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Abstract A study using two classification methods (SDA
and SIMCA) was carried out in this work with the aim of
investigating the relationship between the structure of
flavonoid compounds and their free-radical-scavenging
ability. In this work, we report the use of chemometric
methods (SDA and SIMCA) able to select the most
relevant variables (steric, electronic, and topological)
responsible for this ability. The results obtained with the
SDA and SIMCA methods agree perfectly with our pre-
vious model, in which we used other chemometric methods
(PCA, HCA and KNN) and are also corroborated with
experimental results from the literature. This is a strong
indication of how reliable the selection of variables is.
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Introduction

In the last decade, the role of free radicals in several diseases
has resulted in intense research. Recent studies continue
reporting that the action of free radicals in certain cellular

targets can cause oxidative damage, leading to a series of
illnesses, such as carcinogenesis [1], mutagenesis [2],
cardiovascular disease [3] and premature cellular aging [4].

Flavonoid compounds are well known as potent antiox-
idant agents, since they have the ability to scavenge these
damaging free radicals. Previous studies have reported
some structural requirements necessary for the antioxidant
activity of flavonoids. In general, the free-radical-scaveng-
ing ability is greater when the flavonoid compound
possesses an ortho-hydroxylation in the positions 3′ and
4′ of ring B (see Fig. 1), a 2, 3-double bond in conjugation
with a 4-oxo function and/or an OH group at position 3 of
the ring C [5–9]. The importance of ring A was not
considered until some studies reported that hydroxyl
groups at positions 5 and 7 could influence the scavenging
ability of flavonoids [10, 11]. However, the results of these
studies present conflicting aspects and no further study has
dealt with the interactions between different groups.

In a previous study [12], we used three chemometric
methods (PCA—Principal Component Analysis, HCA—
Hierarchical Cluster Analysis, and KNN—Kth-Nearest
Neighbor) in order to find molecular descriptors among
steric, electronic, lipophilic and topological ones, that
could be related to the free radical scavenging activity
presented by a set of flavonoid compounds. Reliable SAR
(Structure-Activity Relationship) models were obtained
employing this methodology, based on the discrimination
of the more antioxidant and less antioxidant flavonoid
compounds using four electronic properties [12]. Never-
theless, the unsupervised pattern recognition PCA and
HCA are not appropriate for the prediction of unknown
compounds, and KNN also has its limitations for this
purpose [13]. Thus, in this work we applied two more
robust classification methods (SDA—Stepwise Discrimi-
nant Analysis and SIMCA—Soft Independent Modeling
by Class Analogy) with the aim of using the classification
models in the activity prediction of new flavonoid com-
pounds and validate our previous results [12].
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Methodology

Table 1 shows the 22 compounds selected to compose the
training set used in this work. The flavonoid compounds
shown in Table 1 were chosen from the literature [7, 8, 10]

and they have very similar structures, which belong to the
classes of flavones, flavonols and flavanones. Flavonoids
from the subclasses of anthocyanidins, which appear as
positively charged molecules, and isoflavones (where the
linkage between rings C and B is at the meta position
of the former) were not taken into account in composing
the training set. All compounds studied here were tested by
using the TEAC (Trolox Equivalent Antioxidant Capacity)
assay, expressed as the milimolar concentration of Trolox
(TEAC=1) equivalent to the activity of a 1 mM solution of
the compound being tested [8, 10]. This assay is based on
the generation and detection of the radical ABTS˙+ (2,2′-
azinobis-(3-ethylbenzothiazoline)-6-sulfonic acid). The con-
centration of this radical is measured at 734 nm and the

Table 1 Chemical structure, numbering and antioxidant activity of the 22 flavonoid compounds studied

Subclass Compound Hydroxyl positions Other groups log TEAC

Flavones

O

O

A

B

C

2

1

3

5

6

7

8

2'

3'

4'

5'

6'

4

1 3′, 4′ 3-OCH3 0.64a

2 3′, 4′ 3-O(CH2)2OH 0.64a

3 7, 3′, 4′ – 0.63a

4 3′, 4′ 7-O(CH2)2OH 0.63a

5 7, 3′, 4′ 3-O(CH2)2OH 0.53a

6 3′, 4′ 7-OCH3 0.52a

7 5, 6, 7, 3′, 4′ – 0.37b

8 5, 6, 7, 3′ – 0.33b

9 5, 7, 3′, 4′ – 0.32c

10 5, 7, 4′ – 0.16c

11 5, 7 – 0.15c

12 5, 6, 7 – 0.09d

Flavonols

O

O

OH

A

B

C

2

1

3

5

6

7

8

2'

3'

4'

5'

6'

