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Flavonoid–metal complexes have antioxidant activities. However, the quantitative structure–activity
relationship (QSAR) of flavonoid–metal complexes and their antioxidant activities is not known. On
the basis of 31 structures of flavonoid–metal complexes and their antioxidant activities scavenging
O2

·−, we optimized their structures using the density functional theory method, and subsequently
calculated 21 quantum chemistry descriptors such as dipole, charge, and energy. Then, we chose
several quantum chemistry descriptors that are very important to the IC50 of the antioxidant activities
of flavonoid–metal complexes for scavenging O2

·− through stepwise linear regression. We obtained
six new variables through the principal component analysis. Finally, we built QSAR models based
on those important quantum chemistry descriptors, the six new variables as independent variables,
and the IC50 as the dependent variable using an artificial neural network. We validated the model
using experimental data in references. These results show that the model in this article is reliable
and predictive.
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1. Introduction

Flavonoids, classified as flavonoid, flavonol, flavonone, flavanonol, isoflavone, etc. accord-
ing to different structural characteristics, can act as metallic chelators due to their structures
[1]. In the most basic sense, flavonoids chelate metal ions to form complexes that have new
pharmacological activities or enhance the intrinsic pharmacological activities focusing atten-
tion on flavonoid–metal complexes, especially their synthesis and pharmacological proper-
ties [2–14]. Many studies about the synthesis of flavonoid–metal complexes have been
reported. The flavonoid groups that chelate with metals are 3–OH, 4C=O, 5–OH, or –OH
on catechol. Current studies about flavonoid–metal complexes are mainly focused on their
anticancer activities and antioxidant activities. For example, some studies show that the
bonding constants of flavonoid–metal complexes such as morin-Zn, Cu, Co, rutin-Eu, Cu,
Se, chrysin-La, and quercetin-Zn, Mn, Co, Ni, Cu, Pb, La with DNA are bigger than those
of flavonoids alone. Some studies show that the IC50 of flavonoid–metal complexes such as
morin-Mn, Co, Ni, Cu, Zn, quercetin-Zn, and hesperetin-Cu for tumor cells are smaller than
those of flavonoids alone. Some studies show that the IC50 of flavonoid–metal complexes
such as quercetin-Zn, Cu, Co, Ni, hesperetin-Cu, Zn, rutin-Cu, and luteolin-Zn for scaveng-
ing O2

·−, OH−, and DPPH are smaller than those of flavonoids alone. These studies all
show that the anticancer activities and antioxidant activities of flavonoid–metal complexes
are better than those of flavonoids alone. However, activities of the synthesized flavonoid–
metal complexes may be bad through a series of experiments according to some studies.
Therefore, we constructed a model between the quantum chemistry descriptors of flavo-
noid–metal complexes and their activities for forecasting the activities of metal complexes,
which is helpful for designing novel drugs. In this article, we built the model between the
quantum chemistry descriptors of flavonoid–metal complexes and their antioxidant activities
and then validate the reliable predictability of the model. Our results provide a solid founda-
tion for the development of flavonoid–metal complexes and their antioxidant activities.

2. Methods

2.1. Calculation of the electronic structure of flavonoid–metal complexes

Ligands [2–14] including flavonol, flavonone, and isoflavone were calculated and analyzed.
Their 2-D structures were built using Chemdraw and their 3-D structures were constructed
and optimized using the MM+ method in Hyperchem. Full geometry optimization of the
ligands was conducted with the density functional theory (DFT) method at the DFT/B3LYP
theoretical level with the 6-31G*/LanL2DZ basis using the Gaussian 03 computational
package [15]. A set of quantum chemistry descriptors for 31 flavonoid–metal complexes
was obtained from their electronic structure properties. All calculated results are real fre-
quencies to ensure stable configurations. The fundamental flavonoid structure is shown in
figure 1. The structures of flavonoid–metal complexes containing ligands, metal, chelation
sites, and ratio are listed in table 1.
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2.2. Stepwise linear regression and principal component analysis

By studying the relationship between the 21 quantum chemistry descriptors and the IC50 of
flavonoid–metal complexes for scavenging O2

·− through stepwise linear regression, we can
obtain important quantum chemistry descriptors as dependent variables.

