [5]. The general formula of thioureas and their derivatives is
(R1R2N)(R3R4N)C=S and they have a lot of applications in many fields such as organic syntheses and pharmaceutical
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industries [6]. In the present work, a QSAR study was carried out on a series of thiourea derivatives active as potential

breast anticancer agents using Density Functional Theory (DFT).

2. Material and methods

2.1. Materials

In vitro tests of a series of molecules from the thiourea derivative family on cancer cells including the MCF-7 strain (cell
line) were carried out by W. Bai, et al [7]. They evaluated the percentages of inhibition at 10uM of the breast anticancer
activities of this series of molecules. For our QSAR study, twenty-five (25) molecules from this series of Thio-urea
derivatives were retained and coded from THS1 to THS25. Their designation codes, numbers and PI inhibition

percentages are grouped in table 1.

Table 1 2D structures and designation codes of the twenty-five (25) molecules of the proposed thiourea derivatives:
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2.2. Methods

2.2.1. Level of Computational Theory

In the present study of QSAR prediction of the breast anticancer activity of the MCF-7 strain, thiourea derivatives, the
Gaussian 09 software [8] with its GaussView 05 graphical interface, allowed us to carry out the calculations of the
quantum chemistry. To do this, all the molecules were optimized and the determination of the molecular descriptors
was carried out at the B3LYP/6-31+G (d, p) level of theory. The modeling was then developed using the statistical
method of Linear Multiple Regression (MLR) implemented in Excel [9] and XLSTAT [10] spreadsheets.

2.2.2. Anti-breast cancer activity

The biological activity (breast anticancer activity) will be expressed as a decimal logarithm logAA as a function of the
inhibition potential PI defined by equation (1) [11]:

logAA =logit -log C

. . Pl
with 10glt = lOgm

PI
logAA =10g(1T-p1) -log C (D

PI: Inhibition percentage
C: Molar volume concentration

2.2.3. Molecular Descriptors used

Five (05) theoretical molecular descriptors were determined for the development of our QSAR model. These are the
molecular lipophilicity LogP, the bond lengths d(C=N1) and d(N2-Cphen1), the bond angle A(O-C-Cphen2) and the
number of fluorine atoms F in the molecule.

- Molecular lipophilicity logP is conveniently evaluated from the value of the decimal logarithm of the partition
coefficient P and which is equal to the logarithm of the ratio of the concentrations of the substance s tudied in octan-1-
ol and in water:

[oct]
- [water]
log Lo
From where logP - log [water] (2)

[oct] and [water] are the molar volume concentrations of the substance in octan-1-ol and in water, respectively. In this
work, the Chemsketch software [12] allowed us to determine the logP values.
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- Bond lengths and angles are geometric descriptors that can be determined from the relative positions of a molecule in
space and require knowledge of the 3D structure of the molecule. The lengths of d(C-N1) and d(N2-Cphen1), the bond
angle A (O-C- Cphen2) used in our work were obtained using the Gaussian 09 software [8] with its graphical interface
GaussView 05 and are illustrated in Figure 1 below.

H
H I‘J\I d(N2-Cphek1)
‘\QW SN

=

A(O-C- CphenZ2) 0

Figure 1 Bond lengths d(C-N1) and d(N2-Cphen1) and bond angle A(O-C- Cphen2)

2.2.4. QSAR model validation methods
Once a QSAR model is developed, its quality is linked to its reliability, its robustness and its predictive nature must be

established using statistical analysis criteria. These criteria include internal and external validations.

In the Internal validation are determinated The coefficient of determination R?, the standard deviation (S) or the Root
Mean Square Error (RMCE), the cross-validation correlation coefficients Q2, and Fischer F constitute the statistical
analysis criteria of this internal validation and relate to the limits of the model, and make it possible to estimate the
precision of the values calculated on the test set [13].

The coefficient of determination R? gives an evaluation of the dispersion of the theoretical values around the
experimental values. The closer the value of R? is to 1, the more the theoretical and experimental values are correlated:

_ Z(yi,exp - yi,théo)z
Z(yi,exp - yi,exp)z

R2=1 (3)

With:

Yiexp: Experimental value of biological activity

Yi tneo : Theoretical value of biological activity

Viexp: Average value of experimental values of biological activity.

- Root Mean Square Errors RMCE is another statistical indicator used. It makes it possible to evaluate the reliability and
precision of a model:

2
Z(yi exp = Vi théo)
RMCE = - - 4

¢ J n—k-1 )

- The Fisher F test is also used to measure the level of statistical significance of the model, that is to say the quality of
the choice of descriptors constituting the model.

F = Z(yi,théo - yi,exp)z . n-— i -1 )
Z(yi,exp - yi,théa)
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- The Fisher F test is also used to measure the level of statistical significance of the model, that is to say the quality of
the choice of descriptors constituting the model.