4

13 3, 3′, 4′ 7-O(CH2)2OH 0.69a

14 3, 3′, 4′ – 0.65a

15 3, 7, 3′, 4′ – 0.45d

16 3, 5, 7, 2′, 4′ – 0.41c

17 3, 5, 7 – 0.32d

18 3, 5, 7, 4′ – 0.13c

Flavanones

O

O

A

B

C

2

1

3

5

6

7

8

2'

3'

4'

5'

6'

4

19 3, 5, 7, 4′ – 0.25e

20 5, 7, 4′ – 0.18c

21 3, 5, 7, 3′, 4′ – 0.14e

22 5, 7, 3′ 4′-OCH3 0.14c

a[10]
b[14]
c[8]
d[32]
e[7]

O

A

B

C

2
1

3

45
6

7

8

2'
3'

4'

5'
6'

Fig. 1 General structure and
numbering of flavonoid
compound
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antioxidant-induced reduction of ABTS˙+ is related to the
scavenging capacity of the compound under investigation
[8, 10].

Quantum chemical calculations were performed to ob-
tain some steric and electronic properties of the compounds
studied, such as bond distances, torsion angles, frontier
orbital energies, atomic charges derived from electrostatic
potential, bond orders, bond lengths, heat of formation,
total and electronic molecular energies, dipole moment and
molecular polarizability. Furthermore, several topological
parameters representing different steric features were cal-
culated to describe the molecules. A total set of 224 prop-
erties (20 electronic, four steric and 200 topological) was
obtained and submitted to a statistical evaluation making use
of the Fisher’s weight [10, 14] in order to reduce the number
of variables, and SDA and SIMCA methodologies with the
aim of finding the most relevant properties for the free-rad-
ical-scavenging ability of the flavonoid compounds studied
and build statistical models that could be able to classify them
correctly as more antioxidant or less antioxidant compounds.

Initially, the modeling of the flavonoid structures was
carried out by using the molecular mechanics method
MM+ [15] in a pre-optimization and a conformational
analysis was also performed by using the program
CHEMPLUS [16]. Afterwards, the semiempirical method
AM1 [17], implemented in the molecular package AMPAC

[18], was used for a final optimization of the structures and
for the calculation of the molecular properties. As we had
in mind to determine the qualitative characteristics of our
data set, the AM1 method was chosen as it has proven to be
appropriate for calculating most of the molecular properties
of the flavonoid compounds studied in this work, as shown
in previous studies [7, 19, 20]. The topological descriptors
were calculated by using the software DRAGON [21]. For the
statistical analysis, the programs PIROUETTE [22] and
MINITAB [23] were used to perform the SIMCA and SDA
analyses, respectively.

Results and discussion

Reduction of the number of variables

After the calculation of the relevant variables, we auto-
scaled each of them so that each variable had the same
importance in the analyses. This kind of treatment ensures
that the relative influence of different variables on the
calculation is independent of their respective units. After-
wards, we calculated the Fisher’s weight, WAB, of each
variable in order to select the ones presenting high
discriminant power to distinguish the more antioxidant
and less antioxidant flavonoid compounds. The Fisher’s
weight,WAB, for the i variable and for samples belonging to
the given classes A and B is calculated by Eq. 1:

WAB ið Þ ¼ X i Að Þ � X i Bð Þ� �2

S2i Að Þ þ S2i Bð Þ (1)

After reducing the initial set of 224 calculated properties,
we selected only 20 variables that showed significant
weight values, i.e. the variables that presented the Fisher’s
weight above 1.00. The values of the Fisher’s weight for
these selected variables are shown in Table 2. These
variables are considered as those that possess a higher
ability in the discrimination (separation) between the more
antioxidant and less antioxidant flavonoid compounds. In
order to avoid the inclusion of highly correlated variables,
we examined the scatter plots for these descriptors and
excluded the correlated ones. After this procedure, we
carried out the SDA analysis with this reduced set of
variables until a discriminant function with any incorrectly
classified sample was found.

SDA results

Stepwise Discriminant Analysis (SDA) is a statistical
method where the main goal is to find discriminant
functions (using the calculated variables) that can divide
the groups of compounds as distinctly as possible. This
method is useful for selecting variables with the highest
relevance for the separation of the compounds into dif-
ferent groups (often referred as discriminant power of the
variables), since it builds the discriminant functions using
one variable at a time until the best discriminant function is
obtained, based on the variables that give the best sep-
aration of the compounds into distinct groups. After the
statistical validation of the model obtained by this proce-
dure, the discriminant functions may be used to make
predictions about unknown compounds [24].