Principal component analysis was used to compress a pool of descriptors into principal
components as new variables and the new variables can affect the original variables. The
model of principal components is given below:

F1 ¼ e11x1 þ e21x2 þ � � � þ ep1xp

F2 ¼ e12x1 þ e22x2 þ � � � þ ep2xp

Fp ¼ e1px1 þ e2px2 þ � � � þ eppxp

x1, x2, …, xp are the original variables and e = (e1i, e2i, …, epi) is the coefficient matrix.
To ensure the integrity of all quantum chemistry descriptors, we used the method of prin-

cipal component analysis to analyze 21 quantum chemistry descriptors from quantum chem-
istry calculations. We can further obtain new independent variables that consist of original
variables through principal component analysis.

2.3. Artificial neural network

An artificial neural network (ANN) is a network model based on the principle of nervous
system operation, which has the advantage of having a strong ability to approximate nonlin-
ear functions, self-organization, self-learning, and so on. Back Propagation ANN is typical
because this model has several advantages [14].

On the basis of the results of stepwise linear regression and principal component analysis,
we chose important quantum chemistry descriptors and F as the independent variable,
respectively, and the IC50 as the dependent variable, and variables were analyzed by ANN.
This ANN program was coded in Matlab 7 for Windows. ANN networks were trained with
the training sets and checked with the tested sets. Twenty-five sets of data were selected as
training sets (unbolded values) by the back propagation strategy, while the other six data
groups were the test sets (bolded values) from tables 2 and 3. The data of the training set
and the tested set are randomly selected to ensure the applicability of the model. Based on
these data, the models were built and checked with ANN. In the process, the important
quantum chemistry descriptors are input parameters that build the vector matrix of 25 × 5,

Figure 1. The structure of flavonoids.
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and IC50 is the goal matrix. ANN analysis contains three network layers: the first layer
named the input layer includes five neurons, the second layer named the hidden layer
includes 15 neurons, and the third layer named the output layer includes one neuron.

F is the input parameter used to build the vector matrix of 25 × 6 and the IC50 is the goal
matrix; analysis contains three network layers: the first layer named the input layer includes
six neurons, the second layer named the hidden layer includes 12 neurons, and the third
layer named the output layer includes one neuron.

To understand the reliability and predictability of models, we calculate the standard error (S)
between the IC50 from literature (named experimental results later) and the IC50 from our quan-
titative structure–activity relationship (QSAR) model calculation (named predicted results later)
and the correlation coefficient (R2) of predicted results and experimental results in the test set.

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðxi � �xÞ2

N � 1

s

Using experimental results as X-axis and predicted results as Y-axis in excel, then complete
linear analysis to obtain the R2 automatically using excel; according to the R2, we can under-
stand the correlation and the similarity between the experimental results and predicted results,
and then understand the reliability and predictability of models.

Table 2. Input parameters for ANN.