2 _ Z(yi,théo - :)_/i,exp)2 - Z(:Vi,the’o - yi,exp)2
ch - _ 2 (6)
Z(yi,théo - yi,exp)

In the external validation we have used According to Eriksson et al [14] and Tropsha et al. [15,16] criterias, According
to Eriksson et al [14], the performance of a mathematical model is characterized by a value of Q2%,; Q%, > 0.5 for a
satisfactory model, and Q2, > 0.9 when for the excellent model. According to these authors, given a test set, a model
will perform well if the acceptance criterion R? — QZ, < 0.3 is respected.

According to Tropsha et al. [15,16], for the external validation set, the prediction power of a model can be obtained from
five criteria. These criteria, known as “external validation criteria” or often called “Tropsha criteria”, are as follows:

Criterial: Q%,> 0.6,
Criteria2: R2> 0.7,

- |RZ-R3|
Criteria 3: e <0.1et0.85<k<1.15,

Criteria 4 : %f"’zl <0.1et0.85<k'<1.15

Critére 5: |R%,,, — R3| < 0.3

With

R?: correlation coefficient for the molecules in the test series.

R3: correlation coefficient between predicted and experimental values for the test series.

R correlation coefficient between experimental and predicted values for the test series.

k: constant of the correlation line (at the origin) (predicted values based on experimental values)

K’: constant of the correlation line (at the origin) (experimental values as a function of predicted values).

2.2.5. Area of Applicability (DA)

One of the most used methods for determining the domain of applicability of a model is the so-called “leverage” method,
which is based on the variation of the residuals. predictions standardized according to the values of the levers hi. These
levers constitute the elements of a matrix H called the hat matrix, which is a projection of the experimental values of the
variable explained into the space of values of the variable predicted as follows:

Ypréd = HYexpé 7
is given by expression (8):
H=XX'X)"1xt (8)

Any compound that falls within the domain of applicability of the model has a value of its standardized residue included
in the interval [-30; +30]., where o is the standard deviation. The critical value of the lever h*, also called threshold
lever, is given by:

1090



World Journal of Advanced Research and Reviews, 2024, 24(03), 1085-1097

B = 3(k+1) 9

=— ©
Where n is the number of test compounds used and k is the number of model descriptors. For a value du levier of a
compond i:

If hi < h*: the measured and predicted values of the compound have a probability of agreement as high as that of the
compounds in the database.

If hi > h*: the compound is considered outside the domain of applicability of the model developed [17].

3. Results and discussion

3.1. Descriptors and breast anticancer activities calculations

Our work focused on the QSAR study of a series of twenty-five (25) molecules derived from active thioureas as potential
breast anticancer agents using DFT at the B3LYP/ 6-31+G (d, p) calculation level. Their breast anticancer activities of
the MCF-7 strain were expressed by the decimal logarithm log AA MCF-7 calculated from their PI inhibition percentages
at 10 pM. All thiourea derivatives have been grouped into two groups. Seventeen (17) were used for the training game
and the other eight (08) for the validation game. Five descriptors which are the molecular lipophilicity LogP, the bond
lengths d(C=N1) and d(N2-Cphen1), the bond angle A(O-C- Cphen2) and the number of fluorine atoms F in the molecule
were used to carry out our modeling of breast anticancer activity. These different physicochemical descriptors PI
inhibition potential and the experimental decimal logarithm LogAA MCF-7 of the training and validation sets are given
in Table 2.

Table 2 Physico-chemical descriptors, PI inhibition potential and the experimental decimal logarithm log AA MCF-7 of
the training and validation sets.

Molecules | LogP d(C=N1) | d(N2-Cphenl) | A(O-C- Cphen2) | F PI MCF-7 logAA MCF-7
Training Set
THS1 3.420 1.369 1.418 121.322 0 10.1 4.051
THS2 3.580 1.370 1.417 121.084 1 11.7 4.122
THS3 3.740 1.367 1.422 121.000 2 16.3 4.289
THS4 4.900 1.371 1.422 120.937 3 50.7 5.012
THS5 4.070 1.364 1.419 121.006 1 10.4 4.065
THS6 5.520 1.367 1.423 121.655 0 26.8 4.564
THS7 3.200 1.365 1.418 121.020 0 6.2 3.820
THS8 3.740 1.365 1.420 120.867 2 8.1 3.945
THS9 3.900 1.365 1.421 120.877 3 8.5 3.968
THS10 4.410 1.365 1.419 120.869 1 22.1 4.453
THS11 3.470 1.370 1.423 120.826 1 50.4 5.007
THS12 3.740 1.365 1.420 120.901 1 16.2 4.286
THS13 5.110 1.367 1.420 120.861 4 17.7 4.333
THS14 4.020 1.365 1.419 120.877 1 15.7 4.270
THS15 5.190 1.362 1.418 120911 1 18.2 4.347
THS16 5.270 1.373 1.423 121.045 6 30.4 4.640
THS17 7.000 1.373 1.423 120.975 6 57.1 5.124
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Test Set
THS18 5.270 1.374 1.423 120.932 6 49.1 4.984
THS19 3.580 1.364 1.419 120.894 1 13.2 4.182
THS20 4.500 1.368 1.421 120.841 4 35.5 4.725
THS21 6.930 1.373 1.423 120.875 6 78.8 5.570
THS22 4.350 1.376 1.418 121.054 4 24.4 4.509
THS23 3.580 1.373 1.417 121.342 0 17.8 4.336
THS24 3.860 1.369 1.417 121.404 0 7.2 3.890
THS25 3.340 1.372 1.421 120.938 0 52.2 5.038