Several SDA analyses were performed with different
subsets of variables, and the best model was obtained using
four molecular properties (with high discriminant power):
α (molecular polarizability), QC3 (charge at carbon 3),
QS5 (total charge at substitutent 5) andQS3′ (total charge at
substitutent 3′). Written as a linear combination of these
variables, the discriminant functions obtained by SDA for
each group of flavonoid compounds (more and less anti-
oxidant) are:

Table 2 Variables presenting Fisher’s weights higher than 1.00

Variable Fisher’s weight (WAB) Variable Fisher’s weight (WAB)

α 1.08 L2u 1.37
QC3 1.02 L2e 1.28
QS5 93.84 HGM 1.01
QS3' 2.19 HATS4u 1.42
ATS4p 1.04 HATS5e 1.73
RDF085p 2.55 HATS3v 1.88
RDF090m 2.80 H4m 1.50
RDF090v 1.70 R4u 1.04
Mor25u 3.42 R2m+ 3.33
Mor21m 1.79 R3v+ 2.51
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Group 1 (more antioxidant compounds):

f ¼� 41:185þ 0:942 αð Þ þ 68:396 QS5ð Þ
� 0:072 QS30ð Þ þ 5:850 QS3ð Þ (2)

Group 2 (less antioxidant compounds):

f ¼� 19:739� 0:652 αð Þ � 47:351 QS5ð Þ
þ 0:050 QS30ð Þ � 4:050 QS3ð Þ (3)

Table 3 shows the summary of classification obtained
using these variables for the discriminant functions (Eqs. 2
and 3). The cross-validation technique was applied in order
to verify the reliability of the model. Both models resulted
in 100% of correct information, which means that no
compound was incorrectly allocated in any group. Thus,
for classification of unknown compounds, the values of
these variables for the compounds must be substituted in
the expression of the discriminant functions—Eqs. 2 and 3;
the compound will belong to the group for which the
discriminant function has the highest value.

It is important to notice that the variables selected by
SDA in this work were the same ones as selected in our
previous study [12]. The variable α is a measure of the
electronic distortion in a molecule, caused by an external
electric field. So, the greater the value of α, the greater the
electronic distortion suffered by the molecule [25]. The
importance of α to our model can be attributed to the fact
that it is a good indicator of how the whole charge
distribution of the flavonoid molecules studied is affected
by the presence of different substitutents in certain posi-
tions. Additionally, as reported previously [26, 27], the
free-radical-scavenging ability presented by some flavo-
noids depends on the presence of a free hydroxyl at posi-
tion 3 (see Fig. 1), as it determines the ring B angle with
respect to the rest of the molecule [9]. This feature is related
to the stability of the flavonoid radical formed when the
parent compound reacts with a damaging free radical, which
is a strong indication of how good the free-radical scav-
enging exhibited by the compound is [8]. Flavonoid com-
pounds possessing a 3-OH group are usually planar, which
permits electronic delocalization and, consequently, a
higher stability for the flavonoid radical [9].

According to a series of studies [6, 26, 28–30], the o-
dihydroxyl group in ring B is the main requisite for ef-

fective free-radical-scavenging ability, since the reaction
with the free radical takes place at ring B when this pattern
of substitution is present and this arrangement confers high
stability to the flavonoid radical. The most antioxidant
compounds of our training set exhibit hydroxyls at
positions 3′and 4′ and this configuration results in negative
values of QS3′, while most of the less antioxidant
compounds of our training set have positive values for
this property. For the compounds without OH groups at
ring B, an intramolecular rearrangement of the atoms at
positions 4 and 5 may occur, yielding an o-dihydroxyl
structure similar to that at 3′and 4′positions [11] and this
explains the selection of the variable QS5 as an important
descriptor by the SDA method.

SIMCA results

The chemometric method SIMCA (Soft Independent
Modelling of Class Analogy) starts from the building of
a PCA (Principal Component Analysis) model for each
class according to the position and distribution of the com-
pounds in the row space. In this way, SIMCA represents the
variables as linear combinations called Principal Compo-
nents (PCs) in order to represent the information contained
in all variables. Afterwards, a geometric structure known as
hyperbox is built around the samples of each class and the
limits of the boxes are defined according to a certain level
of confidence. When the values of the independent variables
of a new sample is projected into the PC space of each
class, the new sample is assigned to the class it best fits
[24]. The main advantage of SIMCA over other classifi-
cation methods is its ability to detect outlier samples [13].