No. IC50 (uM) Qc7 Dp QO11 Qa EL-1

1 1.930 0.35382 5.8508 −0.53593 0.13505 −1.199
2 0.420 0.35751 4.2776 −0.44743 0.14501 −1.991
3 4.460 0.35807 4.1803 −0.36992 0.14284 −1.9801
4 4.098 0.3484 10.3716 −0.47864 0.12756 −1.3257
5 0.401 0.34958 11.2834 −0.45308 0.13373 −1.4791
6 0.250 0.34236 2.7055 −0.52868 0.10693 −0.5135
7 1.190 0.34404 2.0445 −0.43033 0.10907 −0.5228
8 2.750 0.35099 12.5485 −0.38638 0.13843 −1.7775
9 1.568 0.34657 9.3646 −0.62764 0.10597 −1.3309
10 4.820 0.34578 9.3194 −0.55392 0.10497 −1.3284
11 9.063 0.34656 8.8007 −0.69055 0.10583 −1.2705
12 202.400 0.32507 5.494 −0.89525 0.07424 −0.352
13 40.100 0.35693 3.6606 −0.74368 0.09166 −1.5539
14 3.000 0.36199 5.7892 −0.69571 0.10805 −1.5305
15 6.160 0.36775 7.5578 −0.64124 0.11615 −2.2701
16 83.500 0.34703 5.012 −0.72715 0.09313 −1.8724
17 48.660 0.3523 3.9059 −0.75457 0.12788 −0.6397
18 37.180 0.34431 6.3688 −0.75465 0.10797 −1.0382
19 10.210 0.34843 6.157 −0.72594 0.14977 −1.9241
20 2.330 0.35069 2.1213 −0.75329 0.13131 −0.556
21 20.000 0.35429 2.7959 −0.5667 0.1334 −1.3641
22 1.500 0.35756 3.6137 −0.44718 0.14556 −1.4606
23 29.000 0.35816 3.5745 −0.36985 0.14335 −1.9725
24 11.000 0.34409 12.9896 −0.71046 0.10546 −0.1926
25 64.000 0.32526 12.4273 −0.89717 0.10137 −0.0753
26 100.000 0.29536 4.5203 −0.71061 0.64257 −2.4521
27 380.000 0.28595 4.5203 −0.74487 0.61348 −2.3302
28 70.600 0.35012 5.7394 −0.73706 0.12968 −2.1306
29 45.500 0.34775 3.1435 −0.77741 0.12263 −2.0729
30 54.400 0.35228 1.2753 −0.68466 0.15686 −2.4306
31 54.200 0.34961 3.1829 −0.74349 0.13429 −2.2062

Note: Unbolded data are training set and the bolded data are test set.

Flavonoid–metal complexes 2873

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

21
 0

9 
D

ec
em

be
r 

20
14

 



3. Results and discussion

3.1. Electronic structure of flavonoid–metal complexes

We calculated the electronic structure properties of flavonoid–metal complexes and obtained
21 quantum chemistry descriptors of flavonoid–metal complexes including: IC50 (from liter-
ature), dipole, net charges of the A ring (Qa), the net charge of B ring (Qb), the net charge
of C ring (Qc), the net charge of metal ion (Qmetal), the net charge of O at site 1 (QO1), the
net charge of C at site 4 (Qc4), the net charge of C at site 2 (Qc2), the net charge of C at site
5 (Qc5), the net charge of O or N at site 11 (QO/N11), the net charge of O at site 12 (QO12),
the net charge of C at site 7 (Qc7), the three highest occupied molecular orbital energies
(EHOMO, EH-1, EH-2), the three lowest unoccupied molecular orbital energies (ELUMO, EL-1,
EL-2), and the three LUMO–HOMO gaps (ΔEL-H2, ΔEL-H1, ΔEL-H), which are shown in
table 4. On the basis of the frontier molecular orbital theory, the antioxidant activity of the
complex relies on the following two factors:

� The LUMO (the lowest unoccupied molecular orbital) energy of the complex because
a lower LUMO energy of the complex is favorable for accepting electrons.

� The planarity area of the intercalative ligand because the larger planarity area is favor-
able to activity.

Table 3. Input parameters for ANN.