3.2. Interdependence of descriptors

The different descriptors used for the model must be independent of each other. This interdependence of these
descriptors is measured using the partial correlation coefficients aij. The values of the partial correlation coefficients aij
between the pairs of descriptors are recorded in Table 3.

Table 3 Correlation matrix between the different physicochemical descriptors.

Variables LogP | d(C=N1) | d(N2-Cphen1) | A(O-C- Cphen2) | F

LogP 1.000 | 0.383 0.497 0.158 0.655
d(C=N1) 0.383 | 1.000 0.518 0.190 0.586
d(N2-Cphenl) | 0.497 | 0.518 1.000 0.113 0.545
A(O-C- Cphen2) | 0.158 | 0.190 0.113 1.000 -0.298
F 0.655 | 0.586 0.545 -0.298 1.000

The analysis of the data calculation of the partial correlation coefficient between each of the pairs of all the descriptors
is less than 0.7 (aij < 0.7), Thus the partial correlation coefficients aij contained in table 3 between pairs of descriptors
are all less than 0.7 (aij < 0.7). This demonstrates the independence of the descriptors used to develop our model.

3.3. Multiple Linear Regression (MLR)

The equation of the QSAR model is given by equation (10)
logAA MCF 7 = —95.81000 + 0.35131 * Log P + 97.07246 » d(C = N1) 4+ 90.15481 * d(N2 — Cphenl)
—1.33626 * A(0O — C — Cphen2) —0.22044 « F. (10)
The positive signs of the coefficients of lipophilicity LogP, the bond lengths d(C=N1) and d(N2-Cphen1) reflect that the
fact that the anticancer activity of the breast is improved for large values of these three (03) different molecular
descriptors. On the other hand, the anticancer activity of the breast, according to our model, decreases for large values
of the bond angle A(0-C-Cphen2) and the number of fluorine atoms F in the molecule because of the positive sign of

their respective coefficients. The statistical indicators of the model are given in Table 4.

Table 4 Statistical analysis report of the anti-breast cancer activity of thiourea derivatives of the RML model

Number of observations N 17
Coefficient of determination R2 0.976
RMCE standard deviation 0.073
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Fischer F test 89.502
Correlation coefficient of Q%, cross validation 0.885
Confidence level a >95%

The value of the coefficient of determination (R2=0.976) indicates that the estimated values of logAA MCF-7 contain
practically 97.6% of the experimental values. The standard deviation (RMCE = 0.073) expresses the small variation of
the predicted values compared to the experimental mean. The value of the Fisher test which is (F=89.502) is very high
compared to the critical value Fcr =2.81. It shows

that the error committed is less than what the model explains. The cross-validation correlation coefficient is equal to
Q2, = 0.8851 and R2? - Q2%,=0.976 - 0.885= 0.091 < 0.3. All these statistical indicators clearly show that the model
developed explains the anti-cancer activity of the breast in a statistically significant and satisfactory manner.

These different results are confirmed by the regression graph of the MLR model presenting the predicted anticancer
activity as a function of the experimental activity shown in Figure 2.

Multilinear Regression
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= . '
L
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= "
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Figure 2 The regression line of the MLR model.

The regression line of the MLR model, after analysis, shows that all the points are around the regression line. This is
confirmed by a low value of the difference in the standard deviation RMCE = 0.073 between the experimental values
logAA MCF-7 and those predicted Pred(logAA MCF-7), therefore a good similarity at the level of these values. This
similarity between these values is illustrated by the model similarity curve in Figure 3.