In this work, we performed SIMCA using the autoscaled
values of the variables selected as described for SDA. The
best SIMCA model found was the one built with the same
variables as in the SDA model. Fig. 2 shows the three-
dimensional projection of the compounds, obtained with
three PCs. Together, these PCs contain around 93% of the
total variance of the original data, providing a reliable
representation of the data set. The hyperboxes for the two
classes of flavonoid compounds studied are represented in
Fig. 2 by the points around of each class. From Fig. 2 we
can see the division of the set of compounds into two well
distinct classes, corresponding to Class 1 (more antioxi-
dant flavonoid compounds) and Class 2 (less antioxidant
flavonoid compounds). The coordinates of the hyperboxes
that determine the limits of the classes are based on the
standard deviations of the sample scores in the direction of
each PC and states a confidence limit of 95% for the
distribution of the classes (represented by dotted surfaces in
Fig. 2). The rotation of Fig. 2 shows that no compound is
allocated out of the confidence limits and that there is no
superposition between the two classes.

Figure 3 displays the class distances calculated accord-
ing to the residuals of the samples when they are adjusted
to the classes. This plot is divided by two lines that
represent the confidence limits (95%). The compounds
lying in the north–west quadrant (NW) belong only to the

Table 3 Summary of classification obtained with the SDA method

Group Classification Classification
with cross-
validation

A B A B

A 9 0 9 0
B 0 13 0 13
Total 9 13 9 13
Percentage of correct information 100 100 100 100
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x-axis class, as they are at distances small enough to be
considered members of this class. Analogously, the
compounds in the south-east quadrant (SE) are members
of the y-axis class only. Compounds positioned in the
south-west quadrant (SW) may belong to both classes,
while the ones in the north-east quadrant (NE) belong to
none. From Fig. 3, it can be noted that the nine more
antioxidant flavonoid compounds are in the NW quadrant,
therefore they belong to Class 1. Otherwise, the 13 less
antioxidant flavonoid compounds are in the SE quadrant,
therefore belonging to Class 2.

Some important results can be obtained from the SIMCA
method: (1) the distance between classes, which is a
measure of how separated are the classes in a model; (2) the

modeling power (MP) of the variables used in the
classification model, indicating the influence of each
variable in the model; and (3) the discriminant power
(DP) of the variables, which is an indicative of the
importance of each variable in the discrimination of the
compounds into different classes [24]. For our SIMCA
model, the calculated distance between Classes 1 and 2 is
about 13. This allows us to consider the classes as very well
separated. In chemometrics, a rule of thumb says that
distances above 3 are considered suitable for a good
distinction between classes [31]. Table 4 shows the values
of MP and DP for the four variables used in our SIMCA
model. The results indicate that the most important variable
in the model is QS5, which agrees with the fact that the
nine more antioxidant flavonoid compounds have positive
values of QS5, while the 13 less antioxidant ones have
negative values.

With these results, we can say that the SDA and SIMCA
models presented in this work can help in the design of new
antioxidant flavonoid compounds before their synthesis
and tests against free radicals, since classification methods
are very useful for class prediction of unknown com-
pounds. Particularly, SIMCA is a more powerful method
than others, as it has the ability of identifying outlier
samples. Furthermore, the use of a multivariational meth-

Table 4 Modeling and discriminant powers for the four selected
variables according to the SIMCA method (α, QC3, QS5 and QS3′)

Variable Modeling power (MP) Discriminant power (DP)

α 0.23 2.19
QC3 0.47 67.68
QS5 0.52 734.64
QS3' 0.32 474.91

Fig. 2 Three-dimensional projection of the hyperboxes for Classes
1 (right) and 2 (left)
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Fig. 3 Class distances
obtained by SIMCA for the 22
flavonoid compounds studied
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odology to build classification models allows us to
consider the influence of all substitutent groups present
in the structure of the flavonoid compounds in their
reactivity with free radicals, which is better than taking into
account only the number or the presence of hydroxyl
groups at certain positions.

Conclusions

One of the main problems in most of previous studies on
the relationship between free-radical-scavenging ability
and the structure of flavonoid compounds lies on the fact
that only the number of hydroxyl groups and/or the
presence of these groups at certain positions were
considered. In the present work, we report an attempt to
treat the effect of intrinsic properties of flavonoid
compounds caused by not only hydroxyl groups but also
by other kinds of substitutents at different positions in the
molecular structure of these compounds properly. This was
achieved by the use of electronic properties and chemo-
metric methods that were able to select the most relevant
variables for the reaction between flavonoid compounds
and free radicals.

The results obtained in this work with the SDA and
SIMCA methods agree perfectly with our previous model,
in which we used the chemometric methods PCA, HCA
and KNN, and are coherent with experimental results from
the literature, a strong indication that the selection of
variables was suitable. The models presented in this work
can be used to classify newly designed compounds before
synthesis and tests against free radicals, in order to see if
they will have the tendency of being good free-radical
scavengers or not.
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