No. IC50 (uM) F1 F2 F3 F4 F5 F6

1 1.93000 −0.60509 −0.45395 0.39704 0.51516 0.32834 0.94034
2 0.42000 −0.52050 −1.06037 0.08071 0.45446 −0.60615 −0.95680
3 4.46000 −0.54375 −0.88491 −1.13323 0.43843 0.36771 −1.36224
4 4.09800 −0.65229 −0.37606 −0.20488 0.40438 1.29695 0.74014
5 0.40100 −0.61671 −0.63537 −0.38807 0.36061 1.36783 −0.14840
6 0.25000 −0.67615 −0.43137 1.49328 −0.27156 0.01595 0.69510
7 1.19000 −0.74432 −0.78989 1.36164 −0.28042 0.01396 −0.47480
8 2.75000 −0.92057 −0.31409 −1.45546 −0.39897 1.86197 −0.65948
9 1.56800 −0.94799 0.37887 0.21260 −0.31237 0.64111 0.44767
10 4.82000 −0.90067 0.37763 −0.36787 −0.41943 1.21954 −0.42748
11 9.06300 −0.87203 0.47067 0.38969 −0.25266 0.50853 1.56217
12 202.40000 1.83948 0.01798 1.50090 0.22164 1.66650 −0.31127
13 40.10000 −0.97286 0.16349 0.78015 0.14594 −1.82282 1.59017
14 3.00000 −0.87390 −0.12527 0.52014 0.17559 −1.42567 0.38298
15 6.16000 −1.07763 0.28112 −1.05893 0.01472 −0.80571 0.08281
16 83.50000 0.55606 0.48522 −0.13582 0.72593 −0.96848 1.41255
17 48.66000 0.45756 0.61177 0.83264 0.71906 −1.08574 −1.11351
18 37.18000 −1.17953 3.98749 −0.27479 −0.58387 −0.42467 −1.37213
19 10.21000 0.96722 1.29942 −2.27693 0.84516 0.74717 1.90333
20 2.33000 1.07950 −0.07000 0.78687 0.82694 −0.85974 −2.00743
21 20.00000 −0.69896 −0.68895 0.32131 0.02961 −0.12694 1.19773
22 1.50000 −0.75069 −1.32607 0.78996 0.00613 −0.47190 −0.37520
23 29.00000 −0.66371 −1.23575 −0.87543 −0.03527 0.15401 −1.51488
24 11.00000 0.21931 1.70116 1.04238 0.03996 0.19284 −1.13538
25 64.00000 1.79642 0.45378 1.85131 0.13380 2.14376 0.44863
26 100.00000 1.14332 −0.59510 −0.45086 −3.34450 −0.64522 −0.11070
27 380.00000 1.19462 −0.17883 −0.45356 −3.41254 −0.52934 0.41579
28 70.60000 1.25542 −0.18661 −0.63149 0.82479 −0.47963 0.16012
29 45.50000 1.28854 −0.10503 −0.30151 0.88587 −0.90866 0.58601
30 54.40000 1.21757 −0.45932 −1.98480 0.77228 −0.32484 −0.58610
31 54.20000 1.20236 −0.31165 −0.36698 0.77111 −1.04067 −0.00974

Note: Unbolded data are training set and the bolded data are test set.
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According to the calculation results, the A ring and C ring in these complexes have
excellent planarity, and the dihedral angles between the B ring and the above plane are also
very small, resulting in a large conjugated system. The reaction often occurs on the sites
that have larger electronic densities when the drug interacts with receptor molecules. The
active sites of the drug are those atoms that have larger contributions, which are shown in
table 4. The charge density distributions of these atoms have important influence on their
activities. The results show that O1, O11, and O12 have larger negative charges; the negative
charges of O1 are from −0.46280 to −0.54437, the negative charges of O11 are from
−0.36992 to −0.89717, the negative charges of O12 are from −0.67235 to −0.90574, while
C7, C4, and C5 and metal ions have larger positive charges. The positive charges of C4 are
from 0.23916 to 0.53406, the positive charges of C5 are from 0.34176 to 0.43234, the posi-
tive charges of C7 are from 0.28595 to 0.36775, and the positive charges of metal ion are
from 0.74972 to 2.07425. ΔEL-H are from 2.2364 to 3.8817, ΔEL-H1 are from 2.9985 to
5.1043, and ΔEL-H2 are from 3.3502 to 5.8309.

3.2. The results of stepwise linear regression and principal component analysis

By studying the relationship between the 21 quantum chemistry descriptors and IC50 of
flavonoid–metal complexes for scavenging O2

·− through stepwise linear regression, we obtain
important quantum chemistry descriptors as dependent variables (shown in table 5), the corre-
lation coefficient (shown in table 6), and the regression coefficient (shown in table 7).

The results of principal component analysis for table 2 are shown in tables 8 and 9. The
total variance explained through principal component analysis is in table 6. We chose the
top six components as principal components for the ANN analysis because the percentage
of cumulative variance of the top six components is 86.939%, which largely represents the
original variances. According to the principal component analysis, the principal component
coefficient matrix is used to calculate F values, as shown in table 9.

According to the analysis results, only five quantum chemistry descriptors are important
to the IC50 of flavonoid–metal complexes scavenging O2

·−. They are the Dp, the net charge
of C at site 7 (Qc7), net charge of C at site 11 (QO11), net charge of the A ring (Qa), and the
lower unoccupied molecular orbital energy EL-1. The predictable equation is given below:

IC50 ¼ 1626:087� 4686:216QC7 � 3:981Dp � 69:941QO11 � 35:257EL�1 � 232:15Qa

Table 5. Variables entered/removed.