Similarity Curve
GO0
F000
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2,y
1. 4mHp
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1 2 3 4 5 6 7 H % I0 11 12 13 14 15 16 17 I8 1% 20 21 22 23 24 IS
Mouolccules
= logA A MCT 7 Pri<l(logAd MCF 7)

Figure 3 Similarity curve of experimental and predicted values of the MLR model.
Our QSAR model, in view of all these observations, presents good reliability with satisfactory predictive power on all

the compounds in the training set. Our model is acceptable and suitable for predicting the breast anticancer activity of
the MCF-7 strain from our series of thiourea derivatives.
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3.4 External validation

3.4.1 Tropsha criteria

External validation of the model was carried out respectively with the thiourea derivatives of the validation set THS18

to TH25. The Tropsha criteria checks for these molecules in the validation set are presented in Table 5.

Table 5 Verifications of the Tropsha criteria of the external validation set of the RML model.

Statistical parameters Tropsha criteria[15,16],
R? > 0.7 0.976
Q% > 0.6 0.8570
R§ 0.8824
R{? 0.8889
|R? — R3| <03 0.0073
|R? — RE| <0.1 0.0082
R2
k 085<k <115 0.9795
|R? — R? <01 0.0008
RZ
K 085<k'<1.15 1.0196

The values in Table 5 show that all Tropsha criteria are respected. All these statistical indicators clearly show that the
model developed explains the anticancer activity of thiourea derivatives in a statistically significant and satisfactory

manner.

3.3.1. Statistical indicators from Roy et al.

Roy et al [18] developed quantities r2 and Ar?, called metric values in order to further refine the predictive capacity
and verify the robustness of a QSAR model Thus, according to Roy et al, a QSAR model is acceptable if these two criteria
are satisfied :

I

Ar?, =

2 = (r$n+r’$n) > 0 5

2

Ir2, —r'2|<0.2

Avecr?, =R%.(1—/(R2—R?%) et 1'% =r%(1-(R?—R?)

The indicators 7,2, 7,12, Ar;2, and r2, were calculated and recorded in Table 6.

Table 6 Verifications of the Roy criteria of the external validation set of the MLR model

Indicator Value
2 0.813

72 0.864

Ar2, = |r2, —r1'2, 0.051

Y2 = @ 0.839
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Analysis of this table shows that the different criteria were respected, ;2 > 0.5 and ArZ,< 0.2. We can therefore affirm
that our QSAR model is robust and has good predictive power.

3.5. Contribution of model descriptors

It is important to determine the contribution of our five theoretical descriptors in the anticancer activity. Determining
the contribution makes it possible to define an order of priority of the descriptors, thus facilitating arbitration at the
level of the possible choice of parameters likely to be modified to achieve optimal activity. The values obtained are
represented through the diagram in Figure 4.

Contribution of descriptors

BlogP EAC=NI) AN 2=Cphen) A(O=C- Cphenl) WF

Figure 4 Contribution of descriptors to the breast anticancer activity model.

According to this graph, the importance of the weight of the descriptors involved in our model decreases in absolute
value in the following order logP > d(C=N1)> A(O-C- Cphen2) > d(N2-Cphen1) >F. The lipophilicity, which has the
greatest contribution compared to the others, is the priority descriptor in predicting the breast anticancer activity of
our model.

3.6. Model applicability domain

The MINITAB software was used to calculate the levers of the molecules in the training set as well as those of the
molecules in the validation set. This method involves analyzing through a diagram called a Williams diagram. Figure 6

presents the graph of the standardized residuals as a function of the levers hii of the compounds of the two games
(learning and validation).
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Figure 5 Williams diagram of standardized residuals according to the levers of the compounds used

An analysis of this Williams diagram shows that all the samples of the learning games all have levers lower than the
threshold value h*=1.06. This result therefore reflects that all the molecules belong to the domain of applicability. The
extreme values of the standardized residuals are between +3¢ and delimit the domain of applicability of the model. In
this series, there is no aberrant or influential compound. Thus, all compounds that fall within the scope of the model all
have the value of their standardized residue included in the interval of standardized residue limits -3 and +3 of their
standard deviation.

4., Conclusion

At the end of this QSAR study allowed us to establish a relationship between the anticancer activity of the MCF-7 strain
and their physicochemical properties characterized by molecular descriptors. Five physicochemical descriptors, namely
LogP lipophilicity, bond lengths d(C=N1) and d(N2-Cphen1), bond angle A(O-C-Cphen2) and number of fluorine atoms
in the molecule in the different compounds allowed us to explain the breast anticancer activity of the MCF-7 strain.
Multiple linear regression (MLR) was used as a method to establish our mathematical model and provided the values of
the statistical indicators of the model (RZ = 0.976; RMCE = 0.073; F = 89.502). This MLR statistical model which verifies
the different validation criteria has proven that it is acceptable, robust and has good predictive power. Lipophilicity was
found to be the priority descriptor in the prediction of breast anticancer activity. Analysis of the applicability domain of
this model shows that a prediction of the anticancer activity of new thiourea derivatives is acceptable when its leverage
value is less than 1.06, otherwise the breast anticancer activity of this compound is not could be reliably predicted.
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