Model
Variables
entered

Variables
removed Method

1 Qc7 . Stepwise (criteria: probability-of-F-to-enter ≤ 0.200, probability-of-F-to-
remove ≥ 0.300)

2 Dp . Stepwise (criteria: probability-of-F-to-enter ≤ 0.200, probability-of-F-to-
remove ≥ 0.300)

3 QO11 . Stepwise (criteria: probability-of-F-to-enter ≤ 0.200, probability-of-F-to-
remove ≥ 0.300)

4 EL-1 . Stepwise (criteria: probability-of-F-to-enter ≤ 0.200, probability-of-F-to-
remove ≥ 0.300)

5 Qa . Stepwise (criteria: probability-of-F-to-enter ≤ 0.200, probability-of-F-to-
remove ≥ 0.300)

Note: Dependent variable: IC50.
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According to the above analysis, the principal component equations are:

F1 ¼ �0:038Dp � 0:011Qa þ 0:182Qb þ 0:182Qc þ 0:114Qmetal þ 0:157QO1 � 0:088QC4

þ 0:285QC2 � 0:244QC5 � 0:136QO=N11 þ 0:09QO12 � 0:07QC7 � 0:122EH�2

� 0:071EH�1 þ 0:075EHOMO þ 0:027ELUMO þ 0EL�1 � 0:045EL�2 þ 0:057DEL�H2

þ 0:039DEL�H1 þ 0:079DEL�H

F2 ¼ 0:153Dp þ 0:012Qa � 0:067Qb þ 0:04Qc þ 0:018Qmetal þ 0:03QO1 þ 0:123QC4

� 0:152QC2 þ 0:11QC5 � 0:106QO=N11 � 0:115QO12 � 0:043QC7 þ 0:276EH�2

þ 0:28EH�1 þ 0:12EHOMO þ 0:117ELUMO þ 0:015EL�1 þ 0:019EL�2 � 0:204DEL�H2

� 0:155DEL�H1 � 0:02DEL�H

F3 ¼ �0:156Dp � 0:008Qa � 0:011Qb � 0:004Qc � 0:142Qmetal � 0:008QO1 þ 0:04QC4

þ 0:001QC2 þ 0:004QC5 � 0:047QO=N11 � 0:116QO12 � 0:019QC7 � 0:02EH�2

� 0EH�1 þ 0:074EHOMO þ 0:112ELUMO þ 0:206EL�1 þ 0:302EL�2 þ 0:288DEL�H2

þ 0:213DEL�H1 þ 0:043DEL�H

Table 6. Model summary.

Model R R2 Adjusted R2 Std. error of the estimate

1 0.787 0.620 0.607 47.540364
2 0.810 0.657 0.632 45.969215
3 0.826 0.682 0.647 45.047442
4 0.842 0.710 0.665 43.871861
5 0.854 0.730 0.676 43.171956

Table 7. Coefficients.

Model

Unstandardized coefficients
Standardized coefficients

t Sig.B Std. error Beta

1 (constant) 1247.478 175.598 7.104 0.000
Qc7 −3487.125 507.257 −0.787 −6.874 0.000

2 (constant) 1288.567 171.435 7.516 0.000
Qc7 −3530.905 491.140 −0.797 −7.189 0.000
Dp −4.358 2.509 −0.193 −1.737 0.093

3 (constant) 1130.485 199.513 5.666 0.000
Qc7 −3234.499 521.882 −0.730 −6.198 0.000
Dp −4.205 2.461 −0.186 −1.709 0.099
QO11 −86.567 58.934 −0.173 −1.469 0.153

4 (constant) 1056.180 199.984 5.281 0.000
Qc7 −3155.432 510.750 −0712 −6.178 0.000
Dp −3.104 2.497 −0.137 −1.243 0.225
QO11 −106.092 58.727 −0.212 −1.807 0.082
EL-1 −19.280 12.277 −0.176 −1.570 0.128

5 (constant) 1626.087 462.931 3.513 0.002
Qc7 −4686.216 1232.621 −1.058 −3.802 0.001
Dp −3.981 2.541 −0.176 −1.567 0.130
QO11 −69.941 63.610 −0.140 −1.100 0.282
EL-1 −35.257 16.850 −0.322 −2.092 0.047
Qa −232.150 170.686 −0.392 −1.360 0.186
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Table 8. The cumulative percentage of component.

Component

Initial eigenvalues Extraction sums of squared Rotation sums of squared

Total
% of

variance
Cumulative

% Total
% of

variance
Cumulative

% Total
% of

variance
Cumulative

%

1 5.678 27.039 27.039 5.678 27.039 27.039 4.211 20.051 20.051
2 4.842 23.057 50.096 4.842 23.057 50.096 3.944 18.780 38.831
3 3.640 17.332 67.427 3.640 17.332 67.427 3.844 18.303 57.134
4 1.616 7.697 75.124 1.616 7.697 75.124 2.517 11.986 69.120
5 1.477 7.032 82.156 1.477 7.032 82.156 1.927 9.174 78.294
6 1.004 4.783 86.939 1.004 4.783 86.939 1.816 8.646 86.939
7 0.751 3.574 90.513
8 0.710 3.380 93.894
9 0.538 2.560 96.453
10 0.310 1.476 97.930
11 0.181 0.862 98.792
12 0.101 0.480 99.271
13 0.057 0.273 99.544
14 0.035 0.166 99.710
15 0.033 0.159 99.869
16 0.018 0.087 99.956
17 0.008 0.039 99.995
18 0.001 0.004 99.999
19 0 0.001 100.000
20 6.366E−7 3.032E−6 100.000
21 7.960E−17 3.790E−16 100.000

Note: Extraction method: principal component analysis.

Table 9. The component score coefficient matrix.

Component

1 2 3 4 5 6

Dipole −0.038 0.153 −0.156 −0.079 0.436 0.152
Qa −0.011 0.012 −0.008 −0.387 −0.031 −0.147
Qb 0.182 −0.067 −0.011 0.379 0.074 0.032
Qc 0.182 0.040 −0.004 0.116 −0.091 0.015
Qmetal 0.114 0.018 −0.142 0.184 0.130 0.648
QO1 0.157 0.030 −0.008 0.011 −0.123 −0.062
Qc4 −0.088 0.123 0.040 −0.062 −0.457 0.033
Qc2 0.285 −0.152 0.001 0.107 0.032 0.062
Qc5 −0.244 0.110 0.004 0.094 −0.179 0.035
QO11 −0.136 −0.106 −0.047 −0.062 0.089 −0.198
QO12 0.090 −0.115 −0.116 0.125 0.089 −0.215
Qc7 −0.070 −0.043 −0.019 0.349 −0.149 0.057
EH-2 −0.122 0.276 −0.020 −0.009 −0.016 0
EH-1 −0.071 0.280 0 −0.089 −0.057 0.002
EH 0.075 0.120 0.074 −0.023 0.138 −0.052
EL 0.027 0.117 0.112 −0.023 0.134 0.158
EL-1 0 0.015 0.206 0.009 0.058 −0.125
EL-2 −0.045 0.019 0.302 −0.008 −0.242 −0.084
△EL-H2 0.057 −0.204 0.288 0 −0.204 −0.076
△EL-H1 0.039 −0.155 0.213 0.058 0.091 −0.126
△EL-H −0.079 −0.020 0.043 0.005 −0.025 0.303

Flavonoid–metal complexes 2879

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

21
 0

9 
D

ec
em

be
r 

20
14

 



F4 ¼ �0:079Dp � 0:387Qa þ 0:379Qb þ 0:116Qc þ 0:184Qmetal þ 0:011QO1 � 0:062QC4

þ 0:107QC2 þ 0:094QC5 � 0:062QO=N11 þ 0:125QO12 þ 0:349QC7 � 0:009EH�2

� 0:089EH�1 � 0:023EHOMO � 0:023ELUMO þ 0:009EL�1 � 0:008EL�2 þ 0DEL�H2

þ 0:058DEL�H1 þ 0:005DEL�H

F5 ¼ 0:436Dp � 0:031Qa þ 0:074Qb � 0:091Qc þ 0:13Qmetal � 0:123QO1 � 0:457QC4

þ 0:032QC2 � 0:179QC5 þ 0:089QO=N11 þ 0:089QO12 � 0:149QC7 � 0:016EH�2

� 0:057EH�1 þ 0:138EHOMO þ 0:134ELUMO þ 0:058EL�1 � 0:242EL�2

� 0:204DEL�H2 þ 0:091DEL�H1 � 0:025DEL�H

F6 ¼ 0:152Dp � 0:147Qa þ 0:032Qb þ 0:015Qc þ 0:648Qmetal � 0:062QO1 þ 0:033QC4

þ 0:062QC2 þ 0:035QC5 � 0:198QO=N11 � 0:215QO12 þ 0:057QC7 � 0EH�2

þ 0:002EH�1 � 0:052EHOMO þ 0:158ELUMO � 0:125EL�1 � 0:084EL�2

� 0:076DEL�H2 � 0:126DEL�H1 þ 0:303DEL�H

3.3. The results of the ANN

Based on the results of stepwise linear regression, we choose Qc7, QO11, Dp, Qa, and EL-1

as the independent variables and the IC50 as the dependent variable to analyze for the
ANN. The data are shown in table 2.

On the basis of the results of principal component analysis, we choose F as the indepen-
dent variables and the IC50 as the dependent variable to analyze for the ANN, as shown in
table 3.

We obtained a QSAR model with the appointed convergence accuracy based on Qc7, QO11,
Dp, Qa, EL-1, and IC50 after 130 training times, table 10. Calculation results based on table 2
using ANN show the predicted results of our QSAR model. In tables 2 and 10, the 25 data
groups (unbolded values) were used as the training set and the other six data groups (bolded
values) were the test set. The six data groups (bolded values) were used to check the predict-
ability of our model. For ensuring the applicability of the model, we selected the training sets
and the tested sets randomly. The standard error between experimental results and predicted
results was 2.262. Figure 2 shows a comparison between the experimental results and predicted
results. Figure 2 shows that the calculated values agree well with the experimental results and
the residual is very small. The R2 of predicted and experimental results in test set (bolded
values) is 0.958. Our results suggested that our QSAR model is reliable and predictive.

We obtained a QSAR model with the appointed convergence accuracy based on F and
IC50 after 136 training times (table 11). Calculation results based on table 3 using ANN
show the predicted results of our QSAR model. In tables 9 and 11, the 25 data groups
(unbolded values) were used as the training set and the other six data groups (bolded
values) were the test set used to check the predictability of our model. For ensuring the
applicability of the model, we selected the training sets and the tested sets randomly. The
standard error between experimental results and predicted results is 1.554. Figure 3 shows a
comparison between the experimental results and predicted results. The predicted results
agree well with the experimental results, and the residual is very small. The R2 of predicted
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and experimental results in the test set (bolded values) is 0.981. Our results suggested that
our QSAR model is reliable and predictive.

By comparing the above two results, we conclude that the predictability of the obtained
model based on principal component analysis is better.

Table 10. Calculation results based on table 2 using ANN.

No. Initial IC50 (uM) Calculate IC50 (uM) Error

1 1.93000 1.90408 0.02592
2 0.42000 0.43968 −0.01968
3 4.46000 4.45917 0.00083
4 4.09800 3.35406 0.74394
5 0.40100 2.25627 −1.85527
6 0.25000 0.24975 0.00025
7 1.19000 1.18991 0.00009
8 2.75000 1.63781 1.11219
9 1.56800 1.56845 −0.00045
10 4.82000 2.81966 2.00034
11 9.06300 9.06399 −0.00099
12 202.40000 202.39990 0.00010
13 40.10000 37.45999 2.64001
14 3.00000 2.99934 0.00066
15 6.16000 6.16687 −0.00687
16 83.50000 90.40076 −6.90076
17 48.66000 40.0406 8.6194
18 37.18000 39.18781 −2.00781
19 10.21000 10.20382 0.00618
20 2.33000 2.32990 0.00010
21 20.00000 19.99986 0.00014
22 1.50000 1.50033 −0.00033
23 29.00000 32.3751 −3.3751
24 11.00000 10.99987 0.00013
25 64.00000 63.99999 0.00001
26 100.00000 100.00237 −0.00237
27 380.00000 379.99701 0.00299
28 70.60000 70.59698 0.00302
29 45.50000 45.50051 −0.00051
30 54.40000 54.40000 0.00000
31 54.20000 54.19950 0.00050

Note: Unbolded data are training set and the bolded data are test set.

Figure 2. Calculated and experimental results of IC50 in training and test sets based on table 10.

Flavonoid–metal complexes 2881

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

21
 0

9 
D

ec
em

be
r 

20
14

 



Table 11. Calculation results based on table 3 using ANN.

No. Initial IC50 (uM) Calculate IC50 (uM) Error

1 1.93000 1.92547 0.00453
2 0.42000 0.42124 −0.00124
3 4.46000 4.46006 −0.00006
4 4.09800 4.10157 −0.00357
5 0.40100 0.40105 −0.00005
6 0.25000 0.25007 −0.00007
7 1.19000 1.18964 0.00036
8 2.75000 2.74857 0.00143
9 1.56800 1.56841 −0.00041
10 4.82000 3.01943 1.80057
11 9.06300 9.06289 0.00011
12 202.40000 202.40030 −0.00030
13 40.10000 42.3074 −2.20740
14 3.00000 2.99989 0.00011
15 6.16000 6.15980 0.00020
16 83.50000 88.9837 −5.48370
17 48.66000 43.76010 4.89990
18 37.18000 35.18012 1.99988
19 10.21000 10.21011 −0.00011
20 2.33000 2.32901 0.00099
21 20.00000 19.99999 0.00001
22 1.50000 1.50000 0.00000
23 29.00000 31.50201 −2.50201
24 11.00000 10.99985 0.00015
25 64.00000 63.99999 0.00001
26 100.00000 100.00071 −0.00071
27 380.00000 379.99930 0.00070
28 70.60000 70.60032 −0.00032
29 45.50000 45.50014 −0.00014
30 54.40000 54.40725 −0.00725
31 54.20000 54.20007 −0.00007

Note: Unbolded data are training set and the bolded data are test set.

Figure 3. Calculated and experimental results of IC50 in training and test sets based on table 11.
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4. Conclusion

According to the calculation results of the electronic structures of flavonoid–metal complexes,
the A ring, B ring, and C ring in these complexes have excellent planarity, resulting in a large
conjugated systems. O1, O11, and O12 have larger negative charges, the negative charges of
O1 are from −0.46280 to −0.54437, the negative charges of O11 are from −0.36992 to
−0.89717, the negative charges of O12 are from −0.67235 to −0.90574, while C7, C4, C5, and
metal ion have larger positive charges, the positive charges of C4 are from 0.23916 to
0.53406, the positive charges of C5 are from 0.34176 to 0.43234, the positive charges of C7

are from 0.28595 to 0.36775, and the positive charges of metal ion are from 0.74972 to
2.07425. ΔEL-H are from 2.2364 to 3.8817, ΔEL-H1 are from 2.9985 to 5.1043, and ΔEL-H2 are
from 3.3502 to 5.8309. This result is the main reason for the distribution of charge.

According to the results of stepwise linear regression, the IC50 negatively correlates to
the net charges of C7, Q11, the net charges of ring A, the Dp, and the LUMO1–HOMO1
gap (△EL-H1). These five descriptors are most important to the IC50 of flavonoid–metal
complexes scavenging O2

·−. According to the results of principal component analysis, we
found that the IC50 is also related to calculated quantum chemistry descriptors. So we built
two models based on the results of stepwise linear regression and the results of principal
component analysis.

Based on the results of stepwise linear regression analysis and principal component anal-
ysis, we chose important quantum chemistry descriptors and the linear combination of
quantum chemistry descriptors, named F as independent variables and the IC50 as the
dependent variables to analyze for the ANN. We built two QSAR models and checked them
with data. Our results show that the two models, built in this article, have reliable predict-
ability. The predictability of the model based on principal component analysis is better, but
the model based on stepwise linear regression analysis is more helpful in designing new
drugs. Therefore, we conclude that the two models we built can forecast the activities of
flavonoid–metal complexes for designing new drugs.
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